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ABSTRACT 

 

There is a severe shortage of face masks and N95 respirators due to the current COVID-19 pandemic, particularly in 

countries that were not well prepared in advance. In order to help ease the supply demands of these resources, a strategy of 

using multiple layers of basic filtration media to construct a composite filter that can match the particle collection efficiency 

offered by a N95 filtering facepiece respirator (FFR) is proposed. In this study, the filtration performances of four face masks 

and one N95 respirator using the same test protocol (as a reference) were first compared. Composite filter samples composed 

of multiple layers of basic face mask and MERV13 furnace media were then constructed and the filter performance of the 

composite filters was investigated. As expected, the minimum particle collection efficiency of the N95 respirator media 

sample was higher than 95% and the efficiency of the samples from the four tested face masks varied from 71.8% to 83.6%. 

The Figure of Merit (FOM) values of the face mask samples were generally half that of the N95 media sample. It was found 

that a N95-comparable collection efficiency can be achieved by combining two/three layers of face mask media but at the 

expense of a higher media pressure drop. Additionally, the composite filter samples made up of three/five layers of MERV13 

furnace media could approach the FOM offered by the N95 media without the increased pressure drop. It was also found 

that the measured collection efficiency of multiple-layered filter media was not equal to the calculated in the test particle 

size range. Further studies are required to identify the reason(s). 
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INTRODUCTION 

 

COVID-19, the disease caused by Severe Acute Respiratory 

Syndrome CoronaVirus 2 (SARS-CoV-2), has been spreading 

globally since the first case reported in December 2019. This 

new coronavirus has a higher mortality rate than the seasonal 

influenza and is more infectious than either SARS or MERS 

(Middle East Respiratory Syndrome), the other known 

respiratory diseases caused by coronaviruses (Liu et al., 

2020; Prompetchara et al., 2020; Wilder-Smith et al., 2020). 

Respiratory viruses can be transmitted via the droplets and 

droplet-nuclei produced by infected individuals from coughing, 

sneezing, speaking, and even breathing (Yang et al., 2007; 

Stelzer‐Braid et al., 2009; Kutter et al., 2018). The World 

Health Organization (WHO) classifies respiratory aerosols 

with diameters larger than 5 µm as droplets and those with 

diameters less than 5 µm as droplet-nuclei (WHO, 2014). 
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Due to gravitational forces, large droplets settle quickly on 

the mucosa of close contacts or environmental surfaces and 

can rarely travel more than 1–2 m from their origination 

sources. For small aerosols, e.g., droplet nuclei, they can be 

suspended in the air for a prolonged period of time and travel 

long distances from their sources (Xie et al., 2007; Gralton 

et al., 2011). Face masks have been used to prevent the 

transmission of respiratory aerosols (MacIntyre et al., 2009; 

Cowling et al., 2010). Among the various face masks 

designed for commonplace use, medical masks (also known 

as surgical/procedure masks) and filtering facepiece 

respirators (FFRs) are the most commonly used. Medical 

masks are designed to protect a sterile medical field from 

contamination by particles exhaled by patients and health 

workers, or to reduce the exposure of healthcare workers to 

blood and other bodily fluids during medical procedures. By 

their original design, medical masks are not appropriate for 

protecting wearers from small respiratory particles due to 

their inadequate filtering and fitting attributes. In contrast, 

FFRs are designed to cover the human nose and mouth 

tightly in order to protect wearers from airborne particles, 

such as biological materials (e.g., mold, Bacillus anthracis, 
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mycobacterium tuberculosis), SARS viruses, Avian Flu, 

Ebola Virus, etc. and particulate matters (PM). FFRs thus 

provide much better protection than face masks.  

