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a  b  s  t  r  a  c  t

The  purpose  of  this  experimental  study  was  to  compare  two different  particle  measurement  devices;
an  Electrical  Low  Pressure  Impactor  (ELPI)  and  a Scanning  Mobility  Particle  Sizer  (SMPS),  to  measure
the number  concentration  and  the  size  distribution  of  NaCl  salt  aerosols  to  determine  the  collection
efficiency  of  filtering  respirators  against  poly  disperse  aerosols.  Tests  were  performed  on  NIOSH  approved
N95 filtering  face-piece  respirators  (FFR),  sealed  on a manikin  head.  Ultrafine  particles  found  in  the
aerosols  were  also  collected  and  observed  by  transmission  electron  microscopy  (TEM). According  to the
results,  there  is  a systematic  difference  for the  particle  size  distribution  measured  by the  SMPS  and  the
ELPI. It is  largely  attributed  to  the difference  in the measurement  techniques.  However,  in spite  of  these
enetration
oly disperse aerosols
enetrating particle size

discrepancies,  reasonably  similar  trends  were  found  for  the  number  concentration  with  both  measuring
instruments.  The  particle  penetration,  calculated  based  on mobility  and aerodynamic  diameters,  never
exceeded  5%  for any  size  range  measured  at constant  flow  rate  of  85  L/min.  Also,  the  most  penetrating
particle  size  (MPPS),  with  the  lowest  filtration  efficiency,  would  occur  at  a similar  ultrafine  size range
<100  nm.  With  the  ELPI,  the  MPPS  was  at 70  nm  aerodynamic  diameter,  whereas  it occurred  at  40  nm
mobility  diameter  with  the  SMPS.
. Introduction

According to the Bureau of Labor Statistics and the National
nstitute for Occupational Safety and Health (NIOSH), in the USA
n 2003, approximately 3.3 million workers in the private sector
sed a respirator to reduce workplace exposures [1].  With the
xponential growth of nanotechnology and the potential impact
f nano-materials on workers’ health and safety, air filtration res-
irators are increasingly being used to reduce exposure to airborne
ano-materials, when other control methods are insufficient. A
ecent research work has shown that elastomeric half-mask air
urifying respirators are the most commonly used type of res-
irator worn by workers handling nanomaterials, followed by
isposable filtering facepiece respirators (FFR) [2].

Workers could be exposed to nanoparticles during the manu-
acture of different nanotechnology related products or to ultrafine
articles as incidental by-products of combustion or welding pro-

esses. Both types of particles have diameters smaller than 100 nm,
nd this could potentially pose a health hazard [3].  Epidemiolog-
cal studies on exposures to ultrafine particles, which are in the
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same size range as nanoparticles, have clearly shown acute and
chronic effects [4].  Also, toxicity studies on the effects of nanopar-
ticles on animals have also shown acute effects on different organs;
however, chronic studies are still very limited [5].

In order to understand and characterize toxicity of ultrafine par-
ticles, it is important to determine the particle characteristics from
different views (i.e., mass concentration, number concentration,
and size distribution). Various techniques have been developed to
determine characteristics of the particles. However, most of these
devices are not yet validated for ultrafine particle field and labora-
tory size measurements.

The effectiveness of filtering respirators and any other pro-
tective equipment to intercept and prevent ultrafine particles
penetration is a significant issue that needs to be evaluated [6,7].
The distinctive lognormal particle size distribution curve is well
known and documented experimentally and theoretically regard-
ing filtration efficiency [7–9]. The lowest point of the curve is
where the minimal collection efficiency was found and repre-
sents the range of most penetrating particle size (MPPS), which
correspond to a median mass aerodynamic diameter of 350 nm

for mechanical filters [7,8,10]. In general, for filters, particle sizes
that approximate 50–500 nm are assumed to correspond to the
range of MPPS [6,7,11]. According to their size, ultrafine particles
(10–100 nm)  principally respond to a diffusion mechanism, while

