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Abstract: The presence of polycyclic aromatic hydrocarbons (PAHs) and particulate matter (PM) in
air is known to provoke deleterious effects on human health. This work focused on the monitoring
of PM and PAHs in the air over four weeks in a peri-urban site in Strasbourg (France), using a
three-stage cascade impactor and a particle analyser allowing PM;, PM; 5 and PM;q discrimination.
Meteorological conditions were monitored to study their influence on the pollutant levels. The aver-
age PMy concentration of the cascade impactor and particle analyser varied from 11.8 to 80.2 ug/m?3
and 10.6 to 220.2 pg/m3, respectively. The PAH total concentration ranged in 1.1-7.6 ng/m3 and a
predominance of 5- and 6-ring PAHs was observed. PAHs were also more abundant in finer particles
(PM;). Specifically, identified PAHs are traffic tracers suggesting that vehicular emission was one
of its main sources. Two pollution episodes, associated with either a Saharan dust wind episode
or traffic pollution, were observed, and led to PMjg and PM; 5 surpassing the daily limit values
established by the European Union despite the traffic limitations according to the COVID restrictions.
The total PAH concentrations were the highest during these periods suggesting PAHs might be bound
to and transported via dust particles.

Keywords: PAHs; particulate matter; Saharan dust; COVID confinement; outdoor air; particle
analyser; three-stage cascade impactor

1. Introduction

Air quality is a topic that has gained more and more interest in the last decades, as
pollutants present in air are responsible for causing deleterious effects on human health, as
well as impacting the environment [1]. An increasing effort has been made to monitor the
different pollutants, and multiple policies and initiatives exist with the aim of limiting and
controlling air pollution, including the Air Quality Guidelines established by the World
Health Organization [2]. The European Union also has multiple directives regarding air
quality, such as the 2008/50/EC Directive on Ambient Air Quality and Cleaner Air for
Europe [3] and 2004/107/EC Directive relating to arsenic, cadmium, mercury, nickel and
polycyclic aromatic hydrocarbons (PAHs) in ambient air [4].

There is a very large number of outdoor air pollutants, but some are most commonly
monitored, such as nitric oxides (NO and NO,), ozone (O3) and carbon monoxide (CO),
as well as particulate matter (PM) [1,5]. In urban environments, these air pollutants are
mostly caused by vehicular emissions, with other anthropogenic contributions including
power and petrochemical plants, and incinerators [1]. Natural pollution episodes, such as
volcanic eruptions, sea sprays or dust events, can also contribute largely to a decrease of air
quality at certain times [6].
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Particulate matter (PM) is a pollutant of particular interest because it poses more risks
to human health than other common air pollutants [7]. Airborne PMs consist of a complex
mixture of solid and liquid particles suspended in the atmosphere that vary in size and
chemical composition depending on how, when, and where they were formed [7,8]. PMs
are typically classified according to their aerodynamic diameter (D,¢) in different fractions,
as their effects to human health are dependent on their size. In general, smaller particles
will enter more easily and more deeply in the respiratory tract, with particles <1 um being
able to penetrate the alveoli [7]. It is also known that particles with D,e < 10 um have the
most deleterious effects to human health. Furthermore, other species can be associated with
PMs, such as nitrates, sulfates, and semi volatile organic compounds (SVOCs), contributing
to the importance of monitoring and limiting the exposure to PMs. Considering how far
particles can travel in the respiratory tract and the consequent health effects, three PM
fractions are typically considered: PMjg (Dae < 10 pum), PMyp 5 (Dge < 2.5 pm) and PM;
(Dae < 1 pm). In the Directive 2008/50/EC, the European Union established daily and
annual mean levels of 50 pig/m> and 40 ug/m?, respectively, for PMjy and an annual
average of 25 ug/ m? for PM; 5 [3]. Similarly, the US Environmental Protection Agency
(US EPA) established the National Ambient Air Quality Standards (NAAQS) for common
pollutants in outdoor air [9]. In NAAQS, the guideline for PM; is a maximum annual
average of 150 pug/m?3, while for PM, 5 they provided two threshold values: a 24-h average
of 15 pug/m?> and an annual average of 35 pg/m?3 [9].

PAHs are a class of organic compounds that has attracted a lot of attention in the past
decades because of their negative effects to human health, namely their carcinogenicity,
toxicity and mutagenicity [10]. PAHs are compounds that have multiple aromatic rings in
their chemical structure, and they can be categorized according to their molecular weight
or ring number into low molecular weight PAHs (LMW-PAHs), medium molecular weight
PAHs (MMW-PAHs) and high molecular weight PAHs (HMW-PAHs).