The US National Institute for Occupational Safety and 

Health (NIOSH) certifies FFRs under regulation 42 CFR 

Part 84. Based on their resistance and media degradation, 

particulate respirators are classified into the N (non-resistant), 

R (resistant), and P (proof) series. PPRs with the minimum 

particle filtration efficiency of 95%, 99% and 99.97% are 

rated as 95, 99 and 100, respectively. To measure the filtration 

efficiency, the FFRs in the N series are challenged by 

continuously flowing neutralized polydisperse NaCl solid 

particles with a count median diameter (CMD) of 0.075 ± 

0.020 µm and a geometry standard deviation (GSD) of > 1.86 

at a flow rate of 85 ± 4 L min–1 through the respirators. 

Neutralized polydisperse dioctyl phthalate (DOP) liquid 

particles with a CMD of 0.185 ± 0.020 µm and a GSD of 

> 1.6 are used for PPRs in the R and P series. An entire FFR 

with the effective filtration area of 135 cm2 is tested under 

the 85 L min–1 flow rate, resulting in a face velocity of ~10.5 

cm s–1. The mass concentration of particles upstream and 

downstream of a test FFR are measured by a light-scattering 

photometer, under the condition that the upstream particle 

concentration should not exceed 200 mg m–3. Table S1 lists 

the test standards for the filtration efficiency of FFRs in 

various countries/regions for reference. 

Surgical masks are cleared by the Food and Drug 

Administration (FDA) in the US. The tested parameters for 

surgical masks include fluid resistance, particulate filtration 

efficiency (PFE), bacteria filtration efficiency (BFE), 

differential pressure, and flammability. For the PFE, as 

shown in Table S2, neutralized latex spheres in the size 

range of 0.1–5 µm and at a face velocity of 0.5–25 cm–1 s 

are flowed through a circular sample of surgical mask media 

with a diameter of 50–150 mm, according to the ASTM 

2299 standard. Optical particle counters are used to measure 

the particle number concentration both upstream and 

downstream of the filter sample under the condition that the 

upstream particle number concentration should be less than 

102 particles cm–13. In contrast to the ASTM F2299 standard, 

un-neutralized polystyrene latex particles of 0.1 µm in 

diameter are recommended in the FDA guidelines. The BFE 

of surgical masks is tested using un-neutralized staphylococcus 

aureus bacteria aerosols with a mean particle size (MPS) of 

3.0 ± 0.3 µm at a flow rate of 28.3 L min–1 against a whole 

surgical mask according to the ASTM F2101-19 standards 

and FDA guidelines. A six-stage viable particle cascade 

impactor is recommended for collecting the bacterial aerosols. 

The bacterial aerosol delivery rate must be maintained at 

1,700–3,000 viable particles per test. The testing methods in 

other countries and regions are also given in Table S2 for 

reference. No standard has been established in Europe or 

Japan for the PFE testing of surgical masks. In comparison, 

FFRs and surgical masks are divided into various levels 

according to their minimum filtration efficiency. Table S3 

summarizes the efficiency level of face masks in US, China, 

Europe and Japan. Note that it is known that the particle 

collection efficiency of filter media depends on the size, 

shape, and charge status of particles; the electrical charge 

status of the filter media; and face velocity. As shown in 

Tables S1 and S2, the testing of surgical masks and FFRs 

was done under different conditions. Therefore, one cannot 

directly compare the filtration efficiencies of surgical masks 

and FFRs simply based on the data obtained by the testing 

standards presented.  

The filtration performance of FFRs has been widely 

investigated (e.g., Brosseau et al., 1997; Balazy et al., 2006a, 

b; Eninger et al., 2008; Rengasamy et al., 2008; Eshbaugh 

et al., 2009; Rengasamy et al., 2009; Cho et al., 2010; He et 

al., 2013; Zuo et al., 2013). For example, Balazy et al. 

(2006b) evaluated the filtration performance of N95 FFRs 

using NaCl particles ranging from 10 to 600 nm in diameter. 

