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Abstract 

The pervasive existence of submicron and nano- aerosols emitted from human 

activities have created serious air pollution problems and raised a major health concern. 

Filtration using fibrous filters is one main method used for removing particles from gas 

streams. However, traditional mechanical filters are either ineffective due to large fiber 

diameters or inefficient because of high pressure drop.  

Electret fibrous filters, being able to improve aerosol removal without increasing 

pressure drop to the filters through electrostatic filtration mechanisms compared to 

mechanical nanofiber filters, have been of increasing interest for researchers. Specially, 

more attention is paid to dielectrophoretic filtration effect between charged polymeric 

fibers and neutral particles. To date, several polymers have been used to make fibrous 

filters and investigated for their chargeability and filtration performance. However, the 

studied materials for electret fibrous filters are still limited, and charge instability and 

nondurability remain problems for their long-term storage and use. 

Polyvinylidene fluoride (PVDF), contributed by its outstanding physicochemical 

properties, is a promising material of great chargeability and charge stability. 

Nonetheless, few studies focused on the electrostatic charging properties of PVDF 

fibrous filters and their filtration performance for aerosol particles.  

The objective of this study was to investigate both the short-term and long-term 

aerosol filtration properties of multilayer nanofiber PVDF electret fibrous filters as a 

potential candidate for face masks. In this study, defect-free PVDF nanofiber filters 

were fabricated by electrospinning. It was confirmed that PVDF filters had superior 

chargeability. The concept of “multilayering” was then first applied for electret filters 
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in this study based on the potential benefits of lowering pressure drop and enhancing 

filtration efficiency. Through comparative tests with 1-layer counterparts, the excellent 

filtration performance of multilayer PVDF electret filters was then verified. Without 

changing the filter basis weight, by redistributing the charged fibers all packed in a 1-

layer filter into a multilayer filter, the filtration efficiency was improved attributed to 

the weakened electrical interference among randomly oriented charged nanofibers. 

Meanwhile, the air flow resistance was significantly alleviated due to the much more 

porous structure compared with the 1-layer filters. Moreover, via the analyses of singe 

fiber efficiency, it was proved that dielectrophoretic filtration effect played the main 

role in aerosol capture enhancement using PVDF electret filters and multilayering could 

help maintain the single fiber efficiency of multilayer electret filters at higher levels 

than the 1-layer counterparts. In addition, based on the filter tests during a three-month 

period, the charge stability on the multilayer PVDF electret filters was proved. In 

conclusion, by combining the advantages of PVDF and “multilayering”, we managed 

to fabricate electret filters with high filtration efficiency, low pressure drop and long-

term storage stability. 

After confirming the merits of multilayer PVDF electret filters, it is essential to 

optimize the filtration performance by modifying the physical properties of the filters. 

Several modified charging methods have been adopted in literature to facilitate 

electrostatic filtration effects of electret filters. However, these methods either have the 

risk of damaging filters and charging devices or need complicated apparatus to carry 

out, which makes the preparation of electret filters less feasible. 

Compared to the enhancement in electrostatic effects, a more realistic method to 

boost aerosol capture while maintaining a low fiber amount is using thinner fibers 
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through improving the mechanical filtration effects of Brownian diffusion and 

interception. Nonetheless, there exists a limit on fiber size reduction because air 

resistance is more sensitive to a filter with finer fibers. Besides, the contribution of 

electrostatic effect can be insignificant because of the already remarkable mechanical 

filtration efficiency.  

To obtain the ideal filtration performance, an approach was taken based on first 

optimizing the 1-layer electret filters and then using multiple of the optimized filter 

(module layer) to construct multilayer electret filters. It was confirmed that an optimal 

basis weight existed for a 1-layer PVDF electret filter to ensure sufficient deposited 

charges and to prevent electrical interference so that they could obtain the highest 

quality factors. And as long as the quality factors of the module 1-layer filter were high 

enough with moderate filtration efficiency, excellent filtration performance of 

multilayer electret filters could also be assured. Thus, comparative filtration tests were 

first conducted using varied filter basis weights and fiber diameters of 1-layer PVDF 

electret filters. From the tests, it was demonstrated that high dielectrophoretic filtration 

efficiency did not guarantee high filtration performance of the 1-layer PVDF electret 

filters. The relative importance of dielectrophoretic filtration effect over mechanical 

filtration effect was found to be the key factor for filter performance improvement. 

Therefore, a proper basis weight was needed for 1-layer filters to not only ensure 

enough electrostatic effect but also to avoid excessive mechanical effect. In this study, 

the filter 525-S-0.765-C with the highest quality factors was chosen as the module layer 

to compose multilayer PVDF electret filters. The 4-layer PVDF electret filter with a 

mean fiber diameter of 525 nm and a basis weight of 3.060 gsm was determined as the 

optimized filter. It had a filtration efficiency value of 95.1% and a quality factor of 
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0.164 Pa-1 for aerosols of 300 nm. Moreover, the pressure drop of the optimized filter 

was only 18.4 Pa, indicating the high potential for further improvement in filtration 

performance. 

The merits of multilayer PVDF electret filters have been clearly verified in the lab 

filtration tests. Yet, what is more important is the effectiveness of the filters in real 

applications. In most of the researches on nano-aerosol filtration, experiments were 

carried out in labs, where monodisperse aerosols with a single component and a specific 

charge state were applied. However, real environmental nano-aerosols consist of varied 

components with irregular shapes, a wide range of sizes and an unstable charge 

distribution. Therefore, the test results were too preliminary to directly equate with filter 

performance in real applications. The complexities of airborne nano-aerosols render 

filter tests under real environments necessary. Given the importance and wide 

availability of vehicles, traffic environment located near a road with busy traffic was 

chosen as an example of real conditions for filter field tests.  

Through the field filtration tests, high filtration efficiency and quality factors of the 

multilayer PVDF electret filters could still be achieved, although the oily aerosols and 

the humid air are normally detrimental to the electret filters. The efficiency of aerosols 

of 36.87-433.7 nm followed the same trend as that of the lab tests, where the efficiency 

increased with aerosol size attributed to the stronger dielectrophoretic filtration effect 

on large particles. Aerosols with lower sizes were largely removed due to the dominant 

diffusion effect which was independent of electrostatic effects. 

While the merits of multilayer electret PVDF filters have been well-proved through 

short-term filtration tests, it is the long-term performance of the filters that is more 

valued when health impact, financial cost or energy consumption is considered. There 
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have been some researches on variations of aerosol penetration and air resistance with 

aerosol deposition amount on electret filters. As commonly reported, efficiency of 

electret filters initially decreased to a certain point before increasing with loading due 

to shielding of electrostatic effect and enhanced mechanical effect. And aerosol holding 

capacity could be apparently improved because of more uniform distribution of 

deposited aerosols. Nevertheless, without investigating the real morphology of particle 

deposition, previous researches merely drew conclusions based on the difference in 

pressure drop evolutions between electret and mechanical filters. Moreover, the electret 

filters in these researches usually had a large thickness within just one single layer, 

where “skin effect” was easily initiated on filter surface and downstream charged fibers 

were insufficiently used.  

Since pressure drop has been confirmed to reduce by redistributing fibers from a 

single layer to multiple layers, it was intuitively hypothesized that a multilayer filter 

with an identical basis weight to a 1-layer filter but a much lower packing fraction has 

a higher resistance to clogging and a larger aerosol holding capacity. Furthermore, for 

a multilayer electret filter, the charges on the fibers in deep layers are hopeful to be 

more effectively used, and on the level of individual fibers, the distribution of captured 

particles is expected to be more even. 

Through the filtration efficiency variations of uncharged/electret, single-/multi-

layer filters with aerosol loading, it was observed that mechanical PVDF filters had 

continuously increasing filtration efficiency, while PVDF electret filters had initially 

decreasing and subsequently increasing filtration efficiency until reaching 100%.  

By combining the pressure drop evolution of different filters during aerosol loading 

and detailed SEM images of the loaded filters, it was demonstrated that multilayer 
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PVDF filters, especially the electret ones, could significantly slow down the pace of 

filter clogging (skin effect) and elevate the aerosol holding capacity during depth 

filtration. Generally, the multilayer filters received the most aerosol deposit during 

depth filtration, whereas the 1-layer filters received the most deposit during cake 

filtration. The multilayer nanofiber filters had approximately 70% of aerosol deposit in 

the filter during depth filtration fully utilizing the full filter thickness, especially for the 

electret filters that had charged fibers, and only 30% of deposit in the cake. In contrary, 

the 1-layer uncharged/electret nanofiber filters were exactly the reverse due to 

persistency of the skin effect with only 30% of deposit in the filter, yet 70% of deposit 

in the cake. During depth filtration, the pressure drop per added mass deposit for the 

multilayer electret filter was very low at 11 Pa gsm-1, which was at least twice below 

any other nanofiber filters. This was all attributed to the uniform capture of aerosols by 

electrostatic effect across the entire filter depth from the upstream to downstream layers 

of the multilayer electret filter, as confirmed by the detailed SEM taken across the 

different filter layers for the multilayer filter configuration. Based on highest efficiency 

and capacity standpoint with maximum pressure drop imposed on the filtration 

operation, the multilayer electret filter was the best among all 4 filters, it had 52% more 

aerosol holding capacity than the 1-layer uncharged filter and 38% more capacity than 

the 1-layer electret and multilayer uncharged filters. 

To conclude, the multilayer PVDF electret filters possess excellent filtration 

performance for both short-term and long-term aerosol filtration, as well as high 

stability during storage. They have a great potential of applications in the fields of 

personal health care and environmental protection. 
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dielectrophoretic filtration efficiency (ηo) in combined dielectrophoretic and 

mechanical filtration efficiency (ηo + ηM) for 200-nm aerosols. 

Fig. 4.7. Filtration efficiency (η) versus quality factors (QF) of 1-layer PVDF electret 



 

V 

 

filters with varied filter basis weights and fiber sizes for 200-nm aerosols. 

Fig. 4.8. (a) Filtration efficiency (η) and quality factors (QF) for 200-nm aerosols and 

(b) pressure drop (Δp) of 1-layer 525-nm PVDF electret filters with the lowest filter 

basis weight being 0.765 gsm. 

Fig. 4.9. Filtration efficiency (η) versus quality factors (QF) of 1-layer 525-nm PVDF 

electret filters with varied filter basis weights for 200-nm aerosols. 

Fig. 4.10. (a) Filtration efficiency (η) and (b) quality factors (QF) of multilayer 525-

nm PVDF electret filters with the layer basis weight being 0.765 gsm. 

Fig. 4.11. Pressure drop (Δp) of multilayer 525-nm electret filters with the layer basis 

weight being 0.765 gsm. 

Fig. 4.12. Comparison of filtration efficiency (η) versus quality factors (QF) for 200-

nm aerosols between 525-S-C, 525-M-0.191-C and 525-M-0.765-C with varied filter 

basis weights. 

Fig. 4.13. Comparisons of (a) filtration efficiency (η), (b) pressure drop (Δp) and (c) 

quality factors (QF) between 450-M8-0.87-C and commercial face masks. 

Fig. 5.1. Schematic diagram of set-up for aerosol filtration field tests of filters. 

Fig. 5.2. Typical diameter distribution of aerosols detected by inner CPC of PAMS at 

the field test site. 

Fig. 5.3. Pressure drop of 525-nm 1-layer and multilayer PVDF filters with varied filter 

basis weights at the outdoor experimental site. (Each filter had the same pressure drop 

in uncharged and charged states.) 

Fig. 5.4. Filtration efficiency (η) and fit curves of 525-nm (a) 1-layer uncharged, (b) 1-
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layer electret, (c) multilayer uncharged and (d) multilayer electret PVDF filters with 

varied filter basis weights in field tests. (Note 525-S-0.765 and 525-M1-0.765 denote 

the same filter.) 

Fig. 5.5. Quality factors (QF) and fit curves of 525-nm (a) 1-layer uncharged, (b) 1-

layer electret, (c) multilayer uncharged and (d) multilayer electret PVDF filters with 

varied filter basis weights in field tests. (Note 525-S-0.765 and 525-M1-0.765 denote 

the same filter.) 

Fig. 5.6. Comparison of filtration efficiency (η) of 525-M6-0.765-C in field test 

(polydisperse ambient aerosols) and lab test (monodisperse NaCl aerosols). 

Fig. 6.1. Schematic diagram of set-up for aerosol loading of filters. 

Fig. 6.2. Typical diameter distribution of particles for (a) filtration efficiency tests and 

(b) aerosol loading.  

Fig. 6.3. SEM images of (a) S-3.060 and (b) one layer of M4-0.765 in clean state. 

Fig. 6.4. Evolution of filtration efficiency (η) of (a) 525-S-3.060-U and (b) 525-M4-

0.765-U with loading time. 

Fig. 6.5. Evolution of pressure drop (Δp) of 525-S-3.060-U and 525-M4-0.765-U with 

loaded aerosol mass. 

Fig. 6.6. SEM images of (a) and (b) the front side, and (c) and (d) the back side of 

loaded 525-S-3.060-U. 

Fig. 6.7. SEM images of (a) and (b) the first, (c) and (d) the second, (e) and (f) the third 

and (g) and (h) the fourth layers of loaded 525-M4-0.765-U seen from the front side. 

Fig. 6.8. SEM images of (a) and (b) the first, (c) and (d) the second, (e) and (f) the third 
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and (g) and (h) the fourth layers of loaded 525-M4-0.765-U seen from the back side. 

Fig. 6.9. Evolution of filtration efficiency (η) of (a) 525-S-3.060-C-1, (b) 525-S-3.060-

C-2 and (c) 525-S-3.060-C-3 with loading time. 

Fig. 6.10. Typical diameter distribution of particles for aerosol loading of 525-S-3.060-

C-3. 

Fig. 6.11. SEM images of the back side of loaded (a) 525-S-3.060-C-1 and (b) 525-S-

3.060-C-3. 

Fig. 6.12. Evolution of pressure drop (Δp) of 525-S-3.060-U and 525-S-3.060-C-1 with 

loaded aerosol mass. 

Fig. 6.13. Evolution of pressure drop (Δp) of 525-S-3.060-C-1 and 525-S-3.060-C-2 

with loaded aerosol mass. 

Fig. 6.14. SEM images of (a) and (b) the front side, and (c) and (d) the back side of 

loaded 525-S-3.060-C-1. 

Fig. 6.15. Evolution of filtration efficiency (η) of (a) 525-M4-0.765-C-1 and (b) 525-

M4-0.765-C-2 with loading time. 

Fig. 6.16. Evolution of pressure drop (Δp) of 525-S-3.060-C-1, 525-M4-0.765-U and 

525-M4-0.765-C-1 with loaded aerosol mass. 

Fig. 6.17. Evolution of pressure drop (Δp) of 525-M4-0.765-C-1 and 525-M4-0.765-

C-2 with loaded aerosol mass. 

Fig. 6.18. SEM images of (a) and (b) the first, (c) and (d) the second, (e) and (f) the 

third and (g) and (h) the fourth layers of loaded 525-M4-0.765-C-1 seen from the front 

side. 
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Fig. 6.19. SEM images of (a) and (b) the first, (c) and (d) the second, (e) and (f) the 

third and (g) and (h) the fourth layers of loaded 525-M4-0.765-C-1 seen from the back 

side. 

Fig. 6.20. Schematic of pressure drop versus aerosol deposit. 

Fig. A3.1. Electrospinning apparatus used for spinning PVDF fibrous filters in this 

study. 

Fig. A3.2. Corona discharge set-up used for charging PVDF filters in this study. 

Fig. A3.3. Apparatus for surface potential (SP) tests in this study. 

Fig. A3.4. SMAG system used for aerosol filtration tests and loading of filters in this 

study. 

Fig. A4.1. Filtration efficiency (η) of 84-nm (a) 1-layer and (b) multilayer PVDF filters; 

quality factors (QF) of 84-nm (c) 1-layer and (d) multilayer PVDF filters. (Filters were 

in uncharged or charged state with varied layer filter weights. Note 84-S-0.191 and 84-

M1-0.191 denote the same filter.) 

Fig. A4.2. Filtration efficiency (η) of 191-nm (a) 1-layer and (b) multilayer PVDF 

filters; quality factors (QF) of 191-nm (c) 1-layer and (d) multilayer PVDF filters. 

(Filters were in uncharged or charged state with varied filter basis weights. Note 191-

S-0.191 and 191-M1-0.191 denote the same filter.) 

Fig. A4.3. Filtration efficiency (η) of 349-nm (a) 1-layer and (b) multilayer PVDF 

filters; quality factors (QF) of 349-nm (c) 1-layer and (d) multilayer PVDF filters. 

(Filters were in uncharged or charged state with varied filter basis weights. Note 349-

S-0.191 and 349-M1-0.191 denote the same filter.) 

Fig. A4.4. Filtration efficiency (η) of 525-nm (a) 1-layer and (b) multilayer PVDF 
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filters; quality factors (QF) of 525-nm (c) 1-layer and (d) multilayer PVDF filters. 

(Filters were in uncharged or charged state with varied filter basis weights. Note 525-

S-0.191 and 525-M1-0.191 denote the same filter.) 

Fig. A4.5. Pressure drop (Δp) of 1-layer and multilayer PVDF filters with varied filter 

basis weights and fiber sizes. (Each filter had the same pressure drop in uncharged and 

charged states.) 

Fig. A4.6. MPPS of (a) 1-layer uncharged, (b) multilayer uncharged, (c) 1-layer electret 

and (d) multilayer electret PVDF filters with varied filter basis weights and fiber sizes. 

Fig. A4.7. Filtration efficiency (η) of the optimized 525-nm (a) 1-layer and (b) 

multilayer PVDF filters; quality factors (QF) of the optimized 525-nm (c) 1-layer and 

(d) multilayer PVDF filters. (Filters were in uncharged or charged state with varied 

layer basis weights. Note 525-S-0.765 and 525-M1-0.765 denote the same filter.) 

Fig. A6.1. Variation of most penetrating particle size (MPPS) of different filters with 

loaded aerosol mass (Mdep).  
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c(dp, τ) 
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a geometric mean diameter dp at loading time τ 
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T Absolute temperature K 

U Face velocity m s-1 
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Chapter 1: Introduction 

1.1. Background 

The large amount of fine suspended particulate matter (PM), PM2.5 (PM with 

aerodynamic diameter da ≤ 2.5 µm) especially, emitted from human activities, e.g., 

traffic and industry, has created serious air pollution problems and raised a major health 

concern [1-6]. Submicron and nano- aerosols are airborne aerosols smaller than 1000 

nanometers. They are present in pollutants to viruses (with high concentrations in 

polluted places such as industrial areas and traffic environment), both of which can 

seriously damage our health as we can inhale them readily. Once entering our body, 

they can diffuse readily by virtue of their small sizes into various tracks, including our 

vascular track, and can cause serious chronic diseases. Effective protective measures 

are ungently required to protect people from PM but remain a great challenge due to 

the small sizes of fine particles. Filtration is one of the main methods used for removing 

particles from gas streams. Of the available filters, fibrous filters are proved relatively 

efficient and economically applicable in removing micro-, submicron aerosols and 

nano-aerosols (less than 100nm). They have been widely applied in the areas of 

respirators, indoor air purification, vehicle air filtration and industrial gas cleaning [7-

9]. To improve filtration efficiency, two main approaches, including increasing fiber 

amount and reducing fiber diameter while maintaining basis weight, have been applied 

to the fabrication of fibrous filters. However, because of the highly compact structure, 

the high efficiency is often achieved at the expense of high pressure drop, leading to 

high energy consumption. Besides, the fibers are typically made of microfibers 2 to 20 

µm from melt-blown method. Because of their large fiber diameters, they are not so 
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effective in filtering nano-aerosols [10-13]. 

Attributed to the electrical attraction between charged fibers and particles with net 

or induced charges, electret fibrous filters have been of increasing interest for 

researchers in recent decades. Specially, since coulomb force only acts on particles with 

net charges, researchers began to pay more attention to the dielectrophoretic filtration 

effect, where dipoles are induced on particles when in close proximity with charged 

fibers in a filter. The subsequent electrical interaction between the dipole of the particle 

and the charged fiber results in particle capture by the filter. Because of the imparted 

electrostatic force from the surface/volume charges or dipoles, filters can be fabricated 

with less compacted fibers, thus reducing air flow resistance while keeping high 

filtration efficiency [7, 11, 13, 14]. Moreover, compared with pure mechanical filters, 

electret filters were reported to have higher aerosol holding capacities due to the more 

uniform distribution of aerosols and slower formation of dendrites and aerosol cake on 

fibers when applied for long-term use [11, 15-18]. Apparently, electret filters exhibit 

certain advantages than traditional mechanical filters.  

Generally, to exhibit electret properties, the filter material (usually polymers) 

should have sufficient charge traps or be easily polarized [13, 19]. To date, several 

polymers, e.g. polypropylene (PP), polyurethane (PU) and Nylon-6, have been used to 

make fibrous filters and studied for their chargeability and filtration performance [20-

24]. Sim et al. found that the polyurethane fiber filter treated by corona discharge had 

about 30% improvement in filtration efficiency up to 80.9% for KCl particles ranging 

from 20 to 660 nm compared with the uncharged filter [23]. Yeom et al. observed that 

after charging the filtration efficiency of their nanofiber filter increased to 96.8% for 

300-nm DOP (dioctyl phthalate) aerosols, with an absolute surface potential of 89 V 
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and pressure drop of 48.0 Pa at a 5.3 cm s-1 face velocity [24]. Based on the available 

researches, electret fibrous filters are believed to be promising for aerosol removal 

without increasing pressure drop to the filters. However, the studied materials for air 

filtration are still limited, and the problems of charge instability and charge screening 

by deposited aerosols which prevent filters from long-term storage and use are yet to 

be solved [13, 19, 25-27]. 

Because of its outstanding properties: superior electrical insulation, ferroelectricity, 

chemical resistance, thermal properties, and biocompatibility, polyvinylidene fluoride 

(PVDF) has been extensively investigated for its applications in the fields of sensors, 

water treatment, membrane distillation and acid gases absorption, mostly in the form of 

membrane [28-30]. While some researchers have investigated the preparation of PVDF 

fibers by electrospinning, only a few studied the electrostatic charging property of 

fibrous filters and their filtration performance [31-42]. Of several approaches to making 

electret filters, corona discharge was most applied due to the simplicity and 

effectiveness of this technology. With the high electric field during charging, a large 

portion of space charges might reside in deep traps [13, 19, 43]. Moreover, benefiting 

from the strong electronegativity of fluorine atoms, polarized dipoles could be 

generated under the electric field of embedded charges [40, 44]. In addition, the 

properties of high hydrophobicity and extremely low conductivity may endow PVDF 

filters with superior charge stability and stable filtration performance [30, 38, 39].  

Other than materials, filter configurations also play an important part in filtration 

performance. The merit of “multilayering”, i.e. redistributing fibers from a 1-layer filter 

into multiple layers, has been confirmed for reducing pressure drop owing to the 

decreased fiber packing density while keeping relatively high efficiency in our previous 
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research [45-47]. After separating fibers into 12 layers, Leung et al. obtained a pressure 

drop saving of 93.12 Pa from the original 161.2 Pa of the 1-layer filter, while the 

filtration efficiency only dropped by 8.77% from 91.37% [46]. Based on the existing 

knowledge, it is intuitively to think that this outstanding property applies to electret 

filters as well. Considering that a high density of charges in a 1-layer filter may actually 

lead to interference of electrostatic effect between adjacent charges, filtration efficiency 

is also expected to improve after fiber redistribution, apart from pressure drop 

alleviation [7, 48, 49]. In addition, when a 1-layer electret filter is meant for long-term 

use in a heavily aerosol-laden environment, aerosols can quickly aggregate on the filter 

surface and form a packed particle layer (“skin layer”), leaving the downstream charged 

fibers insufficiently used and the pressure drop dramatically rising [16, 17, 50]. 

Through increasing filter porosity, the formation rate of “skin layer” is highly possible 

to be lower as more aerosols can penetrate the filter surface and the downstream charged 

fibers are more accessible.  

Despite the merits of PVDF, relatively few studies focused on the filtration 

performance of PVDF electret filters. And to the best of our knowledge, multilayer 

electret filters was not reported in the literature. Therefore, more effort is needed to 

investigate the filtration properties of multilayer PVDF electret filters. 

1.2. Objectives of study 

Based on the outstanding physiochemical characteristics of PVDF and the merits 

of filter multilayering, both the short-term and long-term aerosol filtration properties of 

multilayer PVDF electret nanofiber filters were systematically investigated in this study 

as a potential candidate for face masks.  

The detailed objectives of this study are as follows: 
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1) Fabricate PVDF nanofiber filters with good morphology using electrospinning.  

2) Investigate the electrostatic chargeability and the charge stability of PVDF 

filters and optimize the charging condition of corona discharge. 

3) Examine the short-term filtration performance and find the work mechanism of 

multilayer PVDF electret filters. 

4) Optimize filter short-term performance by adjusting filter structure and 

configuration. 

5) Testify the applicability of multilayer PVDF electret filters in real aerosol-laden 

environment. 

6) Study the aerosol loading behaviors, i.e. long-term filtration performance, of 

multilayer PVDF electret filters. 

1.3. Scope of thesis 

This thesis consists of seven chapters and is structured as follows: 

Chapter 1 briefly covers the background, the objectives of this research and the 

scope of this thesis. 

Chapter 2 presents a review of relevant literature on the evolution, the fabrication 

methods and the work mechanisms of electret filters. 

Chapter 3 reports the preliminary test results and discusses the work mechanism 

of multilayer PVDF electret filters which showed great advantages over other filters. 

Chapter 4 describes the optimization of filter performance by adjusting the 

structure and configuration of multilayer PVDF electret filters. 

Chapter 5 testifies the applicability of multilayer PVDF electret filters for aerosol 

removal in a real traffic environment. 
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Chapter 6 presents the excellent aerosol loading behaviors of multilayer PVDF 

electret filters compared with other filters and proposed the main reasons for the 

improvement in aerosol holding capacity. 

Chapter 7 summarizes the main conclusions, discusses the limitations of this study 

and suggests future investigations. 

Specially, to make it convenient to be referred to, the experimental details related 

to specific chapters were respectively presented in Chapter 3 to Chapter 6, instead of in 

just a single chapter. 
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Chapter 2: Literature Review 

2.1. Definition of electret fibrous filters 

Electret fibrous filters (or electrically active fibrous filters) are a kind of filter that 

consists of charged fibers (often made of dielectric polymers) and within which 

electrostatic field exists. Filters of this type have similar structures to the conventional 

mechanical filters. When an electric field or triboelectrification is applied to the 

dielectric materials used for fabricating filters, quasi-permanent electrical charges (net 

or dipole charges) are developed on the fibers and thus turn the mechanical filters into 

electret ones [13, 19]. Therefore, besides the mechanical filtration mechanisms 

(including mainly Brownian diffusion, interception and inertial impaction), aerosols in 

air stream can be captured via additional electrostatic filtration mechanisms by 

Columbic or dielectrophoretic force [7]. Benefitting from the electrostatic mechanisms, 

electret filters with more porous structures can be manufactured for which high clean 

filter filtration efficiency can be achieved with much lower pressure drop [13]. 

Moreover, it is widely believed that aerosols deposit more uniformly on charged fibers, 

hence the pressure drop can increase at a lower rate with aerosol loading and the electret 

filter has a higher aerosol holding capacity than a purely mechanical filter [15-17]. 

Nevertheless, for electret filters, there is also the unavoidable shortcoming that filtration 

efficiency decreases with loaded aerosol mass in initial stage, due to the screening of 

charges or the chemical erosion of fibers by the deposited aerosols [15-17, 50-52]. 

For an electret filter to exhibit excellent electrostatic filtration performance, the 

composition material(s) should have two characteristics: superior chargeability and 

high charge stability, with the former one affecting charge density and the latter one 

long-term performance. Charge density is concerned with injected charges or 
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polarization, while charge stability is related to charge transport and recombination 

processes. In general, traps for electrons, ions and dipoles exist at structurally defective 

sites in polymeric materials in molecular, conformational and morphological levels [13, 

19]. To have better chargeability, the materials should have sufficiently deep traps 

(mostly from chemical impurities) because of the extremely fast dissipation of charges 

in shallow traps [43, 53, 54]. And to achieve a long charge retention time, the electrical 

conductivities of the materials should be low (i.e. high electrical resistivities) and not 

exceed 10-8-10-10 Ω cm-1. Also, the moisture regain of the materials should be low as 

water is much more conductive than most polymers and may enhance the discharging 

process of charged fibers [19].  

According to the required properties, several polymers (e.g. PP, PTFE and PVDF) 

have been used to fabricate electret filters for their potential application in aerosol 

filtration. Based on the manufacturing methods, the existing electret air filters can be 

generally categorized as (i) corona-charged, (ii) triboelectrically-charged and (iii) 

electrospun-charged electret filters, which will be reviewed in detail later on. 

2.2. Types of electret fibrous filters 

Since the invention of the Hansen filter in the 1930s, various kinds of electret filters 

were fabricated to make use of the electrostatic effects for aerosol capture [13, 15]. 

Based on the manufacturing methods, electret filters can be classified as corona-

charged, tribo-charged and electrospun electret filters, though oftentimes more than one 

method are involved in the preparation of an electret filter to improve filtration 

performance.  
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2.2.1. Corona-charged electret fibrous filters 

Mechanical fibrous filters can be converted to electret filters using the technique 

of corona discharge [13, 55]. The charging device normally involves two asymmetric 

electrodes, with the emitting electrode being a fine point or wire and the receiving 

electrode being a plate or cylinder. When a sufficiently high potential difference exists 

between them, ions are generated from ionization of the air molecules near the emitting 

electrode by the high electric field and are driven towards the receiving electrode on 

which the insulating filter is placed. As a result, some charges are injected to the fibers 

and exist as space charges whose polarity are the same as that of the emitting electrode. 

Positive and negative corona discharges can both cause charge deposition on filters but 

have different generation approaches, species, densities and energy of ions.  

Many factors, including device settings (e.g. charging distance, voltage and time), 

ambient environment (e.g. gas medium, and relative humidity (RH)) and filter property 

(e.g. temperature), affect charge density or stability on corona-charged filters [56-62]. 

On the premise that ions have enough momentum, a long distance between corona 

electrode and filter facilitates uniform distribution of charges over the filter. Higher 

charging voltage is expected to increase the charge density in filters. However, it is 

suggested that there exists a critical voltage beyond which surface potential decreases 

due to the local discharge (back corona) inside the filter. For charging time, a longer 

duration of corona discharge does not necessarily bring a higher charge density because 

a sheath layer of deposited charges will form close to the filter surface and will repulse 

the ions coming later. Therefore, there is a threshold of charging time because of charge 

saturation in the filter. To a less extent, the influence of gas medium on corona 

discharge was also studied. It was found that electronegative gases, such as oxygen, 
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could weak the resultant corona, whereas non-electronegative gases, like inert gases, 

could lead to more intense and more uniform corona discharge. Humidity mainly affect 

corona discharge by increasing hydrated ion species, as well as by causing shorter 

charge retentions on filter due to higher electrical conductivities. Compared with device 

settings and ambient environment, a more influential factor is the temperature of the 

filter during corona discharge. It was reported that by first heating up (sometimes in 

molten state) and then cooling off the filter under the continuous electric field, the 

injected space charges had a higher density and better stability. Moreover, more dipoles 

were formed due to the higher molecular mobility of polymer and were “frozen” 

permanently in the filter. 

Corona discharge method can prepare filters with high charge densities by 

adjusting various parameters. However, electrical arcing through filter is prone to 

happen at high charging voltages [58, 63]. Another drawback of corona discharge is the 

generation of functional groups from the injection of high-energy charges, which can 

increase charge mobility and raise charge decay rate on the filter [61, 64]. More 

importantly, uniform distribution of charges is difficult to realize using the classical 

dual-type electrode system [65]. To tackle these problems, the triode-type electrode 

system was developed by placing a metallic grid between the corona tip and the filter 

holder. Via this modification, the voltage acting on the filter was lowered and charge 

uniformity was better, though no distinct improvement of charge density was observed 

[27, 59, 66]. 

2.2.2. Tribo-charged electret fibrous filters 

Tribo-charged electret filters are manufactured based on the phenomenon of 

frictional electrification where there is charge transfer after frictional contact between 
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two dissimilar materials with at least one being insulator [19, 55]. These electret filters 

are comprised of fibers or fibers and particles with opposite charge polarities. Many 

filters have been fabricated by mixing two kinds of fibers, such as PTFE/steel and 

PP/acrylic, and showed great performance for aerosol filtration [52, 67-69]. The famous 

Hansen resin-wool filter, which binds colophony powder and wool fibers together 

during carding process, belongs to the latter category [7]. Generally, both positive and 

negative charges exist on each material surface, but oftentimes one polarity is dominant 

and decides the net charges. As commonly seen, simple contact and separation can be 

sufficient to get the filters charged. And filter composition, fiber surface properties, 

contact area and acting forces are the key factors for the effect of triboelectrification 

[19]. 

Basically, there are two mechanisms for triboelectrification, with the main 

difference being that whether the charge transfer takes place via electrons or ions [19]. 

In the first mechanism, kinetic and equilibrium components are believed to be involved 

during frictional contact, which results in electron transfer due to the different electron 

affinities of the two materials [70, 71]. Based on the tendency of donating/accepting 

electrons, a variety of commonly-used materials are ranked to form the triboelectric 

series. Higher charge intensity is expected to be produced by blending two materials 

from the two sides farther away from each other. In general, polar polymers occupy the 

more positive side while nonpolar polymers the more negative side [72, 73]. The 

mechanism of electron transfer has been proved valid for many cases. However, some 

researchers argued that the thermal energy generated from contact/friction would be far 

from enough for electron transfer between nonionic polymers, though sufficient for 

metals or semiconductors. They proposed the second mechanism in which charge 
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transfers indirectly through a water interface between the surfaces of the two contacting 

materials [19, 74]. Based on their affinities to anionic/cationic ions, the two polymers 

get oppositely charged ions from the splitting of the water layer where hydroxide and 

hydronium ions are originally in equilibration. This theory has been proved in several 

studies where less or even no electrification was observed at 0% relative humidity [74, 

75]. According to this mechanism, water is necessary in facilitating ion transfer. 

Nevertheless, there is an upper limit of relative humidity for tribo-electrification 

because of the increased surface electrical conductivity at high humidity. 

Manufacturing electret filters by tribo-electrification methods can avoid the 

increase of fiber surface hydrophilicity (thus higher electrical conductivity) which 

occurs during corona discharge process. Nonetheless, the parameters of triboelectric 

charging are difficult to control and the charging effect cannot be easily predicted. 

Therefore, corona discharge may be a better option when a controlled charging process 

is needed. 

2.2.3. Electrospun electret fibrous filters 

Electrospinning is mainly applied as a technique to fabricate fibrous filters with 

submicron and nano-sized fibers from polymer solutions, in which process charges 

reside on the filters. The spinning device normally consists of a metallic nozzle/needle 

and a grounded collector. During a typical process, a high voltage is applied to the 

nozzle/needle where charges are introduced to the polymer solution and charged jets 

are ejected towards the collector. Fibers are formed during the flight of jets under the 

electric field and eventually deposit on the collector, with some net charges residing on 

the newly formed filter [76-79].  
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Compared to electret filters prepared by corona discharge or tribo-electrification, 

fewer studies were concerned with the electrical properties of electrospun electret filters, 

especially of those made of pure fibers, which is mainly because of lower charge 

densities [80]. Among the various polymers used for electrospinning, only several 

materials, such as Nylon-6 and PVDF, were co-spun with additives (to improve 

chargeability) as electret filters for aerosol removal and different results were achieved 

[24, 40-42]. Although high surface potential can be achieved with large filter basis 

weights, the filters usually have enormously high pressure drop which makes aerosol 

filtration inefficient. Besides, attributed to the instability of electrospinning and 

nonuniformity of fibers, it is hard to establish the dependency of the distribution of 

electrostatic charges on electrical polymer properties and filter structures. Therefore, 

other kinds of charging processes are often applied to electrospun filters before being 

used as electret filters. 

2.3. Performance characterization of electret fibrous filters 

The criteria for evaluating the performance of electret air filters have no difference 

from that of conventional mechanical ones, i.e. “what percentage of target aerosols are 

removed at what cost?”. Specifically, the commonly-used indexes include filtration 

efficiency, pressure drop and quality factor. 