PAHs are produced both naturally and anthropogenically [11,12]. Natural sources in-
clude volcanic eruptions, forest fires and organic matter decay [11,12], while anthropogenic
sources, which account for most PAH occurrences, are mainly related to incomplete com-
bustion of organic matter, such as fossil fuels, in different human activities, ranging from
residential heating and cooking to industries and vehicle emissions [11,12]. These environ-
mentally persistent pollutants are mostly introduced in the environment by their release
into the atmosphere, where they can be found in two different fractions: gas phase and
bound to particulate matter. PAH atmospheric concentrations depend on the emission
source, which is related to the location (urban or rural site), and to the weather parameters
such as wind speed [13,14], whereas their partitioning between gas and particle phases is
influenced by the temperature [13]. The European Union also established a limit for these
pollutants at a mean annual target of 1 ng/m3 for benzo(a)pyrene (BaP) because BaP is
considered to be the marker for the carcinogenic risk of PAHs in ambient air [4].

In this work, the aim was to study the outdoor air quality in Strasbourg in terms
of PM and PAHs bound to PM, during a 4-week period that included specific pollution
episodes marked by a significant increase of pollutants such as a Saharan dust wind episode.
Additionally, the campaign occurred when the COVID pandemic measures were in place,
which included a curfew. The PM were quantified continuously with a particle analyser,
but also collected during multiple days using a three-stage cascade impactor (gravimetric
method) to compare the two methods. PAHs on the collected particles were also quantified
with the objective to identify any correlations between PAHs and PM in the specific context
of COVID restrictions with low traffic suggesting a possible smaller impact of tailpipe
exhausts. The sampling during this period makes it possible to study the influence of
Saharan dust particles on the air quality in Strasbourg. Pollution related to Saharan dust
wind episodes is generally characterized in terms of PMs and their main composition [6,15].
It is worth noting that, to the best of our knowledge, no publication in the literature that
quantified PAHs and considered meteorological conditions influence to their concentrations
on the PMs of Saharan dust were found.
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2. Materials and Methods
2.1. Experimental Campaign Locations

The campaign took place between 16 February and 15 March of 2021 on the Cronen-
bourg campus of the University of Strasbourg in Strasbourg, France during winter period.
A curfew policy related to the COVID pandemic was also enforced during the campaign,
restricting non-essential activities outside from 6 p.m. to 6 a.m. The campus is located near
habitational neighborhoods, high-service bus stops, railways, and two highways (one in
the east and one in southwest). The Strasbourg city center is approximately 5 km to the
southeast side of the campus.

Two sampling sites, very close to each other, were used, as shown in Figure 1. The first
sampling site, where the particles for PAH quantification were sampled by the three -stage
cascade impactor (Figure 1b,d), was located on the rooftop of the Ecole Européenne de
Chimie, Polymeéres et Matériaux (ECPM) (48°36/27.4” N 7°42'56.7” E), above the 3rd floor.
This location was chosen for its position on the Cronenbourg campus and for its proximity
to a main road (Route de Hausbergen), as well as for the easy access for equipment
installation and maintenance. In this site, a weather station (Vantage Pro 2 ISS, Davis
Instrument) was installed to monitor multiple weather parameters during the campaign
(temperature, relative humidity, wind speed and solar radiation). The weather data was
stored with a time interval of 5 min.
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Figure 1. Location and pictures of the experiment sampling sites and different equipment: (a) Cro-
nenbourg campus; (b) ECPM rooftop (three-stage cascade impactor sampling site, weather station
location); (c) ICPEES (particle analyser sampling site); (d) three-stage cascade impactor (DEKATTI);
(e) weather station; (f) particle analyser Palas Promo LED 2300.

The second sampling site using the particle analyser (Figure 1c,f) was outside, adjacent
to our laboratory in the building R4 of the Institut de Chimie et Procédés pour 'Energie,
I’Environment et la Santé (ICPEES) (48°36/28.5” N 7°43/02.2” E). In this sampling site, the
airborne particle concentration was continuously monitored and the necessity to maintain
the particle analyser indoors, preferably in the laboratory, was the reason for its selection.
As seen in Figure 1, the particle analyser was placed in the laboratory and the air sampling
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was performed by an antistatic tube, connected to particle analyser inlet, passing through
the laboratory window that was posteriorly isolated.

The sampling campaign was divided in 8 sampling periods, also distinguishing
between working days (WD) and weekend periods (WE). Thus, the monitoring campaign
comprised 4 WD periods and 4 WE periods. A detailed summary of the experimental
campaign calendar [16-18] can be found in Figure S1 of the Supplementary Materials.

2.2. Particulate Matter Sampling Methodology

As mentioned in Section 2.1, two different particle samplings were performed: a
three-stage cascade impactor (gravimetric method) was used in the first sampling site, and
a particle analyser (optical measurement) in the second nearby sampling site. Note that the
measurements could not be replicated due to the availability of one cascade impactor and
one analyser.