They found that the most penetrating particle sizes (MPPS) 

of N95 FFRs were in the size range of 30–70 nm. The shift 

of the MPPS towards nanometer-sized particles was found 

to be due primarily to the additional electrostatic collection 

mechanism included in electret filter media which are 

commonly used in N95 FFRs. Eninger et al. (2008) examined 

the performance of three FFRs, two N99 FFRs and one N95, 

with NaCl particles in the sub-micrometer sizes and three 

virus aerosols, using flow rates of 30, 85, and 150 L min–1. 

They confirmed that the MPPS was less than 0.1 µm and that 

an increase in flow rate can significantly increase the particle 

penetration. Rengasamy et al. (2008) tested five N95 and 

two P100 FFRs with monodisperse silver particles of 4, 8, 

12, 16, 20 and 30 nm at a flow rate of 85 L min–1. They 

concluded the NIOSH-approved FFRs can provide the 

expected levels of filtration efficiency against nanoparticles. 

Huang et al. (2013) examined the effects of face velocity, 

fiber diameter, packing density, filter thickness, and fiber 

charge density on the filtration characteristics of particulate 

respirators. They found that, for electret filter media, the 

MPPS increased with the increase of fiber diameter and face 

velocity, and decreased with the increase of packing density, 

thickness, fiber charge density, and filter thickness.  

Others have investigated the performance of surgical 

masks (Willeke et al., 1996; Balazy et al., 2006a; Lee et al., 

2008; Oberg and Brosseau, 2008). Willeke et al. (1996) 

measured the penetration of bacteria with different shapes 

and aerodynamic sizes through surgical masks under various 

flow rates and compared them with the penetration of oil 

particles of the same aerodynamic sizes. It was found that 

the penetration of surgical masks decreased with an increased 

aspect ratio of the bacterial dimensions, and that the 

penetration of spherical particles is always higher than that of 

bacteria particles. Balazy et al. (2006a) measured the filtration 

efficiency of two surgical masks with the MS2 virus in the 

particle size range of 10–80 nm under the inhalation flow 

rate of 85 L min–1. They observed that some surgical masks 

may provide very low protection against airborne viruses in 

this size range. Lee et al. (2008) did human test subject 

evaluations for four FFRs and three surgical masks using 

NaCl particles in the 0.04–1.3 µm size range. They showed 

that the protection factor (i.e., the ratio of particle concentration 

outside the respirator to that of inside the respirator, which 

is equal to the reciprocal of the particle penetration) of 

surgical masks was 8–12 times less than that of FFRs on 

average. Oberg and Brosseau (2008) measured the penetration 
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of 9 surgical masks using monodisperse latex spheres of 

0.895, 2.0 and 3.1 µm diameters at the flow rate 6 L min–1 

and polydisperse NaCl particles with a CMD of 0.075 µm at 

the flow rate of 84 L min–1. They concluded that surgical 

masks exhibited a wide range of 0%-84% particle penetrations 

for latex particles of three selected sizes and a similar range 

of 4%-90% for the penetration of NaCl particles.  

Though the filtration performance for large bacteria has 

been reported, limited research has been done on the 

filtration of surgical masks for ultrafine particles in the virus 

size range. Due to difference testing standards, it is difficult 

to make direct comparisons on the filtration performance 

(i.e., particle collection efficiency) of FFRs and surgical 

masks. Moreover, the wide-spread urgent demand of N95 

FFRs during the current COVID-19 pandemic has resulted 

in a severe shortage of N95 FFRs in various countries/regions, 

especially in the ones ill-supplied before the pandemic. The 

strategy of using multiple layers of basic filter media such 

as those used in face masks and furnace filter media to 

construct composite filter media with particle collection 

efficiencies matching that offered by N95 FFRs is proposed 

as an alternative to N95 FFR media. The pros and cons of 

this strategy have not been scientifically investigated to the 

authors’ knowledge (although the general rule of thumb is 

known). The objectives of this study are thus to (1) directly 

compare the filtration performance of FFRs and surgical 

masks under the same testing protocol using NaCl particles 

to represent virus particles (Eninger et al., 2008; Davidson 

et al., 2013); (2) study the filtration performance of composite 

filters, assembled by loosely layering multiple layers of 

basic filtration media that are readily available in the market; 

and (3) examine the additivity of the filtration performance 

of the above composite filters. 

