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Abstract: To set up a sampling and analysis strategy for particulate matter (PM) based on the time pe-
riods used in international standards is often inadequate for assessing the impact of day/night cycles
or episodic emissions on urban air quality. To obtain a detailed physico—chemical characterization
of urban PM when concentrations exceed the regulatory thresholds, a new rotary cascade impactor
named the Time-Resolved Atmospheric Particle Sampler (TRAPS) was designed and tested for coarse
and fine particle sampling. The TRAPS implementation, coupled with Optical Particle Counter mea-
surements, provides time-resolved samples that can be analyzed by a wide range of single-particle
analysis techniques. The TRAPS theoretical design was verified experimentally. Experimental cut-off
diameters of 1.32 and 0.13 um, respectively, for coarse and fine stages, were found in good agreement
with theoretical values. Additionally, good trace separation, preventing inter-sample contamination,
was evidenced by Scanning Electron Microscopy (SEM). The homogeneous distribution of particles
of different types over a trace was also verified. As a case study, automated SEM-EDX analysis of
2500 particles, collected during two pollution peaks of a transient PM; 5 pollution event, revealed that
individual particles” chemical composition was influenced by local sources during the first pollution
peak, and mainly transported during the second peak.

Keywords: rotary cascade impactor; PM,5; collection efficiency; SEM-EDX; individual particle
analysis; urban pollution event; atmospheric aerosol

1. Introduction

Air pollution has been identified as the greatest environmental cause of premature
deaths, with seven million deaths per year worldwide due to the direct or indirect effects
of exposure to air pollutants [1]. Among these pollutants, particulate matter (PM) has the
greatest health impact [2], particularly PM; 5 and PM; because of their ability to penetrate
the deeper regions of the respiratory tract [1,3-5]. Although air quality has significantly been
improved in high-income countries, PM; 5 exceedances are frequent in large European cities,
and a disparity in exposure between highly industrialized /urbanized cities and rural areas
is observed [1]. This leads us to question the sources of these disparities and, in particular,
those responsible for exceeding the regulatory thresholds, especially in urban areas. Most
of the source assessment or health impact studies in this respect are based on long-term
sampling (typically 24 h), in order to have sufficient quantities of material to be able to
perform a chemical characterization as complete as possible, and thus obtain indications
on the predominant sources of particulate matter. In doing so, essential information on
the dynamics of threshold exceedances is lost, such as those resulting from day/night

Atmosphere 2022, 13, 244. https:/ /doi.org/10.3390/atmos13020244

https://www.mdpi.com/journal /atmosphere


https://doi.org/10.3390/atmos13020244
https://doi.org/10.3390/atmos13020244
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/atmosphere
https://www.mdpi.com
https://orcid.org/0000-0003-4937-4962
https://orcid.org/0000-0003-0104-6281
https://orcid.org/0000-0003-4774-9900
https://orcid.org/0000-0001-9160-9919
https://doi.org/10.3390/atmos13020244
https://www.mdpi.com/journal/atmosphere
https://www.mdpi.com/article/10.3390/atmos13020244?type=check_update&version=2

Atmosphere 2022, 13, 244

20f18

cycles [6], hence the interest in shorter sampling to assess aerosol composition and sources
variabilities [7]. The difficulty related to the smaller number of particles collected in shorter
sampling times (e.g., less than 1 h) can be overcome by using individual particle analysis
techniques, such as SEM-EDX [8].

Online instrumentation such as Aerosol Mass Spectrometers (AMS) and Aerosol
Chemical Speciation Monitors (ACSM) are well suited for air pollutant monitoring, when
dealing with long-term measurements at a specific location. However, increasing the spatio—
temporal coverage of the monitoring requires more measurement sites and therefore the
implementation of less expensive instruments that are quickly and easily operational.
When coupled with individual particle analysis techniques, such as SEM-EDX, cascade
impactors appear particularly well suited. They can indeed allow short sampling, providing
information on the size, morphology and chemical composition of particles [9,10]. For this,
it seems relevant to have a system where the particle collection substrate can be changed
very quickly, to carry out successive samplings in a limited, according to the evolution of
the meteorological conditions and the dynamics of the boundary layer [11]. One of the
most suitable solutions is to use a system that automatically switches the particle collection
substrate/surface, such as a rotary plate impactor.

To our knowledge, there are two types of commercial cascade impactors able to provide
time-resolved and size-segregated aerosol samples: generations of DRUM Impactors [12,13]
and Streaker samplers (PIXE International'™) [14]. The Rotative DRUM Impactor (RDI) is
a modified version of a 3-stage DRUM in which rotating wheels were implemented. The
sampling flowrate is 16.7 L per minute (Lpm) and the rectangular nozzle of each stage is
10 mm in length and of variable width: 1.52 mm, 0.68 mm and 0.30 mm, corresponding to
cut-off diameters of 2.5, 1.0 and 0.1 um, respectively [15]. The RDI wheels, replacing the
collection plates, have been specifically designed for Synchrotron Radiation-Induced X-Ray
Fluorescence (SR-XRF) analysis of uninterrupted aerosol samples, at adjustable sampling
durations (generally 1 h), within a sampling period ranging from days to weeks. The films
on the wheels are kept consolidated in order to preserve time-resolved information, thus
limiting the possibility of sample analyses to only techniques and instruments suitable to
analyze the entire film/wheels [11].