2.2.1. Three-Stage Cascade Impactor

The first sampling was performed with a commercial manual three-stages size fraction-
ating cascade impactor (DEKATI, Impactor PM-10/PM-2.5/PM-1) connected to a vacuum
pump (Thomas VTE3, Gardner Denver). The work principles of a cascade impactor have
been described elsewhere [19], but briefly, the impactor operates based on inertial classifi-
cation and gravimetric analysis of the particles present in air. Particulate matter is, thus,
collected on the three stages of the impactor depending on their aerodynamic diameter
(Dae) in the following particle size ranges: Dge > 10 pm, 10 pm > Dge > 2.5 pm, and 2.5 pm
> Dje > 1 um (Figure S2). The presence of a backup filter allows the collection of particles
with Dge < 1 pum.

To collect the particulate matter, glass microfiber filters (GFF) (Dominique Dutscher,
47 mm, pore size: 0.7 um) were installed in the three stages and as backup filter and the
filters’ sizes were adapted to the calibrated collection plates (25 mm for the three-stage
collection plates and 47 mm for the backup filter). The air flow rate for the impactor was
fixed at 1.8 m3/h (30 L/min). In order to evaluate the differences in air quality during
working days (WD) and the weekend (WE), the filters of the impactor were collected
and changed on Monday morning and on Friday afternoon, during the four weeks of the
sampling campaign. Information on the duration of each period, as well as the volume of
air sampled, can be found in Table 1.

Table 1. Sampling periods and details of the 3-cascade impactor.

Start

End

Period Duration Flow Air Volume
Date Hour Date Hour (h) (m3/h) (m®)
WD1 16 February 2021 15:49 19 February 2021 16:05 72.27 1.8 130.08
WE1 19 February 2021 16:42 22 February 2021 8:57 64.25 1.8 115.65
WD2 22 February 2021 9:45 26 February 2021 15:36 101.85 1.8 183.33
WE2 26 February 2021 16:10 1 March 2021 8:58 64.80 1.8 116.64
WD3 1 March 2021 9:37 5 March 2021 15:38 102.02 1.8 183.63
WE3 5 March 2021 16:06 8 March 2021 9:03 64.95 1.8 116.91
WD4 8 March 2021 9:29 12 March 2021 15:36 102.12 1.8 183.81
WE4 12 March 2021 16:12 15 March 2021 9:12 65.00 1.8 117.00

Before the sampling campaign, the filters were prepared by washing with acetonitrile
(ACN) two times in an ultrasonic bath (Sonorex, Bandelin), for a minimum of 10 min,
followed by drying at 50 °C for at least one hour, to ensure the elimination of possible
contaminants. Blank filters were also prepared following the same methodology as the
filters used for sampling but without installing them on the cascade impactor. After
sampling, the filters were stored in Petri dishes covered with aluminum foil to protect them
from light and stored in a refrigerator until further sample preparation and analysis.
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For the quantification of particles in air, the filters were initially weighed three times
before sampling, to measure the initial filter masses, using a balance (Kern ADB 200-4,
accuracy of 0.1 mg). After sampling, the filters were weighed again three times and the
mass of collected PM (in pg) was determined by subtracting the average of the final mass
of the filter after sampling with the average of the initial mass of the filter, corrected by the
blank filters. To obtain the particulate matter concentration, these values were divided by
the total volume of sampled air (in m3).

2.2.2. Particle Analyser

A PM analyser (Palas Promo LED 2300) was used for a continuous real-time analysis of
particles in air. Palas Promo LED 2300 measures particles based on optical light scattering,
in a size range between 0.145 and 100 um and up to 20,000 particles/cm? in terms of
concentration, according to the manufacturer.

The sampling flow rate was 4.8 L/min according to the manufacturer specifications.
The data acquired by the equipment was stored every minute and PM values as particle
concentration in number (particles/ cm?) and in mass (ng/ m3) were exported using the
software PDAnalyze. The PM values were calculated by the software through a complex
Palas environmental algorithm that considers different densities and refractive indexes for
the particulate matter.

2.3. Extraction and Chemical Analysis of Extracted Organic Phases

The filters after sampling went through an extraction step using an accelerated solvent
extractor (ASE 300, Dionex). In summary, the filters were placed in 34-mL cells, along
with glass beads to reduce the solvent volume, and ACN as the solvent for extraction.
The extraction was done at 150 °C and 1500 psi (103.4 bar), with 7-min cell heating, two
10-min static states, and 5 min of purging. Approximately 70 mL of ACN were used in each
extraction and this extract volume was reduced to approximately 1 mL by evaporation
under ambient conditions. The extracts were filtered through 0.20 um syringe filters and/or
centrifugated for 5 min at 1600 g in a centrifuge to eliminate eventual remaining particles.
The extract final volume after evaporation was determined by weighing.

The extracts were then analysed by a High-Performance Liquid Chromatography
(HPLC) system (Thermo Electron Corporation, Spectra System) equipped with a Cjg
Pinnacle II PAH column (Restek, 150 mm x 3.2 mm ID, 4.0 um particle size) and a Cig
Pinnacle II PAH guard column (Restek, 10 mm x 4.0 mm ID, 4.0 um particle size). The
HPLC system was coupled with a Diode Array Detector (DAD) (Thermo Finnigan, Spectra
System UV6000LP) and a Fluorescence Detector (Thermo Scientific, Finnigan Surveyor
FL Plus). HPLC was chosen because it is a commonly used analytical method in the
quantification of PAHs in environmental samples [19]. A method using the same columns
had been established in a previous work [19] and it was followed in this work with only
slight modifications.

