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Introduction
Potential risks associated with ultrafine particles

Nanotechnology is defined as the manufacturing process, the 
handling, or the study of nanoscale materials. The nanometric scale is 
defined by standards, and in an approximate range from 1 nm to 100 
nm. Nanoscale materials have special properties that nanotechnologies 
seek to exploit. These properties, a source of many applications and 
nanotechnologies, can thus be applied to various fields (computers, 
construction, automotive, aerospace, textiles, cosmetics and drugs). 
Due to their properties at nanometric scale, nanometer-size particles 
exhibit different behaviors with materials of the same chemical 
composition but of larger scale. They may have greater surface 
reactivity, higher mechanical strength, modified electrical properties, 
or the ability to penetrate body tissue, etc. But research has shown that 
nanoparticle properties (size, shape, surface area, charge, chemical 
properties, solubility, oxidative potential and degree of agglomeration) 
can influence the toxicity of nanoparticles. Indeed, several studies 
have shown that, for an equivalent dose by weight, ultrafine particles 
are insoluble and have more powerful effects than larger particles of 
similar composition, and can cause noteworthy damage. Regarding 
air exposure, nanoparticles penetrate the body primarily through 
inhalation. They are deposited in the lungs and can thus result in 
certain pulmonary diseases (inflammation, bronchial hyperactivities, 
acquisition of mutagenicity etc.) and even infect the bloodstream [1].

Occupational exposure in workplaces

There is a considerable gap between the hazard data collected and 
the occupational exposure limits (OEL) for nanomaterials. In European 
or USA law, there are currently no limit values for exposure to ultrafine 
particles. OELs to aerosols are usually defined using two indicators: the 
mass and the chemical composition of the particles. The exposure limit 

value of one substance is typically expressed by the mass of particles 
(solid or liquid) suspended in the air (mg/cm3), except for fibres 
where exposures are expressed in number concentration (in fibres/
cm3). Exposure to dust, with or without specific nano-effects, is then 
expressed in mass concentration (mg/m3). However, risk assessment 
based only on mass concentration seems irrelevant, because observed 
effects are not linearly dependent on mass. There is a set of arguments 
suggesting that, for ultrafine particles, it is preferable to express values 
by number of particles or total surface area per unit volume. Yet one 
cannot establish a direct relationship between number of particles and 
ultrafine particle effects. The nature, specific surface area, structure 
and chemical composition of the surface of these particles play a key 
role in potential health effects. Thus, it is necessary to consider each 
type of particle individually. However, one notes that attempts have 
been made to derive health-based limit values for frequently used 
manufactured nanomaterials such as carbon nanotubes [2], fullerenes 
(C60) [3] and TiO2 [4].

Based on current knowledge, occupational exposure to ultrafine 
particles occurs mainly in workplaces using nanomaterials, or when 
work processes indirectly generate ultrafine particles. The research 
contained in certain articles (Table 1) has tried to characterize 
concentrations of ultrafine particles in a variety of workplace activities, 
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though they measured a wide range of exposure levels. These results are 
highly consistent with certain review articles [5-8]. Welding is one of 
the most important sources of fine and ultrafine particles in industrial 
environments, and several studies have investigated the emission 
characteristics of welding aerosols in workplaces. Occupational 
exposure to airborne particles may be high, as workers often work 
close to the source of emissions. These studies [9-12] measured several 
particle metrics in an attempt to find suitable particle characteristics 
for use regarding health effects. No current technique facilitates ideal 
characterization of ultrafine particles generated in a work environment. 
Each provides useful information on one aspect or another (Table 
2). The preferred method is to combine a variety of techniques to 
characterize the exposure. Particle number is generally a good indicator 
in the measurement of nano-sized particles. Also, surface area has been 
proposed as a good indicator of particle toxicity. It is also important 
to determine the chemical composition of ultrafine particles through 
the study of their effects on human health. In theory, measurement of 

particle mass concentration only provides a measure of the amount of 
micron and sub-micron particles in the air, and is generally not a good 
measure of ultrafine particles. Nonetheless, it may still be important to 
measure the mass concentration of large particles and their impact on 
health. Most instruments commercially available today are not suitable 
for personal sampling; thus, stationary sampling must be employed in 
workplaces to monitor and assess exposure to ultrafine particles. For 
example, a new technique, aerosol mapping, is being employed to assess 
the spatial distribution of an aerosol in the workplace. This method 
has been used to assess spatial variability in both particle count and 
mass concentration [11]. With regard to workplaces, a wide range of 
particle number concentrations have been reported; these depended on 
the localisation, instrumentation, and industry. For the most part, size 
distributions had a geometric mean diameter of between 100 nm and 
300 nm. These results were highly consistent with in-laboratory welding 
simulations [12]. Emissions of ultrafine particles resulted in very high 
rates (number concentrations higher than 108 particles per cm3); the 