Unlike the RDI, the Streaker sampler uses a collection plate fixed onto a motor instead
of a rotating wheel. It is an instrument which allows collection by impaction, on a rotating
film substrate, of particles of the coarse fraction (2.5-10 um), and by filtration of the entirety
of the particles whose aerodynamic diameter is below 2.5 um. The sampling rate is 1 Lpm.
The sampling time, adjustable from a few minutes to a few hours, allows the collection of
particles on the same substrate over periods of several days or even weeks. This functionality
makes it suitable for long-term continuous observation of particle composition, obtained
from a wide range of Ion Beam Analysis (IBA) techniques, such as Particle-induced X-ray
emission spectrometry (PIXE) [16,17]. The main drawback of the Streaker is that it does
not allow a precise aerodynamic separation of the particles from the fine fraction (below
2.5 um) which are the most abundant in number; this justifies the need for an instrument
with this characteristic.

The TSI MOUDI 11 is an aerosol sampling system mainly composed of two parts: the
8-stage cascade impactor and the rotation system (Rotator) inside which the impactor is
installed [18]. A sampling flow rate of 30 Lpm is passed through a nozzle system, whose
number per impaction stage increases with the decrease in the nominal cut-off diameter.
It goes from three nozzles in stage 1 for a Dp50 of 10 pm to 2000 nozzles for a Dp50 of
0.056 um. Thanks to the combined use of rotating impaction plates and multiple nozzles,
a uniform deposition of particles on substrates, with diameters varying between 2.7 and
2.8 cm, is ensured for each impaction stage. Contrary to the RDI and Streaker, the rotation
of the MOUDI plate does not allow the collection of individual and time-resolved impaction
traces, which is one of the objectives of the TRAPS.

In addition, one of the main drawbacks of the RDI and the Streaker resides in the fact
that the user cannot purposely define the sampling substrate or use commercial substrates
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(TEM grids, polycarbonate membranes, etc.) available on the market. In this context,
we developed a cascade impactor, the TRAPS, standing for Time-Resolved Atmospheric
Particle Sampler. It is a non-commercial (homemade) instrument, designed for the collection
of coarse (1-10 um) and fine (0.1-1 pum) particles; its aim is qualitative characterization,
using a wide range of single-particle analysis techniques, such as SEM-EDX or Micro-Raman
Spectroscopy. Samples can be collected on commercial membranes, such as polycarbonate
membranes and/or simultaneously on TEM grids. Unlike the Streaker, a more precise size
segregation of coarse and fine PM is enabled. Unlike the RDI, the collection of several
and discrete impaction traces, on a user-selectable substrate, is possible. In addition, the
user can select the sampling time, can adjust the per-sampling duration, and the air flow
is cut during the non-sampling periods between two consecutives traces, to avoid any
change in the morphology and chemical composition of previously collected particles. The
TRAPS can, therefore, be operated in a semi-continuous sampling mode when necessary.
This feature provides the TRAPS with the advantage of limiting the sampling artefacts
associated with the chemical evolution of the samples and the loss of semi-volatile species
occurring during long sampling times, due to the passage of the air stream over the particles.
This highlights the specificity of the TRAPS in monitoring and discriminating aerosols
throughout transient atmospheric events. Furthermore, the development of the TRAPS
offers the advantage of easy deployment in the field, for complementary use with online
instruments for continuous analysis of individual particles’ physico-chemical composition—
for example, AMS, ACSM, optical particle counter (OPC) and scanning mobility particle
sizer (SMPS).

The aim of this work is to demonstrate the suitability of the TRAPS for single coarse
and fine particle characterization, with high time-resolved samplings, throughout urban
PM,; 5 pollution episodes. The first part of this work focuses on describing the TRAPS and
the theoretical considerations during its design. The second part presents the methodology
and experimental setups used for the determination of its size segregation characteristics.
The third part presents the results, including cut-off diameters, ambient and laboratory
particle deposition pattern experiments and outcomes, and demonstrating the reliability of
the time-resolved sampling. In the last part, we present a case study in which the TRAPS is
implemented at a multi-influenced site during a PM, 5 pollution event.

2. Description and Theoretical Considerations
2.1. Description of the TRAPS

The TRAPS is a single jet cascade impactor with two stages on which the collection
plate is mounted on a motor for rotation (Figure 1a). Its full size is 10.2 cm by 35 cm, with an
approximate weight of 6.75 kg. It is made of stainless steel to minimize contamination due to
metal corrosion and electrostatic attraction. All of the parts and a fully assembled TRAPS are
shown in Figure S1, and their corresponding names presented in Table S1 (Supplementary
Materials (SM) section). The pre-impaction stage, located inside the impactor head, is
designed to trap particles of density 1 g-cm~3, with a 50% collection efficiency for an
aerodynamic cut-off diameter of 10 um (PM; head). Each stage is equipped with a single
rectangular-shaped acceleration nozzle, with dimensions theoretically adapted to the
collection of particles in the size range 0.1 to 1.0 um (Figure 1b—e)—see Section 2.2. Each
collection plate can be equipped with a circular commercial membrane (47 mm diam.).
A stable sampling flowrate of 5 Lpm is provided by a pump connected at the air outlet
(KNFE, model Laboport N816.18). The TRAPS can be used either: (1) in a single impaction
mode where all particles are collected on the same trace, with no stage rotation or (2) in
a rotating mode, where up to 12 samples can be collected at discrete positions without
sample overlap on the same substrate. The rotation angle of the TRAPS collection plate
is fixed at 28.8° (please refer to the SM for the determination of the rotation angle). The
collection of particles can be performed directly on the 47 mm diameter membrane, or on
3 mm TEM grids fixed on it when the study requires transmission microscopy. In this last
case, a maximum of 12 TEM grids can be positioned on the impaction plate, according to
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the stop position of the motor (see SM). The positioning of the grids takes into account
the stationary position of the nozzle and the clockwise rotation of the impaction plate.
After each rotation, a grid is precisely located under the nozzle outlet. An example of TEM
grids attached to a polycarbonate membrane is shown in Figure Slc. The rotation of the
collection plates is piloted from a control panel consisting of a microcontroller ATmega2560
chip, using an Arduino Mega board, that provides enough input and output pins to drive
the two TRAPS motors. It can also display important information on an OLED technology
screen, using a real time clock module. A micro-SD card is used to communicate with
the TRAPS and simultaneously store information such as the start and end time of the
sampling or the rotation angle (an example of output file is presented in Figure S2).