Oven temperature was set to 30 °C and the mobile phase was ACN and water (flow
rate of 1 mL/min). The elution gradient was adapted from previous work [19] and it
started with 50:50 (ACN:H;O); after 8 min, it was changed to 60:40 (ACN:H,O); then 70:30
(ACN:H;0) after 10 min; 100:0 (ACN:H;0O) was the gradient between 21 and 25 min, and
finally, at 25.1 min, the gradient was changed back to 50:50 (ACN:H,0O) and maintained
until 30 min, which was the overall run time.

As mentioned before, the EU only has a target value for BaP; however, many harmful
PAHs can be present in the atmosphere. In order to compare with other previous studies,
and because they are considered priority pollutants, the compounds quantified in this analy-
sis were the 16 priority PAHs defined by US EPA: naphthalene (NAP), acenaphtylene (ACY),
acenaphtene (ACE), fluorene (FLU), phenanthrene (PHE), anthracene (ANT), fluoranthene
(FLE), pyrene (PYR), benzo[a]anthracene (BaA), chrysene (CHY), benzo[b]fluoranthene
(BbF), benzo[k]fluoranthene (BkF), benzo[a]pyrene (BaP), dibenzo[ah]anthracene (DahA),
benzo[g,h,i]perylene (BghiP), indeno [1,2,3-cd]pyrene (IcdP) [10]. The detection of the com-
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pounds (or group of compounds) was done at its optimum emission/excitation wavelength:
270/330 nm (NAP, ACE, FLU), 250/370 nm (PHE), 250/400 nm (ANT), 270/440 nm (FLE),
270/400 nm (PYR), 270/390 nm (BaA, CHY), 290/430 nm (BbF, BKF, BaP, DahA, BghiP) and
305/500 nm (IcdP). ACY is undetectable by fluorescence and, thus, was detected with DAD
at 229 nm, its maximum absorbance. Since the wavelength windows depend on retention
time of each compound and small fluctuations are sometimes observed between two close
peaks, the window times were adjusted according to the retention time of each compound
when necessary. A typical chromatogram of 16 US EPA PAHs in calibration solution could
be found in Figure S3.

2.4. Calibration Curves

Calibration curves of the 16 PAHs were obtained and can be found in Supplementary
Materials (Figure 54), along with the respective Limit of Detection (LOD) and Limit of
Quantification (LOQ), determined based on the signal-to-noise approach. Each calibration
curve was done with three replicates for each concentration, and containing between 4 to
6 points, depending on the intensity of the peaks at lower concentrations. The LOD and
LOQ values were in the range of 0.3-6.0 ug/L and 1.0-20.0 ug/L, respectively, with BaP
showing the lowest LOD and LOQ along with BkF and CHY.

3. Results
As previously mentioned, single measurements were performed for each sampling
period, which did not permit to report any error bars to the experimental values.

3.1. Particulate Matter Concentration

The particulate matter concentration in outdoor air was monitored using both the
three-stage cascade impactor and the particle analyser.

3.1.1. Temporal Variation of PM Concentration

As illustrated in Figure 2, the particle analyser provided the values of particle number
concentration and mass concentration corresponding to PM;, PM; 5 and PMj as a function
of time.

3000
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Figure 2. Temporal distribution of particle concentration in air during the sampling period, measured
with the particle analyser, in terms of: (a) number concentration for different size ranges, and
(b) PM values.
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In terms of number concentration, during the experimental campaign, particles <1 pm
(PM,), particles < 2.5 um (PMj 5) and particles < 10 pm (PM;() were found in concentration
ranges of 4.8-2607.6 particles/cm3, 4.9-2613.9 particles/cm> and 5.0-2614.3 particles/cm?,
respectively. In Figure 2a, it is possible to observe that, for particle number concentration,
the profiles for PM;, PM, 5 and PM; are overlapped and do not show significant differ-
ences. This overlap indicates that the particulate size present in outdoor air is, considering
the number of particles, mostly below 1 um. On the other hand, in terms of mass con-
centration, PM;, PM; 5 and PM;y were in the ranges of 0.3-129.3 ug/ m3, 0.4-152.5 ug/ m3
and 0.4-547.5 pug/m?3, respectively. When looking at the PM values corresponding to mass
concentration (Figure 2b), it is visible that the three profiles do not always overlap, and
some considerable differences are observed.

During the experimental campaign, two different pollution episodes occurred in
Strasbourg: the first between 23 February and 26 February 2021 [20], during WD2, and
the second between 3 March and 4 March 2021 [21], during WD3. In both episodes, the
reported pollutant was PMyq particles, so an increase of the mass concentration of this PM
fraction was expected.