References Industry - activity Measurements Some of the results

Abrams et al. auto manufacturing - mass concentration
(thoracic)

thoracic mass concentration:
0,13 - 0,56 mg/m3

Rosenthal and Yeagy bearing and grinding operations in 
auto manufacturing

- total mass concentration
- particle size distribution
(mass)

total mass concentration:
0,486 - 0,770 mg/m3  

Wake et al. 10 industries in UK - Industrial 
processes involving heat

- particle number concentration
- particle size distribution
(number)

particle number concentration: (> 5,105  part/cm3) > ambient 
level

              particle size distribution:
GMD ≈ 160 nm > GMD (ambient) ≈ 50 nm

Ross et al. 20 small machine shops – {No 
welding;
mean; welding}

- mass concentration
(total, PM10)

GM of total mass concentration:
{0,15; 0,22; 0,52}

GM of thoracic mass concentration: {0,11; 0,17; 0,44}

Peters et al. an engine machining and assembly 
facility

- mass concentration (PM1, PM2,5, 
respirable particles)
- particle number
concentration

respirable mass concentration:
0,016 - 0,022 mg/m3

< 300 nm particle number concentration:
 1,84.105  - 1,49.106  part./cm3

Dasch et al.
auto manufacturing -6 diff general 
motors plants - 5 processes

- total mass concentration
(total, PM2,5)
- particle number concentration
- particle size distribution
(mass)

total mass concentration:
MOUDI: 0,18 - 1,10 mg/m3  and filter: 0,070 - 1,1 mg/m3 
                  
PM1,0 concentration:
MOUDI: 0,024 - 0,097 mg/m, APS: 0,022 - 0,045 mg/m  and 
DustTrak: 0,11 - 0,28 mg/m3

 
particle size distribution: 
 MMAD depends on activity

Evans et al. an automotive
grey iron foundry

(PM1, PM2,5, respirable particles)
particle number concentration:
- particle number distribution (number 
and mass)

respirable mass concentration:
0,05 - 0,15 mg/m3

< 300 nm particle number concentration:                            
7,01.10  - 2,39.10  part./cm

particle size distribution:
high concentration in the smallest channel ELPI (0,007 -0,023 
µm)

Kaluza et al. welding fume aerosol  in three 
Swedish workshops

- mass concentration
(PM10, respirable particles)
- lung deposited surface area 
concentration
- fine, ultrafine and coarse
particle size distribution
- chemical analysis
- TEM analysis

respirable mass concentration:
600 - 3 400 µg/m3

PM10 concentration for intense activity: 3 000 µg/
m3(background < 100 µg/m3)

particle size distribution:
unimodal distribution in number concentration:
GMD ≈ 100 – 150 nm
unimodal distribution in mass concentration:
MMAD ≈ 200 – 300 nm
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Elihn and Berg in seven Swedish industrial plants
- including
welding

- mass concentration (PM10, PM1, 
respirable particles)
- particle number concentration
- total particulate surface area 
concentration
- particle size distribution
(number)

PM10 concentration:
0,1 - 1,0 mg/m3

particle number concentration:
20.103  - 130.103  part./cm3

particle surface area concentration:
50 - 3 800 µm2/cm3

particle size distribution: Generally GMD < 100 nm

Evans et al. carbon nanofibre production

- mass concentration
(respirable particles)
- particle number concentration
- particle surface area concentration
- particle size distribution
(number)
- photoelectric aerosol sensor

respirable mass concentration: 
< 12 000 µg/m3

particle number concentration:
< 1,2.106  part./cm3

surface active area concentration:
< 1 500 µm/cm3

particle number size distribution:
conc (small part.) > conc (large part.), 105 part./cm3  < conc < 
107 part./cm3,
primary mode: 200 nm - 250 nm and part. from heat traitment: 
mode ≈ 10 nm

Liu and Hammond an automobile assembly plant - 
including welding

- mass concentration (total, PM2,5, 
respirable particles)
- particle number concentration
- particle size distribution
(number and mass)
- chemical analysis

respirable mass concentration:
max = 1 330 µg/m3

particle number concentration:
max = 3,6.1011  part./cm3

particle size distribution:
particle number conc.: max = 3,1.109  part./cm3

Table 1: Non-exhaustive list of characterization concentrations of ultrafine particles in various workplaces.