dx.doi.org/10.1016/j.jhazmat.2012.02.058
http://www.sciencedirect.com/science/journal/03043894
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ub-micrometric particles (300–1000 nm)  essentially respond to
nterception, impaction and gravitational settling mechanisms
7,11,12]. Previous experimental studies on the efficiency of differ-
nt NIOSH certified filtering face-piece respirators with ultrafine
articles using a constant flow rate of 85 L/min (or 42.5 L/min for
ual filter respirators) to represent a worker’s inhalation at heavy

oad burden, showed that the MPPS was at 200 nm or below [10,11].
he experimental approach used by NIOSH for filter approvals is
escribed in the 42 CFR part 84, “Respiratory Protective Devices”
13]. The limitations of the NIOSH experimental set-up and protocol
re well discussed by Eninger et al. [21]. The main limitation of this
rotocol is that it uses aerosol photometers that do not effectively
etect the ultrafine aerosol fraction. Manikin-based experimental
et-ups to characterize the respirator filter performance have been
sed in earlier studies and is described in details in the literature
14–21]. The results obtained with the various different methodolo-
ies including experimental set ups, aerosol size ranges and particle
ize measurement techniques that have been used in previous
tudies are not always directly comparable [10–12,14–22]. Since
xposures to nanomaterial and ultrafine particles are increasing
nd that several ultrafine size measuring instruments are available,
ndeavours must be made in regards to the evaluation of filtering
espirators initial penetration of ultrafine particles or their agglom-
rates that are within MPPS range [6].  For this reason, it is important
he comparison of commonly used ultrafine size measuring tech-
iques, to better understand their advantages and limitations.

Regarding penetration of ultrafine particles through the FFRs,
n most of the previous studies, the Scanning Mobility Particle
izer (SMPS) technique, comprised of Differential Mobility Ana-
yzer (DMA) and Condensation Particle Counter (CPC), has been
sed to determine the particle number concentration and size dis-
ribution and consequently to calculate the filtration efficiency at
ach particle size range. The electrical low pressure impactor (ELPI)
as been also used to measure the size of particles when assessing
he evaluation of protection factors and filtering efficiency of NIOSH
ertified N95 FFR [10,18,19].

In this study, two techniques to characterize the number con-
entration and size distribution of ultrafine particles have been
mployed to measure filter efficiency using a manikin-based exper-
mental set-up [16–20] and the data have been compared. To our
nowledge, no previous studies have investigated the use of differ-
nt measuring techniques, mobility and impaction, to characterize
he filtration efficiency of respirators.

The objective of this study was to compare two different parti-
le measurement techniques, an Electrical Low Pressure Impactor
ELPI) and a Scanning Mobility Particle Sizer (SMPS), to measure the
umber concentration and the size distribution of salt aerosols in
rder to determine the collection efficiency of filtering respirators.

. Instrumentation

Concerning available measurement techniques, the ELPI and the
MPS are devices currently used to determine the particle size dis-
ribution of aerosols in the ultrafine size range (1–100 nm). The

easurement done by each device has its own principle and tech-
ique. With the ELPI, the particles are size classified based on inertia

mpaction, while for the SMPS, the electrical mobility is behind
he measurement. Compared with the SMPS, the ELPI measures
he particles over a wider size range. Based on the aerodynamic
iameter, particles are segregated onto 12 different cut-off diame-
ers, ranging from 30 nm to 10 �m,  each corresponding to a specific

mpactor stage. The resolution of the size distribution of the ELPI

easured through 12 different stages is lower than that of the SMPS
easured through 167 different channels. Nonetheless, the ELPI

as the advantage of having a high time resolution which allows
Materials 217– 218 (2012) 51– 57

taking measurements of the entire size distribution simultaneously
every second, whereas the SMPS, which operates on a scanning
channel per channel basis, cannot [8,23].  However, for the SMPS,
the particle size distribution measurements are done at high reso-
lution, for size range between 5 and 1000 nm [24].