2.3.1. Filtration efficiency 

As air filters are widely used in areas concerning human health (e.g. respirator and 

indoor air purifiers) and at places where low aerosol concentration is required (e.g. 

cleanrooms and precision instrument manufacturing plants), it is the effectiveness of 

the filters that is most valued. The filtration efficiency is defined as the fraction of the 

entering particles that are collected by the filter, i.e., by the ratio of the difference 
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between the number concentrations of particles upstream and downstream of the filter 

to that upstream of the filter [1, 7, 13]. This is shown below: 

                                                         𝜂 =
𝑐up−𝑐down

𝑐up
                                                              (2.1) 

where η represents the filtration efficiency of the filter, and cup and cdown are, 

respectively, the number concentrations upstream and downstream of the filter. 

Alternatively, mass concentration of particles can be used to define the efficiency. 

Clearly, the filter performance is better when the filtration efficiency is higher. 

Sometimes the filtration performance of electret air filters is characterized using 

the term “penetration”. For a high-efficiency filter, the penetration is a clearer indicator 

because it is a smaller number and therefore shows a larger relative change than the 

collection efficiency. The penetration is determined by the ratio of the number 

concentration of particles downstream of the filter to that upstream of the filter. This is 

expressed as follows: 

                                                             𝑃 =
𝑐down

𝑐up
                                                            (2.2) 

where P represents aerosol penetration. Evidently, the better performance of the filter 

is indicated by the lower penetration. The relationship between penetration and 

filtration efficiency is shown below: 

                                                                𝑃 = 1 − 𝜂                                                (2.3) 

Apart from getting filtration efficiency of filters experimentally, a lot of theoretical 

work has been done to determine aerosol capture based on single fiber efficiency [7, 11, 

13, 15]. Because of the highly porous structure of fibrous filters and the random 

distribution of fibers, it is intuitive to think that an individual particle has a high 
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possibility to interact with just one fiber. By applying the single fiber microscopic 

approach and accounting for the macroscopic properties (e.g. fiber diameter (df), filter 

solidity (α) and flow pattern) at the same time, the overall filtration efficiency of a filter 

can be achieved and this approach has been proved effective in efficiency prediction by 

much modelling work. One of the most popular equations that relate filter efficiency to 

single fiber efficiency is as follows: 

                                                𝜂 =  1 − 𝑒𝑥𝑝 [−
4𝛼s𝑍

𝜋(1−𝛼)𝑑f
]                                       (2.4) 

where α denotes filter solidity, ηs represents single fiber efficiency, Z stands for filter 

thickness and df refers to fiber diameter. This equation simplifies the properties of filters 

that all fibers (1) are straight with identical diameter, (2) are perpendicular to the aerosol 

flow direction, (3) distribute uniformly in the filter, and (4) have the same single fiber 

efficiency across the filter [11]. Although real filters are far more complex, the equation 

has been proved useful throughout years’ application.  

For a single fiber in an electret filter, it captures aerosols via both mechanical and 

electrostatic filtration mechanisms. Assuming the two kinds of mechanisms act 

independently, single fiber efficiency can be expressed as follows: 

                                                           𝜂s = 𝜂s,M + 𝜂s,E                                             (2.5) 

where ηs,M and ηs,E indicate the mechanical and the electrostatic efficiency of a single 

electret fiber, respectively. 

Generally, for submicron and nano- aerosols, mechanical filtration mechanisms 

mainly include Brownian diffusion, interception and inertial impaction, and 

electrostatic filtration mechanisms primarily consist of Columbic force capture and 

electrophoretic force capture [13].  Again, to simplify theoretical studies, these 
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mechanisms are normally assumed mutually independent to each other, which gives the 

following equations: 

                                                      𝜂s,M = 𝜂s,D + 𝜂s,R + 𝜂s,I                                               (2.6) 

                                                          𝜂s,E = 𝜂s,Qq + 𝜂s,Q0                                                  (2.7) 

where ηs,D, ηs,R and ηs,I stand for diffusional, interceptional and impactional capture 

efficiency, and ηs,Qq and ηs,Q0 refer to Columbic and dielectrophoretic capture efficiency 

of a single electret fiber, respectively. 

2.3.2. Pressure drop 

Pressure drop is another important characterization to evaluate the performance of 

filters [1, 7, 13]. It occurs primarily because there exists drag forces from individual 

fibers when air fluid flows across a filter. Since air resistance is concerned with energy 

consumption, low pressure drop is preferred on the premise that filtration efficiency 

meets the requirement of application. Pressure drop is defined by the difference of flow 

pressures between the upstream and the downstream sides of a filter, which is expressed 

as: 

                                                         Δ𝑝 = 𝑝up − 𝑝down                                                 (2.8) 

where Δp is the pressure drop, and pup and pdown are the flow pressures upstream and 

downstream of the filter, respectively.  

Alternatively, the pressure drop (Δp) of a filter can be predicted using theoretically 

derived equations. By combining Darcy’s law and a large amount of experimental data, 

a classical expression was introduced by Davies as shown below: 

                                                  Δ𝑝 =
64𝜐𝑈𝑍

𝑑f
2 𝛼3/2(1 + 56𝛼3)                                  (2.9) 
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where υ is the viscosity of air, U is the face velocity, Z is the filter thickness, df is the 

fiber diameter, and α is the filter solidity. 

According to Davies, this equation is valid for 1.6 µm < df < 80 µm and 0.006 < α 

< 0.3. And the scattering of experimental pressure drop should be within ±30% of the 

estimated values. Later, Werner and Clarenburg further extended the application range 

of fiber diameter to 0.098 µm < df < 1.54 µm with α between 0.039 and 0.084 using 

glass fiber filters [11]. Davies’ equation has been frequently used in practice and found 

to agree well with measured data, though it is highly empirical.  

  Besides Davies, based on Darcy’s law, several other researchers, including 

Happel, Kuwabara and Pich, also proposed varied expressions considering different 

interactions between fluid flow and single fibers [1, 7, 13]. These expressions have as 

well found their application in many scenarios concerning fibrous air filters. 

2.3.3. Quality factor 

The performance of fibrous air filters is evaluated accounting for both filtration 

efficiency and pressure drop. However, it is often impractical and difficult to compare 

filters manufactured with different materials, filter structures or techniques using these 

two indexes. Properly designed filters are expected to first remove a high proportion of 

aerosols while simultaneously maintaining the pressure drop as low as possible. To 

couple filtration efficiency and pressure drop together, another characteristic parameter 

“quality factor (QF)” of filter is introduced, which is defined as the ratio of negative 

natural log of penetration to pressure drop as follows [1, 7, 13]: 

                                                    𝑄𝐹 = −
ln 𝑃

Δ𝑝
= −

ln(1−𝜂)

Δ𝑝
                                              (2.10) 
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where P is the aerosol penetration through filter, Δp is the pressure drop across filter, 

and η is the filtration efficiency of filter. 

For a given aerosol size and a given face velocity, a higher value of quality factor 

means more efficient removal of aerosols by the filter. 

2.4. Filtration mechanisms of electret fibrous filters 

When an aerosol flow moves near a fiber, particles may be captured by the fiber 

through the concurrent effects of mechanical capture mechanisms (mainly Brownian 

diffusion, interception and inertial impaction) and electrostatic capture mechanisms 

(mainly Coulombic force and dielectrophoretic force) [1, 7, 11, 13, 15]. Fig. 2.1 and 

Fig. 2.2 depict the primary mechanical and electrostatic capture mechanisms, 

respectively. 

 

Fig. 2.1. Particle collection by mechanical mechanisms including Brownian diffusion, 

interception, inertial impaction and gravitational settling [11]. 
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Fig. 2.2. Particle collection by electrostatic mechanisms including Coulombic and 

dielectrophoretic forces [11]. 

2.4.1. Mechanical capture mechanisms 

2.4.1.1. Brownian diffusion 

Small aerosol particles have a random Brownian motion due to their collisions with 

gas molecules surrounding them and instant thermal energy equilibrium. In an air 

stream approaching a fiber, these particles roughly do not flow along the original 

streamlines because of the strong Brownian motion. Instead, they continuously deviate 

from the streamlines and may contact the fiber under the combined action of airflow 

and Brownian motion and attach to it by the van der Waals attraction force. This process 

is diffusional capture and is the dominant mechanism for particles smaller than 0.1 µm. 

The diffusional capture of particles is found to increase with smaller particle size 

attributed to higher randomness of motion and with lower face velocity contributed by 

longer retention time at the vicinity of fiber surface [1, 7, 11, 13, 15].  

The coefficient of particle diffusion, D, in specific air stream conditions is 

expressed by the Einstein equation: 

                                                              𝐷 = 𝜇𝑘B𝑇                                                             (2.11) 
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where µ is the particle mobility, kB is the Boltzmann constant and T is the absolute 

temperature.  

The particle mobility, µ, is given by: 

                                                               𝜇 =
𝐶

3π𝜈𝑑p
                                                                (2.12) 

where υ is the air viscosity, dp is the particle diameter, and C is the Cunningham slip 

correction factor accounting for the aerodynamic slip at particle surface which is 

normally defined by: 

                                𝐶 = 1 + 2.492
𝜆

𝑑p
+ 0.84

𝜆

𝑑p
exp (−0.435

𝑑p

𝜆
)                                 (2.13) 

where λ is the mean free path of air molecules, and dp is the particle diameter. 

Diffusional capture depends on the relative magnitude of convection and diffusion 

of air past the fiber, which is well explained by the dimensionless parameter Peclet 

number, Pe: 

                                                                𝑃𝑒 =
𝑑f𝑈

𝐷
                                                          (2.14) 

where df is the fiber diameter, U is the face velocity, and D is the coefficient of particle 

diffusion. 

Based on the Kuwabara flow field and a multiple cylinder model that considers the 

flow interference of the neighboring fibers, the equation for single fiber efficiency by 

Brownian diffusion, ηs,D, was proposed as follows: 

                                                   𝜂s,D = 2.58(
1−𝛼

𝐾𝑢
)1/3𝑃𝑒−2/3                                             (2.15) 

where α is the filter solidity, Pe is the Peclet number, and Ku is the Kuwabara 

hydrodynamic factor: 
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                                                    𝐾𝑢 = −
1

2
ln𝛼 −

3

4
+ 𝛼 −

𝛼2

4
                                            (2.16) 

where α is the filter solidity. 

2.4.1.2. Interception 

A particle with a negligible mass but a finite size may be captured by a fiber when 

it comes within one particle radius from the fiber surface moving along its streamline. 

Such mechanism of particle collection is described as interception. For a given fiber, 

aerosol capture is solely related to particle size and independent of flow velocity during 

interception [1, 7, 11, 13, 15]. 

The aerosol capture by interception is described by a dimensionless interception 

parameter, NR, as shown below: 

                                                               𝑁R =
𝑑p

𝑑f
                                                                      (2.17) 

where dp is the particle diameter, and df is the fiber diameter. 

For the most popular single fiber model, Kuwabara model, single fiber efficiency 

by interception, ηs,R, is expressed as: 

      𝜂s,R =
1+𝑁R

2𝐾𝑢
[2 ln(1 + 𝑁R) − (1 − 𝛼) + (1 + 𝑁R)−2 (1 −

𝛼

2
) −

𝛼

2
(1 + 𝑁R)2] (2.18) 

where NR is the dimensionless interception parameter, Ku is the Kuwabara 

hydrodynamic factor, and α is the filter solidity. 

2.4.1.3. Inertial impaction 

When an aerosol particle has sufficiently high momentum, it can deviate from the 

diverged streamlines of the fluid flow as it approaches a fiber and keep moving towards 

the fiber, thus causing the particle to impact on the fiber. The likelihood of impaction 

is affected by the particle aerodynamic size and the velocity difference between the 
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particle and the fiber. This kind of capture due to the inertia of particles is described as 

inertial impaction. The inertial impaction is significant for particles with high masses 

(dominant for particles larger than 0.5 µm) or on highly-curved streamlines due to their 

higher inertia [1, 7, 11, 13, 15].  

The degree to which the capture of a particle is influenced by inertial impaction is 

related to the relative magnitude of the inertia of the particle and the fluid drag acting 

upon it, which is quantified by the dimensionless Stokes number, Stk, as below: 

                                                         𝑆𝑡𝑘 =
𝐶𝑑p𝜌p𝑈

18𝜇𝑑f
                                                          (2.19) 

where C is the Cunningham slip correction factor, dp is the particle diameter, ρp is the 

particle density, U is the face velocity, µ is the particle mobility, and df is the fiber 

diameter. 

For small Stokes number, the single fiber efficiency by inertial impaction, ηs,I, was 

shown below: 

                              𝜂s,I =
𝑆𝑡𝑘

2𝐾𝑢2
[(29.6 − 28𝛼0.62)𝑁R

2 − 27.5𝑁R
2.8]                                  (2.20) 

where Stk is the Stokes number, Ku is the Kuwabara hydrodynamic factor, α is the filter 

solidity, and NR is the dimensionless interception parameter. 

As each mechanical filtration mechanism dominates a specific particle diameter 

range and the mechanisms response differently to the variation in particle size, for a 

mechanical filter, there exists a particle size range where filtration efficiency is 

apparently low. The least captured particle size is named “most penetrating particle size 

(MPPS)”. To improve the capture of particles in this region, electrostatic filtration by 

electret filters is particularly essential. 

 



 

23 

 

2.4.2. Electrostatic capture mechanisms 

2.4.2.1. Coulombic force 

For a charged particle approaching an oppositely charged fiber in an electret filter, 

it can deviate from the fluid streamline and be pulled toward the fiber surface by the 

simple principle of “opposite charges attract” under Coulombic force. The extent of this 

mechanism depends on the relative strength of the Coulombic attractive force to the 

fluid drag acting on the aerosol particle [1, 7, 11, 13, 15, 81]. 

The complex configuration of electric charges on charged fibers makes 

approximations necessary in developing theories for particle capture by electric forces. 

The primary approximation assumes that a charged filter fiber carries a uniform charge 

amount Q per unit length and acts purely in the radial direction from the fiber center. 

Based on this assumption, the electrostatic field strength, E, at a distance r from the 

fiber center can be expressed as: 

                                                             𝑬 =
𝑄

2π𝜀0𝑟
                                                                      (2.21) 

where Q is the charge amount per unit length of fiber, ε0 is the permittivity of free space, 

and r is the distance from fiber center. 

For a charged particle with a charge q, its electrical mobility ωe is: 

                                                            𝜔e =
𝑞

3π𝜇𝑑p
                                                             (2.22) 

where q is the charge amount held by an aerosol particle, µ is the particle mobility, and 

dp is the particle diameter. 

By multiplying the magnitude of electric field (E) and the electrical mobility (ωe), 

the drift velocity of the particle, Ud,C, towards the fiber can be obtained: 
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                                                       𝑈d,C =
𝑄𝑞

6π2𝜀0𝜇𝑑p𝑟
                                                               (2.23) 

where Q is the charge amount per unit length of fiber, q is the charge amount held by 

an aerosol particle, ε0 is the permittivity of free space, µ is the particle mobility, dp is 

the particle diameter, and r is the distance from fiber center. 

Then, a dimensionless number, NQq, characterizing the Coulombic effect, can be 

achieved by dividing Ud,C by the convective velocity as shown below: 

                                                     𝑁Qq =
𝑄𝑞

3π2𝜀0𝜇𝑑p𝑑f𝑈
                                                              (2.24) 

where NQq is the Columbic parameter, df is the fiber diameter, and U is the face velocity. 

 Assuming the acting forces are solenoidal, the single fiber efficiency by 

Coulombic force, ηs,C, can be given by: 

                                                          𝜂s,C = π𝑁Qq                                                                  (2.25) 

where NQq is the Columbic parameter. 
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2.4.2.2. Dielectrophoretic force 

 

Fig. 2.3. Efficiency compositions of mechanical filters and electret filters for 

neutralized aerosol capture. 

When a neutral aerosol particle moves close to a charged fiber, the uniformly 

distributed charges in the particle are affected by the electric field around the surface of 

the charged fiber. The charges with the same polarity to that of the fiber are repelled 

away from while those with the opposite polarity are drawn near to the fiber, resulting 

in the generation of macroscopic dipole. The strength of this induced dipole is related 

to the particle size and its dielectric constant (εp). Within the uneven electric field 

around the charged fiber, a dielectrophoretic force is then formed between the charged 

fiber and the polarized particle, thus attracting the particle to the fiber surface. The 

capture efficiency of a single charged fiber for neutral particles is not as high as for 

charged particles. It should also be mentioned that polarized charges can also be 
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induced on charged particles, though the dielectrophoretic force is relatively 

insignificant compared with the Coulombic force [1, 7, 11, 13, 15, 81]. 

The dielectrophoretic force, FD, is expressed as follows: 

                                                     𝐹D =
𝑄2𝑑p

3

8π𝜀0𝑟3 (
𝜀p−1

𝜀p+2
)                                                              (2.26) 

where Q is the charge amount per unit length of fiber, dp is the particle diameter, ε0 is 

the permittivity of free space, r is the distance from fiber center, and p is the dielectric 

constant of particles. 

The drift velocity of the particle Ud,D under FD towards the fiber can be given by: 

                                                  𝑈d,D =
𝑄2𝑑p

2

3π2𝜀0𝜐𝑟3 (
𝜀p−1

𝜀p+2
)                                                          (2.27) 

Then, a dimensionless number, NQ0, characterizing the dielectrophoretic effect, can 

be achieved by dividing Ud,D by the convective velocity as shown below: 

                                                 𝑁Q0 =
𝑄2𝑑p

2

3π2𝜀0𝜐𝑟3𝑈
(

𝜀p−1

𝜀p+2
)                                                         (2.28) 

where NQ0 is the induction parameter, υ is the air viscosity, and U is the face velocity. 

Similar to the Coulombic force, the single fiber efficiency by the dielectrophoretic 

force, ηs,o, using the simplest approximation can be expressed as: 

                                                          𝜂s,0 = π𝑁Q0                                                                  (2.29) 

where NQ0 is the induction parameter. 

The efficiency compositions of mechanical filters and electret filters for neutralized 

aerosol capture are shown in Fig. 2.3. It can be seen that filtration efficiency of 

mechanical filters is greatly improved due to the dielectrophoretic effect. Meanwhile, 
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the MPPS decreases to a much lower value attributed to the more significant influence 

on larger particles. 

2.5. Loading behaviors of electret fibrous filters 

The single fiber theories have been proved helpful in studying the filtration 

properties of electret filters. However, these theories are only applicable in the early 

stage of filter life, i.e. clean filters. As an electret filter is continually challenged with 

aerosols, the captured particles occupy certain space and alter the structure of the filter. 

The schematics for aerosol deposition distribution in varied filters a certain time after 

complete formation of aerosol cake are shown in Figs. 2.3a-d. From the figures, it is 

clearly seen that aerosol particles deposit on different spots with different 

dendrites/cake structures based on the charging state and configuration of the filters. As 

a result, both the filtration efficiency and the pressure drop change gradually, while the 

filter becomes increasingly loaded [1, 7, 11, 15]. Though normally dust cake will not 

be formed in general application for face masks, in certain harsh environments, e.g. 

mining sites, cake may be formed on mask surface after long-time use. More 

importantly, apart from the short-term performance, our study also focuses on the long-

term filtration performance of filters. Loading filters with high concentrations of 

aerosols until cake formation can represent a worst-case scenario. In this section, the 

experimental results and the theoretical findings are summarized for the filtration 

behaviors of electret filters during loading process. 
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Fig. 2.4. Schematics for aerosol deposition distribution in varied filters a certain time 

after complete formation of aerosol cake. 

2.5.1. Filtration efficiency of electret fibrous filters with loaded aerosol mass 

In terms of filtration efficiency, different from mechanical filters which show 

increasing values throughout the loading process, the efficiency of electret filters 

initially decreases to a certain point before increasing with loading, as commonly 

reported [1, 7, 15]. This phenomenon is due to the shielding of electrostatic effect and 

the enhanced mechanical effect during aerosol loading. With filtration proceeding, the 

initially captured particles may act as collection sites for the latter particles and 

gradually form dendritic structures. The adjacent dendrites gradually join together, 

which initiates the formation of a “cake” on the front side of the filter. During the 

dendrites/cake growth stage, the electrostatic effect diminishes because of the screening 

effect on fiber charges by deposited particles, while the mechanical collection enhances 

contributed by the dendrites/cake. The filtration efficiency keeps decreasing until the 

reduction in electrostatic efficiency is equally compensated by the improvement in 
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mechanical efficiency, at which point the filtration efficiency falls to its minimum 

values before increasing thereafter. On forming a complete cake layer, particle 

penetration falls to zero, where electrostatic effect is fully shielded and the following 

challenging particles are solely collected via the mechanical effect of the cake layer, 

i.e., the aerosol capture has totally transferred from depth filtration to surface filtration.  

Over the years, some theoretical and modelling work has been carried out in 

developing expressions to predict single fiber efficiency of mechanical filters with 

loading based on different assumptions [1, 7, 15]. On the contrary, few researches were 

reported on the numerical relationship between aerosol deposition mass and filtration 

efficiency for electret filters. One of the known studies was done by Brown et al., where 

a theoretical expression of aerosol penetration with loaded mass (PM) was derived from 

the experimental values [7]. In the experiments, several kinds of electret filters were 

loaded with various types of industrial aerosols. The expression obtained is shown 

below: 

                                                           ln
𝑃M

𝑃
= 𝛽𝑀dep                                                             (2.30) 

where PM is the aerosol penetration with loaded mass, P is the aerosol penetration, β is 

the degradation factor, which is related to the type of loading aerosol, and Mdep is the 

aerosol loaded mass. 

The influence of particle properties on electret filter efficiency variation were often 

investigated [1, 7, 14, 16-18, 22, 51, 82-86]. Particularly, compared to uncharged 

particles, charged particles were found to delay the decrease rate of filtration efficiency 

in the initial loading stage, which proved that the inhibition of electrostatic effect was 

attributed to charge screening instead of charge neutralization. In addition, it was 

reported that the maximum penetration was reached more quickly when smaller 
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particles were used to load the electret filter, perhaps due to the stronger screening effect 

on fiber charges. 

2.5.2. Pressure drop across electret fibrous filters with loaded aerosol mass 

As for pressure drop, electret filters have generally similar increasing trend to 

conventional filters [1, 7, 15]. In the early stage, particles deposit on the surface of 

individual fibers across the porous filter depth. Due to the intensely limited space 

occupied by the captured particles, the fluid flow is only slightly affected and the 

pressure drop increases at fairly low rates. With dendrites/cake forming and the filter 

more and more clogged, the pressure drop keeps rising with the rate of increase 

accelerating. When the cake is completely formed, the increase rate of pressure drop 

reaches its peak value, after which the pressure drop increases linearly at this rate with 

the loading mass. 

Despite the similarity in the general trend of pressure drop evolution, due to the 

great role played by electrostatic mechanism in the early stage of loading, the deposition 

properties of particles on an electret filter, including the capture position, dendrite/cake 

formation rates and cake structures, are different from a purely mechanical filter. As 

observed in several studies, the captured particles deposited more uniformly on fibers 

of electret filters than mechanical filters due to electrostatic forces. This uniform aerosol 

deposition then led to lower growth rates of dendrites and postponed formation of 

surface cake. In addition, surface cake formed on electret filters were claimed to be 

more porous. As a result, larger clogging points and higher aerosol holding capacities 

were eventually achieved for the electret filters [1, 7, 15]. 

A lot of work has been conducted to theoretically relate pressure drop to aerosol 

deposited mass [1, 7, 15]. However, few satisfactory theories were obtained resulting 
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from the complex nature of dendrite structure and the large number of influencing 

factors, such as particle size and fiber packing density. To make theoretical approaches 

practicable, the loading models were often overly-simplified. For instance, loaded 

aerosols were assumed to deposit evenly on every charged fiber, while in fact dendrites 

may form unevenly around individual fibers and the fibers downstream of the filter 

surface may be shadowed by the dendrites formed in the upstream layers. 

While it is impractical to establish a definite relationship between pressure drop 

and loaded mass before full cake formation, predicting the pressure drop of a fully 

clogged filter is relatively easy. One expression of pressure drop with loading was given 

by: 

                                               
1

∆𝑝
=

1

𝐾1
(

𝜑3

(1−𝜑)2)(
𝑑p

2

36𝜐
)(

1

𝑈𝐵
)                                                       (2.31) 

where Δp is the pressure drop, K1 is the Kozeny constant (= 5), φ is the cake porosity, 

dp is the particle diameter, υ is the air viscosity, U is the face velocity, and B is the cake 

thickness. 

The influences of particle properties on pressure drop variation of electret filters 

were also studied [1, 7, 15-18, 50, 51, 85, 87]. It was widely believed that small particles 

were more clogging than large particles, due to the denser structures of dendrites and 

cake formed during aerosol loading. Besides, electret filters had higher loading 

capability towards charged particles because of the more uniform distribution of 

deposited particles on fibers. 

2.6. Studies on filtration performance of electret fibrous filters 

Since the invention of the first known electret filter—Hansen resin-wool filter, 

many researches have been conducted to prepare electrically active air filters for aerosol 
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removal using various materials and configurations [1, 7, 15]. In this section, different 

kinds of electret filters reported in literature are reviewed separately according to their 

compositions. 

2.6.1. Single-component electret fibrous filters 

One earlier kind of electret filters which have been studied intensively are those 

composed of a single polymeric material [20, 88-90]. Due to the widely applied melt-

blow technology, micro-fiber filters were usually used for manufacturing electret filters. 

And because of the simple device setup, corona discharge was mostly used as the 

charging technique. Studies were carried out to compare the filtration performance of 

electret filters made using varied polymers, charging methods and filter configurations, 

as well as the influence of different particle properties and environmental conditions. 

Makowski found that filtration process in electrostatic filters designed for respiratory 

protective devices depended mainly on the filter material type, the material electrostatic 

field strength, and the aerosol charge density, while less on the aerosol charge sign and 

the air relative humidity [88]. Tian et al. developed a compact electrostatically assisted 

air coarse filter and observed that the single pass filtration efficiency for 0.3-μm 

particles increased with increasing charging voltage and decreasing polarizing distance 

used for charging the filters. Also, they found that filter material with larger relative 

dielectric constant or larger tortuosity yielded higher filtration efficiency [20]. Though 

high filtration efficiency could be obtained using microfibers, it often came at the cost 

of high air resistance which made the filters less applicable for respirator use. Nifuku 

et al. aimed to find the optimal corona method for filter (made from PP or PTFE) 

efficiency improvement using high voltage DC corona, pulse corona and pulse with DC 

corona. They found that pulse with slower pulse rise time with DC superimposition was 
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more effective for providing a larger surface charge density. And their optimized 

electret filter could remove 99.32% of 0.1-0.15 µm DOP particles. However, the 

pressure drop was as high as 171.6 Pa at an air velocity of 5.3 cm s-1 [89]. Since the 

development of electrospinning, nanofiber electret filters have gained more and more 

popularity. Nevertheless, to make full use of electrostatic effect, oftentimes more than 

one material was used instead of just a single material. Lolla et al. electrospun PVDF 

fiber mats with an average fiber diameter of 200 nm and claimed the polarized fiber 

mats had higher capture efficiencies, lower pressure drops and higher filtration indexes 

(quality factors) than the non-polarized mats over time using 150-nm NaCl particles. 

However, seen from the given data, the non-polarized mats already had high filtration 

efficiency of about 95%, probably due to the high filter basis weight of 20 gsm. 

Therefore, the improvement by electrostatic effect was indeed minimal. And because 

of the high pressure drop (around 580 Pa at 10 L min-1 for the clean polarized filter), 

the quality factor was only about 6.8 × 10-3 Pa-1, which was extremely low and thus not 

suitable to be applied as air filters [90]. 

2.6.2. Multi-component electret fibrous filters 

Compared with the single-component electret filters, there are more types of multi-

component electret filters prepared by corona discharge, polarization or 

triboelectrification [23, 24, 40-42, 51, 52, 68, 91-95]. One popular kind of electret filters 

consists of supporting fibers and dielectric materials which were added to increase the 

electrostatic effect. These additional materials, including PTFE, SiO2, TiO2 particles 

and graphite platelets, were always added in the polymer solution, then co-spun during 

the electrospinning process and eventually anchored on the surface of fibers. Wang et 

al. fabricated electret nanofibrous membranes using PVDF as the matrix polymer for 
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fibers and PTFE nanoparticles as an inspiring charge enhancer through the in situ 

charging of electrospinning. By combining the two materials, charge density and 

stability were greatly enhanced by more polarized intra- and inter-molecular dipoles 

and deepened energy level depth. As a result, the fibrous membrane exhibited a high 

filtration efficiency of 99.972%, a low pressure drop of 57 Pa at 5.3 cm s-1, a satisfactory 

quality factor of 0.14 Pa−1 and superior long-term service performance [40]. Particle-

on-fiber structure of nanofiber filters was proved useful to improve filter performance. 

Nonetheless, attributed to the small fiber diameter, these filters tended to have high 

mechanical filtration efficiency, which shadowed the electrostatic effect. Huang et al. 

electrospun PVDF filters with dispersed nanoscale graphite platelets and obtained the 

highest filtration efficiency of 98.989% for aerosols with an average size of 100 nm. 

However, the pressure drop reached 1279.1 Pa under face velocity of 1.26 m s-1 and the 

highest quality factor was merely 3.591 × 10-3 Pa-1. More importantly, the filtration 

efficiency of pure PVDF filter without graphite platelets was already 93.803%, which 

means the added “charge enhancer” actually improved little of the filter performance 

[41]. Another method to improve the electrostatic field of electret filters is by 

incorporating another ingredient within fibers. These ingredients, including inorganic 

salts and organic nucleating agents, were pre-mixed with the polymer melt or solution 

before being incorporated within fibers during the process of melt-blow or 

electrospinning. Then, the resultant filters underwent corona discharge treatment to 

become electret filters. Kilic et al. studied the effects of BaTiO3 addition on electrostatic 

charging and particle capture performance of PP melt-blown webs. They found that 

cold charging (under room temperature) and thermal charging (first heating and then 

cooling the filter) could both enhance the charging ability of the PP filter. But thermally 

charging around Curie temperature of BaTiO3 (~130oC) provided higher-density and 
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more stable charges for the aerosol filtration of fibrous webs and HEPA-level efficiency 

(99.97% for 0.3-µm particles) was reached at 95 Pa [92]. Similar phenomenon was 

observed by the same group where nucleating agents DMDBS and NA11 were used as 

the electret additives to PP filters. Upon thermal charging, surface potential and 

filtration performance of the webs were significantly improved, both in magnitude and 

stability [91].  

Another kind of electret filter is mixed-fiber filters, i.e. fibers made from different 

kinds of materials co-present in one filter. Based on filter structure, this kind of filter 

can be categorized as multilayer filters (each layer consists one kind of material) and 

blended-fiber filters (fibers are blended in the same layer). For a multilayer filter, each 

layer is normally sandwiched by two layers made of another material. Bai et al. 

fabricated a triboelectric air filter consisting of five layers of PTFE fabrics and nylon 

fabrics, which was charged by rubbing the two kinds of fabrics against each other. They 

achieved removal efficiency values of 84.7% for PM0.5 and 96.0% for PM2.5 

respectively for the electret filter, which were 3.22 and 1.39 times larger than the 

uncharged one. Nevertheless, it can be seen from the paper that the electret filter had a 

fairly high pressure drop of about 180 Pa at 4 cm s-1 and the quality factor barely 

reached 0.018 Pa-1, which indicates that the filter was inefficient as a candidate for face 

masks [95]. For a blended-fiber filter, oftentimes different fibers are mixed by 

mechanical force, usually through felting process, using the pre-manufactured fibers. 

A less common kind is the filters co-spun from multi-component melt or solution. 

Schutz and Church investigated the filtration performance of fiber blends combining 

PP or wool with one of several other polymers, which were found to generate significant 

electrostatic enhancements in nonwoven felts that are stable over time. They found that 
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PP was an essential component for most of the blended-fiber needle felts, and the 

triboelectric effect were significant and stable over time [52]. Though mixing fibers of 

different materials was proved an outstanding method to get fibers charged a long time 

ago, this type of filter is less common compared to others. The reason might be the lack 

of proper technology to mix different fibers in good fibrous structures without distortion 

[96]. 

2.6.3. Commercialized electret fibrous filters 

Nanofiber filters have been the major focus of research these years. Yet, because 

nanofibers cannot be produced in large quantities, commercialized electret filters are 

almost all made of microfibers. Due to the superior chargeability and wide availability, 

PP is often used as the polymetric material for large-quantity production of electret 

filters. Researches involving commercialized products mainly focus on the influences 

of aerosol properties and environmental conditions on the filtration efficiency and 

loading behavior of the electret filters [50, 69, 86, 87, 97-100]. Sanchez et al. quantified 

the effects of electrostatic fiber charges and particle charges by measuring the collection 

efficiency for uncharged/charged aerosols by neutralized/original 3M FiltreteTM 

electrostatic filter. The results showed varied contribution of Coulombic, induction and 

polarization effects under different face velocities [86]. Barrett and Rousseau compared 

the loading behaviors of several electret filters made by different approaches. They 

observed significant differences among electrostatic filters [69]. Generally, 

electrostatically charged filter media with large diameter fibers, such as tribo-charged 

or fibrillated electret film media, exhibited excellent initial filtration performance. 

However, the penetration increased dramatically when these media were loaded with 

certain aerosol particles, especially oily mist aerosols such as DOP. In comparison, 
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electrostatic media of newer technology exhibited higher electrostatic charge level and 

oily mist resistance, which could be promising in keeping high filter efficiency while 

eliminating efficiency loss due to aerosol loading. 
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Chapter 3: Preliminary Filtration Tests of Multilayer PVDF 

Electret Filters 

3.1. Overview 

In this study, PVDF was used to fabricate nanofiber filters and their electrostatic 

chargeability was investigated. Subsequently, the filtration performance of multilayer 

PVDF electret filters were investigated and compared with 1-layer configuration. Other 

than maintaining the flow path with least resistance as with previous investigation [45-

47], the separation of charged fibers by insulated porous substrate media into multiple 

layers also reduced negative electrostatic interference among randomly oriented 

charged nanofibers all packed in 1-layer configuration [48, 49]. In any event, these 

different filter configurations were further analyzed and compared based on the 

dielectrophoretic filtration effect on singe-fiber efficiency, which was independent of 

the filter thickness, filter solidity, face velocity and fiber diameter to obtain a fair 

comparison and deeper insight. Further, these nanofiber electrets were compared with 

microfiber electret filters based also on single fiber efficiency to determine the effect 

attributed to fiber diameter. In addition, charge stability on the multilayer PVDF electret 

filters was tested during a three-month period. By combining the advantages of PVDF 

and “multilayering”, we managed to fabricate electret filters with high filtration 

efficiency, low pressure drop and long-term performance stability. 

3.2. Experimental 

3.2.1. Materials 

PVDF with a molecular weight (MW) of 530,000 and sodium chloride (NaCl) were 

purchased from Sigma-Aldrich (USA). Isopropyl alcohol (IPA) and acetone were 
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acquired from Anaqua Chemicals Supply (USA). N,N-Dimethylformamide (DMF) was 

obtained from Duk San Pure Chemicals Incorporated (South Korea). All reagents were 

analytical grade and used as received. 

3.2.2. Fabrication of filters 

In a typical preparation, the PVDF solution was prepared by dissolving 20 w/v% 

PVDF pellets into a mixture solvent of DMF/acetone (v/v 8/2) blended at 70 oC for 24 

h. The needle-based electrospinning machine (Model TL-Pro, Shenzhen Tong Li Tech 

Co. Ltd.) was employed to prepare PVDF nanofiber mats. As shown in Fig. 3.1, the 

electrospinning apparatus consists of a micro syringe pump, a grounded drum collector 

and a high voltage supply set. The syringe pump was used to feed the polymer solution 

into a 20-gauge steel needle tip (ID = 0.6 mm) at the rates of 0.9 mL h-1. The 

electrospinning process was carried out with a voltage of 20 kV, a tip-to-collector 

distance (traveling distance) of 15 cm and a drum rotating speed of 10 r min-1. The 

temperature was kept at 25 ± 1 oC and the relative humidity was 40 ± 2%. As solution 

oozed out of the syringe tip, under the high electrical field, the liquid formed a Taylor 

cone. When the electrical force overcame the interfacial tension of the liquid, a thin jet 

was ejected toward the ground electrode. The diameter of the jet reduced due to 

repulsion of the positive charges deposited along the entire jet together with evaporation 

of the solvent. The jet diameter became smaller during free flight until it became the 

size of a nanofiber with diameter less than 1 µm and deposited as a mat on the collector. 