The average PM concentration during WD2 related to this phenomenon was found to
be 220.2 pg/m? for PMyy, 78.5 ng/m?> for PMy 5, and 45.7 pg/m3 for PM;.

The particle accumulation leading to the pollution episode during WD3 led to an average
concentration of 94.3 pg/m? for PMyg, 67.3 nug/m? for PMy 5, and 55.4 pg/m?> for PM;.

After both pollution episodes, there were two distinct precipitation episodes causing
a decrease of PM in air which can clearly be observed in Figure 2b, particularly after the
first pollution episode at the end of WD2. High precipitation or rainy periods favor the wet
deposition of particulate matter because after coming in contact with water droplets, the
particles become heavier and settle more easily [22], which explains the decrease in particle
mass and number concentrations in air.

The last two periods (WD4 and WE4), particularly between 12 March and 15 March
2021, were characterized by lower concentrations of particulate matter, due to a rainy
period followed by strong wind period (see Figure S5), which both contributed to wash
away the particles and prevent them from accumulating in the atmosphere.

It is clearly observed that the particulate matter presence in outdoor air is influenced
by atmospheric parameters such as rain. With the data recorded with the weather station it
was also possible to further study the influence of different meteorological parameters, such
as temperature, humidity, wind speed, and solar radiation on the number concentration
and dispersion of particles in air. These results can be found in Figure S5. During the
sampling period, the maximum and minimum temperatures were 21.8 °C and —0.7 °C,
respectively, while the relative humidity varied between 34% and 96%. The maximum
wind speed was noted at 5.8 m/s, while the maximum solar radiation was 789 W/ m?2.

With the data provided by the particle analyser, it was also possible to extract the par-
ticle size distribution both in number and in mass concentrations for certain times, which
are presented in Figure 3. For comparison, a time instant in the middle of each period was
selected to further analyse the size distribution (18 February (WD1), 21 February (WEL1),
25 February (WD2), 28 February (WE2), 4 March (WD3), 7 March (WE3), 11 March (WD4)
and 14 March (WE4)). For all periods, these results were obtained for a time correspond-
ing to midnight (12 AM), chosen considering the higher particle number concentrations
obtained at night.

From Figure 3, it can be observed that in number concentration, the particulate matter
present in air is mostly below 0.87 um for all periods and bigger particles are not visible
(in terms of number). The total number concentration varied in the ranges 25-2121 and
1-18 particles/cm? for particles lower and bigger than 0.87 pm, respectively. Regarding the
number size distribution, the size range peak is around 0.19-0.22 um for all the samples.
However, in terms of mass concentration, it is noticeable that the main contribution comes
from larger particles. This contrast is particularly clear for the periods corresponding to the
two pollution episodes (WD2 and WD3).



Atmosphere 2022, 13, 1435 8 of 22
WD1-18/02 12AM WE1-21/02 12AM
300 100 300 - - 100
E B Number Concentration M Mass Concentration E m Number Concentration ® Mass Concentration
<250 - =~ 3 =
2 75 E 2 75 E
£200 E8 E
o = o -
(S ¢ & o
2150 g F S0 5 g 50 §
S ¢ 8 o
100 - g T 8
2 25> 3 25 =
E 50 - :
z P4
o0 - PR | | 0 o
TSR3 853IRBBIAIINES S R2A38%53IRBBIIIRES
S 6 6000 A ANmBLMENGCW N C OO0 OO0 O dedAN®MmM®BNGWAN
- = N ™ = N
Size (um) Size (um)
WD2* -25/02 12AM WE2 - 28/02 12AM
__ 300 = 100 __300 = ~ 100
T mNumber Concentration ® Mass Concentration T W Number Concentration M Mass Concentration
S 250 = S250 4 =
8 7SE 8 L 75 £
£ 200 B 2200 A 2
o =~ © g
(= s & g
5 150 S0 ¢ 7,150 A F S0 §
c 8 e ©
<] % 9 “
© 100 v ©100 1 8
3 53 8 L 25 2
E S50 E 50 A
3 S
0 - 0 o A y . an 0
TRAY85IRBBIAIZIRLES SRRASB8XIRJERIIRES
O 000 OCOoOHeHANMBLNGCWV N O 0 O0OCOoCOoOwdedaNMWLMMSNOGCW AN
oo~ - - N
Size (um) Size (um)
WD3* - 04/03 12AM WE3 - 07/03 12AM
_ 300 100 300 100
ME B Number Concentration M Mass Concentration ME W Number Concentration W Mass Concentration
< 250 1 .:E <250 1 -
4 F 75 s 2 75 E
£ 200 A X £ 200 A ¥
2 . o =
& g & o
—~ 150 A F 50§ 5150 F S0 s
g © § S
=3 v
© 100 - & 9100 2
s r252 % b 25 2
E 50 4 E 50 A
=] 3
z z
0 - - 0 0 - ey 5 0
T o ON O NNT 0O WMWY MmO Wn ™~ T = OON O NNT 0N MmO n ~
O O O O 0O O = = AN ™M WU N ©O N N O O O O O O =" = N M WU N O N N
- - N - - N
Size (um) Size (um)
WD4 - 11/03 12AM WE4 - 14/03 12AM
_. 300 - - 100 300 100
ME B Number Concentration M Mass Concentration "‘E m Number Concentration  m Mass Concentration
L 250 — 5250 A ;g
g L7sE 2 F75 S
] ] )
S 200 % £ 200 2
o ~ © .
(4 s & g
~ 150 A F 50 € 150 50 o
g 3 ¢ S
<3 o 8 a
© 100 4 2 2100 - g
g 25> 8 F 25
E 50 4 E 50 4
2 E
0 - - - 0 0 eet 0
<t = O N O N T O MmO n O N T = O N O N g 0N MmO n O
©Ccoo0ocoddamuN~Ng YA Scocoocoddamu NGy