Integral measurement

Delayed 	 Direct

Particle distribution measurements

Delayed 	 Direct

Advantages
- necessary to ensure continuity in professional 
assessments

- informative measurement and seems relevant with 
effects of puf in human health

Limitations - spatio-temporal  variability not accounted

- what diameter should be measured?
- complex instrumentation

- results difficult to interpret

Particle number 
concentration

- relatively simple 
to perform

- background noise 
particles in ambient 

air can cause 
difficulties

- sampling + counting 
with meb or met

- condensation 
nucleus counter (cpc, 

p-trak, portacount)

- mobility particle sizer (smps, 
fmps, dms 50)

- diffusion battery

- electrical low pressure 
iimpactor (elpi)

- aerodynamic particle sizer 
(aps)

Particle 
surface area 

concentration

- seems relevant 
with effects of puf 
in human health

- instrumentation 
performance
are not yet

sufficiently known
- sampling +

counting with bet

- diffusion charging 
(nsam, lq1-dc, ead, dc 

2000)
- pas 2000

Particle mass 
concentration

- necessary to 
ensure continuity 
in professional 
assessments

- seems not enough 
relevant with effects 

of puf in human 
health

- difficulties as a 
sensitivity analysis in 

samplers

- sampling + gravimetric 
measurement

- particulate matter 
sampler with 

microbalance (teom)

- cascade impactor
(moudi)

- low pressure 
impactor (lpi)

- sampling + 
selection (filter, 

cyclone) + 
gravimetric 

measurement

- optical particle counter (opc)

Particle shape/
component 
measurement

- informative 
measurement

- is it relevant?

- how to characterize 
these particles?

- there is no method 
of stabilized

- sampling + analysis 
with meb or met or 
chemical analysis

Table 2: Parameters characterizing aerosol particles.
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results revealed an aerosol consisting of very fine particles (80–95% of 
the number distribution <100 nm). Be it exposure in a workplace or 
simulated activities in a laboratory, there are several issues that make 
comparison of these results difficult. The main issues are: the lack of a 
harmonized approach to the measurement strategy and instrumental 
methods; the parameters measured; the range of dimensions used 
and the procedures for data analysis. In addition, other factors place 
limits on these comparisons, namely, contributions to measured 
concentrations from other sources and a lack of information on the 
limits of detection.

 A limited number of studies have been carried out on sanding 
processes compared to the welding process. No studies were identified 
in actual workplaces to measure the number concentration of particles 
generated by this activity. Some studies [13,14] have been conducted 
on emissions from sanding paint (nanoparticle-based or not) in a small 
ventilated chamber used for analysis. Koponen et al. [14] measured a 
large quantity of dust (106 particles per cm3). Particle-size distribution 
varies according to the paint used but exhibits the same modal 
structure in five modes (the first three modes were less than 200 nm 
and the two other modes were more than 1 micrometer). These values 
are consistent with the other studies [13,15]. Szymczak et al. quoted by 
Koponen et al. concluded that the majority of nanoparticles (less than 
100 nm) stem from the electric motor [15,14].

Using respiratory protective devices

Respiratory protective devices (RPDs) are generally used in 
cases where collective ventilation is not possible, or is insufficient. 
RPD efficiency is very important for the safety and health of workers 
potentially exposed to ultrafine particles. Depending on the certification, 
respirators are tested using a quantitative test for measuring protection 
factors. There are various protection factors and all are based on the 
principle of measuring the ratio of contaminant concentrations outside 
the protection device, C0, to those inside the device, Ci (1). One observes 
that the protection factor is equal to the inverse of the penetration (P) 
of the respirator.

In certification tests, the penetration measurement or Nominal 
Protection Factor (NPF) allows us to obtain respirator efficiency by 
measuring C0 and Ci concentrations in favourable conditions governed 
by standards. Penetrations do not take into account leaks located on 
the interface between the mask and the face.

0 1

i

CPF
C p

= =  				                (1)

The Assigned Protection Factor (APF) is the level of respiratory 
protection that a properly functioning respirator or class of respirators 
would be expected to provide to properly fitted and trained users in 
the workplace. The APF takes into account all expected sources of 
facepiece penetration (i.e. face seal penetration, filter penetration, valve 
leakage). The government or a standards organization determines the 
APF. In the United States, for example, the NIOSH and the ANSI both 
typically establish an APF of 10 for half-face, negative-pressure, air-
purifying respirators.

The Workplace Protection Factor (WPF) is the level of protection 
provided in the workplace, under conditions prevailing in that 
workplace, by a properly selected, fit-tested and functioning respirator, 
while it is being correctly worn and used. The WPF is a direct 
measurement of respirator performance capabilities in a specific work 
environment. It represents the workplace contaminant concentration 
outside the respirator (C0) divided by the contaminant concentration 

inside the respirator (Ci). Concentrations are measured simultaneously 
and only while the respirator is being properly worn and used during 
normal work activities. Thus, measuring the WPF is a very time- 
consuming and expensive process.