In the SMPS, to obtain the Boltzmann charge equilibrium, the
particles are passed through a neutralizer before entering the main
part of the SMPS; DMA. Then, the particles are selected in the DMA
according to their electrical mobility. As the particles enter the
DMA, they experience an external electric field causing each parti-
cle with a certain diameter and charge to follow a specific trajectory,
and to migrate with a certain amount of velocity. Only specific size-
selected particles within a narrow range of electrical mobility will
have the correct trajectory to exit the DMA. Particle size distribu-
tions are established by changing the voltage between the inner
and outer cylindrical electrodes in the DMA, which changes the
electrical field. DMA  voltage (V) is related to the electrical mobility,
Z, and mobility diameter, d, using Eq. (1):

Z = Q ln(R2/R1)
2˘LV

= 0.441(kBT/M)0.5

pd2
(1)

where R1 and R2 are the inner and outer radius of the DMA, L is the
DMA length from inlet to outlet slit, Q is the carrier gas flow rate,
k is the Boltzmann constant, and T, p, and M are the temperature,
pressure and molecular weight of the carrier gas [25]. In the second
part of SMPS, a CPC then optically detects and counts these particles.

In the ELPI, particles first pass through a corona charger, where
they are positively charged. Then, to classify the particles in terms of
their inertia impaction and aerodynamic diameter, the charged par-
ticles go through a cascade impactor which consists of 12 different
stages. The large particles unable to follow the stream are collected
on the upper stages and the smaller ones follow the stream and are
impacted on the proper-lower stages. Once any positively charged
particle is collected at any stage, an electrical current carried by the
particle is counted by an electrometer. Finally, the counted current
measured at any stage is related to the number concentration by
applying Eq. (2):

Ci = I

PneQ
(2)

where Ci is the number concentration of the particle, I is the induced
current, P is the particle penetration through the corona charger, n
is the number of the charges carried by the particle, e is the charge
of an electron (1.602 × 10−19) and Q is the sampling flow rate [26].

In this study, the ELPI (Dekati Ltd., Tampere, Finland) was oper-
ated at a flow rate of 10 L/min and was  employed using the standard
configuration for the 12 stage cascade impactor. Oiled sintered
impaction substrates, to prevent or reduce particle bounce and re-
entrainment, were placed in the impactor. The particle density used
for the measurements was  set at 2.17 g/cm3, as this is the value of
NaCl bulk density. In addition, all the data provided with the ELPI
was reported based on the particle collection diameter (Din), which
is referred to as the midpoint value between the cut-off diameter of
the given stage (Dan) and the cut-off diameter of the stage located
above (Dan+1). This was calculated using Eq. (3):

Din =
√

(Dan ∗ Dan+1) (3)

3. Materials and methods

In this study, NIOSH approved N95 FFR from 3 M,  model 8210

were selected to challenge against NaCl salt ultrafine particles. A
detailed description of the manikin set-up has previously been pub-
lished [27]. In summary, for each test, a selected N95 FFR was fixed
on a manikin’s face using a silicon sealant to avoid any possible
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Fig. 1. Manikin head with the sealed N95 FFR in the challenge chamber.

eakage: the manikin was then placed inside the test chamber as
hown in Fig. 1.

.1. Experimental set-up

.1.1. Poly-dispersed aerosols filtration test (PAT)
Fig. 2 is a schematic representation of the experimental set-up

sed to characterize the filtration performance of the N95 FFRs
gainst poly-dispersed sodium chloride particles. In this set-up,

 six-Jet Collison Nebulizer (Model CN25, BGI Inc., Waltham, MA)
as employed to generate poly-dispersed sodium chloride parti-

les in the ultrafine size range (1–100 nm). A diffusion dryer (a silica
el drying system) was used to dry the aerosols coming out from
he Collision Nebulizer. The particles were then passed through

 neutralizer (Kr-85) (Model 3012A, TSI Inc.) to obtain the Boltz-
ann charge equilibrium and then it was mixed with dry air. The

otal aerosol stream at a constant flow rate of 85 L/min was  passed
irectly into the test chamber. Further details on the experimen-
al set-up, measurement techniques and procedure can be found in
27].