< Air outlet

Figure 1. Internal view of the TRAPS impactor (a) and scheme of the acceleration nozzles with their
dimensions and internal views (A-A cross-sectional drawing), for the coarse (b,d) and fine (c,e) stages.

2.2. Theoretical Calculations and TRAPS Design

The flow regime during impaction is defined by the Reynolds number (Re-Equation (1))
of the fluid (dimensionless), which represents the ratio between the inertial forces (due to the
mass of gases present in the air) and the viscosity forces that characterize the resistance to
the airflow.

_pU.d

U

where p is the density of air (1.205 kg:m ™3 at 293 K), U is the air velocity inside the
impaction nozzle (m-s~1!), d is the impaction nozzle “equivalent diameter” and 7 is the
dynamic viscosity of air (1.806.10~> Pa-s at 293 K). All the values used for Reynolds number
calculations are reported in Table 1. In order for the impaction traces to be distinctly
separated on the collection surface, we opted for rectangular acceleration nozzles, without
any impact on the Reynolds number values.

Using Equation (1), Re values of 3540 and 12,420 are obtained, respectively, for the
coarse and fine impaction stages. With Re > 3000, the flow regime inside the TRAPS
has to be considered turbulent. In the case of turbulent flows, Pui at al. [19] empirically
demonstrated that the transport efficiency T of a particle following a curvilinear motion
making an angle ¢ = 71/2 rad (90°) with the principal direction of the flow can be calculated
following Equation (2):

Re (1)

T= 10—0.963Stk (2)
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where Stk is the Stokes number, which represents the ratio between the kinetic energy
of a particle suspended in a fluid (here the ambient air) and the energy dissipated by
friction with the fluid. If the particle kinetic energy is very high (Stk >> 1), it will easily
leave the flow lines while approaching the collection surface (inertial regime). On the other
hand, if the particle kinetic energy is dissipated by friction (Stk << 1), the particle will then
follow the flow lines regardless of the fluid direction (viscous regime). Stk is calculated
by Equation (3):

®)

where p,, is the particle density, C is the Cunningham slip factor (which is dimensionless
and depends on particle size and pressure [20]), D, is the aerodynamic diameter of the
particle (m) and U, #, and d are the same as in Equation (1). All of the values used for
Stokes number calculations are reported in Table 1.

Table 1. Theoretical calculations of the stage parameters of the TRAPS at T =293 K and p = 101.3 kPa.

Coarse Stage Fine Stage

Nozzle Equivalent Diameter (mm) 1.940 0.564
Cut-off diameter (um) for p,, = 1.80 g~crrf3 1.30 0.15
Air flow rate (L-m~1) 5.00 5.00
Air velocity inside the impaction nozzle (m-s~1) 28 333
Jet to plate distance ratio (S/W) 2.56 5.32

Nozzle Reynolds number 3450 12,420
Slip correction factor 1.12 2.25
Stokes number (Stk) 0.30 0.31

The central point in the design of the TRAPS is the determination of the diameters of
the acceleration nozzles, allowing fixation of the median size (“cut-off” diameter) of the
particles collected on a given impaction stage. As the TRAPS is specifically designed to
study pollution aerosols, we have chosen median sizes of 1 um for the coarse stage and
0.1 pm for the fine stage, as the majority of pollution aerosols are submicronic.

In the field of cascade impaction, the median size of the collected particles is defined
as the aerodynamic diameter of particles collected with 50% efficiency (Dpsp), i.e., the
equivalent diameter of a sphere of given density, having the same final impaction ve-
locity as the studied particles, with 50% collection efficiency. Calibrated silica particles
(pp = 1.80 g-cm~3) were used to experimentally determine Dpso and compare it with the-
oretical values reported in Table 1. According to impaction dynamic equations detailed
above, the AeroCalc© software [21] was used to calculate the evolution of the theoretical
collection efficiency as a function of particle aerodynamic diameters and to determine the
50% efficiency cut-off diameter for silica particles (Table 1).

3. Materials and Methods
3.1. Experimental Setups for Laboratory Experiments

Experimental determination of the particle collection efficiencies of the coarse and
fine stages of the TRAPS was performed with a setup divided into two parts: an aerosol
generation part and an aerosol sampling and measurement part.

