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ABSTRACT

Introduction: In the case of exposure to harmful substances and the use of a filtering facepiece respirator
(FFR) to protect workers, it is important to know the performance of commercial FFR. In previous studies,
the authors investigated a series of parameters on the effectiveness of a standard N95 FFR: particle
diameter, airflow rate intensity, breathing simulation, time of use, relative humidity. It remains uncertain
whether previous results can be extrapolated to all commercial FFRs.

Objective: To determine whether previous conclusions apply to other FFRs, an expanded selection of
models was evaluated in this study. The initial penetrations are then measured in order to compare the
penetrations amongst the different FFRs.

Methods: To do so, an experimental setup generates NaCl nanoparticles before introducing them into a
test chamber containing the FFR. A constant flow of 85 L/min is drawn through the FFR and particle
concentration is measured upstream and downstream of the FFR with a Scanning Mobility Particle Sizer.
This setup allows penetration to be measured as a function of the particle diameter from 10 to 200 nm.
Pressure drop was also measured across the FFR.

Results: The benchmark established in this study confirms that penetration measurements align with
previously reported values. All tested FFRs exhibit comparable trends: the most penetrating particle size
(MPPS) remains between 30 and 50 nanometers, with penetration decreasing for particles smaller or larger
than this range.

Conclusion: The results obtained thus indicate that the outcome achieved previously for the standard
N95 FFRs can be extrapolated to the other FFRs presented here.
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INTRODUCTION

In some workplaces, there are numerous exposures to chemical, biological, particulate and other
substances, or mixtures. These exposures are due to the use of chemicals, hazardous substances and
industrial processes, such as the use of tools or the implementation of particular tasks, all in a generally
closed or semi-closed environment. Nano-sized particles are generated by manufacturing processes such
as welding, combustion, vapor deposition, or gaseous phase synthesis. These particles are commonly
found in the indoor air of many workplaces (NIOSH, 2021; Andraos et al., 2022). Employers have become
aware of the toxicity of these particles, whose diameter is less than 100 nanometers. Indeed, studies have
shown that these nano-sized particles, because of their large specific surface area, exhibit greater biological
activity for the same mass, making them more toxic than larger particles of the same chemical composition
(Schraufnagel, 2020; Chen et al., 2023). Moreover, as nanotechnologies are becoming more and more
common in many work environments (automotive, aerospace, transportation, etc.), worker’'s exposure to
these nano-sized materials is growing (NIOSH, 2021; Andraos et al., 2022).

In the case of these types of exposures, employers must implement solutions to protect the health of its
workers with various means of control; hierarchically ranked according to their effectiveness (NIOSH 2015).
Respiratory protective devices, such as FFRs are therefore a last measure to protect workers from
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substances harmful to health when they are performing their work. It is thus legitimate to question their
performance (filtration efficiency) against nano-sized particles. Among all commercially available FFRs, the
N95 FFR is probably the most widely used device. The N95 FFR achieves high filtration efficiency — typically
above 95% - through electrostatic attraction within its charged filter layers, which effectively captures nano-
sized particles (Abdolghader et al., 2018; Essa et al., 2021; O’'Shaughnessy et al., 2022).

Indeed, currently and in North America, FFRs are classified according to 42 Code of Federal Regulations,
part 84 (Code of Federal Regulations 1995) and CSA Z94.4.1:21 (CSA 2021). These standards classify
FFRs according to the exposure aerosol (N, R and P), the minimum total efficiency of the FFR (95, 99 and
100) and, in the case of the Canadian standard, the initial pressure drop (3.43 mbar, 1.75 mbar and 1.00
mbar). With these standards, FFR are tested using charge-neutralized NaCl aerosol (for FFR classified N)
and DOP aerosol (for FFR classified R or P), with an 85 liters per minute (Lpm) constant flow and up to 200
mg challenge aerosol load. For NaCl aerosol, the count median diameter (CMD) is approximately 75
nanometers, and the geometric standard deviation (GSD) is 1.86. For DOP aerosol the CMD is
approximately 185 nanometers, and the GSD is 1.60. Concentration measurements upstream and
downstream of the FFR are collected with a photometer or equivalent instrumentation, and the ratio of
aerosol concentrations gives the penetration value. The certification criterion for N95 FFR is as follows: the
total particle penetration limit is 5% (calculated in mass). The NIOSH certification test is generally tested
using a TSI 8130 Automated Filter Tester. This device uses a forward light scattering photometer to
measure the particle concentrations. One can note that the photometer is not capable of adequately
measuring light scatter of particles below approximately 100 nanometers in diameter (Eninger et al. 2008),
reducing the contribution of nanoscale particles to the penetration measurement. Also, certified total
penetration is calculated, in mass, and does not provide information on efficiency as a function of particle
diameter. Furthermore, in the case of electret media, the most penetrating particle size (MPPS) is typically
less than 100 nm. In order to provide users with real performance data based on the particles they are
exposed to, the most practical solution is to measure penetration as a function of particle diameter over a
diameter range that includes the MPPS, i.e. between 10 and 200 nm (Rengasamy et al. 2011; Corbin et al.
2021).