The particle penetration through the filter is determined as the
atio of the downstream concentration (Cdown) to upstream con-
entration (Cup) for the challenge aerosol, which is presented in Eq.
4):

(%) =
(

cdown

cup

)
× 100 (4)

Consequently, the total collection efficiency (�) is defined in Eq.

5) as:

(%) =
(

cup − cdown

cup

)
× 100 = 100 − P (5)

ig. 2. Schematic diagram of the experimental set-up for testing N95 FFR against
alt poly-dispersed aerosols using ELPI and SMPS measuring techniques.
Fig. 3. Particle concentration and size distribution of the challenge NaCl aerosols
upstream at 85 L/min testing flow rate using the SMPS measuring technique (n = 4).

The concentration (of whether upstream or downstream) applied
in above formulas is number concentration based, which is defined
as Ci for the ELPI (see Eq. (2))  and as the total number counted by
CPC divided by the volume of air for the SMPS device.

The sampling flow rates were of 1.5 and 10 L/min respectively
for SMPS and ELPI measure techniques. After stabilization of the
system, the size distribution were measured alternately twice at
the downstream and upstream of the test filter with both SMPS
and ELPI. Each ELPI measurement was  recorded for 2 min  and 15 s,
which corresponded approximately to the time needed by the SMPS
to perform a total particle size scan. The particle penetrations were
determined as function of mobility and aerodynamic particle sizes
using SMPS and ELPI as the measuring techniques, respectively.

3.2. Generation of poly-dispersed sodium chloride particles

A six-Jet Collison Nebulizer was operated at an inlet pressure
of 25 psi, and fed with 0.1% (v/v) NaCl solution to generate poly-
dispersed NaCl particle (see Fig. 3). Prior to a filtration efficiency
test, the generation system was allowed to operate for at least 5 min
in order to reach a steady state condition. To reduce the chance of
particle loading, the N95 FFR was bypassed during the stabilization
period.

3.3. Transmission electron microscopy characterization of
poly-dispersed sodium chloride particle

Aerosol sampling was  performed for poly-dispersed sodium
chloride particle characterization (optical size, shape and structure)
by TEM (Philips CM200 equipped with a digital camera-Corel Corp.
AMTV600 2Kx2K, 80 kV). A cassette fitted with a polycarbonate sub-
strate and a TEM pre-metallized copper grid placed directly in the
cassette was used to sample at a flow rate of 1 L/min for 10 min. The
cassette was  placed in front of the respirator. After sampling, the
particles collected on the TEM pre-metallized copper grids placed
in the cassette were analyzed directly by TEM without subsequent
manipulation.

4. Results and discussion

4.1. Phase 1: particle size distribution and number concentration

In this experiment, the particle number concentration and size
distribution at upstream of the filter, simultaneously measured
with both SMPS and ELPI (particle density assumed = 2.17 g/cm3),
were determined, as shown in Figs. 3 and 4.
Various ultrafine particle size measurement techniques exist
based on distinct physical principles [28]. In this study, two
techniques were used, namely differential mobility analysis and
impaction. Microscopy offers valuable information regarding the
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ig. 4. Particle concentration and size distribution of the challenge NaCl aerosols
pstream at 85 L/min testing flow rate using the ELPI measuring technique (n = 4).