The nanofiber mat was collected on the surface of a grounded steel drum covered with 

anti-static nonwoven polypropylene (PP) cloth which acted as the support of nanofiber 

layer. After spinning, the PVDF nanofiber filters (coated on PP substrate) were then 

dried in a vacuum oven at 40 oC overnight to remove the residual solvent, and the 
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resultant filters were referred to as “pristine filters”. To evaluate the contribution from 

pure mechanical filtration effect, filters were pre-treated with IPA to remove the residual 

charges before further use, resulting in “uncharged filters”. And the filters treated with 

corona discharge were referred to as “electret filters”.  

To get 1-layer nanofiber mats with different basis weights (W), different time 

durations were used as the amount of fiber deposition is proportional to the electro-

spinning (hereafter simply referred as spinning) time. In this case, it was reasonable to 

speculate that the filter thickness (Z) increased with spinning time of the single 

nanofiber layer. To a lesser extent the fiber packing density (α) may also increase 

slightly with spinning time when W is large, otherwise for smaller W it can be assumed 

to be reasonably constant. The other configuration of filters applied in our study was 

made by stacking up a certain number of nanofiber filters with the same spinning 

duration to form a multilayer filter. In this way, filters with the same α and the same 

individual-layer basis weight (WL) but different total W and Z of nanofiber layers were 

fabricated, with the latter two values being in proportion to each other [46]. Each filter 

was denoted based on its fiber diameter (df),configuration (S for single layer and M for 

multiple layers), WL and charging state (P for pristine, U for uncharged and C for 

charged), e.g., 450-S-1.75-P represents a 1-layer pristine filter with the fiber diameter 

of 450 nm and the WL (for a 1-layer filter, WL = W) of 1.75 gsm, while 450-M2-0.87-C 

refers to a 450-nm 2-layer electret filter with the WL of 0.87 gsm for each individual 

layer, but the total basis weight for both 2 layers added up to 1.75 gsm. Specially, filters 

whose names start with M1 are equivalent to those of S as they were the building 

module for multilayer filters. 
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Fig. 3.1. Schematic diagram of the electrospinning apparatus. 

3.2.3. Corona discharge of filters 

The corona discharge, which is a commonly applied method to make fibrous filters 

charged as described in Section 2.2.1, was performed on a homemade wire-type dual 

electrode device as shown in Fig. 3.2a. A high positive voltage was applied to the five-

wire emitting electrode made of tungsten, facing a 10 cm × 10 cm filter mat attached 

on a grounded plate electrode. Charges were emitted around the energized wire 

electrode and deposited on the filter under the influence of electric field. The distance 

between the wire and the plate electrode surface was adjustable in a certain range. The 

charging was carried out in ambient air at temperature of 20 ± 2 oC and relative humidity 

of 50 ± 5%. Based on our preliminary experiment, prolonged charging time over 60 s 

did not bring apparent differences in surface potential. Thus, 60 s was used for the 

preparation of all our electret filters. In the entire investigation, charging voltage of 15 
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kV, charging distance of 30 mm and charging time of 60 s were used as the corona 

discharge condition unless otherwise stated. These parameters were optimized to 

provide the maximum corona discharge to the nanofiber mat without locally burning 

the fibers from over-intensified electrical field. 
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Fig. 3.2. Schematic diagrams of (a) the corona discharge set-up, (b) the apparatus for 

surface potential (SP) tests and (c) a filter sample used for charging and SP tests. 

3.2.4. Characterization of filters 

Surface morphology of nanofiber filters was analyzed using scanning electron 

microscopy (Model JSM-6490, JEOL, USA). The fiber mean diameters were measured 

by the software ImageJ (NIH, USA). The thickness of PP substrate was measured by a 

micrometer, while that of nanofiber layer was obtained using a surface profile device 

(Model DektakXT, Bruker, Germany). The weight of substrate and each whole filter 

(nanofibers and substrate) were measured on an electronic balance, with the difference 
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between the two values being the weight of the nanofiber layer. The surface potential 

(SP) of the filtration media was measured by an electrostatic voltmeter (Model 244A, 

Monroe, USA) as depicted in Fig. 3.2b. In a typical measurement, surface potential of 

49 1 cm × 1 cm grids on the evenly divided central 7 cm × 7 cm part of a filter (the 

details of filter surface can be seen in Fig. 3.2c) was obtained (corresponding to the 

filter area challenged by aerosols in the cylindrical filtration chamber). The aperture of 

the electrostatic probe was placed 1 mm right above the central point of each subdivided 

grid during the tests. The distance of 1 mm was set to both ensure the accuracy (high 

resolution) of SP values and avoid probe-to-surface arc-over, as suggested by the 

manufacture. An XY stage was used to support and move the tested sample to get 

precise positioning. Both front-and-back sides of the filter were tested, and the absolute 

difference was taken as the surface potential of a certain grid as the electric field over 

particles would be close to that value [92]. The fiber packing density (i.e. filter solidity) 

α of the nanofiber layer as well as the substrate was calculated by the following mass 

balance equation: 

                                                           𝑊 = 𝜌f𝑍𝛼                                                       (3.1) 

where W is the filter basis weight, ρf is the density of the polymer raw material, and Z 

is the filter thickness. 

3.2.5. Filtration performance evaluation of filters 

Fig. 3.3 shows the schematic diagram of the set-up for aerosol filtration test. The 

aerosol filtration performance of filters was evaluated with a monodisperse sub-

micrometer aerosol generation system (SMAG System, A&P, HK) and a homemade 

filtration testing unit. Note that for electret filters, the filtration tests were conducted 24 

h after the corona discharge treatment to get relatively stable amount of charges and 
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filter performance. The test aerosols were sodium chloride particles (NaCl, 50-500 nm) 

generated from atomizing NaCl solution with a constant output atomizer (7388SJA, JV 

Technology). In a typical run, a clean and dry compressed air flow from a filtered air 

supply system was fed to the atomizer containing a certain concentration of NaCl 

solution, where liquid droplets containing salt aerosol were generated. The stream was 

then passed through a Nafion membrane air dryer for moisture removal, resulting in dry 

aerosols ranging between 10-1000 nm (count median diameter (CMD), hereafter 

denoted as aerosol/particle diameter/size). After drying, the aerosol stream flowed 

through an impactor with a nozzle diameter of 0.65 mm where particles larger than the 

cut size were removed. The resultant polydisperse aerosols subsequently flowed 

through a neutralizer, a differential mobility analyzer (DMA, Model 3081, TSI) and a 

second neutralizer to get particles with a certain monodisperse size controlled by DMA 

voltage and in electrostatic charge equilibrium (Generation Mode of SMAG). The 

function of the first neutralizer was to bring the highly and unevenly charged particles 

generated from the atomizer to a Boltzmann charge distribution. In this way, most 

particles passing through the DMA would be the required size with just one unit of 

charge, instead of those with larger sizes and higher charge amounts. The function of 

the second neutralizer was to bring the charged aerosols exiting the DMA to neutralized 

state, where most particles were zero-charged. This approach followed the NIOSH 

mask testing standard because neutralized particles are hard to be filtered out than 

charged particles. Alternately, polydisperse aerosols could be used to challenge the filter 

and filtration efficiency could be determined by rearranging the sequence of the two 

neutralizers and DMA (Scanning Mode of SMAG). Nevertheless, the latter set-up was 

not applied due to the difficulty in tuning the equipment response time for detecting 

polydisperse aerosols, which could bring inaccurate and misleading results. Therefore, 
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Generation Mode was used instead of Scanning Mode, although it normally took about 

1 h to get a filtration curve applying the former method while only less than 10 min for 

the latter one. The neutralized monodisperse NaCl aerosols were fed into a cylindrical 

filtration chamber with a diameter of 7 cm and an effective area of 38.5 cm2 and down 

through the filter which was covered by a PP substrate to protect the PVDF layer from 

abrasion. The filter samples were tested at the flow rate of 12.24 L min-1, representing 

the face velocity of 5.3 cm s-1 (this velocity follows ASTM F2299 method for PFE 

testing of surgical masks and is commonly used in literature as the challenging face 

velocity for fibrous filter tests used as face masks). The system flow rate was measured 

with a mass flow meter (Model 4100, TSI Inc., Shoreview, MN, USA) at the inlet of 

the filter test system and a make-up air source was used to meet the required flow rate. 

Aerosols were extracted isokinetically with sampling probes upstream and downstream 

of the filter to a condensation particle counter (CPC, Model 3010, TSI Inc., Shoreview, 

MN, USA) to measure aerosol concentrations. To realize isokinetic sampling, a make-

up air stream was supplied to CPC and the flow rate was finely tuned so that the aerosol 

flow velocity at the entrance of either sampling probe was 5.3 cm s-1, the same as the 

face velocity challenging the filter. The pressure drop (Δp) across the filters was 

measured using a digital pressure manometer (Model 2080P, Digitron, Elektron 

Technology, UK) at two points located immediately upstream and downstream of the 

filter. The following two equations (same as those in Chapter 2) were applied to 

calculate filtration efficiency (η) and quality factor (QF, benefit-to-cost ratio), 

respectively: 

                                                          𝜂 =  
𝑐up−𝑐down

𝑐up
                                                            (3.2) 

                                                         𝑄𝐹 =  −
ln(1−𝜂)

Δ𝑝
                                               (3.3) 
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where cup and cdown denote the aerosol number concentrations of the upstream and the 

downstream flows, respectively. 

For the capture of neutralized aerosols by PVDF electret filters, mechanical 

filtration and dielectrophoretic filtration were the two major mechanisms. Therefore, 

the filtration efficiency of a filter, η, could also be given by the following equation: 

                                               𝜂 = 1 − (1 − 𝜂M)(1 − 𝜂o)                                              (3.4) 

where ηM and ηo represents filtration efficiency contributed from mechanical and 

dielectrophoretic filtration effects of the filter, respectively. 

The pure mechanical filtration efficiency of the electret filter, ηM, was obtained 

directly from the filtration tests for the uncharged filter, whereas the dielectrophoretic 

filtration efficiency, ηo, could be calculated from Eq. 3.4. 

 

Fig. 3.3. Schematic diagram of set-up for aerosol filtration tests of filters. 
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Fig. 3.4. Filtration efficiency (η) a typical 1-layer PVDF electret filter. 

Normally, to get convincing conclusions, a filter should be tested repetitively to 

ensure the filtration performance is repeatable. Nevertheless, in our case, due to the 

highly constant challenging aerosol size distribution and strictly controlled work 

parameters of SMAG, the variation of repeated test results was insignificant. Besides, 

to get a full filtration efficiency curve for a filter, at least 1 h was needed, which was 

very time-consuming. Therefore, in most cases, a filter was only tested once. Fig. 3.4 

shows the filtration efficiency of a randomly selected filter tested consecutively three 

times. The relative variations for the efficiency of aerosols with varied sizes were 

around 2.3%. The data of large aerosols are a little more scattered than that of small 

aerosols, which is attributed to the gradually lower concentrations of large aerosols 

generated by SMAG. For pressure drop, the values were very stable (relative variation 

was only 1.3%) due to the finely tuned air flow rate. 
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3.3. Theoretical analysis of single fiber efficiency from 

dielectrophoretic filtration effect 

The pressure drop, Δp, across a fibrous filter is given by the Davis equation [7],  

                                       
Δ𝑝𝑑f

2

4𝜐𝑈𝑍
 =  16𝛼3/2(1 + 56𝛼3)  ≈  16𝛼3/2                           (3.5) 

where df is the fiber diameter, υ is the air viscosity, U is the face velocity, Z is the filter 

thickness, and α is the filter solidity. 

The approximation made in Eq. 3.5 can be justified provided <<(1/56)1/3, or 

<<0.26. Otherwise, we have to solve Eq. 3.5 numerically, which can still be done 

relatively easily.  

Combining Eqs. 3.1 and 3.5, we can express  independently of the filter thickness 

Z as follows, 

                                                         𝛼 = (
Δ𝑝𝑑f

2𝜌f

64𝜐𝑈𝑊
)

2

                                             (3.6) 

where Δp is the pressure drop across filter, df is the fiber diameter, f is the fiber material 

weight density, υ is the air viscosity, U is the face velocity, and W is the filter basis 

weight. 

If the approximation <<0.26 is not used, then the numerical solution on  is 

required, which replaces Eq. 3.6. The filter filtration efficiency  is related to the single 

fiber efficiency s by, 

                                                 𝜂 =  1 − 𝑒𝑥𝑝 [−
4𝛼s𝑍

𝜋(1−𝛼)𝑑f
]                                     (3.7) 

where α is the filter solidity, Z is the filter thickness, and df is the fiber diameter. 

Based on this, we can express the single fiber efficiency s in terms of the filter 
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efficiency, thus 

  
s

=  
𝜋(1−𝛼)𝑑f𝜌f

4𝑊
ln [

1

1−𝜂
]                                    (3.8) 

If n similar modular filters, each with efficiency of 1, are stacked to produce a 

composite filter with overall efficiency of n, thus 

                                                     
𝑛

=  1 − (1 − 𝜂1)𝑛                                          (3.9) 

where n is the filtration efficiency of a composite filter with n identical layers, 1 is 

the filtration efficiency of one layer in the composite filter, and n is the number of layers. 

The filter efficiency of the basic module, 1,  can be determined if we know n,  

                                                     𝜂1 =  1 − (1 − 
𝑛

)
1/𝑛

                                     (3.10) 

Using Eq. 3.10, we can thus determine the efficiency of the modular filter in 

composite filter with n modules, such as 2, 4, 6, and 8 in our experiments. Further from 

the modular filter, 1, the single fiber efficiency s can be determined via Eq. 3.8 with 

known values of  (as determined from Eq. 3.6), df (average fiber diameter as 

determined from measurements of SEM), W (basis weight of nanofibers per square 

meter of filter). We can subsequently determine the single fiber efficiency 

corresponding to both the mechanical filter (s)M and the single fiber efficiency of both 

the electret media filter (s)M+o consisting of both mechanical and dielectrophoretic 

capture mechanisms. Given the mechanical and dielectrophoretic capture mechanisms 

are independent and additive, the efficiency due to dielectrophoretic capture mechanism 

alone, s,o, is simply, 

                                                                     𝜂s,o = (
s
)M+o − (

s
)M                                                             (3.11) 

where (s)M+o is the single fiber efficiency due to mechanical effects and 
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dielectrophoretic force, and (s)M is the single fiber efficiency due to mechanical effects. 

From the foregoing, in order to determine the dielectrophoretic filtration efficiency 

for a single fiber in the filter, we need to carry out two sets of experiments under similar 

operating condition, one for which the aerosol capture is purely mechanical (diffusion 

and interception), while the other being mechanical plus dielectrophoretic filtration 

effect. In the experiment, the former corresponds to our test filter dipped in alcohol for 

a certain period to remove any residual charges from electrospinning, while the latter 

corresponds to our test filter after being charged by corona discharge and left under 

equilibrium for a day. Further, it has been demonstrated [7, 81-83] that  

                                                     𝜂s,o =  𝐶′𝑁Q0
0.4                                                (3.12) 

where C’ is a constant, and NQ0is the induction parameter which is given by 

                                               𝑁Q0 =
2

3

𝜀p−1

𝜀p+2

𝐶(𝜎𝑑p)2

𝜀0(1+𝐾f)2𝑑f𝜐𝑈
                                       (3.13) 

where p is the dielectric constant of particle,  is the fiber surface charge density, dp is 

the particle diameter, o is the permittivity of free space, Kf is a constant, df is the fiber 

diameter, υ is the air viscosity, U is the face velocity, and C is the Cunningham slip 

correction factor which is calculated from 

                      𝐶(𝑑p)  =  1 + 2.49(65/𝑑p) + 0.84(65/𝑑p)𝑒𝑥𝑝 [
−0.43

(65/𝑑p)
]                 (3.14) 

Assuming the fiber surface charge density , the particle dielectric constant εp, the 

fiber dielectric constant εf are all constants. C is dependent on the aerosol size dp and is 

required when dp is nearly 65 nm, the mean free path of air molecules at standard 

temperature and pressure (STP). Thus, for a filter with given df filtering gas at a fixed 

temperature,  
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                                                        𝑁Q0 ∝  
𝐶(𝑑p)2

𝑈
                                                 (3.15) 

Substituting Eq. 3.15 into Eq. 3.12, we have  

                                                    𝜂s,o =  𝐺 [
𝐶(𝑑p)2

𝑈
]

0.4

                                          (3.16) 

where G is another constant.   

3.4. Results and discussion 

3.4.1. Morphology of PVDF filters 

For fibrous filters, their aerosol capture performance is greatly affected by physical 

structure, particularly fiber diameters and their distribution, packing density and 

thickness, due to the varied influences on mechanical mechanisms of diffusion, 

interception and inertia impaction. Fig. 3.5 depicts the reticular structure of pristine 1-

layer PVDF nanofiber filters with increasing basis weight (W) from 0.87 to 6.98 gsm. 

All the filters showed randomly oriented fibers with polydisperse diameters. Since fiber 

diameter is mainly determined by solution property, voltage and distance used for 

electrospinning, filters varying in spinning duration will barely have identical fiber size 

[47]. The fiber mean diameter of PVDF filters is 450 nm as listed in Table 3.1 and the 

diameter distribution is shown in Fig. 3.6. As expected, PVDF fiber packing density 

increased with W, which can also be intuitively seen from the SEM images. The packing 

density is only 0.105 at the lowest W and increases to 0.276 at 3.46 gsm, after which 

the increment rate remarkably decreases and reach 0.326 at 6.98 gsm. In contrast, the 

thickness of nanofiber layer does not significantly change for filters with W from 0.87 

to 3.46 gsm due to the relatively high porosity of these filters to accommodate more 

fibers without a drastic thickness increase. Another possible explanation is the 



 

54 

 

electrostatic interaction (attraction) among the fibers. At higher filter basis weights, 

filter thickness begins to increase with increasing fiber amount. 

        

                

 

Fig. 3.5. SEM images of (a) 450-S-0.87, (b) 450-S-1.75, (c) 450-S-3.46, (d) 450-S-5.10 

and (e) 450-S-6.98. 
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Fig. 3.6. Fiber diameter distribution of 450-nm PVDF filters. 

Table 3.1.  Physical properties of 450-nm PVDF filters and PP substrate 

Medium df (nm) W (gsm) α (× 10-2) 
Z 

Δp at 5.3 cm s-1 

(Pa) 

(µm) P C U 

450-S-0.87 450 0.87 10.5 5.7 4.4 4.3 n/a 

450-S-1.75 450 1.75 16.2 7.1 6.1 5.6 5.6 

450-S-3.46 450 3.46 27.6 8.4 13.8 13.2 n/a 

450-S-5.10 450 5.10 30.7 10.4 20 19.3 n/a 

450-S-6.98 450 6.98 32.6 14.1 37.7 35.9 n/a 

450-M2-1.75 450 1.75 × 2 16.2 7.1 × 2 12.4 11.8 n/a 

450-M3-1.75 450 1.75 × 3 16.2 7.1 × 3 17.8 17.2 n/a 

450-M4-1.75 450 1.75 × 4 16.2 7.1 × 4 24.1 23.3 n/a 

450-M2-0.87 450 0.87 × 2 10.5 5.7 × 2 7.1 7.0 n/a 

450-M4-0.87 450 0.87 × 4 10.5 5.7 × 4 14.9 14.1 n/a 

450-M6-0.87 450 0.87 × 6 10.5 5.7 × 6 21.3 19.8 n/a 

450-M8-0.87 450 0.87 × 8 10.5 5.7 × 8 26.2 25.2 n/a 

M2-PP  19324  30.86 × 2  34.3 100 × 2 3.6 3.6 3.6 
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3.4.2. Optimization of charging condition on filtration performance of 1-layer 

PVDF electret filters 

The filtration performance of electret filters has been widely confirmed to improve 

with charge density indicated by SP, though particle capture by electrical mechanism 

is intensely complex when taking charge polarity and distribution into account [7]. To 

increase charge density, a proper electric field intensity for the corona discharge system 

has been proven critical for PP nonwoven electret, for which either too low or too high 

could lead to low initial SP [56, 58, 60]. In our study, varied charging voltages and 

distances were applied to study their influences on SP and more importantly on 

filtration performance of PVDF filters. In order to get a clearer pattern, filters with a 

high W of 2.43 gsm were used in these experiments. 

Table 3.2 shows the average surface potential (SPAvg.) of PVDF filter with different 

charging voltages, which was shown to increase with charging voltage from 81.9 V at 

10 kV to 115.2 V at 20 kV. This could be explained by that a higher voltage caused 

greater ionization of air molecules during corona discharge and subsequently deposition 

of more ions onto the surface of the filters [56, 58, 60]. Correspondingly, as shown in 

Fig. 3.7, both filtration efficiency and quality factors of PVDF filters were higher at 

higher charging voltage. Even at the lowest voltage of 10 kV, the filtration performance 

of the filter was greatly improved. 
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Table 3.2.  Average surface potential (SPAvg.) of 450-nm PVDF filters 

Medium 

Charging condition SPAvg. (V) 

Voltage 

(kV) 

Distance 

(mm) 

Duration 

(s) 
Pristine Electret 

450-S-0.87 15 30 60 4.6 43.7 

450-S-1.75 15 30 60 5.8 80.8 

450-S-2.43 10 30 60 6.0 81.9 

450-S-2.43 15 30 60 6.0 100.8 

450-S-2.43 20 30 60 6.0 115.2 

450-S-2.43 15 35 60 6.0 86.7 

450-S-2.43 15 25 60 6.0 115.8 

450-S-3.46 15 30 60 6.6 138.1 

450-S-5.10 15 30 60 8.1 188.1 

450-S-6.98 15 30 60 11.5 228.6 
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Fig. 3.7. (a) Filtration efficiency (η) and (b) quality factors (QF) of pristine and electret 

1-layer PVDF filters with varied charging voltages. (PVDF layer basis weight: 2.43 

gsm.) 

Similar to the effect of charging voltage, the higher SPAvg. was also reached by 

reducing charging distance. As shown in Table 3.2, the values varied from 115.8 V at 

25 mm to 86.7 V at 35 mm. The reason could be that a shorter distance between the two 

electrodes led to a higher charge intensity as well as a lower charge loss in air [56, 58, 

60]. In conformity to the SPAvg., a shorter distance favored the filter filtration 

performance as seen in Fig. 3.8. At the largest distance of 35 mm, the quality factors of 

the filter increased by a factor of 1.5 to 2.1 as compared to the pristine filter. 
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Fig. 3.8. (a) Filtration efficiency (η) and (b) quality factors (QF) of pristine and electret 

1-layer PVDF filters with varied charging distances. (PVDF layer basis weight: 2.43 

gsm.) 

Better filtration performance could be obtained by using stronger electric filed. 

Nevertheless, further increasing the voltage or reducing the distance did not bring 

distinct enhancement, which might be due to charge saturation resulting from the 
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limited charge traps for the PVDF filter with low solidity [19]. In addition, the charge 

distribution was found more uniform when using low voltage or long distance. as 

depicted in Fig. 3.9 and Fig. 3.10, respectively. The uniformity of charges could avoid 

high local penetration from insufficient electrical force [7]. Moreover, sparks were 

observed to generate at 20 kV or 25 mm, which confined the field intensity that could 

be applied. On the basis of the above result, filters charged optimally at voltage of 15 

kV and distance of 30 mm would be used in the following study. 
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Fig. 3.9. Surface potential (SP) distribution on 1-layer PVDF electret filters with 

charging voltages of (a) 10 kV, (b) 15 kV and (c) 20 kV. (PVDF layer basis weight: 2.43 

gsm.) 
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Fig. 3.10. Surface potential (SP) distribution on 1-layer PVDF electret filters with 

charging voltages of (a) 35 mm, (b) 30 mm and (c) 25 mm. (PVDF layer basis weight: 

2.43 gsm.) 

3.4.3. Filtration performance evaluation of 1-layer PVDF electret filters 

Fig. 3.11 shows the filtration efficiency of PVDF filter in different charging states 

for particles ranging from 50 nm to 500 nm. For the pristine (i.e., as-spun) PVDF filter, 

a typical “V”-shape filtration curve was observed in Fig. 3.11a with the most 

penetrating particle size (MPPS) at around 250 nm. This indicates that mechanical 

mechanism, mainly interception and diffusion, played a major role in aerosol filtration, 

which was further confirmed by the insignificant drop in filtration efficiency after 

eliminating the intrinsic charges on the pristine filter using IPA soaking method [101]. 

As expected, the filtration efficiency of corona charged filter for aerosols of all sizes 

was greatly increased from 16.1-34.2% to about 51.5% and the filtration curve became 

much more flattened due to the enhanced electrical attraction between charged fibers 

and polarized particles. The larger particles got more benefit from the induced charges 
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and dipoles [7, 86, 102]. This in turn effected higher efficiency, which became more 

apparent as we analyzed the single fiber efficiency from dielectrophoretic filtration 

effect. The “residual” MPPS at 250 nm was attributed to the mixed effects of electrical 

and mechanical mechanisms. Corresponding to filtration efficiency, as shown in Fig. 

3.11b, there was a 1.0-3.3 fold increase in quality factor from 0.026-0.069 Pa-1 (pristine 

filter) to 0.123-0.138 Pa-1 (electret filter), which resulted from the higher filtration 

efficiency and relatively low pressure drop of 5.6 Pa as listed in Table 3.1. Benefiting 

from the notable electrical force, the PVDF electret filter was shown to obtain superior 

filtration performance without incurring high air resistance.  
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Fig. 3.11. (a) Filtration efficiency (η) and (b) quality factors (QF) of pristine, uncharged 

and electret 1-layer PVDF filters. (PVDF layer basis weight: 1.75 gsm.) 

To confirm the role of charges in filtration performance improvement of the PVDF 

filter, its surface potential (SP) distribution in different forms was measured as 

illustrated in Fig. 3.12. The pristine PVDF filter (Fig. 3.12a) showed low SPs with an 

average value (SPAvg.) of 6.0 V, while the uncharged filter (Fig. 3.12b) of 0.8 V due to 

charge removal by IPA [101]. However, after charging (Fig. 3.12c), the SPAvg. was 

significantly increased up to 80.8 V, which indicates PVDF filter had a superior 

chargeability. It should be mentioned that the two PP substrate layers, including one 

layer as the support of PVDF layer and the other as a proof upstream of PVDF layer, 

could only contribute an insignificant part to the performance of PVDF filter due to the 

large diameter, high porosity and antistatic property of the selected substrate material 

[45]. As shown in Fig. 13, the filtration efficiency of the 2-layer PP substrate filter as a 

control group in pristine, uncharged and charged states were around 10, 8 and 20%, 

respectively, which indicates that the PVDF fiber layer was the key component in the 



 

66 

 

composite filter. The SP distribution of PP substrate was also depicted in Fig. 3.14, 

which indicates insignificant increase after charging due to the antistatic property of the 

PP material used. It is worth mentioning that SP tests as well as filtration tests of pristine 

and electret filters were taken 24 h after their preparation to ensure the charges remained 

and filter performance were relatively stable [40]. 
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Fig. 3.12. Surface potential (SP) distribution on (a) pristine, (b) uncharged and (c) 

electret 1-layer PVDF filters. (PVDF layer basis weight: 1.75 gsm.)  
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Fig. 3.13. Filtration efficiency (η) of pristine, uncharged and electret 2-layer PP 

substrate.  
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Fig. 3.14. Surface potential (SP) distribution on (a) pristine, (b) uncharged and (c) 

electret PP substrate. 

3.4.4. Influence of PVDF basis weight on filtration performance of 1-layer PVDF 

electret filters 

For the mechanical fibrous filter, filtration efficiency can be improved with filter 

basis weight (W) when keeping fiber diameter unchanged [1, 7, 13]. As shown in Fig. 

3.15a, the filtration efficiency of pristine PVDF filters, which was mainly governed by 

mechanical filtration mechanism as their low charge densities (Table 3.2), increased 

with the W of PVDF layer. Meanwhile, due to decreasing porosity and increasing 

thickness of filters as shown in Table 3.1, pressure drop dramatically increased, 

resulting in lower quality factors (Fig. 3.15b) of the filter with higher W. 
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Fig. 3.15. (a) Filtration efficiency (η) and (b) quality factors (QF) of pristine and 

electret 1-layer PVDF filters with varied layer basis weights. 

After being charged, single fiber efficiency for particle capture will be improved 

by the electrical attraction force. Theoretically, if each charged fiber acts independently 

in aerosol filtration, the filtration efficiency can be markedly augmented with more 

fibers, i.e., higher W [1, 7, 13]. 
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The SP distributions of 1-layer PVDF electret filters with different W are also 

shown in Fig. 3.16. It is clearly seen that the SPAvg. increased with W, from 80.8 V at 

1.75 gsm to 228.6 V at 6.98 gsm resulting from more charge traps with higher amount 

of fibers. It was observed that the increment of SPAvg. was not proportional to that of W 

and increased at a decreasing rate. This might be accounted for by two reasons. Firstly, 

during corona discharge, a sheath layer of charges with the same polarity as the emitting 

electrode might be formed close to the filter surface and inhibited further deposition of 

newly generated charge carries. Secondly, fibers might act as a physical barrier and 

prevent a certain portion of charges from migrating to the deeper filter section, which 

was more significant with higher packing density, i.e., higher W [13, 19, 103]. 

Corresponding to SPs, electret filter with a higher W had higher filtration efficiency as 

well as a flatter filtration curve (Fig. 3.15a). Moreover, although pressure drop (Table 

3.1) increased with W due to the increase in both filter thickness and solidity, the electret 

filters all showed relatively high quality factors (Fig. 3.15b) above 0.1 Pa-1, indicating 

the important role played by charging. Nevertheless, considering the limited increment 

in filtration efficiency of electret filters with varied W and the distinct improvement in 

SP, the higher filtration efficiency at a higher W was more due to the enhanced 

mechanical mechanism instead of the electrostatic one. The discrepancy might be 

attributed to the interference between electric fields generated by individual fibers and 

the decreasing impact of charged fibers with filter thickness and packing density [49]. 

Firstly, for a single charged fiber, a dipole can be induced in the approaching neutral 

particles which subsequently are attracted to the fiber surface by the attraction force of 

this specific fiber. However, in a real electret filter, each fiber is surrounded by many 

other fibers and various electric fields overlap, which may reduce the field strength in 

certain areas. For instance, the field between two fibers carrying charges of the same 
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sign and amount may be quite low and even zero at points of symmetry, though outside 

the filter the fields which do not contribute to the filtration may be exceedingly strong 

[7, 15, 48, 49, 103]. Therefore, with lower packing density, the interference among 

fibers could be mitigated and larger increment in filtration performance could be 

obtained. Secondly, although most of the aerosols used to challenge the filters were free 

of net charges, a small portion of them hold certain amount of charges whose 

distribution followed Boltzmann’s law [1, 7]. As a result, it was more likely that 

particles with higher electrical mobility were collected by the upstream layers of the 

PVDF filter, and the downstream layers were less efficient in trapping the remaining 

particles due to their weaker mobility [81]. Furthermore, for relatively large particles, 

the densely packed fibers in high-W filters might accelerate their velocity within the 

filter, thus leading to shorter retention time for electrical attraction [1, 7]. 
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Fig. 3.16. Average surface potential (SPAvg.) of 1-layer PVDF filters with varied layer 

basis weights. 
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3.4.5. Filtration performance evaluation of multilayer PVDF electret filters 

Given the unsatisfactory filtration performance of high-W PVDF electret filters, it 

was speculated that the electrical mechanism might be enhanced by dividing the 1-layer 

filter with high packing density into a multilayer one with fewer fibers in each layer to 

reduce interference/overlapping electrical fields [48, 49]. To prove this hypothesis, 

different numbers of pristine or electret PVDF filters of 1.75 gsm were stacked up to 

form filters with different layers (e.g., a 2-layer filter was formed by stacking two 

individual filters of 1.75 gsm to produce a filter of 3.5 gsm). Aerosol filtration test was 

then carried out for each multilayer filter in both their pristine and electret forms and 

the result was compared with their 1-layer filter counterpart with a similar W. 

For the pristine multilayer filters, like 1-layer ones, the filtration efficiency 

increased in a decreasing rate with W as depicted in Fig. 3.17a. However, all the 

multilayer filters showed an evidently higher filtration efficiency compared with their 

1-layer counterparts. As mentioned earlier, the aerosol flow might be speeded up within 

the packed fibers, especially for the high-W filters, which was disadvantageous to 

particle capture by diffusion. Also, for a 1-layer filter, the downstream section might be 

less efficiently used than the upstream one. By using a multilayer filter with the same 

total amount of fibers, aerosol flow rate within the filter was lowered. Due to the loosely 

packed layers, extra space was given to aerosol flow to resume its initial face velocity 

upstream of each layer, hence increasing the utilization rate of fibers. Apart from the 

increased filtration efficiency, stacking up multiple layers with high porosity also 

resulted in lower pressure drop, i.e., pressure drop saving was realized.  After 

redistributing fibers in a single-layer filter to multilayer filter, the fiber packing density 

in each layer of the multilayer filter was much lower and this effect on pressure drop 
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was far more significant than the increase in filter thickness. Therefore, the flow 

resistance was lower for the multilayer filter compared to the single-layer filter with the 

same filter basis weight. As shown in Table 3.1, pressure drop measured across 450-

M2-1.75-P, 450-M3-1.75-P and 450-M4-1.75-P were 12.4, 17.8 and 24.1 Pa, 

respectively, which were approximately two, three and four times of that across 450-S-

1.75-P. Note that the filter basis weights of 450-M2-1.75-P, 450-M3-1.75-P and 450-

M4-1.75-P were two, three and four times of that of 450-S-1.75-P. The pressure drop 

saving was more notable with higher W, with a decrease of 1.4 Pa for 450-M2-1.75-P 

in comparison with 450-S-3.46-P while 13.6 Pa for 450-M4-1.75-P compared with 450-

S-6.98-P. Similar merit of “multilayering” in pressure drop saving was observed and 

well elaborated in our previous work [36]. With higher filtration efficiency and lower 

pressure drop, higher quality factors were reached for the multilayer filters (Fig. 3.17b). 

As a departure from the 1-layer filters, whose increase in filtration efficiency was 

overshadowed by that of pressure drop leading to decreasing quality factors with W, 

quality factors of multilayer filters were little affected by the layer number and 

remained at relatively high values. This experimental result conformed to the equation 

of quality factor which shows that composites formed by stacking up different numbers 

of identical layers have the same quality factor of the single layer [46]. Contrarily, the 

quality factors dropped with increasing W for the single layer filters (Fig. 3.17b). 
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Fig. 3.17. Comparisons of (a) filtration efficiency (η) and (b) quality factors (QF) 

between 1-layer and multilayer pristine PVDF filters. (Basis weight of PVDF layer in 

multilayer filter: 1.75 gsm. Note 450-S-1.75 and 450-M1-1.75 denote the same filter.) 

For the multilayer electret filters, filtration efficiency was raised by 15.3-32.2% 

compared with the corresponding 1-layer electret ones (Fig. 3.18a). All the curves of 

the three filters show ascending trend with particle diameter, which reveals that the 
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electrical mechanism took a dominant role and was more favorable to large particles 

due to higher dielectrophoretic forces [1, 7, 86]. The dipole strength, which is charge 

multiplied by charge separation distance, are stronger as larger particles can afford to 

have further charge separation distance. The significantly higher filtration efficiency of 

the multilayer electret filters than the single ones could be attributed to less interference 

between electrical fields of adjacent fibers, more efficient utilization of downstream 

fibers and lower face velocities of aerosols within filters, as well as higher amount of 

total charges [1, 7, 48, 49, 81, 104]. Since adding charges to filters exerted little change 

on the physical morphology of filters, pressure drop saving using multilayer filters also 

applied to their electret form [7, 13]. As shown in Table 3.1, the multilayer electret 

filters had lower pressure drop than the 1-layer electret filters, with the difference 

increasing with increasing W. Similar to filtration efficiency, quality factors of 

multilayer filters were much higher than 1-layer ones and increased with particle size 

(Fig. 3.18b). Yet, due to the 2-layer electret filter already had high filtration efficiency 

ranging from 73.2 to 85.9%, the increment of filtration efficiency with layer number 

was less remarkable than pressure drop, leading to decreasing quality factors. 

Nevertheless, the advantage of multilayering was still demonstrated with outstanding 

quality factors in the range of 0.107-0.158, 0.088-0.157 and 0.084-0.142 Pa-1, 

respectively, although the SPAvg. of a single layer was much lower than those of other 

researchers’ due to the limitation of our corona discharge device [40]. 
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Fig. 3.18. Comparisons of (a) filtration efficiency (η) and (b) quality factors (QF) 

between 1-layer and multilayer PVDF electret filters. (Basis weight of PVDF layer in 

multilayer filter: 1.75 gsm. Note 450-S-1.75 and 450-M1-1.75 denote the same filter.) 