Size (um) Size (um)

Figure 3. Particle size distribution by number and by mass, obtained with the particle analyser, for
the different sampling periods: WD (left) and WE (right), extracted at 12 AM of the indicated date.
(* used to indicate the sampling periods when the pollution episodes occurred).

Furthermore, when comparing the different sampling weeks, it is again clearly shown
that the 4th week of sampling had much lower particle concentration, reaching minimum
values close to zero for WE4 (0.3 pug/ m? for PM; and 0.4 ug/ m? for PM, 5 and PMyp).

3.1.2. Average PM Concentrations in Air

Table 2 reports the PM values obtained for each sampling period with the three-stage
cascade impactor and the mass of particles in each impactor stage, as well as the average
PM values calculated from the temporal distribution obtained with the particle analyser
and the mass of particles in the size range corresponding to each impactor plate. The PM
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total values were also presented in Table 2, and these include the particles > 10 um for
comparison between equipment. Similarly, Figure 4a presents the particle mass concentra-
tion corresponding to each size range for the two different types of sampling, i.e., cascade
impactor and particle analyser, for all sampling periods.

Table 2. Particle mass concentration in the different size ranges and PM values (pg/m?).

Three-Stage Cascade Impactor DEKATI Particle Analyser Promo LED 2300 ?
Period b b b b b b b b
A B C D PM1 PM25 PM10 PMTotal A B C D PM1 PM25 PM10 PM Total
WD1 106 98 0.0 7.9 7.9 7.9 17.7 28.3 91 111 47 218 218 26.5 37.6 46.7
WE1 0.4 61 211 379 379 59.1 65.2 65.6 165 229 92 622 622 714 94.3 110.7
WD2* 146 292 259 252 252 51.1 80.2 94.9 102.6 1417 327 457 457 785 2202 322.8
WE2 112 9.0 61 116 116 17.7 26.7 37.9 4.6 7.8 59 252 252 31.0 38.8 43.4
wD3* 113 235 111 362 362 474 70.9 822 241 270 119 554 554 67.3 94.3 118.4
WE3 1.2 2.7 49 42 4.2 9.1 11.8 13.0 53 6.1 36 340 340 37.7 43.8 49.0
WD4 0.6 2.6 22 74 7.4 9.6 12.2 12.8 104 109 53 276 276 32.8 43.7 54.1
WE4 12 115 6.6 47 47 114 229 24.1 2.3 43 22 42 4.2 6.4 10.6 13.0

2 Average values calculated for each period. b A:Dge > 10 pm; B: 10 pm > Dae > 2.5 pm; C: 2.5 pm > Dye > 1 pm;
D: Dge > 1 um. * indicates the sampling period when the pollution episodes occurred.
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Figure 4. Temporal variation of (a) particulate matter on the impactor and analyser (inset = zoom
of WE3, WD4 and WE4) and (b) total PAHs on the impactor for the different particle size fractions.
(* used to indicate the sampling periods when the pollution episodes occurred).

In terms of the importance of each size range, for both equipment there was a general
predominance of the particles with Dpe < 1 pm (PM; fraction), ranging from 4.2 ug/m? to
37.9 ug/m3 for the cascade impactor and between 4.2 j1g/m3 and 62.2 g /m3 for the particle
analyser. The other size fractions had lower concentration ranges, which were, for the
cascade impactor and particle analyser (in brackets): 0.0-25.9 nug/ m3 (2.2-32.7 ug/ m?) for
1 < Dpe < 2.5 um; 1.1-25.9 pg/m3 (6.1-141.7 pg/m?3) for 2.5 < Dye < 10 pum; 0.1-14.6 pg/m?
(4.6-102.6 ug/m?3) for D,e > 10 um. Again, the WD2 period corresponding to the sand
pollution event was an exception to the predominance of particles with size < 1 um, since
the concentration of larger particles was significantly higher, which agrees with the report
of the pollution episode by ATMO Grand Est, where PM;y was the major contributor to
particulate pollution [23].
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Likewise, the PM values are represented in Figure 5a for the cascade impactor. Apart
from PM; that was already mentioned, PM; 5 mass concentration was in the ranges
7.9-59.1 nug/m? and 6.4-78.5 pg/m?3 for the cascade impactor and particle analyser, respec-
tively, PM;o mass concentration was in the ranges 11.8-80.2 pg/m3 and 10.6-220.2 pg/m?,
and PM Total was 12.8-94.9 pg/m3 and 13.0-322.8 ug/m°.
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Figure 5. Temporal variation of PM and PAHs during the field campaign obtained with the impactor.
(a) Temporal distribution of PM values, (b) temporal distribution of total PAH concentration corre-
sponding to PM fractions, and (c) temporal distribution of total PAH concentration corresponding to
ring number. (* used to indicate the sampling periods when the pollution episodes occurred).

