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Abstract. The aim of this experimental study was to investigate the performance of both
portable and transportable devices devoted to the real-time measurement of airborne particle
number concentration and size (distribution). Electrical mobility spectrometers (SMPS, FMPS,
Nanoscan) as well as diffusion chargers (DiSCmini, Nanotracer) were studied. Both
monodisperse and polydisperse aerosols were produced within the CAIMAN facility to
challenge the instruments. The monodisperse test aerosols were selected in the 15-400 nm
diameter range using a differential mobility analyser (DMA), and presented number
concentrations of between 6.102 and 2.10° cm3. The polydisperse test aerosols presented modal
diameters of between 8 and 270 nm and number concentrations between 4.10° to 106 cm3. The
behavior of the different devices is expressed as (1) the ratio of the reported diameter to the
reference diameter, and (2) the ratio of the reported number concentration to the reference
concentration. These results are displayed as boxplots to better represent the statistical
distribution of the experimental results. For the group of electrical mobility spectrometers, a
good agreement between SMPS and FMPS and the reference was demonstrated. A slight
tendency for the Nanoscan to underestimate particle size distribution for particles above around
100 nm was observed. The data reported for the group of diffusion chargers demonstrate that
all, except the Nanotracer, show a tendency to underestimate particle diameter, by a factor
around -40% to -10%. In the case of particle concentration, larger deviations were observed.

1. Introduction

Nanomaterials have been increasingly developed and used in many technology and industry sectors
over the last 20 years, and increasing numbers of workers are thus likely exposed to airborne
nanoparticles [1]. The parameters that should be assessed in order to characterize airborne
nanomaterials are still being debated, and implementation of a multi-metric approach has recently
been suggested [2-4].

In addition to chemical composition, airborne particle number concentration as well as particle size
are among the parameters of interest [5] as they allow determination of the nanoparticle quantity and
indicate the region of the respiratory tract where inhaled nanoparticles will be deposited and
potentially interact. Methodologies to assess occupational inhalation exposure to airborne particles
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during production, handling and use of manufactured nanomaterials have recently been proposed [6-
12] and tested in various workplace environments [13-18]. In particular, these strategies emphasize the
utility of real-time instruments.

Investigating the performances of instruments devoted to the measurement of airborne
nanoparticles is crucial prior to their use in workplaces, e.g. [19, 20]. Both “gold-standard”
instruments, such as electrical mobility analyzers (e.g., Scanning Mobility Particle Sizer — SMPS, Fast
Mobility Particle Sizer — FMPS, Nanoscan — NS), and portable and battery-operated diffusion
chargers, designed for occupational hygiene/workplace exposure monitoring, are studied in this work.

It is also expected that this work will feed into the standardization work currently underway in
Working Group 3 of CEN/TC137 (Assessment of workplace exposure to chemical and biological
agents - Particulate matter) [21, 22].

2. Materials and methods

2.1. Testaerosols

Both monodisperse and polydisperse test aerosols, consisting of metals (carbon, titanium, silver),
metal alloy (constantan), salts (sodium chloride, cesium chloride) and organic compounds (DEHS —
DiEthylHexylSebacate), were produced to challenge the instruments. All aerosols were produced
within the CAIMAN facility developed at INRS [23]. The monodisperse aerosols consisted of
originally polydisperse aerosols, which were subsequently DMA-selected. The range of particle

(modal) diameter and number concentration for both monodisperse and polydisperse test aerosols are
presented in Table 1.

Table 1. Range of modal diameters and number concentrations investigated.

Range of (modal) diameter (nm) Range of number concentration (cm)
monodisperse 15 - 400 6.102 - 2.10°
polydisperse 8270 4.10° - 1.10°

Examples of monodisperse and polydisperse number size distributions of the test aerosols are
shown in Figures 1 and 2.
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Figure 1. Example of monodisperse number size distribution (DMA-selected electrical mobility
diameter 60 nm, Ag particles produced within CAIMAN [23]).
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Figure 1 highlights the presence of multiple-charge particles (equivalent electrical mobility
diameter of approximately 90 nm). However, in the remainder of this paper, only the DMA-selected
particle diameter will be considered, the proportion of multiple-charge particles being below about
5 % of the total number and thus considered negligible.
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Figure 2. Example of polydisperse number size distribution (Al particles produced within the
CAIMAN facility [23]).