Based on the advantage of applying “multilayering” approach, it was expected that 

further distributing fibers into multiple layers would bring better filtration performance. 

For comparison, 2, 4, 6 and 8 layers with a WL of 0.87 gsm for each layer were stacked 
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up in accordance to 450-M1-1.75, 450-M2-1.75, 450-M3-1.75 and 450-M4-1.75, 

respectively, and tested for filtration property. As depicted in Fig. 3.19, the filtration 

efficiency of 0.87 gsm multilayer filters was all higher than that of those with double 

gsm and halved layer number, regardless of pristine or electret ones. However, the gsm-

halved filters all showed slightly higher pressure drop than their counterparts (Table 

3.1), which seems contradictory to the assertion of pressure drop saving. The 

discrepancy should be contributed by the additional PP substrate layers with 1.3-2 Pa 

for each. Despite the increase in pressure drop, higher quality factors were still achieved 

for both pristine and electret filters. Compared with the pristine filters with WL of 1.75 

gsm, the quality factor curves of the four filters with WL of 0.87 gsm were relatively 

scattered because of the existence of more PP layers which lowered the quality factors 

(Fig. 3.20a). For electret filters, the highest quality factors achieved ranged from 0.122 

to 0.160 Pa-1 (Fig. 3.20b), confirming the superior performance of multilayer PVDF 

electret filters. 
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Fig. 3.19. Comparison of filtration efficiency (η) between multilayer PVDF filters with 

layer basis weights of 0.87 gsm and 1.75 gsm: (a) pristine ones and (b) electret ones. 
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Fig. 3.20. Comparison of quality factors (QF) between multilayer PVDF filters with 

layer basis weights of 0.87 gsm and 1.75 gsm: (a) pristine ones and (b) electret ones. 

To get a more direct perspective on the enhancement of electrostatic capture after 

multilayering, the filtration efficiency of varied electret filters for 200-nm aerosols 

contributed from dielectrophoretic filtration effect was calculated using Eq. 3.4. As 

shown in Fig. 3.21, for the 1-layer electret PVDF filters (450-S-C), dielectrophoretic 

filtration efficiency first increased and then decreased with filter basis weight, which 

indicates that an optimal amount of fibers is essential to achieve the best electrostatic 

capture effect of a single layer. When the fiber amount was too small, filters could only 

be deposited with charges of low density through corona discharge. On the other hand, 

when the fiber amount was too large, the charge density was overwhelmingly high that 

electrical interference among adjacent charges was incurred [49]. Both the above two 

cases led to weak dielectrophoretic capture effect towards neutralized aerosols. After 

redistributing fibers into multiple layers, the dielectrophoretic filtration efficiency of 

450-M-1.75-C was greatly improved due to the much alleviated charge interference. 
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Further redistributing fibers from 450-M-1.75-C into 450-M-0.87-C brought additional 

enhancement in dielectrophoretic capture effect. Nevertheless, the improvement was 

less significant because insufficient fibers existed in each layer to support enough 

charges and sustain high single-layer dielectrophoretic filtration efficiency.  
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Fig. 3.21. Filtration efficiency due to dielectrophoretic filtration effect of varied PVDF 

electret filters for 200-nm aerosols. 

To show a clearer pattern of the effect of multilayering, filtration efficiency and 

quality factors of 200-nm particles were plotted against the corresponding pressure drop, 

respectively (Fig. 3.22a and Fig. 3.22b). From the figures, it is further proved that filters 

with both high filtration efficiency and low pressure drop can be fabricated benefiting 

from redistributing fibers into more layers. 
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Fig. 3.22. Evolution of (a) filtration efficiency (η) and (b) quality factor (QF) of pristine 

and electret 1-layer and multilayer PVDF filters for 200-nm aerosols with 

corresponding pressure drop (Δp). 

3.4.6. Analysis of dielectrophoretic filtration effect on Single fiber efficiency  

There are two sets of test data acquired from testing of multilayer with modular 

filter with WL of 1.75 gsm and 0.875 gsm, respectively under constant face velocity at 
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5.3 cm s-1. There is a further data set with limited testing at a fixed W but with different 

face velocities of 2.5, 5.3 and 7.5 cm s-1, respectively. We can use the dielectrophoretic 

filtration effect of single fiber efficiency analysis to obtain better insight to all these 

data sets.  

Fig. 3.23 shows a log-log plot of single fiber efficiency corresponding to 

dielectrophoretic filtration effect versus Cdp
2/U per Eq. 3.14. There are two sets of data. 

The lower set corresponds to the correlation on three different microfiber-based filters 

respectively, filter A with 85-300 gsm and electrostatically charged by corona discharge, 

filter B with 100-290 gsm fibers and charged by triboelectric effect, and filter C with 

20-60 gsm and charged by corona discharge [81]. The correlations were based on a 

large group of data set carried out earlier on commercially available filters, made of 

melt-blown PP material. The upper set contains our test results also cast in similar 

format on the log-log plot. The lower curve (appeared as straight line on log-log graph) 

represents one single layer with 1.75 gsm of PVDF nanofibers, while the upper curve 

represents also 1.75 gsm but in form of two stack-up layers with each layer having 0.87 

gsm of PVDF nanofibers. Two observations have been made with the nanofiber test 

results.  
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Fig. 3.23. Single fiber efficiency of different electret filters due to dielectrophoretic 

filtration effect (s,o) versus reduced parameter (Cdp
2/U). 

First, s,o for both the 1-layer and 2-layer filters test data are well correlated with 

Cdp
2/U through a power law despite the power index of 0.325 is slightly lower than the 

theoretical value of 0.4 (Eq. 3.16).  Therefore, we can conclude the aerosol capture 

phenomenon was still attributed to the dielectrophoretic filtration effect, i.e. inducing 

dipole on a neutrally charged aerosol by the charged fibers, and subsequent capture by 

the electrostatic interaction of the charged dipole of the aerosol with the charged fibers. 

Note the behaviour of the coulombic interaction between a charged aerosol and a 

charged fiber is quite different from Eq. 3.16. Therefore, the dielectrophoretic filtration 

is indeed the mechanism of capture in our tests. 

Second, despite both curves have the same total amount of 1.75 gsm of nanofibers, 

when this amount of fibers is distributed into two layers, the resultant filter has 35% 

higher single fiber efficiency across all particle sizes than that with all the fibers 

contained in a single layer.  
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Another interesting observation is that when Cdp
2/U is 1 × 10-12 m·s, taking the 

average s,o of the microfiber filters being 0.06 and s,o of the nanofiber filter (2-layer) 

being 0.27, their ratio is 4.5. Given the single fiber efficiency for dielectrophoretic 

filtration effect, Eqs. 3.12-3.13, varies inversely as fiber diameter to the power of 0.4, 

therefore 

                               
(𝜂s,o)

nano

(𝜂s,o)
micro

 = [
(𝑑f)micro

(𝑑f)nano
]

0.4

= [
20,000

450
]

0.4

=  4.5   

This indeed is in accord with the experimental ratio of 4.5 determined.  

Next, we compare the single fiber dielectrophoretic filtration efficiency between 

the 6L (6-layer electret filter, similarly hereinafter, with 0.87 gsm per layer) with the 1L 

(5.10 gsm) in Fig. 3.24. As clearly seen, the multilayer electret filter is better by a factor 

of 2.7 compared to the 1-layer one.  
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Fig. 3.24. Comparison of single fiber efficiency due to dielectrophoretic filtration 

effect (s,o) versus reduced parameter (Cdp
2/U) between 1-layer and 6-layer electret 

filters both at 5.10 gsm and 5.3 cm s-1. 
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Fig. 3.25 again further illustrates the effect of aerosol diameter (50-400 nm) and 

velocity effect (2.5, 5.3, and 7.5 cm s-1). All the results are well correlated on a single 

trend in agreement with Eq. 3.16, 

                                                          𝜂s,o ∝ [
𝐶(𝑑p)2

𝑈
]

𝑛

    

with n varying between 0.327 to 0.405, which is comparable to the theoretical power 

index of 0.4 (Eq. 3.16). The effect due to increasing velocity (shorter retention time) 

with resulting lower single fiber capture efficiency from dielectrophoretic filtration 

effect is clearly evident; vice versa for lower challenging velocity or longer retention 

time. 
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Fig. 3.25. Comparison of single fiber efficiency due to dielectrophoretic filtration 

effect (s,o) versus reduced parameter (Cdp
2/U) between 1-layer and 4-layer (0.87 gsm 

per layer) electret filters both at 3.46 gsm and 5.3 cm s-1, and also 4-layer (0.87 gsm per 

layer) electret filters at 2.5 and 7.5 cm s-1, respectively. 
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Fig. 3.26. Comparison of single fiber efficiency due to dielectrophoretic filtration 

effect (s,o) versus reduced parameter (Cdp
2/U) between 1-layer and 8-layer (0.87 gsm 

per layer) electret filters both at 6.98 gsm and 5.3 cm s-1. 

Another interesting aspect is with a single nanofiber layer with 3.46 gsm, the 4-

layer filter (0.87 gsm per layer) has much higher single fiber efficiency. Given the lines 

are parallel, we can take a given value of the abscissa Cdp
2/U = 1 × 10-12 m·s, the s,o 

for the 4L is 0.19 while the 1L is 0.085, with the ratio being 2.2. This ratio is the same 

across all sizes. This can also be seen by rewriting Eq. 3.16 with power being n instead 

of 0.4.     

                                                        𝜂s,o =  𝐺 [
𝐶(𝑑p)2

𝑈
]

𝑛

                                                           (3.16) 

where s,o is the single fiber filtration efficiency due to dielectrophoretic force, G is a 

constant, C is the Cunningham slip correction factor, dp is the particle diameter, and U 

is the face velocity. 

At dp1, for 4L (0.87 gsm), 
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                                                       𝜂s,o2 = 𝐺2 [
𝐶(𝑑p1)2

𝑈
]

𝑛

                                     (3.17a) 

And for 1L (3.5 gsm), 

                                                       𝜂s,o1 = 𝐺1 [
𝐶(𝑑p1)2

𝑈
]

𝑛

                                     (3.17b) 

Taking the ratio of Eq. 3.17b and Eq. 3.17a, 

𝜂s,o2

𝜂s,o1
 =  

𝐺2

𝐺1
 

This ratio does not depend on the aerosol size, dp! In other words, the slopes of the 

two lines or n for the two curves are nearly the same. Then it does not matter where the 

efficiencies of the two are compared so long as they have the same abscissa value 

Cdp
2/U. In our case, for convenience we take Cdp

2/U = 1 × 10-12 m·s. In any case, the 

4-layer filter is better than the 1-layer filter by 2.2 times. This multilayering benefit is 

quite evident.  

In reviewing Figs. 3.23-3.26. It can be seen that as W increases, the multilayer 

benefit seems to be much greater. We believe that as the amount of charged fibers 

increase, there is electrical interference on aerosol capture from different fibers in a 

thick single layer [48, 49]. By isolating the fibers into thinner layers using substrate 

material, we can reduce the interference effect, thus harvesting more electrostatic 

induction and attraction from the dielectrophoretic filtration effect. Also, it can be seen 

that the power index (i.e. slope of the linear trend in the log-log plot) increases with 

increasing W – 0.33 (1.75  gsm), 0.35 (3.46  gsm), 0.40 (5.10 gsm) and finally 0.51 

(6.98 gsm) with the mean value being 0.4, which is identical to the theoretical value [7]. 

Fig. 3.27 plots the ratio of the single fiber efficiency based on dielectrophoretic capture 

of the n-layer electret filter to the corresponding 1-layer electret filter, s,o,n/s,o,1. It can 
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be seen that this ratio increases exponentially with increasing W from multilayering of 

the filter. This points out importantly that as more fibers are deployed in a filter to 

enhance the capture efficiency, multilayering should be used to reduce the electrostatic 

interference among fibers to realize the enhanced capture efficiency [48, 49]. Of course, 

multilayering can also reduce the pressure drop, which is another key advantage. 
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Fig. 3.27. Ratios of single fiber efficiency (s,o,n/s,o,1) due to dielectrophoretic force of 

multilayer electret filters to that of corresponding 1-layer electret filters. 

3.4.7. Stability test 

One key factor that is used for the performance evaluation of an electret filter is its 

durability. Charges on or within filter medium will dissipate with time, whose decay is 

greatly affected by the polymeric material and is detrimental to electret filters [19]. 

Since electret filters are generally designed to have a more open structure than 

mechanical filters, once electrostatic effect is lost and only mechanical capture 

mechanisms can operate, there will be a drastic drop in filtration performance [13, 97]. 

To investigate the performance stability of our multilayer electret filters, filtration 
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efficiency tests were carried out at different time after the preparation of 450-M4-1.75-

P. To avoid the influence of differences in filter structure and charge distribution, the 

same electret filter was used throughout the stability test. And the filter was always 

stored in a desiccator when it was not being used. As shown in Fig. 3.28, 1 day after 

charging, the filter performance was quite satisfactory, and filtration efficiency was 

almost unchanged after storing in the desiccator for 15 days. Even when the storage 

time was prolonged to 90 days, there was only an insignificant decrease of about 1%. 

The decay of filtration efficiency was in conformity to the SP change with time. As can 

be seen in Fig. 3.29, SPAvg. decreased dramatically in the first 12 h after charging (due 

to the rapid loss of charges with low release energy) followed by an increasingly slower 

decay rate and nearly kept identical after 24 h. The long-time effectiveness of our 

multilayer electret filter should be attributed to the highly hydrophobic and the excellent 

electrical resistant properties of PVDF, leading to superior electrostatic charge stability 

and thus durable filtration performance [30, 38, 39]. The test results show that the 

multilayer PVDF electret filters are suitable for long-term storage and filtration use. 
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Fig. 3.28. Filtration efficiency of M4-1.75-C with storage time. 
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Fig. 3.29. Surface potential decay of S-1.75-C with time. 

3.5. Summary 

A novel approach based on the concept “multilayering” was applied for the first 

time to develop multilayer PVDF electret filters with high filtration efficiency and low 
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pressure drop. Also as a first, we have been successful in charging PVDF nanofibers 

using corona discharge. Several points were confirmed and summarized as follows: 

1) High charging voltages and short charging distances favored high filtration 

efficiency due to high charge densities on filters and thus stronger electrostatic 

mechanism.  

2) Purely introducing more fibers (i.e., higher filter basis weight) to filters could 

not significantly enhance their filtration performance as well as electric field within 

filters. Instead, by using the configuration of multiple layers with fewer fibers in each 

layer, augmented electrical attraction was reached due to reduction in electrical 

interference with lower air flow resistance benefitting from much lower fiber packing 

density, resulting in much better filtration property.  

3) Using single fiber efficiency analysis, the capture enhancement above-and-

beyond mechanical means (diffusion and interception) was confirmed to be due to 

dielectrophoretic filtration effect as the single fiber efficiency depends on the 

Cunningham slip factor and the square of the aerosol size raised to the power of 0.4.  

4) By multilayering, the single fiber efficiency can be maintained at a high level 

which is important for the filter to harvest the benefit of dielectrophoretic filtration 

effect. 

5) Larger aerosols benefit most as the dipole induced is larger and the subsequent 

capture is also greater. 

6) Filter durability test proves the multilayer PVDF electret filters could maintain 

high performance for a long time and are promising for long-term storage and use for 

submicron and nono- aerosol removal.  
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Chapter 4: Performance Optimization of Multilayer PVDF 

Electret Filters 

4.1. Overview 

The advantages of multilayer PVDF electret nanofiber filters in enhancing 

efficiency and reducing pressure drop for aerosol filtration have been confirmed in 

Chapter 3. By multilayering of charged fibers, the antagonist effect between overly 

adjacent fibers can be alleviated. Also, attributed to the higher porosity, charges on the 

fibers deep within the filter are more accessible to aerosols, resulting in more sufficient 

utilization of charges and a stronger electrostatic effect. Moreover, air resistance of each 

layer is low because of the low fiber packing density. In addition, for there is relatively 

large space between each two adjacent layers, aerosol flow from the upstream layer can 

be straightened to a steady state before entering the downstream layer, thus further 

reduce the air resistance brought by air turbulence [105]. 

To get the best filtration performance, it is essential to optimize the physical 

properties of filters. Extensive researches have been carried out to investigate the 

influences of varied parameters, e.g. filter thickness, filter porosity, fiber diameter and 

fiber orientation, on the filtration performance of mechanical filters [1, 7, 8, 11]. Yet, 

fewer studies were conducted on the optimization of electret filters, let alone the 

multilayer ones. The available work to improve the performance of electret filters 

mainly focused on increasing the charge density on filters, including applying higher 

electric field strength of charging process and incorporating dielectric particles into 

filters during filter fabrication [40, 41, 56, 58, 60, 92]. Although some improvement in 

filter performance could be obtained, certain drawbacks of these two methods limit 
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their application. For the former method, there oftentimes existed a threshold of field 

strength beyond which back corona or even electrical breakdown was initiated, leading 

to local discharge or generation of pinholes inside the filter [58, 66, 103]. For the latter 

method, the potential detachment of the weakly bonded particles from filters could be 

hazardous to human health [106]. Apart from the above two approaches, modified 

charging methods have also been adopted to facilitate electrostatic effects without 

adding to pressure drop. Two main techniques are suggested to be effective by 

increasing the surface potential of electret filters during corona discharge [27, 59, 60, 

62, 66, 91, 92, 107, 108]. One is placing a metallic grid between two electrodes to get 

a higher charge density and a more even distribution. And the other is heating the filter 

up to the glass transition temperature of the fiber material during charging followed by 

a fast freezing, which can make the charges permanent in the fibers. However, these 

methods either has the risk of electrical breakdown, thus damaging filters and charging 

devices, or needs complicated apparatus to carry out charging processes, which makes 

the preparation of electret filters less feasible. 

Given the availability and ease of electrospinning technique, adjustment of fiber 

size and filter basis weight seem to be more approachable means to optimize the electret 

filters. They were exclusively applied to improve the filtration efficiency of mechanical 

fibrous filters [11, 46, 47, 104]. Nonetheless, we believe that these approaches can also 

be utilized for the optimization of electret filters. For one thing, mechanical filtration 

effect plays an intrinsic role for all filters, regardless of mechanical or electret ones. 

More importantly, it has been confirmed in Chapter 3 that, for the 1-layer electret filters, 

the most benefit from electrostatic effect could be obtained by using an optimal basis 

weight to both ensure sufficient deposited charges and prevent electrical interference 
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[49, 105]. One problem of utilizing low fiber sizes or high filter basis weights is that 

high pressure drop can be caused as an adverse effect, despite the high filtration 

efficiency. However, this problem can be easily solved by multilayering through which 

air flow resistance can be alleviated, as widely proved in literature [46, 105, 109]. 

Based on the above discussion, adjustment of fiber size and filter basis weight were 

chosen as the method to optimize the multilayer PVDF electret filters. In Chapter 3, it 

has been shown that the quality factors of the multilayer electret filters decreased with 

layer number. Nonetheless, quality factors higher than 0.1 Pa-1 were still reached after 

stacking up several identical 1-layer electret filters and much improved filtration 

efficiency was obtained. Therefore, as long as the quality factors of module single layer 

are high enough with moderate filtration efficiency, excellent filtration performance of 

multilayer electret filters can also be assured.  

The study in this chapter mainly concerns finding a fiber diameter and a layer basis 

weight for the best filtration performance. To exclude the interference from fiber 

morphology difference, filters consisting of straight fibers with varied diameters and 

without defects (beads or neuron-like structures) were firstly fabricated by adjusting 

PVDF solution properties and electrospinning conditions. Then, the filtration 

performance of 1-layer PVDF electret filters with varied fiber diameters and basis 

weights were tested, where the filter with the highest quality factors was chosen as the 

module layer to fabricate multilayer PVDF electret filters. Finally, the optimal filter 

with both high quality factors and filtration efficiency was determined from the 

multilayer PVDF electret filters. 

To a less important extent, the influences of filter basis weight and fiber diameter 

on the filtration performance of 1-layer PVDF electret filters were investigated. Also, 
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MPPS variations with charging state, layer number, filter basis weight and fiber 

diameter were reported and discussed. 

4.2. Experimental 

4.2.1. Fabrication of filters 

The general fabrication method of PVDF nano-fiber filters with varied fiber sizes 

was similar to that in last chapter [105]. To get different fiber diameters, PVDF solution 

properties and electrospinning conditions can be adjusted, including changing polymer 

molecular weight, solution concentration, solvent composition and additive agents for 

the former approach and spinning voltage and needle-to-collector distance for the latter 

one. Nevertheless, the influences of the various factors are often interrelated or 

overlapped so that they need to be finely tuned in certain ranges to get continuous, 

straight and defect-free fibers [78, 110]. With proper viscosity and conductivity of the 

solution, a jet can be continually initiated from the formed Tylor cone when the 

electrostatic force on the cone tip overcomes the surface tension. And then the jet is 

steadily stretched under the combined effects of the electrical force and sufficient 

polymer chain entanglements, during which solvent keeps evaporating before fibers 

randomly deposit on the collector wrapped by substrate (PP nonwoven cloth in this 

study). To avoid the formation of droplets or even electrospraying, the solution should 

be viscous enough by using a relatively high concentration or a polymer with a large 

molecular weight. Furthermore, to produce bead-free fibers, apart from the high 

solution concentration for a strong chain entanglement, solvent composition adjustment 

and additives (e.g. salts) should be applied to assure a high electrostatic force over low 

solution surface tension. However, solution concentration and electric field intensity 

should not be too high in case of generating lumps (e.g. the “neuron” structure in last 
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chapter), crooked fibers or fiber bundles due to the significant instability of jet [77, 78]. 

In order to meet the above requirements, several batches of parameter combination were 

used to determine the optimized conditions. Specifically, sodium chloride (NaCl) was 

chosen because of its much milder ionicity than lithium chloride (LiCl) which brought 

many branches and lumps [111]. Different volumes of NaCl solution diluted from a 

mother solution, instead of solid NaCl, were added to PVDF solutions to make sure the 

accuracy of salt dosages. During each batch of electrospinning, PP substrate was 

horizontally inversed at intervals to get more uniform fiber distribution. And because a 

portion of fibers were not collected on the substrate, fiber weight was closely monitored 

throughout the spinning process until the target value was reached. To facilitate the 

study on the influence of filter basis weight, the fiber amount barely covering the PP 

substrate surface was set to be the lower limit of the basis weight range. Based on 

charging state, the filters could be divided into uncharged and electret filters, with the 

former prepared by discharging the pristine filters using isopropanol, while the latter 

by charging the uncharged filters using corona discharge. The filters were named in the 

same way as that in last chapter. For instance, 525-M2-0.191-C denotes a 2-layer 

electret filter with the average diameter of 525 nm and the layer basis weight of 0.191 

gsm, but the total basis weight for both 2 layers added up to 0.383 gsm. The SEM 

images and fiber diameter distributions of filters with different mean fiber diameters 

are shown in Fig. 4.1 and Fig. 4.2. 
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Fig. 4.1. SEM images of PVDF filters with mean sizes of (a) 84, (b) 191, (c) 349 and 

(d) 525 nm. 
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Fig. 4.2. Fiber size distribution of (a) 84-nm, (b) 191-nm, (c) 349-nm and (d) 525-nm 

PVDF filters. 

4.2.2. Filter performance evaluation 

The same test method as that in Chapter 3 was adopted to determine filtration 

efficiency, pressure drop and quality factors of each filter [105]. Within the upper 

detection limit of CPC, concentration of each particle size was ensured to be sufficiently 

high to reduce errors of measurement. Specially, for filters charged by corona discharge, 

identical device setting (i.e. charging voltage, distance and time) and ambient condition 

(i.e. temperature and humidity) were applied. Afterwards, the electret filters were stored 

in a desiccator for a certain period to reach charge-steady state before further filtration 

tests.  

4.3. Results and discussion 

Based on the conclusion drawn in last chapter, for filters with a specific fiber size, 

it was expected the results would follow the same pattern where multilayer filters 

showed better filtration properties than corresponding 1-layer filters. Nevertheless, due 
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to the various parameters determining performance of filters, things might be 

complicated if more elements are considered. In this chapter, PVDF filters with varied 

fiber diameters, basis weights and charging states were tested for filtration performance 

and the results are shown in Figs. A1-A6 (Appendix 1). To make analysis clear, in most 

cases, only the data for aerosols of a specific size were selected to represent the filtration 

performance of filters. Here, 200 nm was chosen as the representative aerosol size 

because it was around the MPPS of the uncharged PVDF filters in this chapter. 

4.3.1. Influence of filter properties on filtration performance 

Fig. 4.3 depicts filtration efficiency and quality factors and Fig. 4.4 shows pressure 

drop of 1-layer PVDF filters used for performance optimization in this chapter. In 

general, for both the uncharged and electret filters, the filtration efficiency, as well as 

the pressure drop, increased with increasing basis weight and decreasing fiber diameter. 

As to quality factor, the value decreased with increasing basis weight except for both 

525-S-U and 525-S-C groups and increased with increasing fiber diameter for S-C 

group, whereas no clear trend with fiber diameter can be observed for S-U group. The 

detailed influences of filter basis weight and fiber diameter are described below.  
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Fig. 4.3. (a) Filtration efficiency (η) and (b) quality factors (QF) of 1-layer PVDF filters 

with varied filter basis weights and fiber sizes for 200-nm aerosols. (Filters were in 

uncharged or charged state). 



 

103 

 

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

0

10

20

30

40

50

60

70

80


p
 (

P
a

)

W (gsm)

 84-S

 191-S

 349-S

 525-S

 

Fig. 4.4. Pressure drop (Δp) of 1-layer PVDF filters with varied filter basis weights and 

fiber sizes. (Each filter had the same pressure drop in uncharged and charged states). 

4.3.1.1. Influence of filter basis weight 

Given a specific fiber size, the amount of fiber is a main factor determining the 

filtration performance of a filter. By adding additional fibers to the filter, whether the 

filter porosity changes (for 1-layer filters) or not (for multilayer filters), the filtration 

efficiency and the pressure drop will accordingly increase, while the quality factor 

varies with different conditions [7]. 

In terms of filtration efficiency, for 1-layer filters with a certain fiber size in both 

uncharged and charged states, the values gradually increased with basis weight (Fig. 

4.3a). This trend was more profound for the uncharged filters composed of thin fibers 

due to the more enhanced diffusion and interception effects [7, 45, 47]. For instance, 

with four times more fiber amount, the efficiency of 84-S-0.765-U for 250-nm particles 

reached 81.8% from 28.2% of 84-S-0.191-U, while there was only a minor increase of 

4.6% for 525-S-0.765-U from 8.2% of 525-S-0.191-U. For the electret filters, the 
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insignificant improvement in filtration efficiency should result from the opposite 

influences of higher amount of charged fibers and interference among adjacent charges 

on electrostatic filtration effect [49].  

As to quality factor, the values of all but 525-S groups decreased with filter basis 

weight (Fig. 4.3b), resulting from the different responses of pressure drop towards fiber 

amount (Fig. 4.4). With the same increase in basis weight, the pressure drop of filters 

with thinner fibers increased more rapidly than those with thicker fibers [7]. As an 

example, the pressure drop of 84-S-0.191-C was only 11.4 Pa, but the value drastically 

rose to 78.7 Pa of 84-S-0.765-C. Because of the relatively large diameter, 1-layer 525-

nm filters had high porosities, so the pressure drop values were overwhelmingly low 

even for the one with the highest basis weight. With the same basis weights as 84-nm 

filters, 525-S-0.191-C and 525-S-0.765-C had pressure drops of only 3.6 Pa and 5.1 Pa 

respectively, indicating the increasing rate with fiber amount was exceedingly low. 

Thus, the increase in filtration efficiency was more significant than that in pressure drop 

for 525-S-C with higher filter basis weight, leading to increasing quality factor which 

was opposite to the others with smaller fiber diameters.  

4.3.1.2. Influence of fiber diameter 

Fiber size is an important parameter for a fibrous filter for aerosol capture, which 

affects filtration efficiency mainly through the mechanical filtration mechanisms of 

Brownian diffusion and interception. Also, it has a profound influence on the pressure 

drop of the filter. Combining the two effects leads to the variations in benefit-to-cost 

ratio, i.e. quality factor [7]. 

For the 1-layer filters with the same basis weight, the filtration efficiency (Fig. 4.3a) 

decreased with fiber diameter in both uncharged and charged states due to the 
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increasingly weakening effects of Brownian diffusion and interception [7, 45, 47]. 

Compared with the uncharged filters, the reduction in filtration efficiency of the electret 

filters was less prominent. For example, the efficiency of 525-S-0.574-U was 58.0% 

lower than that of 84-S-0.574-U, while the difference was 28.8% for the electret filter 

pair. This was owning to the much-enhanced electrostatic effect after charging the filters 

even with a large fiber diameter of 525 nm.  

In respect of quality factor (Fig. 4.3b), things can be complicated as a result of the 

different responses of filtration efficiency and pressure drop to the change of fiber 

diameter. For the 1-layer uncharged filters with the same basis weight, the quality factor 

first decreased and then increased with fiber diameter. The initial decrease in quality 

factor was due to the more pronounced drop in filtration efficiency than pressure drop. 

For instance, the filtration efficiency decreased from 70.9% of 191-S-0.574-U to 28.6% 

of 84-S-0.574-U, while the pressure drop from 55.5 Pa to 29.2 Pa. With higher fiber 

diameters, however, the decrease in filtration efficiency was much less significant but 

the pressure drop kept high decreasing rates (for pressure drop is inversely proportional 

to the fiber diameter squared as shown in Davies’ equation [1, 7]), thus leading to the 

higher quality factor with the higher fiber diameter. For the electret filters with the same 

basis weight, the filter with larger fibers had higher quality factor on account of the 

larger relative increment in filtration efficiency after charging and the much reduced 

pressure drop. As an example, after charging, the relative increase of efficiency of 84-

S-0.574-C was only 14.4%, while that of 525-S-0.574-C was 259.5%. Meanwhile, 84-

S-0.574-C had a pressure drop of 55.5 Pa, more than 12 times higher than that of 525-

S-0.574-C (4.5 Pa). 
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4.3.2. MPPS variations with filter basis weight and fiber size 

As stated before, several mechanisms, including mechanical filtration ones and 

electrostatic filtration ones, are involved in particle capture using an electret fibrous 

filter. Because each mechanism has its preference towards particles of a certain size 

range, there normally exists a most penetrating particle size (MPPS) during filtration. 

The physical properties of the filter are of great importance in determining its MPPS 

by affecting the contributory proportions of different filtration mechanisms [1, 7, 13]. 

Figs. 4.5a-b show the MPPS variations of uncharged and electret 1-layer PVDF filters 

with varied basis weights and fiber sizes, where the MPPS of the filters decreased after 

charging due to the more remarkable dielectrophoretic filtration effect on larger neutral 

particles [1, 7]. Nevertheless, when individually studying the uncharged or electret 

filters, all the MPPS values were not the same depending on filter basis weight and fiber 

diameter. The main reason for the variations was the different parts played by varied 

mechanical and electrostatic filtration effects [7]. In this section, the influences of filter 

basis weights and fiber sizes were briefly described and discussed. Note that the particle 

sizes in this study (50-500 nm) was relatively small so the negligible effect of inertia 

impaction in aerosol filtration was excluded.  
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Fig. 4.5. MPPS of (a) uncharged and (b) electret 1-layer PVDF filters with varied filter 

basis weights and fiber sizes. 

4.3.2.1. MPPS variations with filter basis weight 

For a filter, its basis weight mainly affects the MPPS through changes in porosity 

and interaction among charges [7]. 

For the uncharged 1-layer filters, as can be seen in Fig. 4.5a, the MPPS of 349-S-
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U and 525-S-U groups remained unchanged with increasing filter basis weight at 250 

nm and 280 nm, respectively. This was because the fiber packing densities of these 

filters did not vary much with the small range of basis weight and the large fibers [12]. 

With low fiber diameters, the MPPS of 191-S-U group decreased from 220 nm to 180 

nm and that of 84-S-U group from 200 nm to 100 nm before reaching constant values 

with basis weight. For these two groups of uncharged filters, the fiber packing densities 

increased with more fibers, leading to both the improvements in Brownian diffusion 

and interception effects. The enhancement of interception effect was greater than that 

of Brownian diffusion effect with the initial increase of fiber amount and the two effects 

enhanced at similar paces afterwards, thus causing the above trend [45, 47]. 

For the electret filters (Fig. 4.5b), the MPPS were more determined by the relative 

strength of mechanical and electrostatic effects [81, 86]. The 349-S-C and the 525-S-C 

groups had the same MPPS of 50 nm because of the dominance of electrostatic 

mechanism in aerosol filtration. The two groups of filters with lower fiber diameters 

(191 and 84 nm) showed ascending trends of MPPS with basis weight due to the 

increasingly strong mechanical effect, as well as the diminishing electrostatic effect 

from the competition of charges on nearby fibers [7, 105]. 

4.3.2.2. MPPS variations with fiber diameter 

For a filter with a certain basis weight, changes in fiber diameter alter the porosity 

and the fiber specific surface area, thus bringing variation of MPPS via affecting the 

roles played by mechanical and electrostatic effects. 

For the uncharged filters, as shown in Fig. 4.5a, the MPPS of the 1-layer filters 

increased with fiber diameter. With the increasing fiber size, Brownian diffusion and 

interception effects both weakened [7]. The increasing MPPS with fiber diameter 
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should be caused by a more declining interception effect than the Brownian diffusion 

effect [45, 47]. 

For the electret filters, there was no definite trend of MPPS variation with fiber 

size (Fig. 4.5b). The 84-S-C and the 191-S-C groups with the lowest filter basis weight 

(0.191 gsm), the 349-S-C and the 525-S-C groups all had a MPPS of 50 nm, thanks to 

the major role of electrostatic effect in aerosol collection. At higher filter basis weights 

of 0.383 gsm and 0.574 gsm, both the MPPS of the 84-S-C and the 191-S-C groups 

increased due to higher proportions of mechanical effect. The 84-S-C group had slightly 

lower MPPS than the 191-S-C group, which was probably because the interceptional 

effect of the former ones was stronger due to the lower fiber diameter. At 0.765 gsm, 

84-S-0.765-C and 191-S-0.765-C had the same MPPS of 80 nm, partly due to the 

weakened electrostatic effect of the former filter from stronger charge interference [49, 

103, 105]. 

4.3.3. Determination of optimized module single PVDF layer 

It has been shown in Section 4.3.1 that high filter basis weight and low fiber 

diameter facilitated high filtration efficiency, which however also caused low quality 

factor due to the high pressure drop. Since both mechanical and dielectrophoretic 

filtration effects played roles in aerosol filtration, what matters more for the 

improvement of filter quality factor is the extent of the latter effect which only promotes 

aerosol capture but does not incur additional air resistance. 

 The dielectrophoretic filtration efficiency (ηo) of PVDF electret filters for 200-nm 

aerosols was calculated from Eq. 3.4 and the result is shown in Fig. 4.6a. Except for the 

84-S-C group, all the other 1-layer electret filters had higher dielectrophoretic filtration 

efficiency with higher filter basis weight and lower fiber diameter. This could be 
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explained by the more deposited charges during corona charging due to the larger filter 

specific surface area. Though high amount of charges may also bring electrical 

interference, the enhancement of dielectrophoretic filtration effect from more charges 

was clearly more prominent. For the 84-S-C group, the decrease in dielectrophoretic 

filtration efficiency after the initial increase with filter basis weight was attributed to 

the increasingly stronger electrical interference among adjacent charges on the less and 

less porous filters [7, 49]. This was also consistent with the result of 1-layer 450-nm 

electret filters shown in Fig. 3.20 (Chapter 3), where high fiber amounts and low filter 

porosities were detrimental to dielectrophoretic filtration effect.   

Increasing fiber amount or decreasing fiber diameter could not only affect 

dielectrophoretic but also increase mechanical filtration efficiency. A better way to 

show the extent of dielectrophoretic filtration effect is the ratio of dielectrophoretic 

filtration efficiency (ηo) in the combined dielectrophoretic and mechanical filtration 

efficiency (ηo + ηM), which is depicted in Fig. 4.6b for 200-nm aerosols. For most of 

the filters, the ratio decreases with filter basis weight due to the increasingly important 

mechanical filtration effect, especially for filters with thin fibers where mechanical 

efficiency was significant. The only exception is the 525-S-C group which keeps a 

relatively constant ratio around 80%. This means the dielectrophoretic and mechanical 

filtration effects of these filters improved at similar paces with filter basis weight and 

the 525-S-C group had better capability to sustain a substantial contribution of 

dielectrophoretic effect to aerosol filtration. 