3.2. Concentration of Particulate-Bound PAHs
3.2.1. Total PAH Concentration

Figures 4b and 5b show the temporal distribution of PAHs in each collection plate
and in each PM fraction, respectively, where the total PAH concentration was in the range
1.1-7.6 ng/m?>. According to these two figures, PAHs were preferentially bound to the PM;
fraction for most periods, with 42.3-73.2% of the total PAHs in this fraction. The exception
to this observation is WD1, where most total PAHs (56.5%) is bound to particulate matter
of sizes between 2.5 and 10 pm.

As displayed in Figure 5b, the temporal variation trend of total PAH concentration also
matched the trend of PM mass concentration obtained from cascade impactor (see Figure 5a)
and particle analyser (see Figure 2b). The PAH concentration ranged 0.9-6.9 ng/m? for
PMy, 0.4-6.5 ng/m? for PM, 5, and 0.1-5.4 ng/m?> for PM;. Furthermore, comparing
the PAHSs concentration on the different periods, the highest concentration of PAHs was
obtained in WD2 (7.6 ng/m?) and WD3 (6.7 ng/m?), which correspond to the pollution
episodes.

Figure 5c shows the total concentration of PAHs grouped by the number of aromatic
rings present in each period. For most sampling periods, there was a predominance of
5- and 6-ring PAHs, which are classified as high molecular weight PAHs (HMW-PAHE).
These HMW-PAHSs account for 34.3% up to 69.3% of the total PAHs. There was an exception
which is WD1 where HMW-PAHSs only account for 5.1% of total PAHs. LMW-PAHs, which
are PAHs with 2 or 3 rings, were present in significant concentrations not only on WD1 but
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during other sampling periods (12.7% up to 86.3% of the total PAHs), except WD4 and WE4
(10.4% and 0.0% of total PAH concentration, respectively), where pollution levels were low.

In Figure 6, it is possible to further detail the distribution of PAHs grouped by ring
in the different PM fractions and collection plate of the cascade impactor. It is clear that
4-ring, 5-ring and 6-ring PAHs are predominantly bound to finer particles (<1 um), while
2-ring and 3-ring PAHs are generally more evenly distributed between fractions. For some
periods, there is even a predominance of LMW-PAHs in coarse particle fractions, such as
in WE1, where the fraction of these PAHs in particles with Dge > 10 um is of considerable
significance (86.3% of total PAH concentration).
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Figure 6. Temporal distribution of PAH by ring number (a) corresponding to collection plates
(Dae > 10 um, 10 pm > Dge > 2.5 pm, and 2.5 uym > Dyge > 1 pm), and (b) corresponding to PM
fractions (PM;, PMy5 and PMjg). (* used to indicate the sampling periods when the pollution
episodes occurred).

Concerning the pollution episodes, a clear increase of the total concentration of 4-,
5- and 6-ring PAHs could be observed during WD2 and WD3, particularly for 6-ring PAHs.
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A comparison between the PAH concentrations obtained for each period with the
cascade impactor and the temporal profile of PM obtained with the particle analyser was
also done. Figure 7 shows the profile for PM Total and the concentration of PAHs in PM
Total for the different sampling periods. Similar graphs, obtained for PM;, PM; 5 and
PM;( with the concentration of PAHs in each PM fraction can be found in Figure S6 of the
Supplementary Materials. In Figure 7, it is easily discernible that PAH concentration in air
and PM values follow the same trend, with the periods where PM Total was the highest
matching the highest PAH concentrations.

WD3* ® PMTotal
WE1 . ———— = [PAH] in PM Total

WE4

[PAH] in PM Total (ng/m?)

O = N WA WV N ® Y

15/02/2021 22/02/2021 01/03/2021 08/03/2021 15/03/2021

wD WE

Figure 7. Temporal distribution of PM Total and total PAH concentration in PM Total. (* used to
indicate the sampling periods when the pollution episodes occurred).

Finally, as seen with PM values, the PAH concentration is lower on weekends than on
working days, except for WEL1 (as discussed before for PM values).

3.2.2. Individual PAH Concentrations

Among the 16 PAHs studied, 14 PAHs were detected during the experimental cam-
paign. ACY and ACE, both LMW-PAHs, were not detected.