Before the COVID-19 pandemic, some studies compared the laboratory performance of different FFRs
(typically comparisons were between different FFRs or during fit factor measurements). But during the
pandemic, studies with a benchmark approach have been published to compare the penetration of different
FFRs as a function of particle size, or to compare surgical masks or homemade masks with FFRs as a
function of particle size FFRs (Hao et al. 2020; Konda et al. 2020; Brochot et al. 2020a, 2020b;
O’Shaughnessy et al. 2021; Zangmeister et al. 2020; Bourrous et al. 2021; Drewnick et al. 2021; Sharma
et al. 2022). Since the end of the pandemic, some researchers have continued to work on respiratory
protective devices, and more precisely on FFRs, but with a focus on fit (McAvoy et al. 2021; Ng et al. 2022;
Freeman et al. 2022; Marchais et al. 2025), on FFR as a source-control device (Asadi et al. 2020; Bahloul
et al. 2021; Yang et al. 2025a and 2025b) or on a hospital environment use, and especially with regard to
decontamination (Peters et al. 2021; Kumar et al. 2022; Sharma et al. 2022; Zhu et al. 2022; Turgeon et al.
2023; Kim et al. 2024).

In the previous work, IRSST’s working group (Institut de recherche Robert-Sauvé en santé et en sécurité
du travail; the occupational health and safety research institute in Quebec, Canada) has already studied in
detail the penetration of one specific N95 FFR. The authors have studied the effect of the airflow rate, the
constant or cyclic breathing pattern, the time of use and the relative humidity (Bahloul et al. 2014; Mahdavi
et al. 2014, 2015; Brochot et al. 2015, 2020a). These studies led to the development of a reliable method
for measuring FFR penetration and highlighted the following trends: The MPPS for the tested N95 FFRs
was approximately 50 nanometers, and the filtration efficiency exceeded 95% at 85 L/min, as required by
certification. However, at higher flow rates—135, 270, and 360 L/min—the filtration efficiency dropped
below the 95% threshold, reaching about 85%. A constant flow rate equal to the average breathing flow
rate (Vmin) underestimates penetration compared to cyclic flow mode, while using a flow rate equivalent to
the maximum cyclic flow rate (peak inspiratory flowrate, PIF) overestimates the particle penetration. The
constant flow rate equivalent to the mean inhalation flow rate (MIF), i.e. 2 x Vmin, provides a better
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prediction of the penetration of the N95 FFR in cyclic flow mode. The MPPS shifts toward larger particle
sizes as clogging increases, due to the loss of electrostatic charge in the electret media. At 10% relative
humidity, penetration decreases over time, whereas at 80% relative humidity, penetration increases.

Nevertheless, the question remained whether these observations can be applied to other FFRs. In this
study, the authors first compared the initial penetrations of different FFRs under conditions provided by our
established setup and checked whether certain parameters could limit this comparison and interpolation. A
wide variety of additional FFRs were selected from different manufacturers representing diverse
characteristics: with or without exhalation valve, with different filtering surfaces, and with different
classifications. The penetration of NaCl nanoparticles was measured in order to assess the penetration
values for particles between 10 to 200 nm. Pressure drop was also measured for each selected FFR.

METHODS
Selected Filtering facepiece respirators (FFRs)

Twelve different commercially available FFRs were selected for this study. Table | shows the different
characteristics of the FFRs, such as their class according to 42 CFR 84, their shape, their origin, and
geometric surface area. All twelve FFRs contain an electret medium enclosed by other inner and outer
layers in order to soften the device, protect the medium or limit the moisture inside. Also, some surface
areas were evaluated and presented in Table I.

The FFR samples were randomly selected from the different boxes of FFRs stored in our laboratory and
tested without conditioning.