EXPERIMENTAL PROTOCOL 

 

Experimental Setup 

Fig. 1 shows a schematic diagram of the experimental 

setup used in this study. A custom-made Collison atomizer 

with NaCl solution (2% NaCl by volume in DI water) was 

used to generate polydisperse NaCl droplets. The produced 

NaCl droplets were passed through the diffusion dryer with 

silica gel as the desiccant to obtain solid NaCl particles. A 

bypass line with a HEPA filter and a needle valve as the 

aerosol flow exhaust line was included in the setup in order 

to vary the flow rate of the aerosol stream entering the 

Differential Mobility Analyzer (DMA, TSI 3081). Before 

the aerosol stream enters the DMA, it is directed through a 

Kr85 neutralizer which is included in the DMA platform TSI 

3080 to achieve a stationary charge distribution on the NaCl 

particles. The DMA was operated at aerosol and sheath flow 

rates of 0.5 and 3 L min–1, respectively, for the classification 

of particles based on their electrical mobilities. By fixing the 

DC voltage on the DMA, particles having the electrical 

mobilities in a narrow range were classified and passed 

through a Po210 neutralizer to reduce the particle charge status 

to the stationary state. The DMA-classified particles were 

then used as test particles. By varying the DMA voltage, 

particles with different electrical mobilities could be selected. 

During the filter testing, the upstream concentration of 

particles was kept as low as possible (~103 # cm–3) to prevent 

the test filter sample from the particle loading. It is the basis 

for testing the filter samples using particles in a narrow size 

distribution instead of ones in a wide size distribution.  

A test filter sample was placed in a 47 mm inline filter 

holder with an effective filtration area of 10.15 cm2. A 

make-up air line with a HEPA filter capsule was included  

 

 

Fig. 1. Schematic diagram of the experimental setup used in this study. 
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before the filter holder to passively introduce clean air from 

the ambient environment into the setup. The total flow rate 

through the filter holder was set at 6.4 L min–1, which is 

equivalent to a flow rate of 85 L min–1 for a whole FFR with 

a filtration area of ~135 cm2 providing a face velocity of 

~10.5 cm s–1. An Ultrafine Condensation Particle Counter 

(UCPC, TSI 3776) and a Condensation Particle Counter 

(CPC, TSI 3775), operated at the 1.5 L min–1 high flow mode, 

were used to measure the particle concentrations upstream 

and downstream of the filter holder, respectively. A HEPA 

filter capsule was installed downstream of the filter holder 

to collect particles penetrating through the test filter sample. 

A mass flow meter (TSI 4000), a needle valve, and a vacuum 

pump were installed after the HEPA capsule to pull the 

4.9 L min–1 air flow through the line. The required test flow 

rate of 6.4 L min–1 was obtained by adding the CPC sampling 

flow rate (1.5 L min–1) and the 4.9 L min–1 air flow rate. A 

differential pressure transducer (OMEGA PX655-01DL) 

was used to measure the pressure drop across the test filter 

sample. Prior to the efficiency measurement, an experiment 

to calibrate both CPC readings by feeding DMA-classified 

particles into the two CPCs (with no filter sample in the filter 

holder) was conducted. The background pressure drop across 

the empty filter holder was also measured for data analysis. 