The Simulated Workplace Protection Factor (SWPF) is obtained by 
measuring respirator performance in a laboratory using test exercises 
designed to simulate work. The SWPF is determined by measuring a 
test atmosphere concentration outside (C0) and inside (Ci) a properly 
functioning, properly worn respirator. The validity of the SWPF as a 
surrogate for the WPF depends on how well the test exercises represent 
the work to be done. In short, the SWPF only describes the effectiveness 
of the respirator in laboratory conditions, and thus restricts access to 
the certification of these devices, while the protective factor in the 
workplace, the WPF, attempts to reflect the actual performance of the 
respirator. Several studies have attempted to find a correlation between 
different protection-factor indices, mainly for larger particles; however 
the correlation has been weak [16,17].

No studies have reported on the measurement of the WPF in 
workplaces where there was significant exposure to ultrafine particles. 
Some studies of number concentration were performed in work 
environments in which there were ultrafine particles, but none have 
measured the concentration within a respiratory protective device. 
Several studies have attempted to characterize the performance of half-
mask respirators in the workplace, using mass-based assessment of the 
WPF and for a specific compound. They include [18] for benzo(a)pyren, 
[19] Zhuang et al. for iron particles and Wu et al. [20] for benzene-
soluble fractions measuring the concentrations inside and outside, and 
using a classical personal sampling method. The resulting WPF have a 
mean of 47, 920 and 2.5, respectively, for [18-20]. There is also a study 
by Cho et al. [21], in which the authors measured the WPF (number) - 
in an agricultural environment - of one elastomeric N95 half-mask, as 
well as one FFR N95 using an optical particle counter (from 0.7 to 10 
µm). They found that the WPF with the elastomeric N95 half-mask was 
greater than the WPF with FFR N95, and that the WPF increased from 
100 to 1,000 as the particle size increased.

Filtration theory
Personal protection devices use media to limit worker exposure: 

the media in these systems capture particles. Studies have been 
conducted on penetration dependency on the size of the particle, as 
in the case of filtering facepiece respirators (FFR), and reusable filters 
whose media are made of fibreglass. The size of the Most Penetrating 
Particle Size (MPPS) is between 100 nm and 300 nm. These results are 
in line with studies on media efficiency. Experimental and theoretical 
studies on ultrafine particle filtration using various media [22-24] show 
that the filtration efficiency increases when the aerosol size drops to 4 
nm, as predicted by filtration theory. However most of the FFR consist 
of electret filters. Several studies [23,25-27] show that experimental 
MPPS occurs below 100 nm, which is consistent with theoretical 
considerations. For mechanical filters, the neutral ultrafine particles are 
collected through diffusion, interception, and impaction phenomena. 
When particles are charged and the filter fibres are neutral, an image 
force is added to the particle-collecting phenomena [28,29,23]. For 
electret filters, generally used in N95 FFR, fibres are charged, thereby 
adding collection forces: a polarisation force for neutral particles, or 
a Coulombic force for charged particles [28,30]. In all cases, these 
additional electrical forces significantly increase particle capture. The 
N95 FFR certification is performed using charge- neutralized particles 
to estimate performance in the worst-case scenario, the maximum 
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penetration or the minimum efficiency. With 42 CFR 84 certification, 
FFR are tested using charged-neutralized NaCl aerosol (for FFR 
classified N) and DOP aerosol (for FFR classified R or P), with an 85 
L/min constant flow and up to 200 mg challenge aerosol load. For 
NaCl aerosol, the particle size is about 0.075 µm for the count median 
diameter (CMD) and 1.86 for the geometric standard deviation (GSD), 
while for the DOP aerosol it is about 0.185 µm for the CMD and 1.60 
for the GSD. Concentration measurements upstream and downstream 
are collected with a photometer or equivalent instrumentation, and 
the ratio gives the PFF penetration. The certification criterion for N95 
FFR is as follows: the total initial particle penetration cannot exceed 
5%. This penetration does not take into account leaks located on the 
interface between the mask and the face.

Most studies on N95 FFR for nanoparticles were performed in-
laboratory, applying criteria dictated by standards [31] or approximating, 
as closely as possible, the actual conditions in laboratory measurements 
taken in a test chamber: respiration simulation [32], simulated leaks 
[33] and various types of particles [34]. No one has studied a specific 
activity that might simulate a workplace protection factor. However, 
Balazy et al. [35] studied the difference between penetrations in two test 
benches with different sizes (0.096 m3 and 24.3 m3 in volume). These 
comparisons were made for both 30 L/min and 85 L/min inhalation 
flow rates. The same spectra penetration was observed in both test 
benches and for the two flow rates. These results indicate that either 
chamber can be successfully used to predict respirator performances.