2.2. Reference instruments

The reference particle number concentration (Cy ref) Was provided by a Condensation Particle
Counter (CPC; Grimm 5.401, dso = 4.5 nm, Qaerosol = 1.5 L min?), while the reference number size
distribution was determined by a Scanning Mobility Particle Sizer (SMPS; Grimm, composed of a
Vienna Type Differential Mobility Analyzer — DMA — and a CPC 5.403, Qaerosol = 0.3 L min,
Qsheath = 3 L min™). A lognormal model was fitted by a least squares method to obtain the modal
diameter of the distribution (e.g., Figure 2), considered as the reference diameter (d,¢f) in polydisperse
mode. Both reference devices are “gold-standard” instruments and were calibrated prior to the
measurement campaigns.

In monodisperse mode, the DMA-selected particle electrical mobility diameter was considered as
the reference diameter (d,qf).

2.3. Instruments under study

2.3.1. Electrical mobility spectrometers.
Although not ideally suited to the monitoring of aerosols in workplaces due to their low time-
resolution, lack of field-portability, complexity of use and high cost [24, 25], SMPS as well as FMPS
were examined in this study. Despite their drawbacks in the field, these devices are research-grade
instruments, which make it is possible to accurately measure aerosol parameters for laboratory studies
[26]. Only a single specimen of each instrument was studied. The SMPS was from TSI (DMA 3081,
CPC model 3787, Qaerosol = 0.6 L.min%, Qspeath = 6 L.min'1).

In addition, a new portable and battery-operated version of the SMPS, commercialized by TSI and
named Nanoscan, allows airborne particle number size distribution to be measured in one minute over
a size range of 10 to 420 nm. Three specimens of Nanoscan TSI were investigated in this work.

For all these devices, measured number size distributions were adjusted by means of a monomodal
lognormal model; the modal diameter of the fitted distribution is considered in the remainder of this
paper.
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2.3.2. Diffusion chargers

Real-time portable and battery-operated devices based on particle diffusion charging and sequential
electrical measurement were also investigated in this study. The DiSCmini (Matter Aerosol AG,
Switzerland), developed by Fierz et al. [27], is a standalone real-time handheld instrument that
provides the airborne nanoparticle number concentration (Cy, 10° — 10° cm) and average diameter (d,
20 - 300 nm) with an accuracy of + 30% according to the manufacturer [28, 29]. To avoid artifacts due
to coarse particles, the DiSCmini is equipped with an inlet separator with a cutoff diameter of 700 nm.
This device has previously been studied in laboratory conditions [30-33] as well as in field conditions
[34-36]. In this study, ten specimens of DiSCmini were challenged by the different test aerosols.

The NanoTracer diffusion charger developed by Philips Aerasense [37] and licensed to Oxility
(Eindhoven, Netherlands) has similar characteristics to the DiSCmini, and reports the average
diameter and number concentration of airborne particles. The NanoTracer has been used in
combination with GPS tracking, for example, to assess the contribution of different activities to
personal exposure [38, 39]. One specimen of NanoTracer was investigated in this work.

2.4. Methods
Experiments consisted of measuring in parallel the aerosols produced during a 5- to 30-minute period
when the test aerosol is stable and when a sufficient number of scans can be measured by means of (1)
the reference instruments and (2) the instruments under study. Due to the large number of devices
investigated, experiments were replicated to allow all instruments to be challenged by a sufficient
number of aerosols.
The data treatment procedure was as follows:
e For each test aerosol, the average number concentration C, and the corresponding standard
deviation o (Cy) were calculated for all instruments.
o Data points presenting a coefficient of variation above 5 % were disregarded, i.e. when
o) _ %
Cn

e For each of the remaining data points, the following ratios were calculated:
0 the ratio R; between the concentration measured by the instrument under study
(Cy) and the corresponding reference concentration (Cy ref):

Cn

RC ==
CN,ref

o the ratio R; between the modal (or average) diameter provided by the instrument
under study (d) and the corresponding reference diameter (d,¢):

d
dre f

Rd:

e This calculation was performed for all test aerosols, and the data were presented as
boxplots. In these graphs, the box surrounding the median value corresponds to the 1 and
3 quartiles, while the error bars represent the 95% confidence interval.