 

Test Filter Samples and Data Analysis 

Filter samples punched out from one N95 FFRs and four 

face masks (one surgical mask, one procedure mask, one face 

mask with coconut shell activated carbon, and one single-

use medical mask) were tested in this part of the study. In 

addition, furnace filter media with the minimum reported 

efficiency value of 13 (MERV 13) was also included as one 

of the basic filtration media in the alternative FFR filter 

media part of this study. Table 1 shows the label designation 

and rated particle filtration efficiency of the test filter media 

provided by the manufacturers. Composite filter media 

assembled from multiple layers of mask/furnace filter media 

listed in Table 1 were also tested. The measured pressure 

drops across all the test filter samples at the face velocity of 

10.5 cm s–1 are given in Table 2. 

For the particle collection efficiency measurements in this 

study, test particles with the DMA-classified diameters of 

20, 30, 50, 75, 100, 150, 200, 300, 400, 600, and 800 nm 

were used. The collection efficiency of each filter sample at 

a given particle size was calculated as: 
 

1 100%down

up

C
E

C

 
   
 

 (1) 

 

where E is the particle collection efficiency of a test filter 

sample and Cdown and Cup is the average particle number 

concentrations downstream and upstream of a test filter 

sample, respectively. The collection efficiency based on 

particle number concentration was selected for use in this 

study because this testing method is more rigorous than that 

of the method based on mass concentration for evaluating the 

worst-scenario performance of a filter sample (Rengasamy et 

al., 2011). At least three filter samples randomly selected 

from each face mask and FFR were tested in each case and 

the averages of the measured data were reported. The 

pressure drop of each filter sample was also measured at the 

beginning and ending of the filtration testing to ensure no 

particle loading effect occurred during the testing. 

The Figure of Merit (FOM) for a filter sample of a specific 

size can be calculated as: 
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f
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Table 1. The label designation of studied filter media samples from four face masks and one N95 FFR media and their rated 

particle filtration efficiency (given by the manufacturer). 

Sample  

Label 
Type of Masks 

Rated Filtration efficiency (by the 

manufacturers) 

A N95 particulate FFRs ≥ 95%, NIOSH certified 

B Tie-on face surgical mask, NA 

C Ear-loop procedure mask ASTM Level 1 (BFE ≥ 95%, PFE ≥ 95%) 

D Ear-loop face mask (with cocoanut shell activated carbon) ≥ 98% for particles larger than 3.1 µm 

E Ear-loop medical mask BFE ≥ 95% 

F Furnace filter media MERV 13 

 

Table 2. Summary of the measured pressure drop of all the test filter samples (with basic media and composite media) at 

the face velocity of 10.5 cm s–1. 

Media Sample Pressure drop (Pa) Composite Samples Pressure drop (Pa) 

A 81.1 ± 4.9 B_double layers 95.2 ± 8.4 

B 45.1 ± 7.7 B_triple layers 158.0 ± 15.4 

C 64.3 ± 5.1 C_double layers 127.7 ± 11.9 

D 67.7 ± 6.2 D_double layers 120.2 ± 10.2 

E 59.6 ± 4.6 E_double layers 128.7 ± 3.9 

F 9.3 ± 1.2 F_triple layers 30.0 ± 2.0 

  F_five layers 50.6 ± 0.7 
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where f is the figure of merit (units of Pa–1) and ∆P is the 

pressure drop in units of Pa. Note that the FOM is not 

dimensionless and depends on the unit selected for the 

pressure drop.  

 

RESULTS AND DISCUSSION 

 

Comparison of Filtration Efficiency of Respirator and 

Mask Filter Samples 

Fig. 2 shows the size-fractionated filtration efficiency of 

filter samples obtained from the FFR and the four face masks 

as the function of the particle size under a face velocity of 

10.5 cm s–1. For all the test sizes, the collection efficiency of 

the electret N95 FFR sample was much higher than that of 

the face mask samples. Its minimum particle efficiency was 

more than 95% at the most penetration particle size (MPPS) 