The aim of this study is to simulate the activity of sanding processes 
and measure the efficiency of an N95 filtering facepiece for the 
exposure. Performance was measured for both a "natural" and a charge-
neutralized aerosol - using three constant flow rates and a cyclic flow 
- for particle sizes ranging from 20 nm to 200 nm. These measurements 
were then compared to traditional measurements of filtering facepiece 
efficiency conducted in a test chamber in a laboratory. In the current 
study, we seek to compare a chamber and an open setup, with a view to 
predicting N95 FFR performance in the workplace. The purpose is to 
verify that laboratory tests are representative of a work activity to which 
workers could be exposed.

Equipment and Methods
The respiratory protective devices tested

The present study used only one model of the commercially available 
filtering facepiece respirator, and it was certified N95. The cup-shaped 
N95 FFRs had two straps, a nose-clip, three layers and no exhalation 
valve. The soft outer layer was made of polypropylene, and had little 
effect on either the efficiency or the pressure drop in the mask. The 
inner layer, which was also the shaping layer, was rigid and determined 
the shape of the mask. A layer of media was mounted between these two 
layers; this layer facilitated particle filtration. The respirators were not 
preconditioned, and they were tested “as received”. Silicone was used to 
fully seal the respirators to a manikin headform, so as to avoid leakage. 
Thus, all the reported values corresponded to filter penetrations alone, 
and did not take into account any leakages occurring on the interface 
between the mask and the face. The penetration measurements thus 
referred to protection factors exclusive of leakages. This simplification 
allowed us to compare results from the two test benches and facilitated 
good reproducibility of measurements.

The laboratory test bench

The laboratory test bench (Figure 1) was constructed at the IRSST 
and allowed measurement of the N95 FFR penetration [32, 36-38]. It 

consisted of a test chamber in which generated particles were directed 
toward the front of a Sheffield head equipped with an N95 FFR. The 
experimental conditions (pressure, humidity, temperature) within the 
test chamber were constantly controlled. The design of the chamber had 
a square section (300 mm) and its length allowed us to achieve a high 
level of uniformity with the challenge aerosol. The filtering facepiece 
respirator was sealed to a manikin’s head to eliminate leakage. Both 
constant and cyclic flow rate were used to analyse the efficiency of N95 
filters. Finally, two sampling probes, one in front of the mask and the 
other inside the head, made it possible to measure the protection factor 
for different configurations.

Measurements with a simulated occupational exposure 
setup

The simulated occupational exposure (Figure 2), too, was 
constructed at the IRSST. It consisted of a table on which a rotating disc 
simulated sanding. The NaCl aerosol generator was connected to the 
table, and six lines of holes just above the rotating disc helped disperse 
the aerosol. The disk dispersing the generated aerosols was installed at 
a height of a few millimetres. The manikin head simulated the worker 
and was placed 23 centimetres in front of the disk, and 27 centimetres 
above it. The filtering facepiece respirator was also sealed to a manikin’s 
head to eliminate leakage. Both constant and cyclic flow rate were used 
to analyse the efficiency of N95 filters. Finally, two sampling probes, 
in front of the mask and inside the head, allowed us to measure the 
protection factor for different configurations.

The nanoparticle generation system

The particle-generation system in the two setups consisted of a 
6-jet collison generator, a drying system and a 85 Kr electrical charge 
equilibrator (in Figure 1, and in configuration “a” in Figure 2). These 
devices enabled the production of NaCl ultrafine particles. Figure 
3 shows particle size distributions produced in a different setup (4 
samples Cu), measured using a Scanning Mobility Particle Sizer 
(SMPS) (comprised of an electrostatic classifier TSI model 3080 with a 
long differential mobility analyzer TSI model 3081 and a Condensation 
Particle Counter TSI model 3775). The NaCl particles measured ranged 
from 20 nm to 200 nm. Particle penetration was then determined as a 
function of particle size.

In addition, another aerosol, one that had not been neutralized, 
was used (see configuration “b” in Figure 2) to simulate an aerosol in 
a real situation when the simulated workplace penetration has been 
measured.

The test system

The N95 FFR and the manikin coupled with the respiration device 
were placed in the chamber (Figure 1) or on the table (Figure 2). Two 
configurations were tested: one at a constant flow (configuration (1) in 
Figures 1 and 2) and one based on simulated respiration (configuration 
(2) in Figures 1 and 2). The constant-flow installation configuration, 
most commonly used in standardization tests, was obtained using a 
pump. The penetration measurements were carried out at constant 
flows of 43 L/min, 85 L/min and 135 L/min, respectively.