3. Results

The following subsections present the experimental results obtained for both the electrical mobility
spectrometers and the diffusion chargers. The latter results, expressed as ratios, are displayed as
boxplots, i.e. the closer to unity the ratio, the better the agreement between the instrument under study
and the reference.
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3.1. Electrical mobility spectrometers
Figure 3 presents the experimental results obtained for electrical mobility spectrometers in terms of
diameter ratio (R4, top), and number concentration ratio (R, bottom), relative to the reference.
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Figure 3. Boxplot of the diameter ratios (top) and number concentration ratios (bottom) found for the
electrical mobility spectrometers (NS: Nanoscan).
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The diameter ratios in Figure 3 show that the FMPS and SMPS are in close agreement with the
reference particle diameter, within £ 30% in most cases. Nanoscans #2 and #3 underestimated particle
diameter when challenged by aerosols composed of particles above 100 nm, by approximately -30% to
-50%. On the contrary, all Nanoscans under investigation reported size distributions in agreement with
the reference within £ 30% when measuring both mono- and polydisperse aerosols with (modal)
diameters below 100 nm.

In terms of number concentration, all of the instruments investigated were in agreement with the
reference concentrations, within + 30 %, except the Nanoscan #2. It is important to remember that for
all of these devices, the reported number concentration is derived from a calculation internal to the
software that takes into account the electrical state of charge of the particles as well as the transfer
function through the DMA. Based on physical assumptions, such inversion computations can lead to
under- or overestimation of number concentrations. Larger discrepancies have previously been
reported elsewhere, e.g. [40, 41].

3.2. Diffusion chargers

Figure 4 presents the experimental results obtained for various diffusion chargers in terms of diameter
ratio (top), and number concentration ratio (bottom), relative to the reference. Because of their
operating principles, the two ratios will be considered in parallel. Indeed, particle size and
concentration are strongly dependent on each other due to the charging law, e.g. [27, 37].

3.2.1. DiSCmini
Ten specimens of DiSCmini were investigated in this study. According to Figure 4, they all behave
similarly; the devices report particle sizes smaller than the reference, leading to an overestimation of
the corresponding total number concentration.

More particularly, median diameter ratios of between 0.60 and 0.89 (respective relative
discrepancies between -40% and -11%) were observed, the test aerosols being either mono or
polydisperse. The number concentrations reported by the DiSCmini specimens were found to be
somewhat higher than the reference, with the exception of model “DM CIOP 5”, whose range of
median ratios of 1.17 to 2.44 is not in line with the manufacturer’s specifications of + 30% (dotted
lines).

3.2.2. Case of Nanotracer
Only one Nanotracer specimen was studied. Thus, the results reported here are less robust than those
obtained for the DiSCmini. Nevertheless, Figure 4 suggests that this Nanotracer slightly overestimates
particle diameter, by a factor of 15% on average. On the other hand, this results in an underestimation
of particle number concentration, by about -30%. Investigations with multiple specimens of
Nanotracer are required to better assess their behavior with respect to the reference instrument.
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Figure 4. Boxplot of the diameter ratios (top) and concentration ratios (bottom) determined/measured
by the diffusion chargers (DM: DiSCmini, NT: Nanotracer).

4. Conclusion

This study focused on the performances of real-time instruments devoted to the measurement of
airborne particles. Gold-standard devices such as electrical mobility spectrometers (transportable and
portable instruments) as well as personal portable diffusion chargers were investigated. All
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instruments were challenged by a set of monodisperse and polydisperse test aerosols covering a wide
range of (modal) diameters and number concentrations. The values for these two parameters reported
by these devices were compared to reference instruments, such as SMPS for the number size
distribution and CPC for the total number concentration.

The experimental results obtained for the group of electrical mobility spectrometers highlight the
good agreement between SMPS and FMPS and the reference. A slight tendency for the Nanoscan to
underestimate particle size distribution when the particles were larger than around 100 nm was
observed, and was probably due to the decrease in selectivity of the radial DMA used in the Nanoscan.

The data reported for the group of diffusion chargers demonstrate that all except the Nanotracer
show a tendency to underestimate particle diameter. For the 10 DiSCminis studied, acceptable
discrepancies of around -40% to -10% were observed. In the case of particle concentration, larger
deviations were observed. However, in our opinion, this is probably not important when the relative
concentrations provided by, for example, two DiSCmini operated in parallel are being used to
conclude whether or not a given activity leads to a significant nanoparticle release. Nevertheless, this
device is sensitive enough to be used as a nanoparticle monitor, e.g. in workplaces where
nanomaterials are handled or produced, provided that the aerosol being measured is not composed
only of particles larger than the upper limit of 300 nm.
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