of ~50 nm. For a FFR sample with electret media, the particle 

diffusion dominates in the media for collecting particles of 

sizes less than 50 nm, while both interception and electrostatic 

mechanisms play major roles in the media to remove particles 

of sizes larger than 50 nm (Romay et al., 1998). The MMPS 

was found to be the particle size in which the transition from 

diffusion-dominated collection to interception and electrostatic 

force-dominated collection occurs. The particle collection 

efficiency of the face mask samples at the MMPS varied 

from 71.8%–83.6%. Filter sample B, taken from a surgical 

mask, having the lowest particle collection was expected due 

to its usual application in dental service. The MPPS of all 

the face mask samples was measured to be ~50 nm, which is 

close to that of the electret FFR filter sample. This observation 

implies that all the face masks selected in this study were 

likely made of different grades of electret filter media. Fig. 3 

shows the FOM for each filter sample as a function of the 

particle size. The N95 FFR sample has a higher FOM value  

 

 

Fig. 2. The measured size-fractionated efficiency of the FFR and face mask samples at the face velocity of 10.5 cm s–1. 

 

 

Fig. 3. The size-fractionated figure of merit (FOM) of the FFR and face mask samples at the face velocity of 10.5 cm s–1. 
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compared to all the face mask samples, particularly for large 

particles. Except for the low FOM of the filter sample D, the 

filter samples from the other three face masks had very close 

FOM curves (as a function of the particle size). 

 

Composite Media Matching the Collection Efficiency of 

N95 FFRs 

One simple way of constructing alternative media for N95 

FFRs is by combining multiple layers of basic filtration media. 

Face masks and furnace filter panels are readily available on 

the market and were thus selected as basic filtration media 

in this part of the study. Fig. 4 shows the particle collection 

efficiency of the multi-layered composite filter samples at the 

selected particle sizes under the face velocity of 10.5 cm s–1. 

It is shown that for all the test sizes, the particle collection 

efficiencies of double- and triple- layered mask filter samples 

are significantly higher than that of their basic filtration 

media counterparts (shown in Fig. 2). Triple-layered B media 

and double-layered C, D, E media samples have collection 

efficiencies of more than 93% for particles larger than 100 nm. 

Fig. 4 also shows that the MMPS remained unchanged by 

doubling/tripling the face mask media. Since the typical 

particle size range of SARS-CoV-2 is between 60 to 140 nm, 

with a mean diameter of 100 nm measured by electron 

micrographs (Zhu et al., 2020), double/triple-layered face 

masks can offer comparable protection from SARS-CoV-2 

to that of a N95 respirator from the viewpoint of particle 

collection efficiency.  

The particle collection efficiency of three- and five-layer 

MER 13 furnace filter media (i.e., Media F) test samples as 

a function of the particle size is also included in Fig. 4. 

Furnace filter media was selected as another basic filtration 

media because it is widely available in the hardware stores 

during the COVID-19 pandemic and low in cost. More 

importantly, it is electret filter media of low grades. As shown 

in Fig. 4, composite filter samples with triple layers of the 

selected furnace filter media have collection efficiencies 

higher than 95% for particles larger than 100 nm. The filter 

samples’ efficiencies were, however, less than 95% for 

particles smaller than 100 nm, because of the wide opening 

in low grade electret media compared to that of N95 FFR 

media. For particles larger than 100 nm, electrostatic forces 

dominate in particle collection within electret media, resulting 

in a high particle collection efficiency. For particles less than 

100 nm in diameter, the particle collection of the media by 

electrostatic forces is weakened due to the small particle 

sizes. Collection by particle diffusion in the furnace filter media 

is also not very effective due to the wide-open microstructure 

of the media compared to the N95 FFR media. For the sample 

with five layers of basic furnace filter media, its collection 

efficiency increased significantly for particles in the sizes 

less than 100 nm because of the increased particle residence 

time in the sample. As a result, the minimum particle 

collection efficiency of five-layered furnace media composite 

sample was 94.6% compared to 84.9% for the three-layers 

media sample. Notice that the MPPS of the five-layered 

furnace media composite sample was at ~30 nm, smaller 

than that of the N95 respirator and the face masks.  