The simulated respiration was obtained using a flow/volume 
simulator (Series 1120; Hans Rudolph Inc., Shawnee, KS, USA) so as 
to provide a simple model of respiration in a sinusoidal waveform. A 
three-way valve was used to prevent exhalation flows from returning 
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via the chamber. Penetration measurements were carried out under 
one cyclic flow. To obtain an ideal sinusoidal flow, this simulation was 
performed, respectively, at 42 L/min as the minute volume (Vmin), 
85 L/min as the mean inhalation flow (MIF = 2 × Vmin) and 135 L/
min as the peak inhalation flow (PIF). These choices were made using 
the NIOSH value (85 L/min, using a constant flow) and drawing on 
previous studies comparing penetration using constant and cyclic 
flow rates [39-41,32]. These studies were conducted to compare the 
performances of N95 FFR using a constant flow and a cyclic flow 
[39,40,32]. The results showed that the constant flow rate equal to 
the average breathing (Vmin) underestimated the penetration when 
compared with the same flow but expressed in cyclic mode; on the 
other hand, the equivalent maximum cyclic flow (PIF) overestimated 
the penetration.

The protocol for measuring the N95 FFR protection factor 
and data analysis

In both setups, aerosols upstream and downstream of the mask 
were transported using two sampling probes. The two tubes had the 
same length (about 40-50 cm), so as to obtain the same retention time 
and the same losses. These aerosols were then selected according to 
their electrical diameter (using the electrostatic classifier TSI 3080 
and the long differential mobility analyzer TSI 3081), while their 
concentrations were measured using a Condensation Particle Counter 
(CPC, TSI 3775).

The sampling was collected at the rate of 1.5 L/min and the 
experimental penetration was obtained from the ratio of the two 
concentrations in front of the mask, Cu, and inside the head, Cd, as 
shown in equation (2) below.

d

u

CP
C

=   					                   (2)

In the laboratory test bench, each downstream and upstream 
measurement obtained was the mean of two scans; in the occupational 
exposure set-up, each downstream and upstream measurement was the 
mean of six scans; the length of time required by each scan was 315 
seconds (300 seconds of measurement and 15 seconds for the DMA 
voltage adjustment). A measurement taken on the laboratory test 
bench required more than 10 minutes, and a measurement taken on 
the occupational exposure test bench required more than 30 minutes. 
Each measurement was taken twice to verify the generation stability 
and ensure that the penetration represented a stationary filtration 
process (i.e. one cannot observe any effect due to clogging); also, four 
different respirators were tested (N = 4). The penetration values were 
then analyzed in terms of mean values and standard deviations.

Using NCSS program software (LLC Inc., Kaysville, UT, USA) the 
comparison tests were performed by analysis of variance (ANOVA) to 
verify the significance of the test benches and the selected flow rate on 
the spectrum and the MPPS penetration.

Experimental Protection Factors
Spectral measurements with the different setups

Figures 4-7 show experimental penetrations obtained with both 
configurations: the laboratory test bench and the simulated occupational 
exposure setup. The penetration curves exhibit a low penetration and a 
Most Penetrating Particle Size (MPPS) of <100 nm for electret filters, as 
predicted by the theoretical simulation of the filtration, and by previous 
studies. One observes that the penetration results were lower than 5%. 
These figures also showed that for these filters the MPPS was about 40 
nm (between 34 nm and 45 nm), which is consistent with the results 
of previous studies [23,26-33,35,38]. The filtration efficiency of electret 
filters depended on the state of the charge on the filter fibres [23]. The 
results also confirm earlier findings that the penetration of the filtering 
facepiece increases as one increases the flow rate [23,25,32,37]. These 
curves show an increase in penetration with an increase in the flow 
from 43 L/min to 135 L/min. For the laboratory test bench and the 
simulated occupational exposure setup, one notes that the maximum 
penetrations measured increased, respectively, from (1.02 ± 0.21)% to 
(3.00 ± 0.28)% and to (3.40 ± 0.63)% for flow rates from 43 L/min to 
85 L/min and to 135 L/min, and from (1.15 ± 0.55)% to (2.77 ± 0.44)% 
and to (3.86 ± 0.50)%.

As expected, for all tests performed in the present study the filtration 
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 Figure 1: Experimental setup for measuring the protection factor with (1) 
constant inspiration and (2) a cyclic flow mode.
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efficiency obtained using N95 revealed that particle penetration 
through the filter media was independent of particle size distribution, 
since in both configurations different particle size distributions were 
used for different setups (Figure 3).