For the characterization of the fine stage, aerosol particles were generated by nebu-
lizing a water-based solution in which the studied particles were suspended. The setup
(Figure 2) consisted of a constant output atomizer (model 3076, TSI Inc., Shoreview, MN,
USA) used in recirculation mode and at a back pressure of 2 bars [22]. A solution was
obtained by introducing 50 mg of monodispersed silica spheres (Angstrom Sphere™,
https://focenter.com/ or https://nanocym.com/ (accessed on 20 January 2020)) into
600 mL of ultrapure water (p = 18.2 MQ.cm™!). The particle sizes considered were 0.05,
0.08, 0.1, 0.25, 0.5 and 0.75 um (relative standard deviations of less than 10%.). The so-
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lution was sonicated for 5 min to minimize particle aggregation. After generation, the
obtained wet aerosol was dried using a 30 cm-long tube, containing silica gel, followed by a
120 cm-long membrane dryer (Nafion™, www.permapure.com (accessed on 11 September
2019)). These dryers decreased the relative humidity to less than 20%, which provided
silica particles with nearly the size specified by the manufacturer.

Zero Air or (N2)

* ) Concentration and Measurement Section

7 lpm

=
I 1lpm
i 1 y cpCl
<

2lpm

SilicaDryer  Nafion Dryer

L |
-3‘13, 4lpm

I}

® HEPA
Solution of (h FILTER
mono- \“j
dispersed 3
Slltca . i' g‘ EXHAUST 4.7 Igm
particles B b =
[ —
KNF Pump

="

) Magnetic agitation
Atomizer TSI Magnetic agitation

Aerosol Generation Section

Figure 2. Schematic view of the experimental setup for determining the fine stage collection efficiency
using nebulized monodisperse silica spheres.

The output particle concentration was adjusted to the required value (4000-8000 #-cm—3)
by using a dilution flow of dry air (or Ny) and, if necessary, by passing a part of the flow
through a HEPA filter. The obtained aerosol was introduced in the “concentration and mea-
surement” part of the setup. In this part, a 1 L flask was first connected to a Condensation
Particle Counter (CPC1) (model 3775, TSI Inc.) installed upstream, and another 1 L flask was
connected to a second particle counter (CPC2) (model Nano 5410, Grimm™) (Figure 2) down-
stream of the impactor. To ensure a constant particle concentration throughout the experiment,
two magnetic agitators were permanently rotating at a constant speed (600-800 rpm) in both
flasks. The constancy of this concentration was checked for 10 min at the beginning of each
experiment, upstream of the TRAPS. Flow balance was achieved by introducing 2.3 Lpm of
ambient air through the HEPA filter. The total number concentration of particles generated
was monitored upstream by the particle counter CPC1 and downstream by the particle counter
CPC2, both operating at a low flow mode of 0.3 Lpm. The two CPCs were tested in parallel
prior to experiments to allow direct comparison between them (see Figure S3). Finally, the
pump ran at 4.7 Lpm to ensure a total constant sampling flowrate inside the TRAPS of 5 Lpm.

For the coarse stage, a dry aerosol was directly generated at a stable and reproducible
concentration using a powder generator by vortex shaker (model VS-1000, ADDAIR-IRSN).
For this, monodisperse silica particles of sizes 0.5, 0.75, 1, 1.5, 2 and 4 pm were used
(Angstrom SphereTM, https:/ /focenter.com/ (accessed on 20 January 2020)). For each size,
0.5 mg of particles was mixed with 3 mg bronze powder and introduced inside the vortex.
Bronze powder favored individualized dispersion of the particles. An internal pump
provided clean and dry air into the vortex through a pipe. The combination of particle-
shaking and arriving airflow contributed to the dispersion of the suspended particles. For
our measurements, an output concentration ranging between 1000 and 10,000 #-cm 3 was
obtained with a generation flowrate of 5 Lpm. This output flow was connected toa 1 L
flask, itself connected to a HEPA filter to ensure flow balance and atmospheric pressure
inside the system (Figure 3). The particle concentrations were monitored upstream of the
impactor by an optical particle counter (OPC) (model MiniWras model 1371 Grimm™)
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and downstream by the OPS (Optical Particle Sizer) (model 3330 TSI Inc.). Prior to each
experiment, the room air was measured by both the OPS and OPC. Both instruments
showed similar reading for PM size distributions (see Figure 54).

Aerosol Generation Section Concentration and Measurement Section

5lpm 'i
'
\ -l */ = EXHAUST4lpm
\ |/ -1 ]| —
?‘ ’f’ Aerosols Qe
W'y — KNF Pump
Vortex Shaker VS-1000 .
Magnetic
agitation

Figure 3. Schematic representation of the experimental setup for determining the coarse stage
collection efficiency using vortex shaking of powders of monodisperse silica spheres.

For the two experiments (i.e., for the coarse and fine stages), the silicone tubes connect-
ing the different parts of the setups were kept as short as possible, with lengths ranging
between 1040 cm, in order to limit particle losses. The minimum sampling time was 2 min,
repeated 5 times for each experiment.

3.2. Experimental Setup for Atmospheric Applications

For the monitoring of pollution events, atmospheric particles were collected with the
TRAPS onto 3 mm diameter Formvar© carbon-coated TEM grids (200 Mesh), fixed on
polycarbonate membranes, allowing electron microscopy observations in TSEM mode. The
TRAPS was connected to a Nafion dryer (Nafion™, www.permapure.com (accessed on
11 September 2019)), equipped with a PM;g sampling head.