 

111 

 

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

30

35

40

45

50

55

60

65

70
 84-S-C

 191-S-C

 349-S-C

 525-S-C


o
 (

%
) 

W (gsm)

(a)

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

30

40

50

60

70

80

90
(b)

 84-S-C

 191-S-C

 349-S-C

 525-S-C


o
/(


o
 +

 
M

) 
(%

) 

W (gsm)
 

Fig. 4.6. (a) Dielectrophoretic filtration efficiency (ηo) of PVDF electret filters with 

varied filter basis weights and fiber sizes for 200-nm aerosols; (b) Proportions of 

dielectrophoretic filtration efficiency (ηo) in combined dielectrophoretic and 

mechanical filtration efficiency (ηo + ηM) for 200-nm aerosols. 

The merits of the 525-S-C group compared to the filters with lower fiber diameters 

can also be seen in Fig. 4.7, which illustrates the filtration efficiency versus the quality 



 

112 

 

factors of 1-layer PVDF electret filters for 200-nm aerosols. The quality factors of 84-

S-C, 191-S-C and 349-S-C groups all remarkably decreased with their corresponding 

higher filtration efficiency in accordance to the larger fiber amount. On the contrary, 

both the quality factor and the filtration efficiency of the 525-S-C group improved with 

increasing filter basis weight, and the highest quality factor of 0.183 Pa-1 was achieved 

for 525-S-0.765-C. 
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Fig. 4.7. Filtration efficiency (η) versus quality factors (QF) of 1-layer PVDF electret 

filters with varied filter basis weights and fiber sizes for 200-nm aerosols. 

From the above analysis, it was concluded the filters in the 525-S-C group were 

eligible to be the module layer for the multilayer electret filters. Nonetheless, as shown 

in Fig. 4.7, the question remained whether further adding more fibers could lead to 

higher quality factor for 525-S-C filters. To solve this question, 525-S-C filters with 

higher basis weights were fabricated and tested for filtration performance. As shown in 

Fig. 4.8a, the increase in filtration efficiency was insignificant with the increasing fiber 

amount, where only 14.5% of increment was achieved from 0.765 to 3.06 gsm. This 
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disproportionate increase was due to the increasing electrical interference among 

charges of higher densities [49]. Meanwhile, with the filter basis weight increasing to 

3.06 gsm, the pressure drop of 525-S-3.060-C rapidly rose to 21.5 Pa, 4.2 times higher 

than that of 525-S-0.765-C (Fig. 4.8b). As a result of the unremarkable efficiency 

improvement and the notable pressure drop increase, the quality factor of 525-S-C 

filters evidently decreased with filter basis weight (Fig. 4.8a). It is worth mentioning 

that if the applied range of filter basis weight started at a much lower value, instead of 

0.191 gsm, there could probably also be an initial increasing trend in the QF vs η figure 

for each of the three filters with larger diameters due to the potential much lower 

pressure drop. This means filters with thinner fibers can also be applied as the module 

layer, as long as a proper fiber amount is found. Nevertheless, for the convenience of 

spinning, 0.191 gsm was set as the lowest single-layer filter basis weight. 
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Fig. 4.8. (a) Filtration efficiency (η) and quality factors (QF) for 200-nm aerosols and 

(b) pressure drop (Δp) of 1-layer 525-nm PVDF electret filters with the lowest filter 

basis weight being 0.765 gsm. 

Combining with the filters with basis weights of 0.191, 0.383 and 0.574 gsm, Fig. 

4.9 depicts the filtration efficiency versus the quality factors of 1-layer 525-nm PVDF 

electret filters for 200-nm aerosols. It is shown that 525-S-0.765-C had the highest 

quality factor, thus it was chosen as the module layer for fabricating multilayer electret 

filters. Although the filtration efficiency of 525-S-0.765-C was only 60.7%, the 

efficiency was hopeful to reach a high level while keeping decent quality factors if 

stacking up several identical filters. 
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Fig. 4.9. Filtration efficiency (η) versus quality factors (QF) of 1-layer 525-nm PVDF 

electret filters with varied filter basis weights for 200-nm aerosols. 

4.3.4. Filtration performance of multilayer electret PVDF filters composed of 

optimized single layers 

Based on the result in Section 4.3.3, multilayer electret filters taking 525-S-0.765-

C as the module layer were prepared and tested for filtration performance as shown in 

Fig. 4.10 and Fig. 4.11. Conforming to the previous tests, the filtration efficiency was 

greatly improved by stacking up several electret layers (Fig. 4.10a). For 525-M6-0.765-

C, the removal efficiency for 300-nm NaCl aerosols reached 98.3%, while its air 

resistance was only 26.2 Pa as shown in Fig. 4.11. The low pressure drop resulted from 

the relatively thick fibers which made the filter remain intensely porous and the air 

resistance rise mildly with fiber amount. As to quality factor (Fig. 4.10b), though for 

aerosols of 50-180 nm the values decreased with layer number, high values from 0.098 

Pa-1 to 0.133 Pa-1 were still obtained by 525-M6-0.765-C and the values (0.154-0.179) 

were the second highest for 280-500-nm aerosols among the multilayer filters. 
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Moreover, the low pressure drop of 525-M6-0.765-C (Fig. 4.11) means that there is 

room for further improvement in filtration efficiency while maintaining acceptable air 

resistance. 
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Fig. 4.10. (a) Filtration efficiency (η) and (b) quality factors (QF) of multilayer 525-

nm PVDF electret filters with the layer basis weight being 0.765 gsm. 
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Fig. 4.11. Pressure drop (Δp) of multilayer 525-nm electret filters with the layer basis 

weight being 0.765 gsm. 

The filtration efficiency versus quality factors for 200-nm aerosols of 525-S-C, 

525-M-0.191-C and 525-M-0.765-C groups with varied filter basis weights is compared 

in Fig. 4.12. Each filter in the 525-M-0.765-C group showed far better filtration 

properties, both in filtration efficiency and quality factor, compared to those in the 525-

S-C group with the same basis weight. Though the quality factor of 525-M-0.765-C 

also decreased with the increasing fiber amount, multilayering prominently mitigated 

the decrease rate of quality factor per filtration efficiency. In addition, by comparing 

525-M-0.191-C and 525-M-0.765-C groups, it is shown that the quality factors of the 

filters in the latter group were higher than those in the former one, which indicates that 

a proper amount of fibers in each layer of a multilayer electret filter is of great 

importance for optimizing the filtration performance. 
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Fig. 4.12. Comparison of filtration efficiency (η) versus quality factors (QF) for 200-

nm aerosols between 525-S-C, 525-M-0.191-C and 525-M-0.765-C with varied filter 

basis weights. 

4.3.5. Comparison of filtration performance of optimized multilayer PVDF 

electret filter with commercial face masks 
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Fig. 4.13. Comparisons of (a) filtration efficiency (η), (b) pressure drop (Δp) and (c) 

quality factors (QF) between 450-M8-0.87-C and commercial face masks. 

To further validate the commercialization potential of multilayer PVDF electret 

filters, the filtration performance of 525-M6-0.765-C was compared with that of several 

commercial face masks. These face masks were all made of electret fibrous materials 

and widely available on the market in Hong Kong. The identical test method to that of 
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525-M6-0.765-C was used for the face masks and the results were shown in Figs. 4.13a-

c. 

As can be seen in Fig. 4.13a, similar to 525-M6-0.765-C, all the four face masks 

generally show increasing filtration efficiency with increasing particle size, indicating 

that dielectrophoretic effect played a major role in aerosol capture for these commercial 

masks. Face Mask 1 and Face Mask 2 had comparable pressure drop (26.2 and 25.2 Pa, 

respectively) to 525-M6-0.765-C (26.2 Pa) as shown in Fig. 4.13b, which is fairly good 

in terms of breathing resistance. However, the filtration efficiency was in the range of 

82.3-92.3% which was about 9.7% lower than that of 525-M6-0.765-C for each particle 

size. As a result, the quality factors of these two face masks were not sufficiently high 

(Fig. 4.13c), with 0.067-0.094 Pa-1 for Face Mask 1 and 0.069-0.102 Pa-1 for Face Mask 

2. Face Mask 3 had the lowest pressure drop of 18.5 Pa among the four commercial 

masks and captured more aerosols than Face Mask 1 and Face Mask 2 (Fig. 4.13b), 

therefore performing much better in quality factors (Fig. 4.13c). For particles smaller 

than 200 nm, Face Mask 3 had higher quality factors than 525-M6-0.765-C (Fig. 4.13c). 

Yet, the capture efficiency of 525-M6-0.765-C was higher than that of Face Mask 3, 

especially for larger particles (Fig. 4.13a). This contributed to the much higher quality 

factors of 525-M6-0.765-C than Face Mask 3 for particles larger than 200 nm. 

Considering only efficiency, Face Mask 4 had the best performance in aerosol removal, 

filtering out 97.9-99.9% of particles ranging from 50 to 500 nm (Fig. 4.13a). 

Nevertheless, as depicted in Fig. 4.13b, the air resistance of Face Mask 4 (47.8 Pa) was 

nearly double that of 525-M6-0.765-C, making it less desirable in view of breathing 

convenience. The high pressure drop of Face Mask 4 also led to much lower quality 

factors, i.e. benefit-to-cost ratios, than that of 525-M6-0.765-C (Fig. 4.13c). 
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Overall, by comparing the filtration performance of 525-M6-0.765-C with that of 

the commercial face masks, the merits of multilayer PVDF electret filters were shown 

in both high filtration efficiency and low breathing resistance. Although the capture 

efficiency was not as good as Face Mask 4, multilayer PVDF electret filters have a high 

potential to perform better after adjusting filter physical and charging parameters. 

4.4. Summary 

Multilayer PVDF electret filters were optimized through the approach of 

modifying the module single layer. And the outstanding filtration performance of the 

resultant filter was verified via both lab tests and field tests. Besides, it was concluded 

that the physical properties of filters, including basis weight and fiber diameter, were 

of great importance in optimizing multilayer PVDF electret filters. The conclusions 

drawn from the study were listed as follows: 

1) Higher filter basis weights and lower fiber diameters favored higher filtration 

efficiency of the 1-layer PVDF electret filters. However, the quality factors of the filters 

responded differently to filter basis weight and fiber diameter, which was affected by 

the variation in the contribution of mechanical filtration effect. With increasing filter 

basis weight, the values of all filters except for 525-nm filters decreased resulting from 

the rapidly increasing pressure drop. The quality factor of 525-nm filters increased with 

filter basis weight because of the low increasing rates of pressure drop caused by the 

relatively large fiber diameter. With increasing fiber diameter, the filters had higher 

quality factor on account of the larger relative increment in filtration efficiency after 

charging and the much reduced pressure drop.  

2) The MPPS of the 1-layer PVDF filters all decreased after charging due to the 

more remarkable dielectrophoretic filtration effect on larger neutral particles. 
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Nevertheless, the MPPS of individual filters varied according to their filter basis weight 

and fiber diameter based on the relative importance of mechanical and electrostatic 

filtration effects. 

3) High dielectrophoretic filtration efficiency did not guarantee high filtration 

performance of the 1-layer PVDF electret filters. The contribution of dielectrophoretic 

filtration effect compared to that of mechanical filtration effect was found to be the key 

factor for filter performance improvement. Therefore, a proper filter basis weight was 

needed to not only ensure enough electrostatic effect but also to avoid excessive 

mechanical effect.  

4) The filter 525-S-0.765-C with the highest quality factor was chosen as the 

module layer to compose multilayer PVDF electret filters. The optimized filter 525-

M6-0.765-C showed both high filtration efficiency and quality factors (98.3% and 

0.156 Pa-1 for 300-nm NaCl aerosols). Moreover, the pressure drop of 525-M6-0.765-

C was only 26.2 Pa, showing the high potential for further improvement in filtration 

performance. 

5)  Performance comparison with commercial face masks indicates that multilayer 

PVDF electret filters have a high potential for application of personal health protection. 
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Chapter 5: Filtration Performance of Multilayer PVDF 

Electret Filters in Real Aerosol-Laden Environment 

5.1. Overview 

The advantages of electret multilayer filters, i.e., redistributing charged fibers from 

a densely packed 1-layer filter to a filter with multiple layers, have been verified from 

both the improved filtration efficiency and the reduced pressure drop in our laboratory 

experiments. Yet, it is the effectiveness of the filters in real applications that is of greater 

importance considering their potential use for personal health care and environmental 

protection. In most of the research on nano-aerosol filtration, experiments were carried 

out in labs, where aerosols with a single component, e.g. sodium chloride (NaCl), 

Dioctyl Phthalate (DOP) or test dust, was generated and applied. Besides, to abide by 

test standards, oftentimes only monodisperse aerosols were used to challenge filters. 

Also, to simplify test procedures and avoid difficulties for data analysis, aerosols were 

always pre-treated to reach a specific charge state, i.e. discharged, single charged or 

neutralized (Boltzmann distribution) [13, 112, 113]. In our lab tests, neutralized 

monodisperse NaCl nano-aerosols were used to conduct the filtration experiments. 

Although the aerosol concentrations used in this study, like many other researches, 

presented an extremely harsh condition and far exceeded the concentrations in real 

environments, the test results were too preliminary to directly equate with filter 

performance in real applications due to the complex nature of environmental nano-

aerosols. Airborne nano-aerosols consist of varied components, including inorganic and 

organic matters and exist in solid or liquid forms. Different from our standardized tests 

using dry NaCl aerosol flow, the oily particles and moisture in the air to some extent 
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may degrade filters and impair their filtration performance, especially for electret filters. 

Furthermore, airborne nanoparticles with a wide range of sizes co-exists and may 

interact with each other during filter tests. To make things more complicated, 

nanoparticles normally do not have a stable pattern of charge distribution, thus the 

performance of a same filter may vary from case to case. Also note that atmospheric 

aerosols have various and usually irregular shapes from different sources and 

transformation routes, which differs from the lab-generated ones [1, 2]. All the 

particularities of airborne nano-aerosols mentioned above render filter tests under real 

environments necessary. One major source of airborne nano-aerosols is road 

transportation, where aerosols, nitrogen oxides (NOx) and volatile organic compound 

(VOC) are emitted from fossil fuel combustion in vehicles and transform in the 

atmosphere [1, 2]. Given the importance and availability of vehicles, traffic 

environment seems an ideal condition for filter tests. Several researchers used the 

exhaust from a gasoline car for testing the performance of their filters [99, 114]. 

Nevertheless, it was still quite different from the real traffic environment. Moreover, in 

their work the filters used were comprised of fibers with micro-sizes with a high basis 

weight. 

To the best of our knowledge, little work has been done on filtration using 

nanofiber filters for aerosol removal in real conditions. In the study of this chapter, a 

test site was carefully selected in order to have a stable aerosol source so that reliable 

filtration results could be obtained. The site is located near a road with busy traffic 

where there is a relatively constant concentration of aerosols generated from passing 

vehicles using different kinds of fuels. A portable filter test system was specially 

developed to conduct the real-time measurements instead of the sophisticated but bulky 
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SMAG system used in the lab tests [115]. The multilayer PVDF electret filters were 

tested in the real traffic environment for filtration performance to investigate whether 

they could still retain the merits shown in the last two chapters, i.e. having high aerosol 

capture efficiency while keeping low air resistance.  

5.2. Experimental 

5.2.1. Fabrication of filters 

To have a fair comparison of filter performance between tests using lab- and traffic- 

generated aerosols, filters, including four 1-layer and four multilayer filters with similar 

structures to the optimized ones used in the last chapter from the same spinning batch, 

were adopted in the field tests. Fibers in each filter had a mean diameter of 525 nm 

measured from 100 fibers in SEM images. The four 1-layer filters had basis weights of 

0.765, 1.530, 2.295 and 3.060 gsm, respectively. Different numbers of the 1-layer filters 

of 0.765 gsm were stacked up to form the four multilayer filters, with basis weights of 

0.765 × 2, 0.765 × 3, 0.765 × 4 and 0.765 × 6 gsm. All the filters were first discharged 

and tested for their mechanical filtration efficiency, and then were charged to investigate 

the improvement in filter performance. Each filter is denoted by its fiber diameter, layer 

number, layer basis weight and charging state. For instance, 525-S-1.530-C represents 

a 1-layer 525-nm electret filter with the basis weight of 1.530 gsm, while 525-M4-

0.765-U means an uncharged 4-layer 525-nm filter with the basis weight of 0.765 gsm 

for each layer, but the total basis weight for all 4 layers added up to 3.060 gsm. 

5.2.2. Description of micro-environment for field tests 

The experimental site was located by a heavy traffic road which connects to the 

entrance of the Hung Hom Cross-Harbor tunnel about 220 m away. Vehicles powered 
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by varied fossil fuels, including liquid petroleum gas, gasoline and diesel, continuously 

passed by the site and the driveway was frequently obstructed because of traffic light 

or traffic jam. Therefore, particulate matters, which were directly exhausted from the 

vehicles or formed from interactions between different vehicular pollutants, were 

significantly present in the surrounding air. To some extent, the generated nano-aerosols 

were trapped by buildings along the road due to the “Street canyon effect”, which 

formed a micro-environment and provided a constant aerosol source [1, 2, 116]. To 

avoid the turbulent airflow caused by the passing vehicles, the sampling site was 

intentionally chosen to be 30 m away from the main road, where the airflow was 

relatively steady and aerosol size distribution was less affected. The credibility of 

sampled data was further assured by conducting the tests during rush hour on sunny 

and windless days when there were relatively high and stable aerosol concentrations. 

5.2.3. Filtration performance evaluation of filters 

Filter tests were carried out using the homemade portable filter test system (PFTS), 

as shown in Fig. 5.1. The pressure drop values (Δp) of filters were measured beforehand 

by the SMAG system. The PFTS mainly consists of two identical holders, a vacuum 

pump and a Portable Aerosol Mobility Spectrometer (PAMS). Each holder was made 

up by two stainless steel cones and the two holders were parallelly installed. Ambient 

air was sucked into the system by the vacuum pump. A three-way valve was installed 

downstream of the two holders to control the flow to only pass through either one of 

them. The flow rate through the holder in use was measured by a flow meter (Model 

4100, TSI, USA) and controlled precisely to the required value by a needle valve right 

before the vacuum pump. A small amount of aerosol flow was introduced into the 

PAMS where large particles were removed by a cyclone at the inlet of the PAMS and 
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the aerosol size distribution with the size range of 10-433.7 nm (count median diameter 

(CMD)) was obtained under “Scan Mode”. For a typical run, the three-way valve was 

first set to link to the “blank holder” side where no filters were installed to acquire the 

aerosol size distribution of the ambient air by the PMAS. This set of data was taken as 

the aerosol concentrations upstream of the tested filter. Subsequently, by adjusting the 

three-way valve, the air flow was switched into the “filter holder” side where a filter 

was mounted and the size spectrum of aerosols downstream of the filter was obtained. 

Note that before the switch, the air flow rate through the “filter holder” side was 

adjusted to the same value with that of the “blank holder” side in compensation for the 

pressure drop across the filter. For every filter, the test was repeated and the average 

values for the upstream (cup) and the downstream (cdown) aerosol concentrations were 

obtained, respectively. From the measurements above, the filtration efficiency (η) and 

quality factor (QF) of the filter for aerosols with any known sizes were calculated by 

Eq. 3.2 and Eq. 3.3. 

 

Fig. 5.1. Schematic diagram of set-up for aerosol filtration field tests of filters. 

5.3. Results and discussions 

For filter tests using real aerosols, it is important to maintain a steady aerosol feed 

to get convincing conclusions. In this study, the aerosol size distribution at the 

experimental site was log-normal and the most frequent aerosol size was centered 
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around 95 nm with a variation of approximately ±17 nm, which conformed to the results 

in the literature [115]. The aerosol concentrations peaked at 77.23 ± 9.54 cm-3 which 

was apparently much lower than the values adopted in lab experiments. A typical air 

aerosol concentration variation with size is shown in Fig. 5.2, with a peak value of 85.86 

cm-3 at 83.81 nm and about 80% of the total particle concentration within the range of 

30-200 nm. 
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Fig. 5.2. Typical diameter distribution of aerosols detected by inner CPC of PAMS at 

the field test site. 

Compared with the optimized filters tested using the SMAG system in the last 

chapter, the filters here had similar pressure drop and also showed reduced air resistance 

for the multilayer filters than the corresponding 1-layer ones with identical basis 

weights, as can be seen in Fig. 5.3. On the other hand, as shown in Fig. 5.4, most of the 

filters had lower filtration efficiency for the vehicular aerosols than their counterparts 

evaluated by the lab-generated NaCl particles. This was partly because aerosols formed 

from vehicle emission were often oily and could be quite damaging to the nanofiber 



 

129 

 

filters, especially to the electret ones [1, 2]. Janssen and Bidwell tested the filtration 

performance of N95 electret filters against diesel particulate matter. They found that 

after only 2-h exposure to the oily particles, the penetration through one of their N95 

electret filters increased from the initial 0.61% to 12.1% [99]. Also, the high humidity 

(higher than 80% most of the time) of the air in the subtropical city of Hong Kong was 

detrimental to the electret filters, while in the lab the aerosol flow was dried before 

challenging filters [19, 57, 117]. Yang et al. studied the influence of relative humidity 

(RH) on the particle penetration properties of a PP electret filter. They found the 

penetration of 0.3 μm aerosol through the electret filter increased from approximately 

17% to 27% as the RH increases from 30% to 70%, due to the higher dissipation rate 

of surface charge under higher RH [118]. Besides, different from the lab tests where 

monodisperse aerosols were applied one size at a time, the tests in the real environment 

employed polydisperse aerosols. Despite aerosols are always assumed to be 

independent in filtration theories, particles with different sizes might interact with each 

other along the aerosol flow path in the PAMS system and interfered with the filtration 

process, though it was unclear whether the interaction brought a positive or negative 

effect [1]. 
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Fig. 5.3. Pressure drop of 525-nm 1-layer and multilayer filters with varied filter basis 

weights at the outdoor experimental site. (Each filter had the same pressure drop in 

uncharged and charged states). 
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Fig. 5.4. Filtration efficiency (η) and fit curves of 525-nm (a) 1-layer uncharged, (b) 1-

layer electret, (c) multilayer uncharged and (d) multilayer electret PVDF filters with 

varied filter basis weights in field tests. (Note 525-S-0.765 and 525-M1-0.765 denote 

the same filter.) 

In contrast to the lab tests, the efficiency data points here are far more scattered, 

especially for the filters with lower basis weights. This is mainly due to the low aerosol 

concentrations around the experimental site. The peak concentrations were only about 

77 cm-3 in average, let alone the particles smaller than 30 nm or larger than 200 nm, for 

which less than 30 cm-3 were detected by the PAMS. A small variation in concentration 

could lead to a big change in filtration efficiency, which was more problematic for low-

efficiency filters. In addition, the aerosol-aerosol interaction and the irregular charge 
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distribution on aerosols could also contribute to the scattering of the efficiency points 

[1, 2]. 

Regardless of the data scattering, certain patterns can be found among the filtration 

curves. All the multilayer filters, whatever the charging state was, had higher efficiency 

than the corresponding 1-layer filters. And the better performance was more significant 

when quality factors were taken into account, as can be seen in Fig. 5.5. Lower 

penetration rates of most particles larger than 40 nm were observed for electret filters 

than uncharged ones. And in spite of the fluctuations of the efficiency with aerosol size, 

most filtration curves of electret filters in general show a flat or an ascending trend, 

particularly for those of the multilayer filters. These trends accord with the results seen 

in the lab tests, where to some extend filtration efficiency increased with aerosol size 

due to the enhanced electrostatic effect [105]. The abnormal filtration curves of 525-S-

0.765-C and 525-S-1.530-C might result from the large data point variations due to the 

low efficiency and the complex aerosol charge distribution. For aerosols smaller than 

40 nm, diffusion filtration played the major role and electrostatic effect barely 

influenced their capture [1, 7]. Thus, together with the low particle concentrations in 

the range of 10-40 nm, the efficiency values of electret filters were not necessarily 

higher than that of uncharged ones.  
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Fig. 5.5. Quality factors (QF) and fit curves of 525-nm (a) uncharged 1-layer, (b) 

electret 1-layer, (c) uncharged multilayer and (d) electret multilayer PVDF filters with 

varied filter basis weights in field tests. (Note 525-S-0.765 and 525-M1-0.765 denote 

the same filter.) 

For the filter with the highest filtration efficiency, 525-M6-0.765-C could remove 

at least 87% of vehicular aerosols of most sizes, and it had similar filtration curve for 

field test to that for lab test, as shown in Fig. 5.6. Moreover, its pressure drop was only 

25.9 Pa which was much lower than commercially available microfiber filters and the 

quality factors were mostly higher than 0.08 Pa-1. The results indicate that the multilayer 

PVDF electret filters show a promising prospect for real applications.  
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Fig. 5.6. Comparison of filtration efficiency (η) of 525-M6-0.765-C in field test 

(polydisperse ambient aerosols) and lab test (monodisperse NaCl aerosols). 

5.4. Summary 

The filtration performance of filters was examined using vehicular aerosols in the 

real traffic environment. Though certain differences existed from the lab experiments, 

some comparable results were obtained. The main outcomes were summarized below: 

1) Similar merits of the multilayer electret filters than the 1-layer counterparts, i.e. 

improved filtration efficiency and reduced pressure drop, were shown in treating traffic-

generated aerosols to lab-generated aerosols.   

2) Compared to the lab experiments, the tests using real vehicular aerosols usually 

showed lower filtration efficiency values, mainly due to the oiliness of the aerosols and 

the high humidity of air which were detrimental to the electret filters. 

3) The data points for the filed tests were intensely scattered because of the low 

concentration of aerosols, as well as the interaction among aerosols with different sizes 
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and the irregular charge distribution on aerosols. 

4) The multilayer PVDF electret filters have great potential for real application in 

aerosol removal, which was proved by the high filtration efficiency and the low pressure 

drop in a traffic environment. 
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Chapter 6: Aerosol Loading Behaviors of Multilayer PVDF 

Electret Filters 

6.1. Overview 

In the last three chapters, the merits of multilayer PVDF electret filters have been 

well-proven by their great filtration properties, both in efficiency improvement and 

pressure drop reduction, compared with their 1-layer counterpart. Nevertheless, as a 

filter is continually challenged with aerosols, both the aerosol penetration (i.e. inverse 

of filtration efficiency) and the filter resistance (i.e. pressure drop) gradually change 

while the filter becomes increasingly loaded [1, 7]. Regardless of the usage in real 

applications, it is the long-term performance that is more valued when health impact, 

financial cost or energy consumption is considered. For face masks (which are the 

targeted application of filters in this study), especially during the COVID-19 pandemic 

worldwide, the long-term performance is of greater significance because people may 

repeatedly wear a same mask due to the shortage of supply. 

In terms of filtration efficiency, as a departure from conventional uncharged filters 

which show increasing values throughout the loading process, the efficiency of electret 

filters initially decreases to a certain point before increasing with loading. This 

phenomenon is due to the shielding of electrostatic effect and the enhanced mechanical 

capture due to deposit that can be considered as artificial fibers and ultimately forming 

an aerosol “cake” on the filter surface that becomes the effective filter media [7, 16, 17, 

50-52]. In the early stage of filtration using an electrically active fibrous filter, 

electrostatic mechanism, including Coulombic force collection for charged particles 

and induction charging collection for uncharged particles, plays the dominant role in 
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aerosol capture. With filtration proceeding, the initially captured particles may act as 

collection sites for the latter particles and gradually form dendritic structures. The 

adjacent dendrites gradually join together, which initiates the formation of a “cake” on 

the front side of the filter. During the dendrites/cake growth stage, the electrostatic 

effect diminishes because of the “shielding effect” on the fiber charges by deposited 

particles, while the mechanical collection enhances contributed by the dendrites/cake. 

The filtration efficiency keeps decreasing until the reduction in electrostatic efficiency 

is equally compensated by the improvement in mechanical efficiency, at which point 

the filtration efficiency falls to its minimum values before increasing thereafter. On 

forming a complete cake layer (cake filtration stage), particle penetration falls to zero  

or filter efficiency reaches 100%, where electrostatic effect is fully shielded and the 

future incoming particles are solely collected via the mechanical effect of the cake layer, 

i.e., the aerosol capture has totally transferred from depth filtration to surface filtration.  

As for pressure drop, electret filters have generally similar increasing trend to 

conventional filters [16, 17, 50-52]. In the early stage, particles deposit on the surface 

of individual fibers across the porous filter depth. Due to the exceedingly limited space 

occupied by the captured particles, the fluid flow is only slightly being affected and the 

pressure drop increases at fairly low rates. With dendrites/cake forming and the filter 

more and more clogged, the pressure drop keeps rising with the rate of increase 

accelerating. When the cake is completely formed, the increase rate of pressure drop 

reaches its peak value, after which the pressure drop increases linearly at this rate with 

the loading mass, indicting a constant cake resistance with additional aerosol deposit. 

From the description above, it seems that an electret filter only has a minor 

advantage of initially higher filtration efficiency over a conventional filter regarding 
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aerosol loading process because it basically works as a surface filter once being fully 

clogged. However, due to the big role played by electrostatic mechanism in the early 

stage of loading, it is naturally expected that for an electret filter, the deposition 

properties of particles, including the capture position, dendrite/cake formation rates and 

cake structures, are different from a purely mechanical filter. Therefore, the electret 

filter may show a different pressure drop increase trend in the subsequent cake filtration. 

In fact, the lower clogging rates of some electrically active fibrous filters have already 

been reported in the literature and the authors attributed the improved holding capacities 

to more uniform distribution of deposited particles. Nonetheless, without investigating 

the real morphology of particle deposition, such as use of SEM images on deposition 

pattern in the filter, previous research merely qualitatively drew conclusions based on 

the difference in pressure drop evolutions between electret and mechanical filters [16, 

17, 51]. Moreover, the electret filters in these researches usually had large thicknesses 

within just one single layer. It has been well proved that “skin effect” exists in aerosol 

filtration using a fibrous filter, where much more particles deposit at the face region 

than at the back side [45, 47]. For an electret filter, that means when a complete cake is 

already formed on the surface of the filter, the charged fibers downstream of the surface 

fibers are far from being fully used and therefore wasted. 

Filtration efficiency has been confirmed to improve by redistributing charged 

fibers from a single layer to multiple thinner layers of nanofibers stacking one on top 

of each other in the last three chapters [105]. The aim of work in this chapter is to study 

the aerosol loading behaviors of the multilayer PVDF filters, especially of the electret 

ones. In fact, loading of multilayer nanofiber filter, uncharged or electret, have never 

been done. Even loading of a 1-layer electret nanofiber filter has not been reported, 
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which in our study serves as a basis of comparison as well. It was hypothesized that 

compared to a 1-layer filter, a multilayer filter with an identical total fiber basis weight 

but a much lower packing fraction has a higher resistance to clogging and a larger 

aerosol holding capacity. Due to the higher porosity and smaller thickness of each layer 

in the multilayer filter, it will take a longer time for the dendrites to grow to a significant 

size that blocks the aerosol flow, thus slowing down the pace of skin layer formation 

and leading to more uniform aerosol capture across the filter layers. Specifically, for 

the multilayer PVDF electret filters, the charges on the fibers of downstream layers are 

hopeful to be more effectively utilized. Further, on the level of individual fiber, the 

distribution of captured particles is expected to be more uniform surrounding and along 

the fiber. 

In this chapter, the filtration efficiency evolution of uncharged/electret, single-

/multi-layer filters with aerosol loading time were compared for the first time. Moreover, 

the pressure drop increase of different filters were analyzed in accordance to their 

physical properties. Besides, the deposition of captured aerosols on the filters, both in 

amount and distribution, was illustrated using SEM images. Ultimately, the efficiency, 

pressure drop and aerosol capacity were addressed for the 4 types of test filters 

(uncharged/electret, single-/multi-layer filters) under loading starting with a clean filter, 

moving to depth filtration, and subsequent cake filtration.   

6.2. Experimental 

6.2.1. Fabrication of filters 

The same methods as the other chapters were applied to prepare the filters used in 

this chapter. Based on the results of filter optimization obtained from Chapter 4, filters 

with same fiber diameter of 525 nm and same total basis weight of 3.060 gsm were 
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used. To investigate the differences in loading behaviors between uncharged and 

electret filters, and 1-layer and multilayer filters, 525-S-3.060-U, 525-S-3.060-C, 525-

M4-0.765-U and 525-M4-0.765-C were fabricated. In case that parallel groups of filters 

were used to repeat the test run, different numbers are added at the end of each filter 

tag to differentiate them. Filters of 4-layer were used in this study because they were 

expected to show more distinct behaviors from 1-layer filters having the same basis 

weight of nanofibers. 

6.2.2. Filtration performance evaluation of filters 

Before loading up a filter, it is essential to test the filtration performance in a clean 

(i.e. unloaded) state. The experimental set-up for clean filter tests is shown in Fig. 3.3. 

A clean and dry compressed air flow from a filtered air supply system was fed to a sub-

micrometer atomizer containing a certain concentration of sodium chloride (NaCl) 

solution, where liquid droplets containing salt aerosol were generated. The stream was 

then passed through a Nafion membrane air dryer for moisture removal, resulting in dry 

aerosol particles ranging between 10-1000 nm (CMD). The compressed air flow rate 

and the salt solution concentration were finely tuned to get a proper aerosol size 

distribution. For the former parameter, an overwhelmingly high rate could cause stream 

instability and leakage at the atomizer, thus leading to unstable aerosol output. For the 

latter one, intensely high solution concentrations were avoided in case of clogging along 

or corrosion to the flow route due to salt accumulation. Besides, the two parameters 

were set to generate aerosol concentrations which did not exceed the upper detection 

limit (1 × 104 cm-3) of the condensation particle counter (CPC, Model 3010, TSI Inc., 

Shoreview, MN) used in this study and high enough to prevent inaccurate 

measurements. After drying, the aerosol stream flowed through an impactor where 
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particles larger than the cut size were removed. The cut size was determined by the flow 

rate through and the nozzle size of the impactor, which in this study was 550 nm. The 

particles left were then introduced to a neutralizer where they were brought to a 

Boltzmann charge distribution (i.e. neutralized). Subsequently, the neutralized particles 

were directed to a differential mobility analyzer (DMA) which classified particles in 

the size range from 10 to 1000 nm by adjusting voltage accordingly using the 

“Generation” function of SMAG system. Only particles with specific electrical 

mobility diameter (EMD) could penetrate the DMA while others were removed, 

therefore producing particles with a relatively monodisperse size. After exiting the 

DMA, the aerosol stream passed a second neutralizer to be neutralized, leaving most of 

the particles zero-charged. The neutralized monodisperse aerosol stream, mixed with a 

clean and dry make-up air flow to reach a face velocity of 5.3 cm s-1 when challenging 

the filter, was then sent to a test column where the filter was mounted with its surface 

perpendicular to the incoming flow. At the beginning of the filtration test, the pressure 

drop (Δp) across the clean filter was measured by a digital pressure manometer (Model 

2080P, Digitron, Elektron Technology, UK). The aerosol flows upstream and 

downstream of the filter respectively were sampled in an isokinetic way in case of 

disturbing the aerosol stream, and the concentrations of particles with a known size 

were determined by the aforementioned CPC. Eq. 3.2 was applied to calculate filtration 

efficiency (η). 

6.2.3. Aerosol loading behavior evaluation of filters  

When the behavior of a filter during aerosol loading was to be studied, as shown 

in Fig. 6.1, a similar set-up to that of clean filter tests was applied except for the position 

of the differential mobility analyzer (DMA). After the first neutralizer, the polydisperse 
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aerosols (40-500 nm, CMD) were directly fed to the test column to challenge the filter. 

The reason for the modification was that it would take impractical long time to load up 

the filter. Every ten minutes, the aerosol flow upstream of the filter was sampled to the 

DMA under the “Scanning Mode” of “Measurement” function to get the size 

distribution of the particles used for filter loading, coupled with the CPC to measure 

particle concentrations channel by channel. Note that in the set-up for filter loading, the 

real concentrations shown in aerosol size distribution were obtained by automatically 

calculating the corresponding values measured by the CPC which only counted the 

fairly low fractional particles exiting the DMA. At prescribed intervals, the set-up was 

switched back to that of Fig. 3.3 for testing the filtration efficiency with loading mass 

until the values all rose close to 100% after which a complete cake was formed and 

surface filtration was the only mechanism for aerosol capture. The set-up for aerosol 

loading was not used to determine filtration efficiency because of the difficulty in 

tuning the equipment response time for polydisperse aerosols, which could bring 

inaccurate and misleading results. Constantly switching the two modes may interrupt 

the loading process, which was a major limitation of the loading set-up. Nevertheless, 

because the aerosol concentration used for loading was far higher than that for 

efficiency tests (which are shown later), the interruption was actually negligible. 