The first FFR is the specific N95 FFR studied previously. The first six FFRs are entry-level FFRs from three
different manufacturers, with N95 classification, and with and without valve. FFR_A1, FFR_A1v, FFR_A2,
FFR_A2, FFR_A3, FFR_A4v, FFR_A5, FFR_A6v and FFR_A7v are from the same manufacturer and have
specificities: FFR_A2 has a larger filter surface area; FFR_A3 is designed to improve the fit; FFR_A4v is
conceived for a welding fume exposition; FFR_A5 is certified R95; FFR_6v is certified P95; and FFR_A7v
is certified N100.

Experimental filtration performance setup

The test setup used in this study is the same presented in our previous studies (Bahloul et al. 2014; Mahdavi
et al. 2014, 2015; Brochot et al. 2015, 2020b, 2020c, 2021). This setup was used to measure the pressure
drop Ap (mbar) and the filtration efficiency E (%) of a FFR, with a 85 L/min constant airflow rate).

The setup is composed of a Collison nebulizer with 6 jets (CN 2425, CH Technologies, USA) which generate
NaCl nanoparticles (NaCl concentration at 0.1% v/v). The particles are dried with a diffusion drier and
brought to Boltzmann equilibrium with an 85Kr radioactive source (TSI model 3054A from TSI Inc.,
Shoreview, MN, USA). The polydispersed aerosol thus generated comprises particles ranging from 10 to
400 nm and centered at around 70 nm, based on the electrical mobility diameter.
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Table . Filtering Facepiece Respirators (FFRs) used in this study.

Designation Manufac- | Classification Surface External description
turer according to area
42 CFR 84 (cm?t 5cm?)
FFR_A1 Manuf. A N 95 190 Cup shape without valve
FFR_A1v Manuf. A N 95 170 Cup shape with valve
FFR_B Manuf. B N 95 -- Cup shape without valve
FFR_Bv Manuf. B N 95 - Cup shape with valve
FFR_C Manuf. C N 95 210 Cup shape without valve
FFR_Cv Manuf. C N 95 200 Cup shape with valve
FFR_A2 Manuf. A N 95 320 Flat folded without valve
FFR_A3 Manuf. A N 95 220 Flat folded without valve
FFR_Ad4v Manuf. A N 95 170 Cup shape with valve
FFR_A5 Manuf. A R 95 190 Cup shape without valve
FFR_A6v Manuf. A P 95 170 Cup shape with valve
FFR_A7v Manuf. A N 100 -- Cup shape with valve
Pressurized
air supply Outlet
Pressurized flow
air supply Chamber
HEPA width
. HEPA
filter ® 20 em filter
Silicagel 90 cm Flow-
ﬁ meter
6-jet collison - FFR
nebuliser _
witlh :\!aCI 15 cm I
solution 1
80 cm 30cm
i Temp., pressure and
SMPS humidity sensors

Control, monitoring and data collection

Figure 1. Experimental test bench used
respirators.

The aerosol is then injected into the test chamber in which the FFR is installed. The FFR is sealed onto a

to measure the filtering facepiece
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plate using a metal template and four fixings. The plate is coupled to a pump and set at a constant airflow
rate of 85 Lpm, as recommended by 42 CFR 84 to simulate constant inhalation flow. Aerosol concentrations
were then collected upstream and downstream of the FFR and directed to the Scanning Mobility Particle
Sizer, SMPS (TSI Model 3080, 3081, 3775 From TSI Inc., USA) coupled with an advanced aerosol
neutralizer (TS| Model 3087 From TSI Inc., USA) with measured particle size distributions across 21
channels covering a range from 10 to 200 nanometers. Three particle size distributions are collected
upstream of the FFR, followed by three distributions downstream and two distributions upstream in order
to verify the stability of the generation throughout the measurement. The first three concentration samples
upstream and three concentration samples downstream are used to calculate the average penetration of
the tested FFR, at each of the 21 channels measured by the SMPS according to Equation 1. The
penetration results presented in this paper are the means and standard deviations for three samples of
FFRs tested (N = 3).
E=1-P=1- Caownstream (1)
Cupstream

The pressure drop is measured according to equation 2, using a FLUKE 922 differential pressure sensor
(Fluke corp., Everett, WA, USA). This instrument has a measuring range of £ 40 mbar, with a reading
accuracy of £ 1%, i.e. 0.4 mbar.

Ap = Pupstream — Pdownstream (2)

RESULTS
Comparison of initial penetration results — Effect of valve and manufacturer

Figure 2 presents penetration measurements for the first six FFRs listed in Table |. These entry-level N95
respirators, from three manufacturers, include models with and without exhalation valves. Penetration is
shown as a function of electrical mobility particle diameter, ranging from 10 to 200 nanometers.