The trade-off in using composite filters constructed from 

multiple layers of basic filtration media to achieve the N95 

FFR media efficiency is typically assumed to be the increased 

filter pressure drop (compared to the N95 FFRs). The pressure 

drops for a given multi-layered composite filter sample was 

assumed to be the sum of the pressure drops of the individual 

media layers. Fig. 5 shows the FOM of the multi-layered 

mask and furnace media composite samples as a function of 

the particle size. The FOM of the N95 FFR sample is also 

included in Fig. 5 as a reference. A negligible difference in 

the FOM curves was observed among all the multi-layered 

face mask samples. Additionally, the FOM values of face 

mask composite samples were generally lower than that of 

the N95 FFP sample (~half the FOM value of the N95 FFR 

sample). This data proves that the N95-comparable efficiency 

of double/triple- layered mask composite samples is indeed  

 

 

Fig. 4. The size-fractionated collection efficiency of the composite filter samples composed of multiple layers of basic face 

mask and furnace media (loosely layered) at the face velocity of 10.5 cm s–1. 
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Fig. 5. The comparison on the FOM of the N95 FFR and composite filter samples at the face velocity of 10.5 cm s–1. 

 

achieved at the expense of an increased pressure drop for 

most cases using face mask samples. However, in the cases 

of the composite filter samples made of multiple layers of 

furnace filter media, their FOM values were higher than that 

of the N95 FFR sample, particularly for particles larger than 

100 nm. Based on the FOM values given above, composite 

filters made of multiple furnace filter media layers would be 

preferred as an alternative for a N95 FFR. Notice that 

although the FOM values for the composite samples made 

of multiple layers of face mask filter media were less than 

that of the N95 FFR sample, the pressure drops for all the 

tested composite samples remained within the allowable 

pressure drop range (i.e., < 350 Pa) for a N95 FFR.  

 

On the Additivity of Composite Filters Made of Multiple 

Layers of Basic Filtration Media 

It is typically assumed that the penetration of composite 

filters, which is made of multiple layers of basic filtration 

media, is equivalent to the product of the penetration efficiency 

of the individual filtration media layers functioning 

independently. The particle collection efficiency of the 

composite filter samples can be calculated by Eq. (3): 

 

ηn = 1 – (1 – ηs)n (3) 

 

where n is the number of basic media layers in a composite 

filter and ηs is the collection efficiency of a single layer of 

basic filtration media. In this part of the study, this 

assumption and equation are examined in the context of the 

tested composite filter samples.  

Fig. 6 shows the comparison between the collection 

efficiency calculated by Eq. (3) and the measured collection 

efficiency for the composite filter samples made of multiple 

layers of basic media C and F. The discrepancy between the 

measured and calculated collection efficiencies was found 

for the composite samples in the test particle size range. For 

our test composite filter samples, the measured efficiencies 

were less than the calculated ones in the test particle size range. 

Three possible reasons for the above observed discrepancy: 

(1) the micro-structure uniformity of basic filtration media, 

leading to an issue of any given layer not necessarily being 

representative of the others in the calculation for overall 

collection efficiency; and (2) the loose layering of multiple 

basic filtration media, resulting in a different interfacial 

microstructure between any two adjacent layers (compared 

to that of basic media layers); (3) the change of charge status 

of test particles, resulting in different collection efficiencies 

for different basic media layers. A supplementary experiment 

was thus performed to test the potential explanations. 