Throughout the loading process, the pressure drop was monitored at regular intervals, 

which was expected to show a linear trend after the formation of the full cake. The 

loading was terminated until the pressure drop reached an arbitrary limit which had 

been far past the starting point of complete surface filtration. In this study, this limit 

was set at about 800 Pa. 
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Fig. 6.1. Schematic diagram of set-up for aerosol loading of filters. 

Fig. 6.2a and Fig. 6.2b show the typical aerosol size distributions of set-ups for 

filtration efficiency tests and filter loading, respectively. The maximum concentration 

for the former set-up is around 0.6 × 104 cm-3, while for the latter one above 3.9 × 105 

cm-3 which is almost 62 times higher than the former case. Therefore, the occasional 

efficiency tests had little interference in the loading behaviors of filters. The loading 

period could be further shortened by using NaCl solution with a higher concentration. 

Nevertheless, apart from the risks of clogging and corrosion, higher concentrations 

were not chosen with concern that the filtration efficiency would change too quickly 

during the efficiency test. 
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Fig. 6.2. Typical diameter distribution of particles for (a) filtration efficiency tests and 

(b) aerosol loading.  

Combining the particle size distribution, filtration efficiency with loading time, 

face velocity of the aerosol stream and the filter surface area, the specific captured 

aerosol mass (Mdep) during any time period and the cumulative mass at any time point 

could be calculated. In the literature some people weighed the filters before and after 

aerosol loading and took the weight differences as the loaded aerosol masses [119]. This 
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method was not used in this study mainly due to two reasons. For one thing, removing 

the filter can easily break the structures formed by captured aerosols, e.g. dendrites and 

cake, and cause loss in deposited aerosols. For another, the weight of deposited aerosols 

is often too light to be distinguished, which can bring significant errors to the 

calculations. 

Similar to our previous study, the algorithm for Mdep is described as follows [120]. 

Under continuous aerosol loading, the real-time Mdep is given by: 

                       𝑀dep = ∫ ∫ 𝑐(𝑑p, 𝜏)𝜂(𝑑p, 𝜏)𝑈
𝜋𝑑𝑝

3

6

𝑑p= 500 nm

𝑑p = 40 nm

𝜏=𝑡

𝜏=0
𝜌pd(𝑑p)d𝜏                   (6.1) 

where c(dp, τ) is the number concentration of upstream particles in the size bin with a 

geometric mean diameter dp at loading time τ, η(dp, τ) is the filtration efficiency of 

particles with a diameter dp at loading time τ, U is the face velocity, πdp
3/6 is the volume 

of an aerosol particle with a diameter dp, and ρp is the particle material weight density. 

Because η(dp, τ) was sampled sparsely, over each time interval η(dp, τ) was assumed to 

be constant. Though this assumption may make the calculation of Mdep less accurate, 

from a qualitative point, it was sufficient to differentiate the loading properties of the 

four studied filters with significant difference in filtration efficiency. The loading data 

of 525-M4-0.765-C-1 and the conversion of loading time to specific loaded mass are 

presented in Table A2 (Appendix 2) and Appendix 3, respectively. 

The loaded filters were sampled for SEM characterization to study the aerosol 

deposition properties of uncharged/electret, single-/multi-layer filters. Specially, the 

back side (i.e. downstream side) of the loaded filters were also observed under SEM to 

investigate whether the fibers and fibrous layers were more fully utilized after charging 

or distributing into multiple layers. 
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6.3. Results and discussions 

To investigate the differences in loading behaviors between uncharged and electret 

filters, and 1-layer and multilayer filters, filters with same average fiber diameter of 

525 nm and same total basis weight of 3.060 gsm were used, including uncharged and 

electret 1-layer filters, and uncharged and electret 4-layer filters. The filters were 

hereafter denoted 525-S-3.060-U, 525-S-3.060-C, 525-M4-0.765-U and 525-M4-

0.765-C. In case that parallel groups of filters were used to repeat the test run, different 

numbers are added at the end of each filter tag to differentiate them. Filters of 4-layer 

were used in this study because they were expected to have evidently different behavior 

as compared to that of the 1-layer filters. The SEM images of S-3.060 and a typical 

layer of M4-0.765 are shown in Fig. 6.3a and Fig. 6.3b, respectively. It is clearly shown 

that the fibers in S-3.060 are much more densely packed than that in a single layer of 

M4-0.765. 

         

Fig. 6.3. SEM images of (a) S-3.060 and (b) one layer of M4-0.765 in clean state. 
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6.3.1. Comparison of loading behaviors between 1-layer and multilayer uncharged 

PVDF filters—merits of multilayering 

6.3.1.1. Variation of filtration efficiency and pressure drop of uncharged PVDF 

filters with loaded mass 

The filtration efficiency curves of 525-S-3.060-U and 525-M4-0.765-U with 

loading time/loaded mass are shown in Fig. 6.4a and Fig. 6.4b, respectively. Generally, 

the two uncharged filters show similar trend with the efficiency increasing with loading 

time/loaded mass, which has been widely confirmed in the literature [45, 47, 121]. The 

deposited aerosols, including individual particles, dendrites and cake, could all act as 

new aerosol collection sites or as additional “artificial fibers”, thus improving the 

filtration efficiency of, as well as increasing the pressure drop across the filter [11, 18, 

122]. It is also interesting to note that the most penetrating particle sizes (MPPS) of 

both filters gradually decreased with loading mass—250 nm to 80 nm for 525-S-3.060-

U and 280 nm to 80 nm for 525-M4-0.765-U as shown in Fig. 5, a phenomenon of 

which was also observed by Leung et al. [45, 47]. This was due to the more prominent 

interception effect than the diffusion effect of the deposited aerosol agglomeration, with 

the two effects being the main mechanisms for filtration efficiency improvement before 

pure surface filtration took place. However, regardless of the similarities, the efficiency 

of 525-S-3.060-U apparently increased at a much higher rate than that of 525-M4-

0.765-U. In clean state, the two filters had similar efficiency curves. After 2-h loading, 

the efficiency of 525-S-3.060-U at the MPPS (120 nm) drastically increased to 91.9% 

from the clean filter efficiency of 45.6%, while that of 525-M4-0.765-U at 280 nm 

increased only from 40.1% to 43.8%. It merely took 4 h for 525-S-3.060-U to closely 

reach the efficiency of 100% in contrast to 14 h for 525-M4-0.765-U. Due to the 
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constantly higher filtration efficiency, more aerosols deposited on 525-S-3.060-U than 

525-M4-0.765-U at the same loading time. For example, after 2-h loading, 525-S-

3.060-U had a loaded mass of 2.25 gsm, which was 0.67 gsm higher than 525-M4-

0.765-U (1.58 gsm). Corresponding to filtration efficiency, the pressure drop of 525-S-

3.060-U rose much faster than that of 525-M4-0.765-U. Before loading, the pressure 

drop values were 20.8 Pa and 17.1 Pa for 525-S-3.060-U and 525-M4-0.765-U, 

respectively. At 2 h, the pressure drop for 525-S-3.060-U increased by 42.8 Pa while 

only 1.5 Pa for 525-M4-0.765-U. Barely 4 h was needed for 525-S-3.060-U to reach 

180.5 Pa whereas 12 h for 525-M4-0.765-U to rise to 189.3 Pa by contrast.  
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Fig. 6.4. Evolution of filtration efficiency (η) of (a) 525-S-3.060-U and (b) 525-M4-

0.765-U with loading time. 

Contributed by the slower growth of dendrites/cake, the filtration efficiency of 525-

M4-0.765-U increased at lower rates than that of 525-S-3.060-U with loading time. 

Moreover, benefitting from the higher uniformity of aerosol deposition across the filter, 

525-M4-0.765-U had much lower increase in pressure drop per loaded aerosol mass 

than 525-S-3.060-U. In other words, multilayer filters could mitigate the clogging by 

aerosol accumulation and enhance the aerosol holding capacity. As can be seen in Fig. 

6.4, when the filtration efficiency approached near 100%, 525-M4-0.765-U had an 

aerosol loaded mass of 16.76 gsm (at 14 h) while 525-S-3.060-U only 6.48 gsm (at 4 

h). The only drawback for M4-0.765-U was that the efficiency before approaching the 

deposit of 6.1 gsm (8h) was less than 80% whereas S-3.060-U with about 1 gsm deposit 

(1-2 h) could achieve 80% efficiency reducing loss of uncaptured aerosols. 

The pressure drop variations of 525-S-3.060-U and 525-M4-0.765-U with the 

aerosol deposition mass throughout the loading processes can be seen in Fig. 6.5. Both 
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curves show the typical trend where pressure drop increased slowly in the early stage 

of loading, followed by an accelerating increase until the cakes were formed and the 

curves become linear lines with the deposition mass [45, 47, 121]. Nonetheless, for 

525-S-3.060-U, the early stage was much shorter than that of 525-M4-0.765-U. 525-

M4-0.765-U had a clogging point of 16.76 gsm, which was 2.59 times higher than that 

of 525-S-3.060-U (6.48 gsm). This further indicates that the multilayer filter had a 

higher aerosol holding capacity and was less prone to clogging due to the high filter 

porosity of each layer. As a result, even the downstream layers such as second, third 

and fourth layer in M4-0.765-U could effectively capture aerosols, unlike the case of a 

1-layer filter. We shall see this in the SEM images to be presented in latter section. 
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Fig. 6.5. Evolution of pressure drop (Δp) of 525-S-3.060-U and 525-M4-0.765-U with 

loaded aerosol mass. 

6.3.1.2. Deposition of aerosols on uncharged PVDF filters 

The significant difference in the variation of filtration efficiency and pressure drop 

with loading time between the two filters resulted from the different filter structures 
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and aerosol deposition properties. 525-S-3.060-U, with only one layer, had a high fiber 

packing fraction and a low porosity. The space between individual fibers was so small 

that dendrites formed and grew considerably fast into a cake on the filter surface with 

the high concentration of incoming aerosols, leading to the rapid increase in both 

filtration efficiency and pressure drop and leaving the nanofibers downstream of the 

filter surface insufficiently utilized [45, 47]. By redistributing the same amounts of 

fibers in a single layer to 4 layers, each layer of 525-M4-0.765-U consisted of much 

loosely packed fibers. The aerosols could penetrate to the downstream layers of the 

filter before dendrites and cake grew to an extent to seriously block the incoming 

aerosol stream. This hypothesis was confirmed by SEM images of the loaded filters. 

Figs. 6.6-6.8 are SEM images which depict the aerosol deposition on the front or back 

side of loaded 525-S-3.060-U and each layer of 525-M4-0.765-U, respectively. The 

surface of the loaded 525-S-3.060-U is covered by a cake, so it is hard to infer the 

aerosol profile within the filter. Yet, from Figs. 6.6c-d which shows the back side of the 

loaded 525-S-3.060-U, not many particles are present within the filter depth near the 

back side. On the contrary, aerosol deposits more uniformly across the four layers of 

525-M4-0.765-U (Fig. 6.7), though the loaded amount decreases with the layer depth. 

When a multilayer filter is used for aerosol filtration, a portion of the aerosols are 

filtered out by the first layer directly facing the whole incoming mass, leaving the rest 

of the aerosols challenging the downstream layers. The result is that fewer aerosol 

particles are available for the layer further back. If all layers have similar structures and 

thus similar filtration efficiency in clean sate, more aerosols will deposit on the more 

upstream layer at any given time, making its filtration efficiency and pressure drop 

always higher and increase at faster rates than the immediately downstream layer. This 

is actually the very reason for “skin layer” effect which was also observed by Leung et 
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al. [45, 47]. In this study, nevertheless, there are still a lot of particles on the bottom 

layer of 525-M4-0.765-U, benefiting from the high permeability of each layer.  

        

         

Fig. 6.6. SEM images of (a) and (b) the front side, and (c) and (d) the back side of 

loaded 525-S-3.060-U. 
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Fig. 6.7. SEM images of (a) and (b) the first, (c) and (d) the second, (e) and (f) the third 

and (g) and (h) the fourth layers of loaded 525-M4-0.765-U seen from the front side. 
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Fig. 6.8. SEM images of (a) and (b) the first, (c) and (d) the second, (e) and (f) the third 
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and (g) and (h) the fourth layers of loaded 525-M4-0.765-U seen from the back side. 

It is also worth noting that few particles can be seen on the back of individual fibers 

in both 525-S-3.060-U (Figs. 6.6c-d) and 525-M4-0.765-U (Fig. 6.8). Theoretically, 

particles can deposit on the back of a fiber through Brownian diffusion. However, due 

to the large fiber diameter of the filters (525 nm) used in this study, Brownian diffusion 

was just a minor mechanism whereas interception played the major role for the 

uncharged filters, leaving aerosols mainly depositing on the front or side surfaces of 

uncharged fibers [7]. 

6.3.2. Loading behaviors of 1-layer PVDF electret filters—effects of charging 

6.3.2.1. Variation of filtration efficiency and pressure drop of 1-layer PVDF 

electret filters with loaded mass 

For electret filters, filtration efficiency has been observed by many researchers to 

first decrease to some extent before gradually increasing to 100% when a cake 

completely formed. This was attributed to the variations of two opposing effects—the 

reduction in electrostatic filtration due to charge shielding by the deposited aerosols and 

the increase in mechanical filtration from the continuous growth of dendrites and cake 

[16, 17, 51, 52]. Fig. 6.9a shows the filtration efficiency evolution of 525-S-3.060-C-1. 

Contrary to the expectation, the efficiency increased at all times till pure surface 

filtration was reached, despite that the clean filter exhibits a typical efficiency pattern 

of PVDF electret nanofiber filters, with the value increasing from 80.7% at 50 nm to 

88.0% at 500 nm. After 1-h loading, mechanical filtration was the dominant mechanism 

indicated from the efficiency curve, and the efficiency was 92.6% at MPPS of 250 nm. 

Gradually, the efficiency approached approximately 100% and the MPPS dropped to 

80 nm (Fig. A6.1, Appendix 1). Correspondingly, the pressure drop of 525-S-3.060-C-
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1 markedly increased by 146.7 Pa from the initial 21.1 Pa after 3-h loading with a 

deposited mass of 6.80 gsm.  

Given that the efficiency tests were only carried out intermittently with loading 

time, there is a possibility that the efficiency initially dropped during the first half hour. 

To prove this point, another electret filter (525-S-3.060-C-2) with similar physical 

properties was used to repeat the test under the identical experimental condition except 

that two more efficiency tests were done at 10 min and 20 min. As can be seen from 

Fig. 6.9b, like 525-S-3.060-C-1, the pressure drop of 525-S-3.060-C-2 rose from 24.5 

to 170.4 Pa with 7.45 gsm of deposited mass after 3 h. However, the filtration efficiency 

did decrease in the first 10 min and increased in the next 10 min. Subsequent loading 

time followed similar trend as that of S-3.060-C-1. Nonetheless, the largest reduction 

in efficiency of particles was only 2.7% which was too small to make a convincing 

conclusion from. It is also worth mentioning that 525-S-3.060-C-1 and 525-S-3.060-C-

2 behaved a little differently concerning the variation of filtration efficiency, pressure 

drop and loaded mass, which was because of the randomness and inhomogeneity of 

fibers and charge distributions on the filters [123]. 
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Fig. 6.9. Evolution of filtration efficiency (η) of (a) 525-S-3.060-C-1, (b) 525-S-3.060-

C-2 and (c) 525-S-3.060-C-3 with loading time. 
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Fig. 6.10. Typical diameter distribution of particles for aerosol loading of 525-S-3.060-

C-3. 

Considering the high concentration of aerosol flow for loading up the filter, it was 

hypothesized that, once the loading began, the mechanical effect strengthened so fast 
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that the mechanical efficiency improvement trumped the electrostatic efficiency loss. 

Therefore, an aerosol flow with much lower concentrations (shown in Fig. 6.10) was 

applied for 3 h to load up a third similar electret filter (525-S-3.060-C-3). After the first 

3 h, the aerosol concentrations were raised to the values used for loading up 525-S-

3.060-C-1 and 525-S-3.060-C-2, which was aimed to further confirm the influence of 

loading aerosol concentration qualitatively. As shown in Fig. 6.9c, after 0.25-h loading, 

there were remarkable decreases in filtration efficiency for all particles, especially for 

those with larger sizes. Particles of 350 nm (MPPS at 0.25 h as shown in Fig. A6.1, 

Appendix 1) experienced a reduction of 22.4% from 77.6% to 55.2%. After further 

reductions ranging from 0.8% to 4.3% at 0.5 h, slowly the efficiency values increased 

and the MPPS decreased, with 60.7% of filtration efficiency at an MPPS of 220 nm. 

Note that for extremely small particles, the variations in filtration were insignificant. 

For instance, the efficiency for 50-nm particles slightly varied between 74.9% and 

82.4%. This should result from the different mechanisms dominating filtration by 

electret filters for neutralized aerosols with different sizes [1, 7]. In this study, particles 

were brought to a Boltzmann charge distribution before challenging a filter, with most 

of them being zero-charged so induction charging was the main approach followed by 

Columbic attraction for electrostatic filtration. Compared with larger particles, small 

particles were less prone to induction effect, therefore they were less affected when the 

charges on filters were shielded by aerosol deposition. It should be aware that from 0.5 

h to 1 h, the filtration efficiency of particles with sizes between 40 nm to 220 nm 

decreased, while that of the rest increased. The reason might be that during this period, 

the decrease in electrostatic efficiency was not fully compensated by the increase in 

mechanical efficiency, leading to the further efficiency reduction for smaller particles. 

While for larger particles, they might be trapped due to the increasingly strong surface 
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filtration effect. During 1-3 h, the filtration efficiency increased with slow paces and 

the average value remained low, corresponding to the gradual increase of loaded aerosol 

mass from 1.35 to 3.82 gsm.  

Compared with the former two counterparts, with similar loaded mass, 525-S-

3.060-C-3 always had much lower pressure drop. For instance, the pressure drop of 

525-S-3.060-C-3 with 3.82 gsm of deposited aerosols was only 28.7 Pa, while that of 

525-S-3.060-C-1 and 525-S-3.060-C-2 with fewer loaded aerosols (2.46 and 3.03 gsm, 

respectively) reached 64.8 and 73.4 Pa, respectively. The much alleviated air resistance 

of 525-S-3.060-C-3 was attributed to the low aerosol loading concentration, which 

prevented the fast formation of dendrites and cake on the filter surface and made the 

downstream fibers more accessible. Similar conclusion was obtained by Tang et al., 

where higher particle concentrations led to higher increase rate of pressure drop and 

lower clogging point from the faster formation of dendrites and cake [50]. This point 

was further proved by the characterization of the deposited particles. As shown in SEM 

images in Fig. 6.11, more particles exist on the inner fibers of 525-S-3.060-C-3 than 

525-S-3.060-C-1 observed from the back side of loaded filters. In contrast to 1-3 h, 

from 3 to 4 h, there was a great surge in filtration efficiency, which is in accordance 

with the big increase in the concentration of loading aerosols. Afterwards, the filtration 

efficiency of 525-S-3.060-C-3 increased with a trend similar to the aerosol loading 

during 1-3 h of 525-S-3.060-C-1 and 525-S-3.060-C-2. Corresponding to the filtration 

efficiency, the pressure drop during 3-7 h increased with significantly higher rates than 

that during 0-3 h, indicating the much faster growth of dendrites. Because more aerosols 

deposited within the filter, when no aerosol penetration was detected, 525-S-3.060-C-3 

had 8.86 gsm of loaded aerosols (at 136.6 Pa), higher than 525-S-3.060-C-1 (6.80 gsm 
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at 167.8 Pa) and 525-S-3.060-C-2 (7.45 gsm at 170.4 Pa). Through the loading tests for 

525-S-3.060-C, aerosol concentrations for loading were shown to affect the loading 

behaviors of a filter. Nevertheless, the major aim of this study was to investigate the 

differences in aerosol holding capacities among various test filters. Therefore, aerosols 

with similar size distribution were used for most loading tests and no further 

experiments using varied aerosol concentrations were conducted.  

         

Fig. 6.11. SEM images of the back side of loaded (a) 525-S-3.060-C-1 and (b) 525-S-

3.060-C-3. 

Comparing 525-S-3.060-C-1 (Fig. 6.9a) with 525-S-3.060-U (Fig. 6.4a), the 

electret filter always had higher filtration efficiency than the uncharged filter with 

loading time, benefiting from the pronounced electrostatic effect. With same loading 

time and aerosol concentrations, the aerosol deposition amount was higher for the 

electret filter owning to the constantly higher filtration efficiency. For instance, at 2 h, 

3.69 gsm of aerosols were loaded on 525-S-3.060-C-1 while 2.25 gsm on 525-S-3.060-

U. Moreover, the pressure drop of 525-S-3.060-C-1 increased at slightly lower rates 

than the uncharged filter with loaded mass before zero penetration (i.e. 100% efficiency) 

was reached. For example, 525-S-3.060-C-1 and 525-S-3.060-U had pressure drop of 

64.8 and 63.6 Pa with loaded masses of 2.46 and 2.25 gsm, respectively. This was 



 

162 

 

attributed by the more uniform distribution of captured aerosols on individual electret 

fibers than uncharged fibers [7, 16, 18]. That is to say, more aerosols could be captured 

on the back side of the charged fibers due to dielectrophoretic filtration effect, resulting 

in slower dendrites formation within 525-S-3.060-C-1. In fact, if we examine the slope 

of the linear portion that indicates the pressure drop from the cake formed on the 

nanofiber filter, the S-3.060-C-1 has a lower slope (34.0 Pa gsm-1), thus a lower pressure 

drop than that of S-3.060-U (39.8 Pa gsm-1). The electret filter represents a 17% 

reduction as compared to the uncharged one. This may have to do with the more porous 

cake formed on the electret nanofiber media as captured aerosols were distributed on 

both front and back faces of the fibers. As charged fibers more favored aerosols with 

large sizes in induction effect, a higher number of large particles were estimated to be 

trapped on the front side surface of the filter, leaving the cake more porous and 

permeable [124]. In other words, the skin effect was somewhat reduced, but this 

advantage can be much fully utilized when the multilayer electret filter was 

subsequently investigated. 
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Fig. 6.12. Evolution of pressure drop (Δp) of 525-S-3.060-U and 525-S-3.060-C-1 with 

loaded aerosol mass. 

0 5 10 15 20 25 30 35

0

200

400

600

800

 525-S-3.060-C-1

 Linear fit of 525-S-3.060-C-1

 525-S-3.060-C-2

 Linear fit of 525-S-3.060-C-2


p
 (

P
a

)

M
dep

 (gsm)
 

Fig. 6.13. Evolution of pressure drop (Δp) of 525-S-3.060-C-1 and 525-S-3.060-C-2 

with loaded aerosol mass. 

The pressure drop evolution of 525-S-3.060-C-2 with aerosol loaded mass is also 

shown in Fig. 6.13. The two filters had similar behavior suggesting the repeatability of 
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the filter performance. The slope for S-3.060-C-2 is even lower at 29.5 Pa gsm-1. As 

compared to 39.8 Pa gsm-1, the reduction in pressure drop of 28% is even more 

substantial. 

6.3.2.2. Deposition of aerosols on 1-layer PVDF electret filters 

As described in the above section, dielectrophoretic filtration effect facilitated the 

deposition of aerosols on the back side of individual fibers. This can be proved by the 

SEM images of loaded filters in Figs. 6.14c-d and Figs. 6.6c-d, where aerosols are 

present on the back side of fibers of S-3.060-C-1 but almost no aerosols for S-3.060-U 

were observed from the downstream loading flow. 

         

         

Fig. 6.14. SEM images of (a) and (b) the front side and (c) and (d) the back side of 

loaded 525-S-3.060-C-1. 

Given the lower pressure drop during surface filtration for a 1-layer electret 
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nanofiber filter, than the uncharged 1-layer filter, the issue is whether a different 

arrangement of the fibers can further facilitate more uniform capture of initial aerosols 

upstream of the filter that provides a more permeable cake to be formed.  As we have 

seen, if the fiber packing density is not sufficiently low, a cake can form after a short 

loading period, leaving the charged fibers downstream of the “skin layer” insufficiently 

used. As shown in Figs. 6.14c-d, not many aerosols can be seen within the loaded 525-

S-3.060-C-1 looking through the filter surface facing downstream. Owing to the 

electrostatic effect, a fraction of the particles penetrating 525-S-3.060-C-1 were 

attracted by the charged fibers on the backside surface. Nonetheless, most particles had 

already been trapped in the “skin layer” due to the low porosity and the high initial 

filtration efficiency, thus only a small number of particles can be observed on the back 

side of S-3.060-C-1. Based on this, we will explore the multilayer electret filter to 

investigate if the filter can be fully utilized across the entire filter thickness from 

upstream to downstream layers by redistributing the charged fibers.  

6.3.3. Enhanced loading performance of multilayer PVDF electret filters due to 

both multilayering and charging 

6.3.3.1. Variation of filtration efficiency and pressure drop of multilayer PVDF 

electret filters with loaded mass 

Since the advantages of multilayering have been shown for the uncharged 4-layer 

filter in easing the pace of clogging and improving the capability of aerosol holding, 

compared to the uncharged 1-layer filter with the same basis weight, it is intuitive that 

the multilayer electret filter would show similar properties. Fig. 6.15a shows the 

filtration efficiency variation of 525-M4-0.765-C-1 with loading time, where the filter 

exhibits a clear trend of an initial decrease and a latter continuous increase till near 
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100%. From 0 h to 2 h, the efficiency values gradually dropped, with more reduction 

for large particles while insignificant changes for very small ones, which was due to the 

more prominent electrostatic induction effect towards aerosols with larger diameters [1, 

7]. At 3 h, the filtration efficiency curve transferred to a typical shape of a mechanical 

filter from the curve at 2 h depicting a strong electrostatic mechanism. This means 

mechanical filtration, mainly by the growing dendrites and cake, began to play a 

remarkable role in trapping aerosols, especially for the smaller ones (40-60 nm) for 

which the efficiency increased while that of others were still decreasing during 3-4 h. 

From 4 h on, after which the enhancement of mechanical filtration exceeded the decline 

of electrostatic filtration, the filtration efficiency increased at high rates with the slowly 

decreasing MPPS (Fig. A6.1, Appendix 1), from 80.0% at 280 nm to 99.1% at 150 nm.  
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Fig. 6.15. Evolution of filtration efficiency (η) of (a) 525-M4-0.765-C-1 and (b) 525-

M4-0.765-C-2 with loading time. 

Similar to 525-S-3.060-C-1, benefitting from the electrostatic effect, 525-M4-

0.765-C-1 had continuously higher filtration efficiency and aerosol deposited mass than 

its uncharged counterpart 525-M4-0.765-U before 100% of filtration efficiency. 

However, the pressure drop of 525-M4-0.765-C-1 was significantly lower than that of 

525-M4-0.765-U with similar loaded mass, especially at higher deposition amount. 

525-M4-0.765-U and 525-M4-0.765-C-1 had pressure drop of 45.9 and 25.7 Pa with 

6.11 and 6.28 gsm of loaded masses, whereas 337.0 and 150.5 Pa with 16.76 and 18.30 

gsm, respectively. The prominently alleviated air flow resistance shows that the 

advantage of charged fibers in uniform aerosol deposition was greatly enhanced 

through redistributing nanofibers in 525-S-3.060-C-1 into each layer of 525-M4-0.765-

C-1. Though 525-M4-0.765-C-1 filtered out more aerosols than 525-S-3.060-C-1 in the 

initial 1 h due to higher initial filtration efficiency, the captured aerosols accumulated 

so fast on the surface of the 1-layer electret filter that it progressed to cake filtration in 
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an extremely short time during which the efficiency of the 4-layer electret filter kept 

decreasing, leading to higher mass of captured aerosols for 525-S-3.060-C-1 after 1 h 

until the complete formation of the cake. 525-M4-0.765-C-1 and 525-S-3.060-C-1 had 

pressure drop values of 18.1 Pa and 21.1 Pa in clean state, respectively. After 1-h 

loading with similar aerosol loaded masses (1.32 and 1.28 gsm, respectively), the 

pressure drop of the former filter increased to 20.8 Pa, about half that of the latter (40.2 

Pa). With additional 1-h loading, 525-M4-0.765-C-1 had an increase of only 2.2 Pa in 

air flow resistance with 1.84 gsm added deposit, in contrast to the huge increase of 50.9 

Pa for 525-S-3.060-C-1 with an additional 2.41 gsm. When complete filtration was 

reached on each filter, it took 12 h for the 4-layer filter with 26.09 gsm of loaded 

aerosols, 9 h longer and 19.29 gsm more than its 1-layer counterpart. The much slower 

saturation rate demonstrated the merits of multilayering for electret filters. During the 

loading process of 525-S-3.060-C-1, which had a high fiber packing density, dendrites 

and cake shielded the filter surface in such a short period that charges as well as fibers 

within the filter were far from being sufficiently used [50]. In contrast, by separating 

fibers to different layers, as the surface of the upstream layers was porous enough, the 

charges on both sides of the fibers in the downstream layers were more accessible to 

aerosols, thus trapping more aerosols while maintaining a significantly lower increase 

rate of pressure drop. Besides, different from 525-M4-0.765-U, each layer of 525-M4-

0.765-C-1 experienced an initial drop of filtration efficiency, hence facilitating the 

penetration of more aerosols through the upstream to downstream layers, and 

consequently more uniform aerosol distribution across the thickness of the electret filter. 

It is also worth noting that the filtration efficiency kept at relatively high values for 

particles of all sizes, indicating that aerosol penetration in the initial loading stage was 

not significant and the filter has a potential for real application.  
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Fig. 6.16. Evolution of pressure drop (Δp) of 525-S-3.060-C-1, 525-M4-0.765-U and 

525-M4-0.765-C-1 with loaded aerosol mass. 

The pressure drop variation of 525-M4-0.765-C-1 with aerosol deposition mass is 

depicted in Fig. 6.16. The 4-layer electret filter had a much lower pressure drop than 

that of the 4-layer uncharged filter and 1-layer electret filter, respectively. This can be 

explained by the more efficient use of electrostatic effect of the electret filter 

downstream of the filter surface after multilayering, by which aerosols could not only 

deposit on the back of fibers but also distributed more uniformly across the filter, 

therefore reducing the formation and growth rates of dendrites and cake at the upstream 

layer that catalyst the formation of skin layer. 
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Fig. 6.17. Evolution of pressure drop (Δp) of 525-M4-0.765-C-1 and 525-M4-0.765-

C-2 with loaded aerosol mass. 

To make a convincing conclusion, another 4-layer electret filter prepared from the 

same batch was used to repeat the loading process. As shown in Fig. 6.15b and Fig. 

6.17, similar result to 525-M4-0.765-C-1 was obtained, indicating the merits of 

multilayering and charging were reliable instead of being random. 

6.3.3.2. Deposition of aerosols on multilayer PVDF electret filters 

The hypothesis of more sufficient use of charged fibers in the multilayer PVDF 

electret filter was further proved by SEM images of loaded filters. Fig. 6.18 and Fig. 

6.19 respectively show different layers of the loaded 525-M4-0.765-C-1 seen from the 

front and the back sides. By comparison, more aerosols can be seen depositing on both 

sides of the fibers of the two middle layers of 525-M4-0.765-C-1 than the fibers deep 

in 525-S-3.060-C-1 (Figs. 6.14c-d), showing more effective use of charged fibers. 

Compared with 525-M4-0.765-U (Fig. 6.7), the aerosol deposition across the four 

layers of 525-M4-0.765-C-1 was more uniform, which was attributed to the role of 
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electrostatic mechanism in aerosol capture [7, 16, 18, 124]. Moreover, many particles 

can be seen adhering to the back side of individual fibers in all layers of 525-M4-0.765-

C-1 (Fig. 6.19) resulting from the charges distributed there, while nearly no particles 

can be observed at the similar positions of 525-M4-0.765-U (Fig. 6.8). Besides, it seems 

that the main size of particles decreases with layer depth for 525-M4-0.765-C-1, while 

this phenomenon was not found for 525-M4-0.765-U. This can be explained by the 

relation between the size of uncharged particles and the strength of induction effect by 

charged fibers. As well known, large particles are prone to charge induction than small 

particles, so electrostatic mechanism is more pronounced for the capture of aerosols 

with bigger size [1, 7]. During the loading process of 525-M4-0.765-C-1, larger 

aerosols were removed more by the first layer and smaller aerosols were more 

penetrating, resulting in relatively high fractions of smaller-sized aerosols in more 

downstream layers. In other words, there was a prominent classification effect on 

particle size with the multilayer electret nanofiber filter. 
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Fig. 6.18. SEM images of (a) and (b) the first, (c) and (d) the second, (e) and (f) the 

third and (g) and (h) the fourth layers of loaded 525-M4-0.765-C-1 seen from the front 

side. 
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Fig. 6.19. SEM images of (a) and (b) the first, (c) and (d) the second, (e) and (f) the 
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third and (g) and (h) the fourth layers of loaded 525-M4-0.765-C-1 seen from the back 

side. 

6.3.4. Theoretical analyses of filter efficiency, loading capacity and pressure drop 

There are three merits for a loaded filter – high efficiency, low pressure drop, and 

high aerosol storage capacity per unit filter area. Here, we denote 1-layer uncharged 

nanofiber filter as SU, 1-layer electret nanofiber filter as SC, 4-layer/multilayer 

uncharged nanofiber filter as MU, 4-layer/multilayer electret nanofiber filter as MC, 

and all 4 filters have a total fiber basis weight of 3.060 gsm. 

6.3.4.1. Efficiency  

The clean filter efficiency of the SU and MU filters were 45.6-62.7% and 40.1-

66.2%, respectively. With longer loading time, the efficiency of the two filters kept 

increasing until a cake was formed at which the efficiency reached 100%. The SU could 

attain 80+% efficiency after 1 h of aerosol loading while the MU needed 8 h of loading 

to attain 80+%. On the other hand, SC had 80.7-88.0% of initial filtration efficiency 

and achieved 100% after 3 h. Different from the other three filters, MC started at much 

higher efficiency of 89.5-98.6% and dropped shortly to 80+% due to shielding of the 

charges but quickly restored back to 100% efficiency when a cake formed on the filter 

surface.  

6.3.4.2. Loading capacity and pressure drop 

It is desirable for a filter to have large aerosol storage capacity but with low 

incurred pressure drop. The typical pressure drop versus loading for a filter is depicted 

in Fig. 6.20.  
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Fig. 6.20. Schematic of pressure drop versus aerosol deposit. 

With reference to the schematic Fig. 6.20, starting from a clean filter with initial 

pressure drop pm, there are two regimes of operation: depth filtration followed by cake 

or surface filtration. During depth filtration, aerosols are trapped and deposited in the 

filter until it reaches Point 1, where the filter efficiency of all challenging aerosols (i.e. 

all sizes) reaches 100%, the total deposited mass reaches Mdep1, and the pressure drop 

has escalated to p1. This point marks the ending of depth filtration and the beginning 

of surface filtration, where the challenging aerosols are captured and form a cake on the 

filter surface. The cake becomes the effective filter media and its thickness keeps 

growing with more aerosol deposition. The pressure drop, p, continues to build up and 

eventually a “structured cake” forms on the filter surface with approximately constant 

permeability or resistivity, which can be determined from the slope of the linear portion 

of the p escalation curve. Once the pressure drop of the entire filter reaches Point 2 in 

Fig. 6.20, with an arbitrary set maximum pressure drop, p2, the filtration operation 

stops and the loaded filter needs to be replaced or regenerated. The following interesting 

issues arise:  
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1) Which filter among the four filters has the maximum aerosol deposit at the end 

of the filtration as imposed/set by the maximum pressure drop p2? 

2) For each filter, how much aerosol is deposited during depth and cake filtration, 

respectively?  

3) What is the pressure drop in depth and cake filtration, respectively?  

4) What is rate of change of pressure drop with additional mass deposit during 

cake buildup [125]? 