orphology, and structure of particles. These three techniques are
omplementary and all relevant to characterization of airborne
ltrafine particles [28]. Taken together, they can give a represen-
ative image of the exposure. However, results obtained by these
ifferent techniques are not directly comparable because they are
ased on different operating principles [28]. The essential differ-
nce in the operating principles of the ELPI and SMPS devices is
hat they both measure particle size but express it with different
ypes of equivalent diameters: aerodynamic and electrical mobility,
espectively [29]. For comparison purposes of these two  devices,
nly the data of ELPI’s stages 1–5 (mid-point from 39.3 to 317.8 nm)
ere taken, since this size measurement range overlapped with

he SMPS. Measuring number concentrations with various devices,
hich have distinct lower and upper bound size sensibility, may

ive different results [23]. Therefore, interpretations of aerosols
haracteristics measured with different techniques must integrate
he advantages and disadvantages related to each device, includ-
ng the limits of detection [30]. The ELPI has a size resolution of
0–10,000 nm,  a time resolution of 2–3 s and a limit of detection
or particle concentration that is dependant on particle size [26].
ower and upper limits of detection for number concentration are
42 and 3.8 × 107/cm3, respectively, for the lowest stage (stage 1)
nd for stage #5, 5 and 1.4 × 106/cm3 [26]. As shown in Fig. 4, results
ere always within the lower and upper detection limits of the ELPI.

he detection limits of the SMPS is, in terms of particle diameter,
etween dsph = 10 nm and 1 �m.

Consequently, when comparing the results obtained with the
MPS and the ELPI, there seems to be a systematic difference for the
article size distribution measured by the two instruments, mainly
ttributed to the difference in measurement techniques and the
ay of displaying the results. As observed in Figs. 3 and 4, the trend

or the number concentration measured by the SMPS and ELPI dis-
layed a similarity. The plots of ELPI and SMPS results show that
umber concentration and size distribution measured by the ELPI
nd the SMPS follow similar trend, although the number concen-
ration seems slightly higher with the SMPS and the particle size
istribution lightly shifts to larger particles with the ELPI.

It must be kept in mind that the SMPS could possibly modify
he aerosol since it intercepts large particles by a pre-impactor
rior to the analyzer [31]. In this way, SMPS could brake large
erosol agglomerates, resulting in a higher count of smaller parti-
les or agglomerates and thus, a slightly bias measurement towards
maller sizes [31]. Also, the higher number concentration measured
y the SMPS could possibly be explained by the fact that this device
as a lower detection bound of 5 nm and 78 channels in the ultra-
ne size range. According to this device, the aerosol sampled was

omposed, among others, of ultrafine particles or ultrafine parti-
le agglomerates ranging between 5 and 30 nm (see Figs. 3 and 7).
his specific size range is too small to be size segregated by the
LPI having a lower detection bound of 30 nm and only two  stages
Materials 217– 218 (2012) 51– 57

below 100 nm.  The particle size distribution could not be displayed
at high resolution in the ultrafine size range (1–100 nm)  with the
ELPI. Therefore, the SMPS has the capability of detecting smaller
ultrafine particles (<30 nm)  than the ELPI and consequently, count-
ing a higher number of total particles if small ultrafine particles
(<30 nm)  are present in the aerosol. Based on their respective oper-
ating principles, we  observed a shift of the SMPS size distribution
to smaller diameters and thus, there was  a gap between the size
distributions measured by these two  devices, illustrating the two
distinct type of size characterization [29,32].

Our results are in accordance with other studies that used these
two devices to characterize ultrafine particle size and number con-
centration in aerosols. In a study conducted by Rossi et al., [33], they
used simultaneously an ELPI and a SMPS to characterize aerosols
composed of TiO2 and SiO2 nanoparticles. Their results showed that
systematically, the number concentration measured by the SMPS
was slightly higher than the one reported by the ELPI, whereas
the size distribution, reported by a D50 value, was vaguely smaller
for measurements made with the SMPS when compared to values
measured by the ELPI [33]. Comparison of measured particle size
distributions made with a SMPS and an ELPI was also performed
in a study conducted by Marjamaki et al. [34]. They showed that
there was  a reasonably good agreement between the size distri-
butions measured by these two  devices [34]. These data and the
results of our study also suggest that the aerodynamic diameter (Da)
would be larger than the electrical mobility diameter (Dp). Overall,
comparison of the analysis shows good agreement, but SMPS pro-
vides additional information regarding number concentration in
the lower ultrafine size range (<30 nm).