Comparison tests were performed using analysis of variance 
(ANOVA) to verify the consistency of the comparison of the two 
configurations. The analysis shows that for a 43 L/min constant flow 
rate there were no significant differences (p>0.05) in penetration 
measurements obtained with the laboratory test bench and the 
simulated occupational exposure setup. Regarding the 85 L/min 
constant flow rate, 44% of the spectrum revealed significant differences 
in penetration between the two test benches; this difference was 22% 
for a 135 L/min constant flow rate. This analysis also revealed that the 
penetration spectra for the cyclic flow rate of the two test benches were 
totally different.

A more specific analysis of variance on penetration at MPPS 
revealed that there were no significant differences in these maximum 
values for the constant flow rates; but the same was not observed for the 
respiration simulation. 

Spectral measurements of the simulated occupational 
exposure: effects on neutralization

Figures 8-11 show the experimental penetrations obtained from 
the simulated occupational exposure setup, both with and without 
neutralization of generated aerosol. In workplaces, the aerosols 
generated did not necessarily have a charge distribution close to 
the Boltzmann equilibrium. Here, the aerosol did not go through 
an alteration charge system in order to get closer to actual working 
conditions.

As with the previous figures, Figures 8-11 show that, both with and 
without a neutralized aerosol, the MPPS was about 40 nm, consistent 
with the results of [35]. One notes, too, that the penetration results were 
lower than 5%. The curves revealed an increase in penetration, with an 
increase in flow from 43 L/min to 135 L/min. Note that the maximum 
penetrations measured decreased slightly from (1.15 ± 0.55)% to (0.86 ± 
0.17)% for a 43 L/min flow rate, decreased from (2.77 ± 0.44)% to (1.55 
± 0.84)% for an 85 L/min flow rate, and increased from (3.86 ± 0.50)% 
to (4.11 ± 0.44)% for a 135 L/min flow rate, respectively, both with and 
without neutralization in the simulated occupational exposure setup.

Penetrations at 85 L/min, and with a cyclic flow defined by an 
MIF = 85 L/min, showed the same trend, with a maximum penetration 
of about 3% with neutralized aerosol, and a maximum penetration of 
about 1.5 to 2% with non-neutralized aerosol. Consequently, these 
curves were highly consistent with the previous studies [32,39,40].

Comparison tests were performed using analysis of 
variance (ANOVA) to verify the significance of the aerosol 
neutralization

As in the previous comparison, the analysis shows that for a 
43 L/min constant flow rate there were no significant differences 
(p>0.05) in the penetration measurements obtained, either with or 
without neutralization of the aerosol and in the simulated occupational 
exposure setup. For an 85 L/min constant flow rate, and for the cyclic 
flow rate (defined by a MIF = 85 L/min), 44% of the spectrum revealed 
significant differences in penetration; this difference was 33% for a 
135 L/min constant flow rate. This analysis revealed an increase in 
differences in penetration spectra as the flow rate increased.

The more specific analysis of variance of the penetration at MPPS 
showed that there were significant differences in these maximum 
values for the 85 L/min constant flow rate and for the cyclic flow rate 
(defined by a Vmin = 85 L/min). There were no significant differences 
(p>0.05) in these maximum values for the 43 L/min and the 135 L/min 
constant flow rates.

Discussion
Comparison of the performance of the two configurations

The penetration measurements were made without leakages 
and allowed us to compare the two test benches: the laboratory test 
bench and the simulated occupational exposure setup. The results 
showed that there was a high correlation between the two penetration 
measurements for both benches in constant conditions [42-45]. The 
slight difference in penetration increased when the filtration velocity 
increased, due primarily to the high variability of the N95 FFR. One 
notes that maximum penetration was not significantly different in 
constant conditions. This indicates that the laboratory test bench can 
represent simulated sanding activity reliably. To our knowledge, there 
are no earlier studies comparing penetration of N95 FFR in the case of 
a laboratory test bench (conventional measurements) and penetration 
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in the case of a bench simulating an activity with exposure to ultrafine 
particles.

The constant flow rate equivalent to the mean inhalation flow 
(MIF), 2 × Vmin, correctly predicted the effectiveness of the N95 filters. 
One observes that penetrations at 85 L/min (Figures 5 and 9) and with 
a cyclic flow defined by a MIF = 85 L/min (Figures 7 and 11) showed 
the same trend with a maximum penetration of about 3%. These results 
were highly consistent with the previous studies.

Neutralization of aerosols

N95 FFR certification is performed using charge-neutralized 
particles to estimate performance in the worst-case scenario, i.e. 
maximum penetration or minimum efficiency. As shown in the 
literature review, particle neutralization is even more important when 
electrets are employed.