Table 6.1 summarizes the essential values for the four filters – SU, MU, SC and 

MC that address the above questions. Obviously, given the total pressure drop increase 

is set as p2 − pm, it is desired to have a small pressure rise gradient in the depth 

filtration (p1 − pm)/MD (= pD/MD) and in cake filtration (p2 − p1)/MC (= 

pC/MC). Both are determined for the four filters in Table 6.1. Unfortunately, we 

typically have a small slope in one regime (e.g. depth filtration) but a much larger slope 

in another regime (e.g. cake filtration) and vice versa, but not in both regimes. The goal 

is to maximize the total aerosol deposit in the filter in both depth filtration MD as well 

as cake filtration MC. This will be apparent in the following parts. 

Table. 6.1. Pressure drop and deposit mass during depth and cake filtration 

Filter media 

Depth filtration Cake or surface filtration 

Clogging 

point 

(gsm) 

(1) End of depth filtration 

(100% efficiency) 
(2) End of cake filtration (reach Δp2 = 800 Pa) 

Name 
Δpm 

(Pa) 
ΔMD 

(gsm) 

Δp1 

(Pa) 

ΔpD = 

(Δp1−Δpm) 

(Pa) 

ΔpD/ΔMD 

(Pa gsm-1) 

Δt 

(h) 

ΔMD+ΔMC 

(gsm) 

ΔMC 

(gsm) 

ΔpC = 

(Δp2−Δp1) 

(Pa) 

ΔpC/ΔMC 

(Pa gsm-1) 

Slope 

(Pa 

gsm-1) 

ΔMC 

/(ΔMD+ΔMC) 

ΔpC 

/(Δp2−Δpm) 

SU 20.8 6.5 180.5 159.7 24.6 4 24.4 17.9 619.5 34.6 39.8 73.4% 79.5% 4.3 

SC 21.1 6.8 167.8 146.7 21.6 3 26.4 19.6 632.2 32.3 34.0 74.2% 81.2% 2.8 

MU 17.1 16.8 337.0 319.9 19.1 14 26.4 9.6 463.0 48.2 49.9 36.4% 59.1% 10.2 

MC 18.1 26.1 316.0 297.9 11.4 12 36.5 10.4 484.0 46.5 49.0 28.5% 61.9% 19.9 
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6.3.4.2.1. SU and SC 

Both SU and SC had a short (3-4 h) depth filtration as a skin formed quickly 

upstream of the filter layer, leaving the downstream layers of the filter not fully utilized 

for aerosol capture. This has been discussed and confirmed previously by the SEM 

images. Interestingly, the total mass deposit in depth filtration from the electret filter 

SC was actually 6.8 gsm, 0.3 gsm more than the uncharged filter SU with deposit of 

6.5 gsm; yet p1 was slightly lower at 167.8 Pa for SC versus 180.5 Pa for SU. This 

was all courtesy of the electrostatic mechanism in assisting capture of the aerosols 

forming a more porous aerosol deposit structure inside the filter, with perhaps lowered 

skin effect. In subsequent cake filtration, 17.9-19.6 gsm of aerosols were deposited in 

form of a cake, the higher deposit was attributed to SC despite there was no added 

electrostatic force due to complete shielding of the charged fibers in the filter by the 

cake, but the cake formed from the electret filter was found to have a more porous 

structure. The pressure drop for cake filtration was higher for SC versus SU, 632.2 Pa 

versus 619.5 Pa, but the rate of increase of pressure drop per additional deposit, 

pC/MC, is actually lower at 32.3 Pa gsm-1 for SC versus 34.6 Pa gsm-1 for SU. This 

indeed supports the assumption that the formed SC cake was more porous and 

permeable. A more direct measure on the pressure drop per deposit mass is obtained 

from the slope of the graph in Fig. 6.12. As seen in Table 6.1, SC gives a slope of 34.0 

Pa gsm-1 while SU gives 39.8 Pa gsm-1. Based on these considerations in both depth 

and cake filtration, the SC filter is better than the SU filter. Interestingly, the clogging 

point (Point 3 in Fig. 6.20) has been suggested for evaluating the filter clogging during 

cake formation. The clogging point is a hypothetical point wherein the aerosol loading 

in the filter during depth filtration is replaced by a hypothetical clogging point 
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corresponding to an initial deposition in the filter at equivalent zero pressure drop. 

Simply put, it is an extrapolation of the “cake line” extending to zero p. Based on this, 

the clogging points for the 4 filters are determined in Table 6.1 for SC as 2.8 gsm and 

SU as 4.3 gsm. From the clogging point consideration, it appears that the SC filter was 

more clogged during depth filtration than SU which is incorrect! As can be seen in 

Table 6.1, the average pD/MD is 21.6 Pa gsm-1 for SC which is lower than 24.6 Pa 

gsm-1 for SU. This casts a shadow of doubt on the use of the clogging point as an index 

for comparison between filters. In fact, what is important is the rate of increase, i.e. 

pD/MD, between the two filters as demonstrated herein. 

6.3.4.2.2. MU and MC                                                                                                                                                                         

The MU allows a better utilization of the filter trapping more aerosols not only in 

the upstream layers but also in the downstream layers as compared to SU. This is even 

more so when the nanofiber filter is charged. As a result, from Table 6.1, 16.8 gsm of 

aerosols had been captured in depth filtration for MU during depth filtration. On the 

other hand, MC had 55.4% more trapped aerosols reaching 26.1 gsm. This is courtesy 

of the charged fibers that trapped aerosols on all faces of the fiber in additional to 

interception mechanism. Further, all the layers across the entire filter depth from 

upstream to downstream layers were fully utilized for capturing aerosols. This provides 

a good combat against the skin effect which affects greatly the 1-layer 

electret/uncharged filters and also the multilayer uncharged filter to some extent. Given 

the aerosols are uniformly distributed across the filter, the pressure drop, p1, is 6.2% 

lower at 316.0 Pa for MC as compared to 337.0 Pa for MU despite it had more aerosols 

trapped. In fact, the average pD/MD for MC is indeed very low at 11.4 Pa gsm-1 while 

that of MU is 19.1 Pa gsm-1. In subsequent cake filtration, the pressure drop rose very 
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steeply with increasing deposit. Such steep rise was attributed to the fact that a cake 

was formed on a filter with both PVDF fibers as well as deposit trapped in the filter that 

acts also like artificial fibers [120]. This is equivalent to a filter with higher fiber 

packing density which results in an impervious cake with high pressure drop to fluid 

flow. Indeed, in surface filtration the MU filter had a further increase in p of 463.0 Pa 

for a 9.6-gsm cake, while MC had an increase in p of 484.0 Pa for a 10.4-gsm cake. 

In fact, pC/MC is 48.2 Pa gsm-1 for MU and is greater than 46.5 Pa gsm-1 for MC, 

given the skin effect for the latter was being reduced. Despite both pressure-drop 

increase is much higher than their counterparts – the 1-layer filters, cake filtration 

duration for the multilayer filters was shorter. From Table 6.1, only 28.5% of aerosol 

deposit was attributed to cake filtration for MC and 36.4% for MU. This demonstrates 

cake filtration was indeed short for the multilayer filters. This is actually favorable, 

otherwise the pressure escalation could be extremely high in cake filtration taking away 

the earlier benefit of depth filtration where most aerosols were deposited.  

In contrary, it is the reverse for 1-layer uncharged and electret filter. From Table 

6.1, 74.2% of aerosol deposit is attributed to cake filtration for SC and 73.4% for SU. 

Majority of the deposit were made during cake filtration for the 1-layer uncharged and 

electret filters, as a skin formed very fast upstream of the filters that quickly changed 

over to cake filtration. The multilayer filters (MC and MU) had a long depth filtration 

period with short steep pressure gradient in cake filtration, whereas the 1-layer filters 

(SC and SU) had short depth filtration (not fully utilizing the downstream fibers) with 

milder pressure rise in cake filtration. The behavior of these 4 filters are rather 

“polarized” but the ultimate question is which filter have the highest capacity for 

trapping and storing aerosols when a pressure limit is imposed on the filtration cycle. 
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In the present study, the pressure limit was set at 800 Pa, which was similar to our early 

investigation [22]. Overall, with a maximum pressure drop of 800 Pa for the filter 

operation, MC had a total capacity of 36.5 gsm, both MU and SC had equal capacity of 

26.4 gsm, and SU had 24.4 gsm. (Note the media resistance for all 4 filters in their clean 

state was within a narrow range between 17.1 and 21.1 Pa, see Table 6.1.) We 

summarize both efficiency and capacity results for the 4 filters in Table 6.2 based on a 

maximum pressure drop of 800 Pa. In order of descending performance based on 

efficiency and capacity, MC is the best followed by SC, then MU, and finally SU. The 

two electret filters are better than their uncharged counterparts. MC has 49.6% more 

storage capacity than SU, and it has also 38.3% more capacity than both SC and MU. 

Note, the clogging point that is used for assessing loading of filters does not provide 

meaningful interpretation on the capacity nor pressure drop in our present filter study 

despite we also include their values in Table 6.1 for reference. 

Table. 6.2. Ranking of 4 filters based on maximum pressure, efficiency and capacity 

Ranking Filter 
Efficiency 

(%) 

Capacity 

(gsm) 

Capacity 

ratio 

Capacity 

ratio 

1 MC 80-100% 36.5 1.50 1.38 

2 SC 80-100% 
26.4 / 1 

3 MU 40-100% 

4 SU 40-100% 24.4 1 / 

 

6.4. Summary 

Comparative experiments were conducted to investigate the differences of aerosol 

loading behaviors between 1-layer and multilayer filters and uncharged and electret 

filters. Distinctive results were acquired and analyzed, which led to several points listed 
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below: 

1) With loaded aerosol mass, the filtration efficiency of uncharged filters increased, 

while that of electret filters initially decreased and then increased until reaching 100%. 

Nonetheless, the electret filters always had higher efficiency than the uncharged 

counterparts before a complete cake was formed on the filters.  

2) For the electret filters during the initial stage of aerosol loading, the deposited 

aerosol influenced the capture efficiency of particles by the shielding of electrostatic 

and the growing mechanical filtration effects, with larger particles more affected by the 

variation of the former effect. 

3) In uncharged state, the 1-layer filter had a lower aerosol holding capacity than 

the multilayer filter with the same basis weights, due to the quick formation of “skin 

layer” from the low filter porosity and the initial high filtration efficiency. 

4) For the 1-layer filter, though the pressure drop was reduced after charging before 

the complete cake formation, the holding capacity of the electret filters was lower than 

that of the uncharged counterparts due to the short initial loading stage from the low 

filter porosity and the high initial filtration efficiency, thus forming the “skin aerosol 

layer” faster and leaving most downstream charged fibers insufficiently utilized. 

However, once a cake layer was formed, the cake had a lower pressure drop for the 1-

layer electret filter than the 1-layer uncharged filter. The cake on the surface of the 

electret filter appears more permeable. 

5) Combining the advantages of multilayering and charging, the multilayer electret 

filter had the best aerosol holding capacity and the highest aerosol distribution 

uniformity, which was further enhanced by the more sufficient use of charges on 

individual fiber across the entire filter depth/thickness. Under the same loading 
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conditions with a maximum pressure drop of 800 Pa, filter performance based on 

efficiency and capacity is in the descending order of:  

a) multilayer electret filter 

b) 1-layer electret filter 

c) multilayer uncharged filter  

d) 1-layer uncharged filter 

6) The multilayer filters had ~70% aerosols trapped in the filter and ~30% trapped 

in the cake, while the 1-layer filters had ~30% aerosols trapped in the filter and ~70% 

trapped in the cake. 

7) The 4-layer electret nanofiber filter with 3.060-gsm basis weight had 52% more 

aerosol holding capacity than the 1-layer uncharged nanofiber filter. It had also 38% 

more aerosol holding capacity than the 1-layer electret nanofiber filter as well as the 4-

layer uncharged nanofiber filter.  
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Chapter 7: Conclusions and Suggestions for Future 

Research 

7.1. Conclusions 

In this study, the properties of multilayer PVDF electret filters for the removal of 

micron- and nano-aerosols were systematically and thoroughly investigated. Defect-

free fibrous PVDF filters were fabricated successfully by the great effort of trail and 

error before use. Their excellent filtration performances were then verified through the 

batches of comparative tests and data analyses. After confirming the superiority of these 

filters, their potential for real environment application was also proved. Based on the 

merits of multilayer PVDF electret filters in short-term filtration, their outstanding 

long-term filtration quality was further demonstrated from the results of heavy aerosol 

loading. Overall, the main findings of this study are summarized as follows: 

1) Fabrication of PVDF filters 

To spin all PVDF filters with good morphology, the PVDF solution properties (e.g. 

polymer molecular weight, solution concentration, solvent composition and additive 

agents) and the electrospinning conditions (e.g. spinning voltage, needle-to-collector 

distance, temperature and humidity) should be finely tuned. Usually, the targeted filter 

characteristics can not be obtained by simply changing one single parameter due to the 

complexity of electrospinning. Instead, several parameters should be coordinately 

adjusted to get the desired filters. 

For the fabrication of PVDF electret filters, a higher charging voltage or a shorter 

charging distance is not necessarily better for improving filtration performance, 

because of the limited charge traps, the unevenness of charge distribution or the 
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potential of electrical breakdown. The two parameters should be set at values within 

proper ranges. 

2) Filtration properties of PVDF filters 

PVDF filters have superior chargeability and their filtration performance can be 

greatly enhanced after charging. However, purely increasing charged fiber amount can 

only lead to diminishing increases in filtration efficiency owing to the electrical 

interference between adjacent fibers. What is worse, because of the high fiber packing 

density, impractically high pressure drop is incurred, which makes the benefit-to-cost 

ratios much lower. On the contrary, without changing the filter basis weight, 

redistributing the fibers from a 1-layer filter into a multilayer filter can not only weaken 

the electrical interference and make individual charged fibers more efficiently used, but 

also alleviate the air flow resistance by increasing filter porosity. The result of 

multilayering is the significantly improved quality factors, which can be as high as 0.18 

Pa-1, while the highest value of the 1-layer electret filter does not reach 0.1 Pa-1.  

Dielectrophoretic filtration effect plays the main role in aerosol capture 

enhancement using PVDF electret filters confirmed through single fiber efficiency 

analysis, which especially benefits large particle attributed to larger induced dipole. The 

single fiber efficiency is proportional to the Cunningham slip factor and the square of 

the aerosol size raised to the power of 0.4. Multilayering can help maintain the single 

fiber efficiency of electret filters at high levels, while 1-layer electret filters tend to have 

low values. 

The PVDF electret filters have superior charge stability. After initial fast decay, 

the surface potential can remain relatively unchanged in 90 days and there is only 
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insignificant drop in filtration efficiency of the multilayer filters, which proves the high 

potential for long-term storage. 

3) Optimization of multilayer PVDF electret filters 

When the aim is to find optimized PVDF electret filters, filtration efficiency and 

quality factor should both be considered as effectiveness and efficientness are equally 

important for filters. Like mechanical filters, electret filters can have high filtration 

efficiency when fiber diameter is overwhelmingly low or filter basis weight is intensely 

high, where the costs are inefficiently high pressure drop and low quality factors. On 

the other hand, quality factors of an electret filter can be much higher than 0.1 Pa-1 when 

filter basis weight is markedly low due to low pressure drop, but the result is ineffective 

removal of aerosols.  

High dielectrophoretic filtration efficiency does not guarantee high filtration 

performance of the 1-layer PVDF electret filters. The relative importance of 

dielectrophoretic filtration effect over mechanical filtration effect is found to be the key 

factor for filter performance improvement. Therefore, a proper filter basis weight is 

needed to not only ensure enough electrostatic effect but also to avoid excessive 

mechanical effect. In this study, the filter 525-S-0.765-C with the highest quality factor 

is chosen as the module layer to compose multilayer PVDF electret filters. The 6-layer 

PVDF electret filter with a mean fiber diameter of 525 nm and a basis weight of 4.590 

gsm is determined as the optimized filter. It has a filtration efficiency value of 98.3% 

and a quality factor of 0.156 Pa-1 for aerosols of 300 nm. Moreover, the pressure drop 

of the optimized filter is only 26.2 Pa, indicating the high potential for further 

improvement in filtration performance. 

4) Performance of multilayer PVDF electret filters in real environment 
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Multilayer PVDF electret filters can work well in real aerosol-laden environment 

and have promising prospect for real applications. Although the oily aerosols and the 

humid air are detrimental to the electret filters, high filtration efficiency and quality 

factors can still be achieved. The efficiency of aerosols of 36.87-433.7 nm follows the 

same trend as that of the tests using lab-generated aerosols, where the efficiency 

increases with aerosol diameter attributed to the stronger dielectrophoretic filtration 

effect on large particles. Aerosols with lower sizes are largely removed thanks to the 

dominant diffusion effect which is independent of electrostatic effects. 

5) Loading behaviors of PVDF filters 

Similar to literature, with aerosol loading, pure mechanical PVDF filters have 

continuously increasing filtration efficiency, while PVDF electret filters have initially 

decreasing and subsequently increasing filtration efficiency until reaching 100%. 

Nevertheless, the filtration efficiency of PVDF electret filters is higher than that of the 

uncharged counterparts before the complete formation of aerosol cake. The efficiency 

variation of the electret filters in the first stage of loading is caused by the shielding of 

electrostatic effect and the growing mechanical filtration effect from the deposited 

aerosols.  

Multilayer PVDF filters can significantly slow down the pace of filter clogging and 

elevate the aerosol holding capacity through more sufficient utilization of downstream 

fibers. The multilayer filters have most of the captured aerosols trapped in the filter, 

while the 1-layer filters in the cake. Moreover, by charging fibers, the aerosols deposit 

on both sides of charged fibers and distribute more uniformly, leading to slower growth 

of dendrites. However, simply charging a 1-layer filter with a relatively high basis 

weight and thus high initial filtration efficiency can only insignificantly improve its 
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aerosol loading performance because an aerosol cake will quickly form on the filter 

surface, leaving most downstream fibers insufficiently used. Multilayering, on the 

contrary, for both mechanical and electret filters, can delay dendrites linkage and 

surface cake formation and make the downstream fibers more accessible. Summarily 

speaking, charging and multilayering improve the aerosol distribution on the individual 

fibers and across the filter, respectively. Under the same loading conditions with a 

maximum pressure drop of 800 Pa, filter performance based on efficiency and capacity 

is in the descending order of multilayer electret filter, 1-layer electret filter, multilayer 

uncharged filter and 1-layer uncharged filter. 

To conclude, multilayer PVDF electret filters possess excellent filtration 

performance for both short-term and long-term aerosol filtration, as well as high 

stability during storage. They have a great potential for commercial use in the fields of 

personal health care and environmental protection. 

7.2. Suggestions for future research 

In this study, the application potential of multilayer PVDF electret filters was 

investigated and some positive results were obtained. Nevertheless, more work can be 

done to investigate filter behaviors in depth. The suggestions for future work are listed 

as below: 

1) Improve surface potential of electret filters by modifying the charging device 

Although the filtration performance of PVDF filters was improved after charging 

using the home-made corona discharge device, the filter surface potentials were 

relatively low even with the optimized charging condition. This drawback seriously 

limits further improvement in filtration efficiency. The charging device should be 
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modified, maybe through inserting a metal grid between the two electrodes or adding a 

heating/freezing unit for filters, to achieve higher surface potentials. By doing this, the 

efficiency of PVDF electret filters can be greatly enhanced with fewer fibers and lower 

pressure drop.   

2) Find a model to show the interference between charged fibers 

The improved filtration efficiency after redistributing charged fibers into multiple 

layers was suggested to be caused by the reduced electrical interference between 

adjacent fibers. Nevertheless, this was only indirectly proved by the higher single fiber 

efficiency. It would be best if a model is created to simulate the electric field in an 

electret filter and the electrostatic force a neutral particle experiences when approaching 

the filter. By doing this, the mechanism proposed in this study will be further confirmed. 

3) Test filter efficiency in real time instead of at intervals 

During aerosol loading in this study, filtration efficiency of filters for aerosols with 

a wide size range were acquired at long intervals, because it would take impractical 

long time if the measurement was taken constantly. The aim of testing the efficiency 

for aerosols of a range was to study the variation of MPPS. However, the detailed 

variation of filtration efficiency with loaded aerosol mass was not obtained. To get a 

clearer efficiency evolution, aerosols with a certain size can be selected for efficiency 

test at intensely short intervals to have more data points.     

4) Establish the relationship between filter properties and aerosol holding capacity 

This study found that filter porosity and charging state could affect the aerosol 

holding capacities of filters. But the exact relationship between filter physical properties 

and aerosol holding ability was not established. More work needs to be done to 
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investigate the change of clogging point with varied parameters, including fiber 

diameter, filter porosity, filter thickness, aerosol size and filter charge density. 

Hopefully, an empirical equation can be derived, which helps to predict the aerosol 

holding capacities of other electret filters.  

5) Real-time monitoring of the processes of dendrites and cake formation 

In this study, as well as in literature, the images of loaded aerosols were always 

taken after the loading processes finished in case of filter destruction brought by 

sampling. These images only showed dendrites or cake at a certain stage of loading, 

instead of the whole formation process. Besides, preparing samples of loaded filters 

will inevitably damage the structures of aerosol aggregates to some extent, however 

carefully the preparation is done. This means the images obtained may not reflect the 

real properties. Although some efforts have been made to simulate the trajectories of 

aerosol deposition and the formation of dendrites on filters, the reliability of the 

simulations still needs to be verified. Therefore, new technologies should be developed 

to monitor aerosol movement and deposition in real time, which will also facilitate the 

interpretation of filtration efficiency variation during aerosol loading. 

6) Influences of pre-treatment and post-treatment on filtration performance 

Since filters are exposed to real environment when applied as face masks, 

performance of filters tends to be affected by various conditions. It is of necessity that 

filtration tests are carried out after treatment using physical methods (e.g. heating or 

UV radiation) and chemical methods (e.g. immersion in water or organic solvents) to 

test the resistance of filters. 
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Alternatively, these treatment methods can be investigated to disinfect filters or 

restore filter performance after the filters are used for a relatively long time, especially 

when personal protective equipment is in short supply in many countries during a 

pandemic.   
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Appendices 

Appendix 1. – Figures 

 

Fig. A3.1. Electrospinning apparatus used for spinning PVDF fibrous filters in this 

study. 
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Fig. A3.2. Corona discharge set-up used for charging PVDF filters in this study. 
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Fig. A3.3. Apparatus for surface potential (SP) tests in this study. 
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Fig. A3.4. SMAG system used for aerosol filtration tests and loading of filters in this 

study. 
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Fig. A4.1. Filtration efficiency (η) of 84-nm (a) 1-layer and (b) multilayer PVDF filters; 

quality factors (QF) of 84-nm (c) 1-layer and (d) multilayer PVDF filters. (Filters were 

in uncharged or charged state with varied layer filter weights. Note 84-S-0.191 and 84-

M1-0.191 denote the same filter.) 
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Fig. A4.2. Filtration efficiency (η) of 191-nm (a) 1-layer and (b) multilayer PVDF 

filters; quality factors (QF) of 191-nm (c) 1-layer and (d) multilayer PVDF filters. 

(Filters were in uncharged or charged state with varied filter basis weights. Note 191-

S-0.191 and 191-M1-0.191 denote the same filter.) 
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Fig. A4.3. Filtration efficiency (η) of 349-nm (a) 1-layer and (b) multilayer PVDF 

filters; quality factors (QF) of 349-nm (c) 1-layer and (d) multilayer PVDF filters. 

(Filters were in uncharged or charged state with varied filter basis weights. Note 349-

S-0.191 and 349-M1-0.191 denote the same filter.) 
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Fig. A4.4. Filtration efficiency (η) of 525-nm (a) 1-layer and (b) multilayer PVDF 

filters; quality factors (QF) of 525-nm (c) 1-layer and (d) multilayer PVDF filters. 

(Filters were in uncharged or charged state with varied filter basis weights. Note 525-

S-0.191 and 525-M1-0.191 denote the same filter.) 
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Fig. A4.5. Pressure drop (Δp) of 1-layer and multilayer PVDF filters with varied filter 

basis weights and fiber sizes. (Each filter had the same pressure drop in uncharged and 

charged states.) 
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Fig. A4.6. MPPS of (a) 1-layer uncharged, (b) multilayer uncharged, (c) 1-layer electret 

and (d) multilayer electret PVDF filters with varied fiber sizes and filter basis weights. 
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Fig. A4.7. Filtration efficiency (η) of the optimized 525-nm (a) 1-layer and (b) 

multilayer PVDF filters; quality factors (QF) of the optimized 525-nm (c) 1-layer and 

(d) multilayer PVDF filters. (Filters were in uncharged or charged state with varied 

layer basis weights. Note 525-S-0.765 and 525-M1-0.765 denote the same filter.) 
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Fig. A6.1. Variation of most penetrating particle size (MPPS) of different filters with 

loaded aerosol mass (Mdep).  
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Appendix 2. – Tables 

Table A1. Physical properties of 450-nm PVDF filters and PP substrate 

Chapter 

 

Filter 

df 

(nm) 

W 

(gsm) 

η of 300-nm 

NaCl aerosol 

(%) 

QF of 300-nm 

NaCl aerosol 

(Pa-1) 

Δp at 5.3 cm s-1 

(Pa) 

3  450-S-0.87-P 450 0.87 13.9 0.034 4.4 

3  450-S-0.87-C 450 0.87 44.5 0.137 4.3 

3  450-S-1.75-P 450 1.75 17.2 0.031 6.1 

3  450-S-1.75-C 450 1.75 50.4 0.125 5.6 

3  450-S-1.75-U 450 1.75 14.8 0.029 5.6 

3  450-S-3.46-P 450 3.46 28.1 0.024 13.8 

3  450-S-3.46-C 450 3.46 53.7 0.058 13.2 

3  450-S-5.10-P 450 5.10 36.3 0.023 20 

3  450-S-5.10-C 450 5.10 58.4 0.045 19.3 

3  450-S-6.98-P 450 6.98 52.7 0.020 37.7 

3  450-S-6.98-C 450 6.98 67.0 0.031 35.9 

3  450-M2-1.75-P 450 3.46 36.9 0.037 12.4 

3  450-M2-1.75-C 450 3.46 80.3 0.138 11.8 

3  450-M3-1.75-P 450 5.10 46.3 0.035 17.8 

3  450-M3-1.75-C 450 5.10 90.1 0.135 17.2 

3  450-M4-1.75-P 450 6.98 56.9 0.035 24.1 

3  450-M4-1.75-C 450 6.98 95.0 0.128 23.3 

3  450-M2-0.87-P 450 1.75 29.9 0.050 7.1 
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3  450-M2-0.87-C 450 1.75 67.7 0.161 7.0 

3  450-M4-0.87-P 450 3.46 52.2 0.049 14.9 

3  450-M4-0.87-C 450 3.46 87.1 0.145 14.1 

3  450-M6-0.87-P 450 5.10 62.4 0.046 21.3 

3  450-M6-0.87-C 450 5.10 93.6 0.139 19.8 

3  450-M8-0.87-P 450 6.98 68.2 0.044 26.2 

3  450-M8-0.87-C 450 6.98 98.0 0.154 25.2 

4  84-S-0.191-U 84 0.191 29.3 0.030 11.4 

4  84-S-0.191-C 84 0.191 63.7 0.089 11.4 

4  84-S-0.383-U 84 0.383 57.6 0.027 31.9 

4  84-S-0.383-C 84 0.383 80.8 0.052 31.9 

4  84-S-0.574-U 84 0.574 76.2 0.026 55.5 

4  84-S-0.574-C 84 0.574 85.5 0.035 55.5 

4  84-S-0.765-U 84 0.765 84.2 0.023 78.7 

4  84-S-0.765-C 84 0.765 89.7 0.029 78.7 

4  84-M2-0.191-U 84 0.383 47.1 0.030 21.5 

4  84-M2-0.191-C 84 0.383 88.9 0.102 21.5 

4  84-M3-0.191-U 84 0.574 57.8 0.029 29.8 

4  84-M3-0.191-C 84 0.574 93.6 0.092 29.8 

4  84-M4-0.191-U 84 0.765 68.2 0.029 39.5 

4  84-M4-0.191-C 84 0.765 96.5 0.085 39.5 

4  191-S-0.191-U 191 0.191 14.9 0.026 6.3 

4  191-S-0.191-C 191 0.191 54.7 0.126 6.3 

4  191-S-0.383-U 191 0.383 19.6 0.014 15.6 
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4  191-S-0.383-C 191 0.383 68.4 0.074 15.6 

4  191-S-0.574-U 191 0.574 31.8 0.013 29.2 

4  191-S-0.574-C 191 0.574 73.7 0.046 29.2 

4  191-S-0.765-U 191 0.765 38.9 0.012 40.3 

4  191-S-0.765-C 191 0.765 79.2 0.039 40.3 

4  191-M2-0.191-U 191 0.383 23.0 0.024 10.8 

4  191-M2-0.191-C 191 0.383 78.7 0.143 10.8 

4  191-M3-0.191-U 191 0.574 28.1 0.022 14.7 

4  191-M3-0.191-C 191 0.574 83.4 0.122 14.7 

4  191-M4-0.191-U 191 0.765 35.9 0.022 20.1 

4  191-M4-0.191-C 191 0.765 88.7 0.109 20.1 

4  349-S-0.191-U 349 0.191 11.1 0.024 4.9 

4  349-S-0.191-C 349 0.191 48.3 0.135 4.9 

4  349-S-0.383-U 349 0.383 13.7 0.018 8.4 

4  349-S-0.383-C 349 0.383 64.5 0.123 8.4 

4  349-S-0.574-U 349 0.574 18.9 0.016 12.9 

4  349-S-0.574-C 349 0.574 66.8 0.085 12.9 

4  349-S-0.765-U 349 0.765 22.5 0.015 16.9 

4  349-S-0.765-C 349 0.765 69.9 0.071 16.9 

4  349-M2-0.191-U 349 0.383 16.6 0.022 8.2 

4  349-M2-0.191-C 349 0.383 70.3 0.148 8.2 

4  349-M3-0.191-U 349 0.574 20.1 0.020 11.2 

4  349-M3-0.191-C 349 0.574 75.3 0.125 11.2 

4  349-M4-0.191-U 349 0.765 24.3 0.019 15 
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4  349-M4-0.191-C 349 0.765 81.3 0.112 15 

4  525-S-0.191-U 525 0.191 8.5 0.025 3.6 

4  525-S-0.191-C 525 0.191 41.2 0.147 3.6 

4  525-S-0.383-U 525 0.383 10.1 0.026 4.1 

4  525-S-0.383-C 525 0.383 48.9 0.164 4.1 

4  525-S-0.574-U 525 0.574 11.2 0.026 4.5 

4  525-S-0.574-C 525 0.574 55.6 0.181 4.5 

4  525-S-0.765-U 525 0.765 13.5 0.028 5.1 

4  525-S-0.765-C 525 0.765 61.3 0.186 5.1 

4  525-M2-0.191-U 525 0.383 10.7 0.020 5.6 

4  525-M2-0.191-C 525 0.383 57.2 0.152 5.6 

4  525-M3-0.191-U 525 0.574 14.4 0.018 8.5 

4  525-M3-0.191-C 525 0.574 66.9 0.130 8.5 

4  525-M4-0.191-U 525 0.765 18.0 0.018 11.1 

4  525-M4-0.191-C 525 0.765 75.8 0.128 11.1 

4  525-S-1.530-U 525 1.530 17.9 0.020 9.8 

4  525-S-1.530-C 525 1.530 64.9 0.107 9.8 

4  525-S-2.295-U 525 2.295 24.3 0.019 14.8 

4  525-S-2.295-C 525 2.295 69.6 0.080 14.8 

4  525-S-3.060-U 525 3.060 34.8 0.020 21.5 

4  525-S-3.060-C 525 3.060 76.3 0.067 21.5 

4  525-M2-0.765-U 525 1.530 19.6 0.023 9.4 

4  525-M2-0.765-C 525 1.530 76.7 0.155 9.4 

4  525-M3-0.765-U 525 2.295 26.6 0.022 13.8 
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4  525-M3-0.765-C 525 2.295 87.7 0.152 13.8 

4  525-M4-0.765-U 525 3.060 32.8 0.022 18.4 

4  525-M4-0.765-C 525 3.060 95.1 0.164 18.4 

4  525-M6-0.765-C 525 4.590 98.3 0.156 26.2 

5  525-S-0.765-U 525 0.765 5.6 0.010 5.5 

5  525-S-0.765-C 525 0.765 18.9 0.038 5.5 

5  525-S-1.530-U 525 1.530 21.6 0.024 10.0 

5  525-S-1.530-C 525 1.530 57.5 0.086 10.0 

5  525-S-2.295-U 525 2.295 n/a n/a 14.4 

5  525-S-2.295-C 525 2.295 50.4 0.049 14.4 

5  525-S-3.060-U 525 3.060 49.5 0.031 22.3 

5  525-S-3.060-C 525 3.060 69.9 0.054 22.3 

5  525-M2-0.765-U 525 1.530 28.0 0.037 8.9 

5  525-M2-0.765-C 525 1.530 69.8 0.135 8.9 

5  525-M3-0.765-U 525 2.295 22.0 0.018 13.5 

5  525-M3-0.765-C 525 2.295 77.9 0.112 13.5 

5  525-M4-0.765-U 525 3.060 74.4 0.074 18.3 

5  525-M4-0.765-C 525 3.060 86.9 0.111 18.3 

5  525-M6-0.765-U 525 4.590 75.1 0.054 25.9 

5  525-M6-0.765-C 525 4.590 95.9 0.124 25.9 

6  525-S-3.060-U 525 3.060 46.4 0.030 20.8 

6  525-S-3.060-C-1 525 3.060 86.3 0.094 21.1 

6  525-S-3.060-C-2 525 3.060 85.2 0.078 24.5 

6  525-S-3.060-C-3 525 3.060 77.7 0.084 17.9 
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6  525-M4-0.765-U 525 3.060 40.5 0.030 17.1 

6 

 525-M4-0.765-

C-1 

525 3.060 96.3 

0.183 

18.1 

6 

 525-M4-0.765-

C-2 

525 3.060 97.7 

0.221 

17.1 
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Table A2. Loading data of 525-M4-0.765-C-1 

 

Annotation: U = 5.3 cm s-1, aerosol material: NaCl, p = 2165 kg m-3.  