Noteworthy, assuming a unique density for the particles col-
lected on each stage of the ELPI, is another potential factor which
may  cause a discrepancy in the measured particle number concen-
tration when comparing with the results obtained with the SMPS.
According to Marjamaki et al. [34], this assumption may bring some
inaccuracy (as high as 100%) in determining the particle number
concentration collected on each stage since the particle density may
change with particle size and thus, from one stage to another, sup-
ported by the fact that we  have generated poly-dispersed aerosols
[35]. Furthermore, some of the particles observed by TEM were
agglomerated and not perfectly spherical, shape seemed more
cuboidal (Figs. 7 and 8). Particles of different shape and agglom-
eration state will have a density that will vary accordingly and as
mentioned above, this can influence the ELPI size measurement.

The mobility diameter measured with the SMPS is close to being
comparable to the projected-area diameter of particles, which
can be observed and measured by TEM [23]. Therefore, parti-
cle size measurements made by SMPS and by TEM could lead to
an advantage that the obtained results can be compared with-
out any additional suppositions regarding particles shape and/or
density. While such information could be complex to determine
and is fundamental when comparing results obtained with cascade
impactors and TEM [23].

4.2. Phase 2: filtering respirators initial particle penetration
against ultrafine NaCl particles

The N95 FFR were challenged with poly-dispersed NaCl aerosols
for a period of 5 min  at 85 L/min constant flow rate, and charac-
terization was done simultaneously using both the SMPS and the
ELPI instruments. The test was repeated four times. The mean, peak
and standard deviation of initial penetration values were com-
puted with respect to the electrical mobility diameter and the

aerodynamic diameter, measuring particle size distribution and
number concentration at upstream and downstream with the SMPS
and the ELPI, respectively. The number of replicates in this study
(n = 4) showed that results were fairly constant from one test to
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ig. 5. N95 respirators initial particle penetration as a function of particle diameter
t  85 L/min flow rate using the SMPS measuring technique (n = 4).
nother. For all 4 masks tested, the mean average penetration was
.78 ± 0.83% for a size distribution ranging from 11 to 225 nm mea-
ured on 83 different channels of the SMPS and was of 2.47 ± 0.66%
or sizes ranging from 39 to 318 nm measured on 5 stages of the

Fig. 7. TEM images of poly-dis
Fig. 6. N95 respirators initial particle penetration as a function of particle diameter
at  85 L/min flow rate using the ELPI measuring technique (n = 4).
ELPI. Figs. 5 and 6 show the initial particle penetration values.
Although the measurement techniques used by each device are dif-
ferent, as illustrated in Figs. 5 and 6 at their MPPS, the maximum
initial penetration level measured with the SMPS was  in agreement

persed NaCl in aerosol.
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Fig. 8. TEM images of NaCl particles in aerosol.

ith the maximum initial penetration measured with the ELPI.
s illustrated in Figs. 5 and 6, the plots of ELPI and SMPS results

or the FFR N95 respirators average initial penetration measured
y these two devices follow a similar trend. The maximum initial
enetration values were of 3.08 (standard deviation of 0.10) and
.37 (standard deviation of 0.12) when particle concentration was
ounted by SMPS or the ELPI, respectively. Also the MPPS occurred
t 70 nm aerodynamic diameter with the ELPI and 40 nm mobility
iameter with the SMPS. Noteworthy, these MPPS values should be
nequal, since they are based on two different units, one is the elec-
rical mobility diameter measured with an SMPS and the other one
s the aerodynamic diameter determined by impaction. By correlat-
ng these two units, similar values should theoretically be obtained.
owever some other parameters such as, particle density and shape