All six of these entry-level FFRs exhibited maximum penetration values below the normative limit of 5%.
The MPPS was between 40 - 50 nanometers, and the presence of a valve does not affect MPPS. However,
penetration increases slightly when a valve is present. For example, FFR_A1 and FFR_A1v show maximum
penetrations of (2.84 + 0.95)% and (3.85 + 0.86)% respectively; FFR_B and FFR_Bv show (2.52 + 0.35)%
and (3.25 + 0.09)%; and FFR_C and FFR_Cv show (2.67 + 0.63)% and (3.13 + 2.06)%. This increase may
be explained by the valve reducing the filtration area by approximately 10—20 cm?, which raises filtration
velocity.

Overall, the valve slightly increases maximum penetration but does not alter penetration trends by particle
size: MPPS remains unchanged, and penetration decreases similarly for particles smaller or larger than
MPPS.
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Comparison of penetration results at initial - N95 FFRs with different parameters

Figure 3 shows penetration measurements for FFR_A2, FFR_A3, and FFR_A4v, all produced by
Manufacturer A. Gray shading represents the standard deviation of penetration for FFR_A1, included for
comparison. FFR_A1 is the entry-level N95 model, while the other three have enhanced design features:
FFR_A2 offers a very large filtering area to ease breathing; FFR_A3 combines a large surface with
improved fit; and FFR_A4v is intended for welding fumes, incorporating additional seals for fit and a
charcoal layer to reduce organic vapor concentrations.

The maximum penetration values for these three FFRs are below the normative limit of 5% and lower than
those observed for FFR_A1. Their MPPS consistently are between 30 - 50 nanometers. These results
indicate that design variations—such as larger filter areas or added features for specific applications—
reduce maximum penetration without altering penetration trends by particle size. MPPS remains stable or
slightly lower, and penetration decreases similarly for particles smaller or larger than MPPS.

Comparison of initial penetration results - Effect of classification

Figure 4 shows penetration measurements for FFR_A5, FFR_A6v, and FFR_A7v, all produced by
Manufacturer A. Gray shading represents the standard deviation of penetration for FFR_A, the entry-level
N95 model, included for comparison. The three respirators tested are classified as R95, P95, and N100,
respectively. N-rated FFRs are intended for oil-free aerosols, while R- and P-rated models are suitable for
environments containing oil-based particles—R for short-term use and P for extended use.

The maximum penetration values for these FFRs are well below the normative limit of 5% and significantly
lower than those observed for FFR_A1. Their MPPS are between 30 - 40 nanometers. For FFR_A7v,
classified as N100, the minimum efficiency measured was 99.98 + 0.01%, exceeding the normative
requirement of 99.97%. These results indicate that higher-efficiency ratings substantially reduce
penetration without altering penetration trends by particle size. MPPS remains stable, and penetration
decreases similarly for particles smaller or larger than MPPS.



Vol. 42, No. 2, 2025 Journal of the International Society for Respiratory Protection

29

a) b)
0.05 0.05
0.04 - 1 0.04 -
£ 0.03 g 003
£ g
2 : 2
v O
A 0.021F i & o 0.02r-
0.01F )f . 0.01F ‘}
0 _i\f/ . | i_ 0 _i . P . ‘\:E\i*—}‘f‘*_.
10 100 10 100
Electrical particle diameter dp (nm) Electrical particle diameter dp (nm)
Q)
0.05 i
0.04 .
-5 0.03
=
@
g
o, 0.02F B
0.01 FXHK y
¥
{j
0 Lo . P | \***,
10 100

Electrical particle diameter dp (nm)

Figure 3. Mean penetrations (N = 3) * standard deviation for a) FFR_A2, b) FFR_A3
and c) FFR_A4v (the grey area represents the average penetration (standard
deviation) of FFR_A1, as reference).



Vol.

Penetration

Penetration

Figure 4. Mean penetrations (N =3) * standard deviation for a) FFR_AS5, b)
FFR_AG6v and c) FFR_A7v with d) a zoom of FFR_A7v’s penetration (the grey area
represents the average penetration (standard deviation) of FFR_A1, as reference).