The TRAPS was installed in parallel with other instruments: (1) an MP101 beta gauge
(ENVEA™) for the measurements of hourly PM; 5 mass concentrations. (2) an optical
particle counter (MiniWras model 1371 Grimm™) for the measurement of the particle size
distribution. The date and time were reported in Coordinated Universal Time (UTC).

3.3. Particle Analysis Using Electron Microscopy

After sampling, the elemental composition of particles collected onto TEM grids were
analyzed using a FEG-SEM (JEOL JSM-7100F) equipped with a Transmitted Electron De-
tector (TSEM mode) and three Energy Dispersive X-ray Spectrometers (Bruker XFlash
6/30), each fitted with a 30 mm? ultrafine window. This instrument makes it possible to
observe individual particles with a spatial resolution down to 3 nm and to obtain the ele-
mental composition of particles larger than 200 nm. It was operated in high vacuum mode
with an acceleration voltage of 15 kV under a probe current ranging between 150-200 pA
with a working distance of 10 mm. Images and elemental composition (elements with
an atomic number higher than boron-Z > 5) of particles were acquired at magnifications
of 2000-4000 and 4000-8000, respectively, for the TRAPS’s coarse and fine stages. The
acquisition time for each particle spectrum was 13 s. An automated particle detection
procedure was performed using the Esprit software (Bruker, Germany). For clarity, and
insofar as advanced environmental interpretations are not expected in this paper, only
elements with a concentration greater than 2 wt.% were considered here, which is sufficient
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to conclude on TRAPS performances. Using hierarchical clustering on principal component
analysis with the R statistical analysis software, all the particles analyzed were classified,
according to their proximity in elemental composition, into 7 groups (see Table S2), namely:
Carbonaceous, Na-rich, S-rich, Ca-rich, Al-Si-rich, Metals and a group named “unclassified”
where particles of complex mixtures were incorporated.

4. Results and Discussion
4.1. Experimental Determination of the Cut-Off Diameters

Two different calculations were used for the determination of the cut-off diameters
of each impaction stage, and to take into account the influence of the coarse stage on the
collection efficiency of the fine stage. For each experiment, particles of different sizes were
generated separately and the cascade impactor was completely cleaned before and after
each test.

Coarse Stage Cut-Off Diameter: The characterization of the coarse stage was performed
without the presence of the fine stage, which had no influence on the collection efficiency
of the coarse stage. Moreover, the presence of the fine stage during the experiments would
make it unfeasible to directly measure the particle concentrations at the outlet of the coarse
stage. The experimental setup presented in Figure 4 (configurations A and B) was used
to determine the collection efficiency C, of this stage. The procedure applied is similar to
that described by Brostrem et al. [23].

COARSE STAGE CONFIGURATIONS FINE STAGE CONFIGURATIONS
J Air inlet | Air inlet
| |
v v
| Air inlet } At inlst N
[} [} o —
v v
[ Nozzle Coarse stage
Nozzle Fine stage
-: | L
I |
iAw outlet #Alrcuﬂel
With motor and Without motor I
— ol
collection plate and collection —p— |
plate 3w outior S outler
Full Without motors and
configuration collection plates
(A) (B) (€) (D)

Figure 4. Schematic representation of the four configurations used for the experimental determination
of the collection efficiency. The nozzles of the coarse and fine stages are represented, respectively, in
red and yellow. The motors and plates were removed in configurations (B,D), while the stages were
fully assembled (with all their nozzles, motors and collection plates) in configurations (A,C).

Configuration 4(B) allows for the quantification of the system losses (SL), i.e., the
losses on the walls and tubing as well as possible reading differences of the instruments,
while configuration 4(A) allows for the quantification of the overall losses (OL), including
the particles deposited on the impaction plate. The two particle counters OPC1 and OPC2
were connected upstream and downstream of the impactor. The transmission efficiency
of these systems were calculated using the mass concentrations (C1 and C2, respectively)
measured by these OPCs using Equation (4):

Transmission ef ficiency T,¢r (%) = % x 100 4)
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Collection Efficiency, %

The difference in transmission efficiency between configuration 4B (for SL quantifica-
tion) and 4A (for OL quantification) is used to deduce the experimental collection efficiency
(Cef) of the stage. Experimental collection efficiencies are plotted in Figure 5a as a function
of particle size, and compared to the theoretical efficiencies deduced from Section 2.2.

COARSE STAGE FINE STAGE

Collection Efficiency, %

0.125
0 0.2 04 0.6 0.8

Particle Diameter, pm Particle Diameter, ym

(a) (b)

Figure 5. Theoretical (blue dotted line) and experimental (black line) collection efficiency curves for
the coarse (a) and fine (b) stages (Error bars = 1 S.D with n = 5 for the coarse stage and 3 S.D with
n =5 for the fine stage).

The experimental cut-off point (Dp50) of this stage is obtained at 1.32 um, which is
very close to the theoretical value of 1.30 um reported in Table 1, indicating a reliable
design of this stage. The experimental collection efficiency for the largest particles does not
reach 100%, which suggests that a non-negligible fraction of particles is affected by particle
bounce or re-entrainment at this stage and is not collected [24].

Fine Stage Cut-Off Diameter: For the determination of the collection efficiency of
the fine stage, the experimental set-up must include the coarse stage, which is located
upstream, because it directly influences the particle concentration at the inlet of the PM0.1
stage. Therefore, configurations 4(C) and 4(D), using the fully assembled TRAPS with and
without motor and collection plates (Figure 4), were used for the quantification of the size
segregation characteristics of the fine stage.