Our results are highly consistent with earlier work carried 
out by [35,30] measured the penetration of an N95 FFR for NaCl 
particles generated by a 6-jet collison generator, with or without the 
neutralizer, and at 85 L/min. They observed a significant decrease in 
penetration without using the neutralizer, which is consistent with the 
latest theoretical considerations. The Most Penetrating Particle Size 
measured about 40 nm for neutralized particles. For the setup without 
neutralization, the MPPS measured had a range of 30 to 60 nm. The 
maximum penetration then fell from about 5% to about 1.5% between 
the two different setups. Rengasamy et al. [30] studied the penetration 
of five N95 FFR for room air particles at 85 L/min. This aerosol was 
either un-neutralized or charge neutralized. The authors measured the 
net charge of the two aerosols using an electrometer; these aerosols 
showed no significant difference in current levels for un-neutralized 
or neutralized room-air particles. The Most Particle Penetration Size 
was found to be in the 35-55 nm range for either un-neutralized or 
charge-neutralized aerosol [46-50]. For three N95 FFR, the maximum 
penetrations measured were greater for the neutral particles than for 
the un-neutralized particles, while the maximum penetrations for 
the other two masks were comparable to one another. These results 
also revealed that an increase in flow rate increases differences in 
penetration, both with and without neutralization [51,52].

Conclusions
The aim of this study was to determine if two different benches 

provided a dependable representation of unfavourable exposures in 
workplaces. We saw that there was no study measuring the efficiency 
of N95 FFR in workplaces where workers were exposed to ultrafine 
particles. Estimating occupational exposure to ultrafine particles in the 
workplace is already an issue. One substitution method proposed by 
several agencies (i.e. NIOSH) is to try to simulate a work activity in 
the laboratory so as to estimate the efficiency of respiratory protective 
equipment. This method measures the Simulated Workplace Protection 
Factor (SWPF). In our study, we simulated the sanding activity and 
measured the efficiency of an N95 FFR. These measures were then 
compared to conventional measurement of N95 FFR effectiveness in 
a chamber. The measurements were carried out when the mask was 
sealed to a manikin.

In the first part, the measurements revealed that all measured 
penetrations were less than 5%; the certification criterion for N95 
specifies that the total initial particle penetration cannot exceed 5%. 
Furthermore, measurements of penetration were carried out ignoring 
leakages, with a view to comparing the two test benches. The results 
showed that there was a high correlation between the penetration 
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Figure 5: Comparison of penetrations in the two setups and for a 85 LPM 
inspiration.
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Figure 6: Comparison of penetrations in the two setups and for a 135 LPM 
inspiration.
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Figure 7: Comparison of penetrations in the two setups and for a cyclic 
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neutralization source for 43 LPM inspiration.
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Figure 11: Comparison of penetrations with and without the use of a 
neutralization source for a cyclic respiration.
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Figure 9: Comparison of penetrations with and without the use of a 
neutralization source for a 85 LPM inspiration.
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Figure 10: Comparison of penetrations with and without the use of a 
neutralization source for a 135 LPM inspiration.

 

measurements involving the laboratory test bench and those 
involving the simulated occupational exposure setup. One can see 
that penetration increased when the flow rate increased; however, the 
maximum penetration measurements were not significantly different 
at all constant flow rates. Thus, the laboratory bench is a dependable 
representation of the simulated activity.

In the second part, we measured the effect of aerosol neutralization 
on penetration via simulated occupational exposure to ultrafine 
particles in the workplace. The results show that exposure to charge-
neutralized particles is the worst-case scenario. There was a slightly 
higher maximum penetration measured in the case of the charged-
neutralized NaCl aerosol. However, we observed that the difference 
in aerosol charge does not involve any shift in the Most Penetrating 
Particle Size. In the present article, the MPPS occurred at about 40 nm 
in all conditions tested.

However, there are certain limitations to this study. In particular, 
only one N95 FFR was tested for both configurations. Verification is 
required to determine if one can draw the same conclusions regarding 
differences in penetration (in terms of neutralized/non-neutralized 
particles) for different N95 FFR. Also, in order to simplify the setups, 
the cyclic flow used in this research did not include exhalation; in real 
life, however, exhalation can affect filter performance.

The use of an N95 FFR without leaks is only the first step in 
comparing differences between the two benches. That said, this first 
step allows us to conclude that laboratory tests are representative of 
the work activity environments to which workers may be exposed. As a 
follow up, the second step will measure and compare protection factors 
in a simulated occupational exposure setup and a laboratory test bench.
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