42, No. 2, 2025 Journal of the International Society for Respiratory Protection

0.04

0.03

0.02

0.01F

0 ;“i’i’ig L n \;\f\f"*iw‘a*_‘_‘ P

10 100
Electrical particle diameter dp (nm)

Q

0.05

0.04

0.03

0.02

0.01

O PR Y I SR ST i U S S S SV [ S S S . L
10 100
Electrical particle diameter dp (nm)

b)
0.05
0.04 - 1
'5 0.03
5
(2]
5
/& 0.02r =
0.01 ] :
b * & .
= ;Y*‘./i . i.‘-*i**m_a,a._.n._‘ PN
10 100
Electrical particle diameter dp (nm)
d)
10° T
8x107* 8
=]
2
g
b}
=]
[<*] L il
a2
2x107 - H 1
A ﬁ
v
[} PP i ,,ﬁiﬁv{i}ﬁ T
10 100

Electrical particle diameter dp (nm)

30



Vol. 42, No. 2, 2025 Journal of the International Society for Respiratory Protection 31
Comparison of pressure drops, maximum penetrations and MPPS

Table 2 presents the pressure drop measurements (N=3) obtained at the beginning of the penetration
experiments, as well as the average maximum penetration (N=3), and the MPPS at which it was obtained.
One can note that FFRs from manufacturer C exhibit higher pressure drops compared to those from
manufacturers A and B. However, all measured pressure drops remain well below the normative limit of
3.43 mbar.

Table Il. Pressure drops, maximum penetrations and MPPS for the
12 FFRs used in this study.

Designation Pres(fr:g:rt):irop perllvtla?::?::](% ) MPPS (nm)
FFR_A1 0.91 £ 0.07 2.84 +0.95 39.2
FFR_A1v 0.98 £0.12 3.85+0.86 39.2
FFR_B 0.83+0.11 2.52+0.35 45.3
FFR_Bv 1.00 + 0.06 3.25+0.09 45.3
FFR_C 1.35 1+ 0.04 2.67 +0.63 52.3
FFR_Cv 1.09 £ 0.05 3.13+2.06 52.3
FFR_A2 0.34 £ 0.01 2.20£0.30 34
FFR_A3 0.70 £ 0.03 1.25+0.53 29.4
FFR_A4v 1.67 £0.15 1.45+0.07 39.2
FFR_A5 0.62 £ 0.57 0.52 £ 0.07 294
FFR_AG6v 1.24 £ 0.02 0.30 £ 0.06 294
FFR_A7v 1.16 £ 0.04 0.02 £ 0.01 39.2

The presence of a valve does not alter the MPPS. However, when a valve is present. Both penetration and
pressure drop increases slightly. This phenomenon is likely attributable to a reduction in the effective
filtration surface area caused by the valve, which consequently elevates the face velocity across the FFR.
This higher velocity leads to two consequences: it diminishes particle capture efficiency particularly for
nano-sized particles (Abdolghader et al., 2018) and impose a higher aerodynamic resistance, resulting in
higher penetration and pressure drop through the FFR.

The values in Table Il also show that the difference in FFR classification (N-, R-, or P-rated), although it
affects maximum penetrations and pressure drops, has very little effect on the MPPS range and the trends
in the penetration curves.

DISCUSSION

The benchmark conducted in this study confirms that penetration measurements for all tested FFRs comply
with normative limits and demonstrates that the setup and methodology reliably deliver expected results.
Although test conditions differ slightly from normative standards, the measurements align with expected
values. Additionally, this study provides detailed penetration profiles by particle size, offering precise MPPS
determination and insights beyond standard certification data.
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Maximum penetration values remain below 5%, and the MPPS consistently falls under 100 nanometers,
typically between 30 and 50 nanometers for electret media. These results indicate similar penetration trends
across different models: penetration decreases for particles smaller or larger than the MPPS, approaching
zero at the extremes.

Notably, FFRs from manufacturer C exhibit higher pressure drops and MPPS compared to those from
manufacturers A and B. These findings align with previously reported data for FFR_A1, suggesting that
initial penetration characteristics are comparable across models under standardized conditions.

However, this study did not address variables such as filtration airflow rate, breathing patterns, clogging
effects, or relative humidity. Previous research indicates these factors can influence penetration, but such
conclusions cannot be generalized without further testing. Future work should explore whether variations
in operational conditions or extended use affect penetration similarly across different FFRs.

CONCLUSIONS

The test setup used for this study provides reliable measurements of penetration as a function of particle
size and of pressure drop, confirming compliance with normative standards and revealing consistent MPPS
behavior among FFRs. These results suggest that initial performance trends observed for FFR_A1 may be
extrapolated to other models under similar conditions.

Nevertheless, broader applicability requires additional research on factors such as clogging, cyclic
breathing, intensity of respiration, and exposure to liquid particles. Investigating these aspects will help
determine whether current findings hold under real-world conditions.
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