Considering the CPC1 and CPC2 connected upstream and downstream of the impactor,
the System Loss (SL), is calculated using configuration 4(D), from the number concentrations
C1 and C2 measured by the CPC1 and CPC2, respectively, using Equation (5):

C1—C

SL(%) =~ &

x 100 ®)

The configuration 4(C) (full configuration) is then used to determine the effective
collection efficiency, i.e., the fraction of particles impacted on the two collection plates. For
this, the concentration of particles overall lost Cpy is firstly expressed as the difference
between C2 and C1, following Equation (6):

CoL=C; — G (6)
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From this amount, assuming that the SL is similar in configurations C and D, the
concentration of particle removed/lost due to the system parts (walls, tubing and coarse
stage), Csp is quantified according to Equation (7):

Csp=Cor x SL )

It is then possible to calculate the experimental collection efficiency (C,q) for each
particle size, which corresponds to the ratio of the collected concentration (Cpy) on the
collectable concentration (C1), corrected in both cases by the SL (Equation (8)):

Cor —Csp

Ceff C1— Cor x 100 ®)
An experimental cut-off diameter (Dps0) of 0.125 um was graphically determined for
this fine stage (Figure 5b). It is lower but almost similar to the theoretical cut-off point
Dpso of 0.15 pm. As for the coarse stage, this is an indication of the good agreement
between design and operational considerations of the TRAPS. As for the coarse stage, the
experimental collection efficiency for the largest particles does not reach 100%, which is
evidence of significant particle losses inside the cascade impactor. It can be attributed to
several factors, including the bounce-off of spherical silica particles. These deviations from
the theoretical curve can also be attributed to the diffusional deposition of small particles
and the deviation in generated particle size (+10%). Similar limitations were reported
for other cascade impactors [20,23-27]. Important error bars observed in the collection
efficiency curves can be explained by the variability of the relative humidity in the reactor
during the experiments, which causes a change in the particle size and, consequently, their

aerodynamic properties.

4.2. Observation and Analysis of Collected Particles
4.2.1. Particles Bouncing Effects

To examine the absence of contamination from one impaction spot to another due to
particle bouncing, the surface area of an impaction trace has been studied using calibrated
particles impacted on a polycarbonate membrane. The flow regime inside the fine stage
nozzle being strongly turbulent (Re = 12,420), the risk of particle overlapping between two
neighboring impaction traces is at a maximum for this stage, which justifies its choice for this
study. The rotation angle between two traces was fixed to 28.8°, and the sampling duration
to 1 and 5 min, respectively (see below). During the experiments, the particle concentration
remained consistently close to 300,000 #-cm 3. The samples were overloaded (inappropriate
for individual particle analysis) so as to easily visualize the spatial distribution of particles
over the impaction area.

Two experiments were performed using the experimental set-up described previously
(Figure 2): one with a solution of silica nanospheres (0.05, 0.08, 0.1, 0.25, 0.5 and 0.75 um)
and the other with a solution of sodium chloride (NaCl, M = 400 mg/L). The shape of
impaction traces obtained with silica nanospheres (Figure 6b) are much less regular than
the rectangular shapes obtained for NaCl particles (Figure 6a). These differences can be
explained by the spherical shape of the silica particles that roll easily on the collection sub-
strate after impaction, which is not the case for angular NaCl particles. The hygroscopicity
of NaCl vs. silica particles can also play an important role, as wet particles are more likely
to adhere to the collection surface. The lengths of the more loaded traces (5 min sampling)
are comparable to the nozzle length (2 mm), whereas their measured widths represent
7-10 times the nozzle width (0.13 mm). This dimension of the impaction area suggests
that the working angle of 28.8°, which maintains a distance of around 8 mm between two
adjacent impaction areas, is enough to prevent inter-sample contamination.
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Sodium Chloride particles : 1 min 5 min Silica nanospheres: 1 min 5 min

(a) (b)

Figure 6. TSEM images (magnification: 50, accelerating voltage: 15 kV) of the fine stage samples
showing sodium chloride particles (a) and silica nanospheres (b) collected for 1 and 5 min, respectively.

Unlike the experiments conducted for the fine stage, the particle bouncing in the
coarse stage was studied by sampling monodisperse silica particles of sizes 0.5, 0.75, 1, 1.5,
2 and 4 um (Angstrom SphereTM, https://focenter.com/ (accessed on 20 January 2020)),
using the setup presented in Figure 3. The particles were generated and sampled size by
size, for 1 min for each size, for a total sampling time of 6 min, and subsequently collected.
The concentration of the generated particles varied between 10,000 #-cm 2 for the finest to
4000 #-cm 3 for the largest particle sizes. Figure 7 shows the spatial distribution of particles
collected on a polycarbonate membrane during this experiment. A homogeneous deposit
of particles on this trace is observed, which follows the shape of the nozzle. The width of
this trace is about 1 mm, i.e., twice that of the nozzle. By comparison, it was 10 times larger
for the trace of the fine stage. This demonstrates that particle bouncing is less important at
this coarse stage.