or each particle size, are required for such correlation and the true
alues of these parameters are unknown (see Figs. 7 and 8) and
herefore, were not computed. Nonetheless, in both cases (ELPI
nd SMPS), the lowest filtration efficiency measured by the MPPS,
ould occur at a similar ultrafine size range (<100 nm), acknowl-

dging the presence of electrostatic attraction mechanism on the
lter particle collection. This is in accordance with what has been
reviously reported [11,16,36].  In our study, in both cases, using
ither the electrical mobility or the aerodynamic diameter, the ini-
ial penetration did not exceed the 5% NIOSH certification criterion
t 85 L/min of the FFR N95 class respirator. Some studies [16–36]
resented penetration values at MPPS below 5% for some NIOSH-
ertified filtration respirators and at the same time, borderline
alues or exceeding 5%, thus, highlighting the need for harmoniza-
ion of protocols and the need of performing more research in this
articular field.
As observed in Fig. 5, with the SMPS, for particles between
0 and 202 nm in electrical mobility diameter, the mean parti-
le penetrations varied from 3.08 to 0.97%, showing a reduction
y an average factor of 3.18 for the lower tail of the particle size
Materials 217– 218 (2012) 51– 57

distribution (<40 nm). In Fig. 6, for the 5 stages evaluated with the
ELPI, the mean particle penetrations varied from 3.3 to 1.9%, show-
ing a reduction by an average factor of 1.74 for the lower tail of the
particle size distribution (<72 nm). The results of this study support
the validation of FPR N95 filter efficiency certification for these res-
pirators against NaCl ultrafine salt particles for the size range that
was used.

Images obtained by TEM of poly-dispersed NaCl ultrafine parti-
cles in aerosol are showed in Figs. 7 and 8. Primary particles seemed
cuboidal. As we  can observe, the optical size of NaCl particles seems
to vary but remain in the ultrafine size range (<100 nm), with the
presence of agglomerates that can exceed 100 nm.  We  also noticed
that NaCl particles or agglomerates of particles had different shape
and structure (Figs. 7 and 8). Therefore, images obtained by TEM
qualitatively support the results obtained by the two  different mea-
suring techniques, that is to say NaCl particles generated in aerosol
were mainly ultrafine. Nonetheless, we  must be cautious about
the results obtained by microscopy, since we  have sampled salt
ultrafine particles, which can produce artifacts when drying into
crystal or films onto the substrate, resulting in changes of shape
and structure [28].

5. Conclusions

In this study, two  distinct size measuring techniques, impaction
and electrical mobility, were used to document the efficiency of fil-
tration respirators for airborne ultrafine particles protection, which
allowed characterization of number concentration and particle size
distribution for salt aerosols. This type of characterization, added to
analysis of TEM images, contributes to enhance our comprehension
and provides useful information regarding aerosols characteristics
that can influence the determination of respirators filtration per-
formance. The results of this study demonstrated a similar trend for
the filtration performance of a NIOSH approved filtering face-piece
N95 FFR from 3M,  model 8210, measured simultaneously with the
SMPS and the ELPI instruments. The results also showed that, in
both cases, the MPPS, with the lowest filtration efficiency, would
occur at a similar ultrafine size range (<100 nm), acknowledging the
presence of electrostatic attraction mechanism on the filter particle
collection. With the ELPI, the MPPS was  70 nm aerodynamic diam-
eter, whereas, the MPPS occurred at 40 nm mobility diameter with
the SMPS. It should however be mentioned that the MPPS values
should be unequal, since they are based on two different units, one
is the electrical mobility diameter measured with an SMPS and the
other one is the aerodynamic diameter determined by impaction.

Overall, in this study, the initial penetration never exceeded
the 5% NIOSH certification criterion at 85 L/min for the FFR N95,
reinforcing the fact that this level of filtration performance can be
achieved for this type of respirator against ultrafine NaCl salt parti-
cles based on both electrical mobility and aerodynamic diameters.
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