Channel

Size bin 

geometric 

mean 

diameter 

d p (nm)

c (d p, τ ) 

(cm
-3

)

η (d p, τ ) 

(%)

M dep(d p, 

Δτ )

(g m
-2

)

c (d p, τ ) 

(cm
-3

)

η (d p, τ ) 

(%)

M dep(d p, 

Δτ )

(g m
-2

)

c (d p, τ ) 

(cm
-3

)

η (d p, τ ) 

(%)

M dep(d p, 

Δτ )

(g m
-2

)

c (d p, τ ) 

(cm
-3

)

η (d p, τ ) 

(%)

M dep(d p, 

Δτ )

(g m
-2

)

c (d p, τ ) 

(cm
-3

)

η (d p, τ ) 

(%)

M dep(d p, 

Δτ )

(g m
-2

)

1 39.6 155572 89.5 0.0009 155572 89.3 0.0009 136958 88.3 0.0016 97856 88.1 0.0012 142231 91.3 0.0017

2 41.34 183583 89.5 0.0013 183583 89.3 0.0013 150669 88.3 0.0020 114581 88.1 0.0015 166158 91.0 0.0023

3 43.17 199889 89.5 0.0016 199889 89.3 0.0016 177406 88.3 0.0027 130394 88.1 0.0020 196031 90.8 0.0031

4 45.08 223000 89.5 0.0020 223000 89.3 0.0020 201139 88.3 0.0035 147561 88.1 0.0026 216806 90.4 0.0039

5 47.08 252250 89.5 0.0025 252250 89.3 0.0025 216139 88.3 0.0043 164531 88.0 0.0033 237972 90.2 0.0048

6 49.18 270250 89.5 0.0031 270250 89.3 0.0031 238222 88.3 0.0054 183386 88.0 0.0042 260972 89.8 0.0060

7 51.38 280111 89.5 0.0037 280111 89.3 0.0037 255194 88.3 0.0066 190814 88.0 0.0049 278167 89.5 0.0073

8 53.69 297694 89.5 0.0045 297694 89.3 0.0044 270722 88.3 0.0080 198603 88.0 0.0058 294500 89.1 0.0088

9 56.1 304778 89.5 0.0052 304778 89.3 0.0052 277000 88.4 0.0093 209158 88.0 0.0070 307028 88.8 0.0104

10 58.63 306722 89.5 0.0060 306722 89.3 0.0060 286556 88.4 0.0110 212811 87.9 0.0082 320722 88.5 0.0124

11 61.3 307389 89.5 0.0069 307389 89.3 0.0068 289194 88.4 0.0127 222253 87.9 0.0097 324250 88.2 0.0142

12 64.08 312278 89.6 0.0080 312278 89.4 0.0079 291194 88.5 0.0147 229139 87.9 0.0115 320444 87.8 0.0160

13 67.01 310694 89.7 0.0091 310694 89.4 0.0090 295111 88.5 0.0170 230333 87.8 0.0132 318528 87.4 0.0181

14 70.09 303306 89.8 0.0101 303306 89.5 0.0101 292306 88.5 0.0193 233083 87.8 0.0152 312611 87.1 0.0203

15 73.33 289028 90.0 0.0111 289028 89.7 0.0111 285000 88.6 0.0215 231389 87.8 0.0173 303972 86.8 0.0225

16 76.73 280667 90.2 0.0124 280667 89.9 0.0123 274694 88.6 0.0238 228528 87.7 0.0196 298639 86.5 0.0252

17 80.3 272222 90.4 0.0138 272222 90.1 0.0137 267194 88.7 0.0265 227306 87.7 0.0223 285028 86.2 0.0275

18 84.06 259028 90.5 0.0151 259028 90.2 0.0150 260667 88.8 0.0297 220917 87.7 0.0249 274444 85.9 0.0303

19 88.02 246306 90.7 0.0165 246306 90.3 0.0164 252889 88.8 0.0331 214611 87.7 0.0278 266167 85.7 0.0336

20 92.2 231778 90.8 0.0178 231778 90.5 0.0178 241750 88.9 0.0364 203669 87.7 0.0303 251278 85.4 0.0364

21 96.59 217139 90.9 0.0192 217139 90.6 0.0192 232333 89.0 0.0403 199478 87.7 0.0341 240278 85.2 0.0399

22 101.2 200111 91.1 0.0204 200111 90.7 0.0204 216139 89.0 0.0431 194897 87.7 0.0383 224778 85.0 0.0428

23 106.1 182361 91.3 0.0215 182361 90.9 0.0214 202917 89.1 0.0467 174572 87.7 0.0395 212833 84.8 0.0466

24 111.3 168017 91.5 0.0229 168017 91.0 0.0228 189917 89.1 0.0505 164683 87.7 0.0430 196778 84.7 0.0497

25 116.7 149164 91.7 0.0235 149164 91.2 0.0234 175808 89.2 0.0539 155889 87.6 0.0470 178861 84.5 0.0520

26 122.5 136739 91.9 0.0250 136739 91.3 0.0248 159244 89.2 0.0565 144333 87.6 0.0503 162519 84.3 0.0545

27 128.6 118778 92.1 0.0252 118778 91.5 0.0250 147900 89.3 0.0607 132153 87.6 0.0533 148061 84.1 0.0573

28 135 103756 92.2 0.0255 103756 91.6 0.0253 132725 89.3 0.0631 121092 87.6 0.0564 132689 83.9 0.0593

29 141.9 90811 92.4 0.0259 90811 91.7 0.0257 116644 89.4 0.0644 106614 87.6 0.0577 115014 83.7 0.0595

30 149.1 78842 92.5 0.0261 78842 91.8 0.0260 106656 89.5 0.0684 92264 87.5 0.0579 101294 83.5 0.0607

31 156.8 66078 92.6 0.0255 66078 92.0 0.0253 91628 89.5 0.0684 84037 87.5 0.0613 87808 83.3 0.0610

32 164.9 57322 92.7 0.0258 57322 92.1 0.0256 83958 89.6 0.0730 73887 87.5 0.0627 75925 83.1 0.0612

33 173.6 48803 92.9 0.0256 48803 92.1 0.0254 70658 89.7 0.0718 63359 87.5 0.0627 65647 82.9 0.0616

34 182.8 39814 93.0 0.0245 39814 92.3 0.0243 60956 89.9 0.0724 54688 87.5 0.0632 54897 82.7 0.0600

35 192.6 32063 93.2 0.0231 32063 92.4 0.0229 52467 90.1 0.0731 44269 87.4 0.0598 46608 82.6 0.0595

36 203 26317 93.3 0.0222 26317 92.6 0.0220 44133 90.3 0.0721 36344 87.4 0.0575 40069 82.4 0.0598

37 214.1 19893 93.6 0.0198 19893 92.7 0.0196 36958 90.4 0.0709 31215 87.3 0.0579 32156 82.2 0.0561

38 226 14999 94.0 0.0176 14999 92.9 0.0174 30194 90.6 0.0683 26206 87.3 0.0571 26308 82.0 0.0539

39 238.7 12034 94.4 0.0167 12034 93.1 0.0165 25550 90.7 0.0682 21441 87.2 0.0550 20787 81.7 0.0500

40 252.2 9091 94.9 0.0150 9091 93.3 0.0147 19377 90.9 0.0611 16292 87.2 0.0493 16130 81.5 0.0456

41 266.7 6728 95.3 0.0132 6728 93.5 0.0129 15418 91.0 0.0576 12966 87.1 0.0463 12468 81.4 0.0417

42 282.3 4974 95.9 0.0116 4974 93.8 0.0114 12023 91.2 0.0534 9815 87.1 0.0416 9371 81.4 0.0371

43 298.9 3481 96.3 0.0097 3481 94.1 0.0095 9306 91.4 0.0491 7289 87.2 0.0367 6838 81.4 0.0322

44 316.8 2306 96.6 0.0077 2306 94.4 0.0075 6583 91.6 0.0415 5528 87.3 0.0332 4792 81.5 0.0269

45 335.9 1543 96.8 0.0061 1543 94.5 0.0060 4445 91.7 0.0334 3745 87.4 0.0268 3016 81.7 0.0202

46 356.5 849 97.0 0.0040 849 94.7 0.0039 2790 91.9 0.0251 2413 87.4 0.0207 1805 82.0 0.0145

47 378.7 463 97.3 0.0026 463 95.0 0.0026 1690 92.2 0.0183 1405 87.5 0.0144 919 82.4 0.0089

48 402.5 250 97.5 0.0017 250 95.2 0.0017 903 92.4 0.0118 738 87.5 0.0091 446 82.7 0.0052

49 428.2 190 97.8 0.0016 190 95.4 0.0015 436 92.7 0.0069 357 87.6 0.0053 181 83.3 0.0026

50 455.8 92 98.1 0.0009 92 95.7 0.0009 174 93.0 0.0033 155 87.7 0.0028 71 83.8 0.0012

51 485.7 118 98.5 0.0014 118 96.0 0.0014 92 93.4 0.0021 101 87.9 0.0022 59 84.4 0.0012

M dep(Δτ ) (g m
-2

)

M dep(τ ) (g m
-2

)

1.59

6.3

0.66

0.7

0.66

1.3

1.84

3.2

1.54

4.7

0-0.5 h 0.5-1 h 1-2 h 2-3 h 3-4 h
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Annotation: U = 5.3 cm s-1, aerosol material: NaCl, p = 2165 kg m-3. 

Channel

Size bin 

geometric 

mean 

diameter 

d p (nm)

c (d p, τ ) 

(cm
-3

)

η (d p, τ ) 

(%)

M dep(d p, 

Δτ )

(g m
-2

)

c (d p, τ ) 

(cm
-3

)

η (d p, τ ) 

(%)

M dep(d p, 

Δτ )

(g m
-2

)

c (d p, τ ) 

(cm
-3

)

η (d p, τ ) 

(%)

M dep(d p, 

Δτ )

(g m
-2

)

c (d p, τ ) 

(cm
-3

)

η (d p, τ ) 

(%)

M dep(d p, 

Δτ )

(g m
-2

)

c (d p, τ ) 

(cm
-3

)

η (d p, τ ) 

(%)

M dep(d p, 

Δτ )

(g m
-2

)

1 39.6 129083 93.1 0.0016 91019 93.1 0.0011 99672 97.0 0.0013 108817 97.0 0.0014 107044 98.7 0.0014

2 41.34 151142 92.8 0.0021 108400 92.8 0.0015 116750 96.6 0.0017 126375 96.6 0.0019 128125 98.4 0.0019

3 43.17 170022 92.4 0.0027 129942 92.4 0.0021 137497 96.1 0.0023 151197 96.1 0.0025 157389 97.9 0.0027

4 45.08 197522 91.9 0.0036 144286 91.9 0.0026 153231 95.5 0.0029 176131 95.5 0.0033 173953 97.4 0.0034

5 47.08 220778 91.5 0.0046 167006 91.5 0.0035 170875 95.1 0.0037 198925 95.1 0.0043 192300 97.0 0.0042

6 49.18 226694 91.1 0.0053 184103 91.1 0.0043 185672 94.5 0.0045 214050 94.5 0.0052 211833 96.5 0.0053

7 51.38 248722 90.8 0.0066 195078 90.8 0.0052 207889 94.1 0.0057 231806 94.1 0.0064 225686 96.1 0.0064

8 53.69 269944 90.4 0.0082 198150 90.4 0.0060 226639 93.7 0.0071 246417 93.7 0.0077 237528 95.6 0.0076

9 56.1 279083 90.1 0.0096 213625 90.1 0.0074 233778 93.4 0.0083 256083 93.4 0.0091 258806 95.2 0.0094

10 58.63 286528 89.7 0.0112 221944 89.7 0.0087 246806 93.0 0.0100 273778 93.0 0.0111 270028 94.8 0.0112

11 61.3 302056 89.4 0.0134 238917 89.4 0.0106 254083 92.7 0.0117 275917 92.7 0.0127 281528 94.5 0.0132

12 64.08 299583 88.8 0.0151 242500 88.8 0.0123 266500 92.3 0.0140 270889 92.3 0.0142 298139 94.2 0.0160

13 67.01 295028 88.2 0.0169 246472 88.2 0.0142 267361 91.8 0.0160 274889 91.8 0.0164 297194 93.9 0.0182

14 70.09 292722 87.8 0.0191 246556 87.8 0.0161 280000 91.4 0.0191 283000 91.4 0.0193 303139 93.7 0.0212

15 73.33 289528 87.3 0.0215 249139 87.3 0.0185 279444 91.0 0.0217 283000 91.0 0.0220 303028 93.4 0.0241

16 76.73 288917 86.9 0.0245 247694 86.9 0.0210 278778 90.6 0.0247 275389 90.6 0.0244 309806 93.2 0.0282

17 80.3 278556 86.5 0.0270 242917 86.5 0.0235 274611 90.2 0.0277 273111 90.2 0.0276 303917 93.0 0.0316

18 84.06 274611 86.2 0.0304 240389 86.2 0.0266 272083 89.8 0.0314 269306 89.8 0.0311 294694 92.8 0.0351

19 88.02 258389 86.0 0.0328 229667 86.0 0.0291 268806 89.5 0.0355 259917 89.5 0.0343 286667 92.6 0.0392

20 92.2 245583 85.7 0.0357 230778 85.7 0.0335 267806 89.2 0.0405 244722 89.2 0.0370 279556 92.4 0.0438

21 96.59 236889 85.5 0.0395 224139 85.5 0.0373 254861 88.8 0.0441 233972 88.8 0.0405 273944 92.3 0.0493

22 101.2 224139 85.2 0.0428 214167 85.2 0.0409 246944 88.3 0.0489 220444 88.3 0.0436 261722 92.0 0.0540

23 106.1 213333 85.0 0.0468 207389 85.0 0.0455 241889 87.8 0.0548 211083 87.8 0.0479 246083 91.8 0.0584

24 111.3 192164 84.7 0.0486 195556 84.7 0.0494 233389 87.3 0.0608 197194 87.3 0.0514 232722 91.6 0.0636

25 116.7 179708 84.4 0.0522 190069 84.4 0.0552 225944 86.8 0.0674 184783 86.8 0.0551 220622 91.4 0.0693

26 122.5 165189 84.1 0.0552 177233 84.1 0.0592 208806 86.2 0.0716 172669 86.2 0.0592 204278 91.2 0.0741

27 128.6 145803 83.7 0.0561 161450 83.7 0.0621 197197 85.7 0.0778 154694 85.7 0.0610 181294 91.1 0.0759

28 135 132817 83.2 0.0588 147550 83.2 0.0653 188381 85.3 0.0855 136728 85.3 0.0620 162181 90.9 0.0785

29 141.9 118439 82.8 0.0606 132981 82.8 0.0680 169819 84.8 0.0890 122992 84.8 0.0645 141581 90.9 0.0795

30 149.1 103522 82.3 0.0611 117914 82.3 0.0696 155667 84.4 0.0942 106678 84.4 0.0646 123742 90.8 0.0805

31 156.8 92844 81.8 0.0634 104161 81.8 0.0711 139911 84.0 0.0980 91006 84.0 0.0638 115222 90.7 0.0871

32 164.9 80025 81.5 0.0632 92058 81.5 0.0727 120575 83.7 0.0979 78936 83.7 0.0641 95869 90.6 0.0842

33 173.6 65897 81.2 0.0605 79419 81.2 0.0729 108542 83.4 0.1024 66983 83.4 0.0632 84042 90.6 0.0861

34 182.8 56358 80.9 0.0602 68289 80.9 0.0730 94592 83.0 0.1037 55953 83.0 0.0614 70431 90.6 0.0843

35 192.6 48689 80.7 0.0607 58200 80.7 0.0725 79850 82.5 0.1017 46598 82.5 0.0594 58701 90.7 0.0822

36 203 38041 80.5 0.0554 48572 80.5 0.0707 68683 82.1 0.1021 38181 82.1 0.0567 47303 90.8 0.0777

37 214.1 31558 80.3 0.0538 39719 80.3 0.0677 59250 82.1 0.1032 31169 82.1 0.0543 39142 90.8 0.0755

38 226 25017 80.3 0.0501 32441 80.3 0.0650 49983 82.3 0.1026 25086 82.3 0.0515 30866 90.8 0.0700

39 238.7 18716 80.1 0.0441 27603 80.1 0.0651 41664 82.5 0.1011 19223 82.5 0.0467 24682 90.9 0.0660

40 252.2 15066 80.1 0.0419 21659 80.1 0.0602 33889 82.8 0.0974 14875 82.8 0.0427 19857 90.9 0.0626

41 266.7 11739 80.0 0.0385 16545 80.0 0.0543 26872 83.1 0.0917 10851 83.1 0.0370 12979 91.0 0.0485

42 282.3 8437 80.0 0.0329 12340 80.0 0.0481 20209 83.4 0.0820 7817 83.4 0.0317 9719 91.3 0.0432

43 298.9 5687 80.1 0.0263 8993 80.1 0.0416 15485 83.5 0.0746 5419 83.5 0.0261 6926 91.7 0.0367

44 316.8 4073 80.2 0.0225 6537 80.2 0.0360 11568 83.6 0.0665 3667 83.6 0.0211 4477 91.9 0.0283

45 335.9 2584 80.3 0.0170 4022 80.3 0.0265 7911 83.9 0.0544 2312 83.9 0.0159 2956 92.1 0.0223

46 356.5 1345 80.5 0.0106 2512 80.5 0.0198 5069 84.0 0.0417 1381 84.0 0.0114 1712 92.2 0.0155

47 378.7 759 80.9 0.0072 1425 80.9 0.0135 3093 84.2 0.0306 720 84.2 0.0071 891 92.4 0.0097

48 402.5 320 81.2 0.0037 670 81.2 0.0077 1657 84.3 0.0197 339 84.3 0.0040 540 92.5 0.0070

49 428.2 116 81.6 0.0016 301 81.6 0.0042 898 84.6 0.0129 159 84.6 0.0023 297 92.8 0.0047

50 455.8 43 81.8 0.0007 123 81.8 0.0021 393 84.8 0.0068 80 84.8 0.0014 124 92.9 0.0024

51 485.7 54 82.0 0.0011 88 82.0 0.0018 233 85.2 0.0049 75 85.2 0.0016 147 93.1 0.0034

M dep(Δτ ) (g m
-2

)

M dep(τ ) (g m
-2

)

2.48

12.0

1.56

13.6

2.00

15.6

1.53

7.8

1.75

9.6

5-6 h 6-7 h 7-8 h 8-9 h4-5 h
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Annotation: U = 5.3 cm s-1, aerosol material: NaCl, p = 2165 kg m-3. 

Channel

Size bin 

geometric 

mean 

diameter 

d p (nm)

c (d p, τ ) 

(cm
-3

)

η (d p, τ ) 

(%)

M dep(d p, 

Δτ )

(g m
-2

)

c (d p, τ ) 

(cm
-3

)

η (d p, τ ) 

(%)

M dep(d p, 

Δτ )

(g m
-2

)

c (d p, τ ) 

(cm
-3

)

η (d p, τ ) 

(%)

M dep(d p, 

Δτ )

(g m
-2

)

c (d p, τ ) 

(cm
-3

)

η (d p, τ ) 

(%)

M dep(d p, 

Δτ )

(g m
-2

)

c (d p, τ ) 

(cm
-3

)

η (d p, τ ) 

(%)

M dep(d p, 

Δτ )

(g m
-2

)

1 39.6 99931 98.7 0.0013 121736 99.9 0.0016 86242 99.9 0.0012 104353 100.0 0.0014 126328 100.0 0.0017

2 41.34 132569 98.4 0.0020 133964 99.7 0.0020 108056 99.7 0.0016 131328 100.0 0.0020 150411 100.0 0.0023

3 43.17 148381 97.9 0.0025 160586 99.6 0.0028 141169 99.6 0.0024 150606 100.0 0.0026 173267 100.0 0.0030

4 45.08 177942 97.4 0.0034 189717 99.4 0.0037 159742 99.4 0.0031 191625 99.9 0.0038 196889 100.0 0.0039

5 47.08 202861 97.0 0.0044 215639 99.2 0.0048 185736 99.2 0.0042 220769 99.9 0.0050 218750 100.0 0.0049

6 49.18 213167 96.5 0.0053 252111 99.0 0.0064 201319 99.0 0.0051 244556 99.9 0.0063 231667 100.0 0.0060

7 51.38 243167 96.1 0.0069 273389 98.9 0.0079 212611 98.9 0.0062 266944 99.9 0.0078 253889 100.0 0.0074

8 53.69 252139 95.6 0.0081 290444 98.7 0.0096 233833 98.7 0.0077 285417 99.9 0.0095 269417 100.0 0.0090

9 56.1 277639 95.2 0.0101 310917 98.6 0.0117 260833 98.6 0.0098 296306 99.9 0.0113 277750 100.0 0.0106

10 58.63 295694 94.8 0.0122 324917 98.5 0.0140 267444 98.5 0.0115 314222 99.9 0.0137 286389 100.0 0.0125

11 61.3 300556 94.5 0.0141 338167 98.5 0.0166 281389 98.5 0.0138 335806 99.9 0.0167 289528 100.0 0.0144

12 64.08 302722 94.2 0.0162 350000 98.4 0.0196 292722 98.4 0.0164 344722 99.9 0.0196 298028 100.0 0.0170

13 67.01 310944 93.9 0.0190 363722 98.3 0.0233 299472 98.3 0.0192 345806 99.8 0.0225 297861 100.0 0.0194

14 70.09 319806 93.7 0.0223 380444 98.2 0.0278 305528 98.2 0.0224 350889 99.8 0.0261 293472 100.0 0.0219

15 73.33 324583 93.4 0.0259 385083 98.2 0.0323 313694 98.2 0.0263 345889 99.8 0.0294 288694 100.0 0.0246

16 76.73 325167 93.2 0.0296 384250 98.2 0.0369 308972 98.2 0.0296 342556 99.8 0.0334 282778 100.0 0.0276

17 80.3 319667 93.0 0.0333 389750 98.1 0.0428 321139 98.1 0.0353 339167 99.8 0.0379 275167 100.0 0.0308

18 84.06 318361 92.8 0.0379 377167 98.1 0.0475 308528 98.1 0.0389 332833 99.8 0.0427 264028 100.0 0.0339

19 88.02 312417 92.6 0.0427 379333 98.0 0.0548 302639 98.0 0.0438 322722 99.8 0.0475 253083 100.0 0.0373

20 92.2 305361 92.4 0.0479 372944 98.0 0.0619 304639 98.0 0.0506 307222 99.8 0.0520 241778 100.0 0.0410

21 96.59 289222 92.3 0.0520 368694 97.9 0.0704 304750 97.9 0.0582 293556 99.8 0.0571 231750 100.0 0.0452

22 101.2 296417 92.0 0.0612 350417 97.9 0.0769 295639 97.9 0.0649 273528 99.8 0.0612 215306 100.0 0.0483

23 106.1 268889 91.8 0.0638 338750 97.8 0.0856 280889 97.8 0.0710 264389 99.8 0.0682 201694 100.0 0.0521

24 111.3 258694 91.6 0.0707 317861 97.8 0.0927 269972 97.8 0.0787 249167 99.8 0.0741 187500 100.0 0.0559

25 116.7 248056 91.4 0.0779 315389 97.7 0.1059 259917 97.7 0.0873 220431 99.8 0.0756 173328 100.0 0.0596

26 122.5 228194 91.2 0.0827 298694 97.7 0.1160 245861 97.7 0.0955 203431 99.8 0.0807 159953 100.0 0.0636

27 128.6 217667 91.1 0.0912 284278 97.7 0.1277 227544 97.7 0.1022 183792 99.8 0.0844 145083 100.0 0.0667

28 135 195556 90.9 0.0946 268667 97.6 0.1396 213214 97.6 0.1108 158369 99.8 0.0841 130350 100.0 0.0694

29 141.9 189972 90.9 0.1067 250194 97.6 0.1510 196028 97.6 0.1183 142808 99.8 0.0881 115742 100.0 0.0715

30 149.1 164697 90.8 0.1072 232083 97.6 0.1625 180467 97.6 0.1263 122017 99.8 0.0873 102428 100.0 0.0734

31 156.8 149431 90.7 0.1130 214250 97.7 0.1745 161589 97.7 0.1316 106678 99.8 0.0888 89275 100.0 0.0744

32 164.9 131058 90.6 0.1152 194919 97.7 0.1847 142647 97.7 0.1352 88525 99.8 0.0857 77878 100.0 0.0755

33 173.6 116033 90.6 0.1189 168711 97.8 0.1866 128889 97.8 0.1426 73303 99.8 0.0828 66525 100.0 0.0753

34 182.8 100556 90.6 0.1203 152600 97.8 0.1972 108625 97.8 0.1404 61264 99.8 0.0808 57039 100.0 0.0754

35 192.6 85372 90.7 0.1196 135236 97.8 0.2044 98908 97.8 0.1495 49851 99.8 0.0769 48206 100.0 0.0745

36 203 72411 90.8 0.1189 117072 97.9 0.2073 83139 97.9 0.1472 40296 99.8 0.0728 40081 100.0 0.0725

37 214.1 58819 90.8 0.1134 99478 97.9 0.2067 70530 97.9 0.1465 32164 99.8 0.0681 33817 100.0 0.0718

38 226 46394 90.8 0.1052 80731 97.9 0.1974 59008 97.9 0.1443 26585 99.8 0.0662 26841 100.0 0.0670

39 238.7 40244 90.9 0.1076 68662 98.0 0.1979 47024 98.0 0.1355 19044 99.8 0.0559 21541 100.0 0.0634

40 252.2 31070 90.9 0.0980 57314 98.0 0.1949 36658 98.0 0.1247 14292 99.8 0.0495 17755 100.0 0.0616

41 266.7 22118 91.0 0.0826 44205 98.1 0.1779 30386 98.1 0.1223 11043 99.8 0.0452 13141 100.0 0.0539

42 282.3 17945 91.3 0.0797 33973 98.2 0.1623 23277 98.2 0.1112 7519 99.8 0.0365 9809 100.0 0.0477

43 298.9 12552 91.7 0.0665 24818 98.2 0.1408 17115 98.2 0.0971 5242 99.8 0.0302 7429 100.0 0.0429

44 316.8 8625 91.9 0.0545 18188 98.3 0.1230 12234 98.3 0.0827 3739 99.8 0.0257 5463 100.0 0.0376

45 335.9 5521 92.1 0.0417 13287 98.4 0.1072 8572 98.4 0.0691 2227 99.8 0.0182 3571 100.0 0.0293

46 356.5 3299 92.2 0.0298 8675 98.5 0.0837 5866 98.5 0.0566 1320 99.8 0.0129 2353 100.0 0.0231

47 378.7 1984 92.4 0.0215 5562 98.6 0.0644 3541 98.6 0.0410 779 99.8 0.0091 1396 100.0 0.0164

48 402.5 916 92.5 0.0120 3453 98.8 0.0481 2091 98.8 0.0291 433 99.8 0.0061 753 100.0 0.0106

49 428.2 452 92.8 0.0071 1926 98.9 0.0324 1085 98.9 0.0182 257 99.8 0.0044 416 100.0 0.0071

50 455.8 244 92.9 0.0046 1022 99.1 0.0207 586 99.1 0.0119 144 99.8 0.0030 231 100.0 0.0047

51 485.7 225 93.1 0.0052 603 99.2 0.0148 336 99.2 0.0083 89 99.9 0.0022 130 100.0 0.0032

M dep(Δτ ) (g m
-2

)

M dep(τ ) (g m
-2

)

2.07

28.2

1.92

30.1

2.69

18.3

4.48

22.8

3.31

26.1

11-12 h 12-13 h 13-14 h9-10 h 10-11 h
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Annotation: U = 5.3 cm s-1, aerosol material: NaCl, p = 2165 kg m-3. 

 

 

Channel

Size bin 

geometric 

mean 

diameter 

d p (nm)

c (d p, τ ) 

(cm
-3

)

η (d p, τ ) 

(%)

M dep(d p, 

Δτ )

(g m
-2

)

c (d p, τ ) 

(cm
-3

)

η (d p, τ ) 

(%)

M dep(d p, 

Δτ )

(g m
-2

)

c (d p, τ ) 

(cm
-3

)

η (d p, τ ) 

(%)

M dep(d p, 

Δτ )

(g m
-2

)

c (d p, τ ) 

(cm
-3

)

η (d p, τ ) 

(%)

M dep(d p, 

Δτ )

(g m
-2

)

1 39.6 109756 100.0 0.0015 115772 100.0 0.0016 122344 100.0 0.0016 32442 100.0 0.0002

2 41.34 131631 100.0 0.0020 139169 100.0 0.0021 139425 100.0 0.0021 42939 100.0 0.0003

3 43.17 154472 100.0 0.0027 164586 100.0 0.0029 157569 100.0 0.0027 53256 100.0 0.0005

4 45.08 174572 100.0 0.0035 188200 100.0 0.0037 186150 100.0 0.0037 65267 100.0 0.0006

5 47.08 195522 100.0 0.0044 210833 100.0 0.0048 198706 100.0 0.0045 79981 100.0 0.0009

6 49.18 215750 100.0 0.0056 233056 100.0 0.0060 226750 100.0 0.0058 90872 100.0 0.0012

7 51.38 233028 100.0 0.0068 251000 100.0 0.0074 254778 100.0 0.0075 103067 100.0 0.0015

8 53.69 250389 100.0 0.0084 266222 100.0 0.0089 255111 100.0 0.0085 119050 100.0 0.0020

9 56.1 264361 100.0 0.0101 280750 100.0 0.0107 280250 100.0 0.0107 126672 100.0 0.0024

10 58.63 273722 100.0 0.0119 288972 100.0 0.0126 279222 100.0 0.0122 136761 100.0 0.0030

11 61.3 281250 100.0 0.0140 292611 100.0 0.0146 286972 100.0 0.0143 150717 100.0 0.0038

12 64.08 285694 100.0 0.0163 302917 100.0 0.0172 294611 100.0 0.0168 157447 100.0 0.0045

13 67.01 286556 100.0 0.0186 308194 100.0 0.0201 294083 100.0 0.0191 167536 100.0 0.0055

14 70.09 285000 100.0 0.0212 309806 100.0 0.0231 292972 100.0 0.0218 173183 100.0 0.0064

15 73.33 286361 100.0 0.0244 299444 100.0 0.0255 284556 100.0 0.0243 179431 100.0 0.0077

16 76.73 280722 100.0 0.0274 298000 100.0 0.0291 277472 100.0 0.0271 182269 100.0 0.0089

17 80.3 275861 100.0 0.0309 294806 100.0 0.0330 271278 100.0 0.0304 190528 100.0 0.0107

18 84.06 268111 100.0 0.0344 289556 100.0 0.0372 260167 100.0 0.0334 190639 100.0 0.0122

19 88.02 259083 100.0 0.0382 270306 100.0 0.0399 256250 100.0 0.0378 185564 100.0 0.0137

20 92.2 250056 100.0 0.0424 257278 100.0 0.0436 254556 100.0 0.0432 188233 100.0 0.0160

21 96.59 238278 100.0 0.0464 246694 100.0 0.0481 231833 100.0 0.0452 183833 100.0 0.0179

22 101.2 225444 100.0 0.0505 232639 100.0 0.0522 224972 100.0 0.0504 184917 100.0 0.0207

23 106.1 212722 100.0 0.0550 220694 100.0 0.0570 209033 100.0 0.0540 175622 100.0 0.0227

24 111.3 199439 100.0 0.0595 196208 100.0 0.0585 196339 100.0 0.0585 169750 100.0 0.0253

25 116.7 186911 100.0 0.0643 182575 100.0 0.0628 176886 100.0 0.0608 162381 100.0 0.0279

26 122.5 173261 100.0 0.0689 168719 100.0 0.0671 170156 100.0 0.0677 150061 100.0 0.0298

27 128.6 157764 100.0 0.0726 152111 100.0 0.0700 150344 100.0 0.0692 144028 100.0 0.0331

28 135 143389 100.0 0.0763 134217 100.0 0.0714 128528 100.0 0.0684 133517 100.0 0.0355

29 141.9 127656 100.0 0.0789 118803 100.0 0.0734 117867 100.0 0.0728 123308 100.0 0.0381

30 149.1 113497 100.0 0.0814 104750 100.0 0.0751 104542 100.0 0.0749 109833 100.0 0.0394

31 156.8 99497 100.0 0.0830 91797 100.0 0.0765 92814 100.0 0.0774 99133 100.0 0.0413

32 164.9 86503 100.0 0.0839 75442 100.0 0.0732 76708 100.0 0.0744 85914 100.0 0.0417

33 173.6 74836 100.0 0.0847 63914 100.0 0.0723 62869 100.0 0.0711 77778 100.0 0.0440

34 182.8 63861 100.0 0.0844 53883 100.0 0.0712 50825 100.0 0.0671 66517 100.0 0.0439

35 192.6 53669 100.0 0.0829 43900 100.0 0.0678 40950 100.0 0.0633 53817 100.0 0.0416

36 203 45736 100.0 0.0828 35468 100.0 0.0642 34619 100.0 0.0626 44325 100.0 0.0401

37 214.1 36221 100.0 0.0769 29279 100.0 0.0622 24614 100.0 0.0522 37789 100.0 0.0401

38 226 28560 100.0 0.0713 23068 100.0 0.0576 18357 100.0 0.0458 31814 100.0 0.0397

39 238.7 23246 100.0 0.0684 18791 100.0 0.0553 14483 100.0 0.0426 24108 100.0 0.0355

40 252.2 18204 100.0 0.0632 13751 100.0 0.0477 9627 100.0 0.0334 18842 100.0 0.0327

41 266.7 14102 100.0 0.0579 10018 100.0 0.0411 7021 100.0 0.0288 14173 100.0 0.0291

42 282.3 10966 100.0 0.0534 7789 100.0 0.0379 4573 100.0 0.0222 10299 100.0 0.0251

43 298.9 8109 100.0 0.0468 5237 100.0 0.0302 3134 100.0 0.0181 7756 100.0 0.0224

44 316.8 5957 100.0 0.0410 3457 100.0 0.0238 2127 100.0 0.0146 5112 100.0 0.0176

45 335.9 4005 100.0 0.0328 2238 100.0 0.0183 1173 100.0 0.0096 3402 100.0 0.0139

46 356.5 2650 100.0 0.0260 1318 100.0 0.0129 754 100.0 0.0074 2116 100.0 0.0104

47 378.7 1640 100.0 0.0193 748 100.0 0.0088 394 100.0 0.0046 1232 100.0 0.0072

48 402.5 905 100.0 0.0128 403 100.0 0.0057 238 100.0 0.0034 696 100.0 0.0049

49 428.2 542 100.0 0.0092 218 100.0 0.0037 134 100.0 0.0023 385 100.0 0.0033

50 455.8 319 100.0 0.0065 126 100.0 0.0026 62 100.0 0.0013 191 100.0 0.0020

51 485.7 187 100.0 0.0046 75 100.0 0.0019 58 100.0 0.0014 124 100.0 0.0015

0.93

36.5

M dep(Δτ ) (g m
-2

)

M dep(τ ) (g m
-2

)

1.81

34.0

1.65

35.6

2.07

32.2

17-17.5 h14-15 h 15-16 h 16-17 h
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Appendix 3. – Calculation method of Mdep 

As described in Section 6.23, the real-time Mdep under continuous aerosol loading 

can be expressed as: 

                       𝑀dep = ∫ ∫ 𝑐(𝑑p, 𝜏)𝜂(𝑑p, 𝜏)𝑈
𝜋𝑑𝑝

3

6

𝑑p= 500 nm

𝑑p = 40 nm

𝜏=𝑡

𝜏=0
𝜌pd(𝑑p)d𝜏                   (6.1) 

where c(dp, τ) is the number concentration of upstream particles in the size bin with a 

geometric mean diameter dp at loading time τ, η(dp, τ) is the filtration efficiency of 

particles with a diameter dp at loading time τ, U is the face velocity, πdp
3/6 is the volume 

of an aerosol particle with a diameter dp, and ρp is the particle material weight density. 

The detailed calculation of Mdep(101.2), i.e. the specific deposited mass of aerosols 

in the aerosol size bin with the geometric mean diameter being 101.2 nm (Channel 22), 

by 525-M4-0.765-C-1 in 17.5 h is shown below. This serves as an example to obtain 

Mdep of aerosols in a specific channel (Mdep(dp)). From Eq. 6.1 and Table A2, Mdep(101.2) 

is calculated as follows: 

             𝑀dep(101.2) = ∫ 𝑐(101.2, 𝜏)𝜂(101.2, 𝜏)𝑈
𝜋(101.2 nm)3

6

𝜏=17.5

𝜏=0
𝜌pd𝜏  

                                   = ∑ 𝑀dep(101.2, Δ𝜏𝑖 )
𝑚
𝑖=1   

                                   = ∑ 𝑐(101.2, 𝜏)𝜂(101.2, 𝜏)𝑈
𝜋(101.2 nm)3

6
𝜌p

𝑚
𝑖=1 Δ𝜏𝑖  

                                   =  𝑐(101.2, 0)𝜂(101.2, 0)𝑈
𝜋(101.2 nm)3

6
𝜌p(0.5 h)  

                                       +𝑐(101.2, 0.5)𝜂(101.2, 0.5)𝑈
𝜋(101.2 nm)3

6
𝜌p(0.5 h) 

                                       + ⋯ 

                                       +𝑐(101.2, 17.5)𝜂(101.2, 17.5)𝑈
𝜋(101.2 nm)3

6
𝜌p(0.5 h) 
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     = 200111 cm−3 × 91.1% × 5.3 cm s−1 ×
𝜋(101.2 nm)3

6
× 2165 kg m−3 × 0.5 h  

         +200111 cm−3 × 90.7% × 5.3 cm s−1 ×
𝜋(101.2 nm)3

6
× 2165 kg m−3 × 0.5 h  

         + ⋯ 

         +184917 cm−3 × 100.0% × 5.3 cm s−1 ×
𝜋(101.2 nm)3

6
× 2165 kg m−3 × 0.5 h  

     = 0.02044 g m−2 + 0.02035 g m−2 + ⋯ + 0.02073 g m−2  

     = 0.8815 g m−2  

where Δτi is the segmented loading time periods during each of which c(dp, τ) and η(dp, 

τ) are deemed constant. 

Using the same calculation method, Mdep(dp) of all channels by 525-M4-0.765-C-

1 in 17.5 h can be achieved, which gives Mdep by: 

                                      𝑀dep = ∑ 𝑀dep(dp,𝑘 )𝑛
𝑘=1   

                                                = 𝑀dep(39.6) + 𝑀dep(41.34) + ⋯ + 𝑀dep(485.7) 

                                                = 0.0254 g m−2 + 0.0342 g m−2 + ⋯ + 0.0643 g m−2  

                                                = 36.5 g m−2  

where dp,k is the geometric mean diameter of the aerosols in the kth channel size bin.
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