4.2.2. Particle Deposition Patterns

In order to obtain a complete characterization of the particles associated with air mass,
our original methodology is based on the combination of an optical particle counter, time-
resolved sampling with the TRAPS and characterization of the collected particles by SEM-
EDX. Individual particle analysis is a statistically sound approach—as long as it requires the
possibility of analyzing a large number of particles (>10%)—to have a database that allows
robust statistical analyses, and to have a statistically sound result representative of all of the
particles present in the studied air mass. Obtaining this representative sample is therefore
based on a homogeneous distribution of the particle types/composition on the impaction
trace, because only a fraction of this trace is exploited. In order to verify this homogeneity,
real particles were collected on TEM grids during a 2 h sampling with the TRAPS, at our
monitoring site in Dunkerque, when the PM, 5 mass concentration was 5 + 2 pg-m 3. The
particle size distribution (Figure S5) shows a bimodal distribution, with a principal mode
centered on 0.2 um and a minor mode at 1 yum. Consequently, only particles collected on the
fine stage were observed for this study (1735 particles analyzed). The analyzed sections in the
TEM grid, highlighted by rectangles of different colors, are located at the extremities (green
and purple areas) and at the center (blue) of the impaction trace (Figure 8).
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Silica nanospheres: 6 min

Figure 7. TSEM images (Magnification: 25x, Accelerating voltage: 15 kV) of the coarse stage samples

showing silica microspheres collected for 6 min.
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Figure 8. Image of the TEM grid (fine stage) used to evaluate the homogeneity of the repartition of
impacted particles. The width of the impaction trace is marked by 2 horizontal lines and the nozzle
width by 2 dotted lines. Green, blue and purple rectangles represent the analyzed areas.

The distribution of the six particle types over the three rectangles is presented in
Figure 9. We can observe that particles are more loaded at the extremities than at the center
of the trace, which is coherent with observations made in Section 4.2.1. The homogeneity
of this distribution is evaluated by calculating the contribution of each particle type in
each of the three observed rectangles. Contributions of the most (Na-rich particles) and
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a less (Ca-rich particles) abundant particle type, are relatively similar over the whole
analyzed sections with 88.6% and 3.7%, 77.8% and 3.5%, and 89.5% and 5.3% for the green,
blue and purple areas, respectively. This allows us to conclude that, if the number of
particles analyzed is sufficiently high (n ~ 1000 particles) [28], the composition of the
analyzed particles will be representative of all the particles collected on the impaction stage,
regardless of the area of the impaction trace observed.
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Figure 9. Distribution of the 6 particle types over the analyzed areas identified in Figure 7. Each
point represents a particle and each color a particle type. A total of 405, 763 and 567 particles are
observed in the green, blue and purple areas, respectively.

4.3. Application to Fine-Particle Pollution Event Monitoring

The TRAPS was implemented to monitor a transient fine-particle pollution event,
from 20 April to 21 April 2021, on the rooftop of the University building located near the
coastline, in the vicinity of the Dunkerque (~200,000 inhabitants) harbor (“Sampling Site”
in Figure S6). As highlighted in previous studies, the urban area studied is characterized
by the presence of a large industrial complex, which is a source of significant steel and
metallurgy emissions [8,29-32]. It is also characterized by a dense traffic network, an
important agricultural activity and obviously a significant residential area.

The pollution event lasted 33 h, with PM; 5 above the WHO daily limit (15 ug-m’3 )
from 20 April, 9:00 to 21 April, 18:00 (Figure 10). During this event, two pollution peaks
were observed, with maximal PM; 5 concentrations reaching nearly 2.5 times the WHO
limit on 20 April, 12:00 and 21 April, 6:00, respectively. Eight samples were automatically
collected with the TRAPS during the event (P1-P8) and two of them are of particular
interest since they were collected during the pollution peaks: P1 and P5 (Figure 10). For
these two samples, a total of 2500 particles (N,,;) were analyzed by automated TSEM-EDX
and classified into six particle types (Figure 11 and Table S2).

During the first pollution peak (P1), the chemical composition was dominated by:
metal particles (51.8%), S-rich (18.8%), Ca-rich (10.1%) and carbonaceous particles (9.1%)
for the fine fraction (coarse stage); and S-rich (34.7%), carbonaceous (33.6%) and metal-
bearing particles (22.5%) in the ultrafine fraction (fine stage). The high predominance
of metal-rich particles during this pollution peak was clearly due to emissions from the
neighboring industrial area, located northwest of our sampling site. These particles are
typical of steelwork and metallurgical plant emissions, but can also be emitted by coil fire
plants, oil refineries or re-suspended road dust from tire abrasion [33,34]. These particles
of spherical and irregular shapes are composed of Fe and Mn oxides mixed with small
amounts of some other elements (Si, Al, K, Ca or Na).
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Figure 10. Time series evolution of PMj 5 mass concentration at our sampling site. Colored rectangles
represent the TRAPS sampling periods, where P1 and P5 (cyan) are the analyzed samples whose
results are discussed in the paper.
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Figure 11. Relative contribution of different particle types during P1 and P5, respectively, for the
TRAPS fine fraction ((a) coarse stage) and ultrafine fraction ((b) fine stage).

During the second pollution peak (P5), the analyzed sample was composed principally
of: carbonaceous (44.8%), Na-rich (33.8%) and S-rich (9.3%) particles in the coarse fraction;
and carbonaceous (53.3%), S-rich (24.1.3%) and Na-rich (18.4%) particles, in the fine fraction.
In contrast to the first pollution peak, this second peak is characterized by the predominance
of carbonaceous aerosols (44.8% of analyzed particles in the coarse fraction, 53.3% for the
fine fraction). Considering that metal-rich particles are virtually absent from the P5 sample
(<5% of analyzed particles), the dominant carbonaceous particles observed during the
second episode most likely do not come from local industrial emissions, but from the
regional or long-range transport of particles (see back-trajectories shown in Figure S7).
They can be due to the incomplete combustion of fossil fuels (car traffic) or biomass burning.
The significant increase in the contribution of sea spray to the PM; 5 concentrations, given
the fraction of Na-rich particles, also supports the regional origin of particles during P5.