The composite filter sample with three layers of basic 

furnace media F was selected for this supplementary 

experiment. The particle penetration of three basic filter 

media and the composite filter were individually measured 

under the same face velocity of 10.5 cm s–1 and using DMA-

classified particles of 50, 100 and 200 nm in sizes. The 

product of the measured penetration data of the three basic 

furnace filter media (i.e., P = P1 × P2 × P3, where Pi is the 

particle penetration of the basic media, i) was compared to 

the measured penetration of the composite sample. Three 

composite filter samples were tested to calculate the average 

particle penetration efficiency for a specific size. Fig. 7 

shows the comparison between the calculated and measured 

collection efficiencies obtained in this experiment. It was 

found that the measured particle collection efficiencies of 

the three-layered composite filter samples were again lower 

than the calculated, especially when using small particle 

sizes. The result above is consistent with the trend observed 

in Fig. 6. It was thus concluded that the discrepancy shown 

in Fig. 6 was not primarily due to the uniformity of the media 

microstructure. The observed discrepancy in the particle 

collection should be attributed to either the loose assembly 

of the multiple layers of basic filtration media or the charge 

status change of challenging particles. Further investigation 

will be required to identify the reason(s). 

 

CONCLUSIONS 

 

The size-dependent collection efficiency of four face  
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Fig. 6. Comparison of the measured and calculated collection efficiency of composite filter samples with multiple layers of 

basic media C and F at the face velocity of 10.5 cm s–1. Note that this calculation was based on the particle collection 

efficiency of a basic media (randomly selected). 

 

 

Fig. 7. Comparison of the measured and calculated collection efficiency of composite filter samples having triple layers of 

basic media F at the particle sizes of 50, 100 and 200 nm (measured at the face velocity of 10.5 cm s–1). Note that this 

calculation was based on the measured particle collection efficiency of individual basic media layers used to construct the 

composite filters. 

 

masks and one N95 FFR were measured under the same 

testing protocol. Test filter media samples were challenged 

with neutralized DMA-classified NaCl particles between the 

sizes of 20–800 nm and at a face velocity of 10.5 cm s–1. 

Two CPCs were used to measure the number concentration 

of particles upstream and downstream of the filter holder in 

which a test filter sample resided. The particle penetration 

of a test filter sample was calculated by taking the ratio of 

the downstream to the upstream particle concentrations. The 

pressure drop across the filter sample was also measured for 

the FOM (Figure of Merit) calculation. As expected, the 

minimum particle collection efficiency of the N95 FFR 

sample was higher than 95% and the minimum collection 

efficiency of all the face mask samples varied from 71.8% 

to 83.6%. The MPPS for the N95 FFR and face masks were 

all ~50 nm in this study. The N95 respirator had a higher 

FOM value than the face masks. 

The strategy of using multiple layers of basic filtration 

media to construct a composite filter with a particle 

collection efficiency comparable to that of N95 FFRs (as an 

alternative media for N95 respirators) has been investigated. 

The basic filtration media selected in this study were face 

mask media and MERV13 furnace filter media (because 

they are readily available on the market). Our data shows 

that composite filters made of double/triple layers of face 

mask media can provide a comparable collection efficiency 

to a N95 FFR, especially for particles larger than 100 nm. 

Although the collection efficiency of the composite filter 
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with three layers of furnace filter media was less than that of 

the N95 respirator sample for particles less than 100 nm in 

size, the three-layered composite filter was able to provide a 

comparable collection efficiency for particles larger than 

100 nm in diameter. The composite filter with five layers of 

furnace filter media could provide a collection efficiency 

like that of N95 respirator media in the test particle size 

range. Moreover, the composite samples of multi-layered 

face mask media had the lowest FOM, while the sample of 

multi-layered furnace media offered the highest FOM. The 

use of composite filters composed of multiple layers of basic 

furnace filter media is therefore the preferred option as an 

alternative media for a N95 respirator, given the current N95 

respirator shortage.  

The additivity of the particle collection efficiency for 

composite filters assembled from multiple layers was also 

examined. The discrepancy between the measured and 

calculated collection efficiencies of multi-layered composite 

samples (when loosely layered) was found. An additional 

experiment showed that the observed discrepancy was either 

due to the possible differences in the interfacial microstructure 

in a composite filter or the charge status change of the 

challenging particles during the particle collection, not the 

uniformity of basic filter media.  
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