In summary, this case study demonstrates that the TRAPS, associated with the SEM-
EDX technique, is well adapted to describe the evolution of the physico—chemical charac-
teristics of atmospheric particles during pollution events. It can be notably very helpful for
the identification of the main sources explaining the transient exceedance of fine particle
concentration thresholds, as defined by international organizations such as the WHO.
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5. Conclusions

This work led to the experimental validation of the TRAPS capabilities to collect
the coarse and fine fractions of atmospheric particles, in the form of time-resolved traces
by cascade impaction. The results obtained from the experiments indicate that the size
segregation characteristics of the TRAPS are in good agreement with theoretical calculation,
with cut-off diameters of 1.32 and 0.12 pm for coarse and fine particle fractions, respec-
tively, considering silica particles. Practically speaking, the TRAPS allows the collection of
particles with good representation of their diversity, which is adequate to our objectives of
characterization by microscopy; however, particle losses inside the impactor are significant
for both stages. These losses—attributable to wall losses and bouncing effects, notably
due to the use of dry and perfectly spherical silica particles—could be reduced by using a
fibrous collection medium, rather than a flat, smooth membrane, but this is not adequate
for microscopy observations. Moreover, improvements in the TRAPS geometry should be
considered in the future to obtain quantitative samples, especially for bulk analysis.

SEM and TSEM investigations of silica, sodium chloride and ambient particles suggest
that while the trace length remains comparable with the nozzle length, the trace width can
reach 10 times the nozzle width of the fine stage, highlighting the considerable influence of
the bouncing effect as mentioned above. It was, however, demonstrated that by keeping
an angle of 28.8° between two consecutive traces, it is possible to prevent inter-trace
contamination, therefore limiting the effect of particle bouncing on the collected samples.
In the meantime, automated SEM-EDX analysis of collected ambient particles suggests that
the spatial distribution of different particle chemical species is homogenous all over the
impaction area, regardless of the spatial disparities in particle deposition. This information
is important for developing an optimal SEM-EDX analysis strategy that limits the analysis
time of each sample, allowing the exploration of only a fraction of the impacted trace.

The interest in the TRAPS was validated during a field campaign to study a pollution
event in a complex urban and industrialized site. Automated TSEM-EDX analysis of more
than 2500 particles collected during two relevant periods (P1 and P5) of the pollution event
was performed. By combining these data with meteorological parameters, it was evident
that during P1, air masses were significantly influenced by anthropogenic local activities
such as steelwork and metallurgical industries, unlike during P5, for which the origin of a
significant number of particles could be attributed to regional or long-range transport. This
case study demonstrates that the TRAPS, associated with the SEM-EDX technique, is well
adapted to describe the evolution of the physico—chemical characteristics of atmospheric
particles during pollution events.

A few ways of improving the TRAPS are already being considered; for example,
to limit the risk of incorrectly positioning the TEM grids on the impaction plate when
transmission microscopy observations are later performed, and a polycarbonate membrane
is not suitable. For this, a plate on which the impaction zones are engraved according
to the rotation angle will be explored. The use of an upstream dryer could also extend
the sampling time up to several hours for chemical analyses needing larger numbers of
particles. Experiments will be performed to optimize sampling times with and without a
dryer for this purpose. Finally, the implementation of the TRAPS could be of great interest
in the future for the study of secondary aerosols and their mixing state. These aerosols
have the particularity to often be semi-volatile and unstable under the electron beam of a
microscope. For this, the TRAPS would be installed in a refrigerated chamber to allow a
better sampling of semi-volatile particles and their subsequent analysis by Cryo-SEM-EDX.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/atmos13020244 /s1: Technical Note: Determination of the rotation angle of TRAPS impaction;
Table S1: Technical characteristics of the TRAPS; Table S2: Chemical characteristics and possible
sources of different types of individual particles; Figure S1: Photographs of (a) TRAPS parts, (b) the
fully assembled TRAPS, and (c) a collection plate with five TEM grids mounted on a polycarbonate
membrane; Figure S2: Output file extracted at the end of each TRAPS sampling series. Main
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information in the colored frames include: 1. date and time of the introduction of the SD card in the
command board; 2. sample’s (impact) start and end date and time; 3. sample number; 4. sampling
duration; 5. rotation of the PM; stage; 6. rotation of the PMy ; stage; 7. example of the 3rd out of
12 possible samples; Figure S3: Determination of the correction factor between CPC1 and CPC2. A
Linear regression was drawn from the different levels of particle number concentrations measured
with collocated CPC1 and CPC2; Figure S4: Comparison between OPC MiniWRAS Grimm and OPS
TSI for particle size distribution. The observed shift is related to the differences in the measurement
channels of the two instruments; Figure S5: Mean particle mass size distribution obtained using an
optical particle counter (MiniWRAS model 1371 Grimm™) on 13 June 2021 from 08:00 to 10:00 UTC;
Figure S6: Study area; Figure S7: 72 h back-trajectory calculations arriving at 500 m altitude at the
sampling site respectively on 20 April and 21 April at 08:00 UTC.
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