Figure 8 shows the distribution of the studied PAHs in the different collection plates
for all sampling periods. Similar information for PM fractions instead of collection plates
can be found in Figure S7. Logarithmic scale was used for PAH concentration, so that lower
concentration values could be read. Additionally, the temporal distribution of individual
PAHSs during the experimental campaign can be found in Figure S8.
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Figure 8. Individual PAH concentration distribution in collection plates (Dae > 10 pm, 10 pm > Dge
> 2.5 pm, and 2.5 pm > Dge > 1 um) for every period of sampling. (* used to indicate the sampling
periods when the pollution episodes occurred).

Generally, for all periods of sampling, NAP, FLU and PHE, which are LMW-PAHs,
were detected in outdoor environment. PYR and CHY, which are MMW-PAHSs, were also
found in significant amount, their concentrations varying in the ranges 54.1-524.6 pg/m?
and 33.7-768.7 pg/m?3, respectively.

BaP, DahA, BghiP and IcdP were found in high concentrations in the different sampling
periods. BaP, the most carcinogenic PAH, was found in concentrations in the range of
28.6 to 762.8 pg/m?3. BghiP was the PAH with highest quantities found during the sampling
campaign, where the concentrations were in the range of 317.8 pg/m? up to 2157.7 pg/m?,
while DahA and IcdP were found in the ranges 23.9-556.2 pg/m? and 72.8-1095.2 pg/m?3,
respectively.

4. Discussion
4.1. Particulate Matter Concentration
4.1.1. Temporal Variation of PM Concentration

As mentioned, there were two different pollution episodes during the experimen-
tal campaign: the first during WD2 and the second during WD3. In general, pollution
episodes in the city occur due to particle accumulation originated from combustion activi-
ties (e.g., transportation and heating) combined with stagnant meteorological conditions
(such as the absence of precipitation, lack of wind, etc.) that do not allow the accumulated
particles to disperse [10].

The first pollution episode was marked by a special phenomenon of wind bringing
sand and dust particles from the Sahara Desert in North Africa to Southern Europe. This
pollution episode started from 23 February 2021, where the PM profiles stop overlapping
(see Figure 2b) and there was a considerable increase of PM;yp when compared to the
two other fractions as illustrated by the size distribution displayed in Figure 3 (WD2).
This indicated that the dominant size of particles was above 2.5 um, as confirmed by
the mass concentration distribution shown in Figure 3 (WD2), which might be related to
Saharan sand and dust particles possibly mixed with another local source of particles. This
hypothesis was confirmed by the local observatory of air quality (ATMO Grand Est) which
published a statement on the chemical composition of particles proving their pollution
source. They reported that Saharan particles corresponded to 41 up to 69% of PM;y mass
concentration [23]. Specifically, they reported PMjy mass fractions for the period between
1 February 2021 and 28 February 2021, in terms of elemental carbon, organic matter, nitrate,
ammonium, sulfate, sea spray and Saharan particles.

The second pollution episode displayed in Figures 2 and 3 and observed during WD3
was of smaller intensity and was caused mainly by particles coming from combustion
activities and spring agricultural activities with some residual particles from the previous
Saharan dust wind episode [21]. The particle accumulation leading to the pollution episode
was mostly due to sunny and relatively stable atmospheric conditions.

It is important to note that particulate matter concentration in air depends on the
multiple meteorological parameters, as well as other factors, such as the seasons and
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geographical position of the sampling location. Therefore, it is not easy to establish a relation
between the different parameters alone and the PM values, but it is possible to observe
certain trends. Briefly, from Figure S5, temperature and particle number concentration in air
in Strasbourg have an inversely proportional relation, as, generally, lower temperatures lead
to higher particle concentration and vice-versa. This might be linked to temperature-related
atmospheric phenomena, such as convection currents [22], which are more frequently
observed at higher temperatures, creating wind movements that promote the dispersion of
particulate matter in air.

In opposition to the impact of temperature, relative humidity is directly proportional
to the particle number concentrations, with decrease in relative humidity being accompa-
nied by decrease in particle concentration and vice-versa. High humidity promotes the
accumulation of finer particles in the atmosphere and the formation of haze, allowing the
particles to rest longer in a certain area and, thus, leading to higher PM values in air [24].

Wind speed is another important parameter to consider because the presence or
absence of wind currents can promote the movement or stagnancy of particulate matter
in an area [25]. During the sampling period, in general, high wind speeds were related to
lower number particle concentration, which means wind promoted the diffusion of the
particles to outside the sampling area. This phenomenon is particularly noticeable during
the strong wind episode between 11 March and 15 March (at the end of WD4 and during
WE4) when extremely low particle concentrations were recorded.

Finally, in terms of solar radiation, the influence on particle number concentration is
easily observed during a 24-h period. High solar radiation with minimum clouds during the
day generally gives lower PM mass concentration, while low or absence of solar radiation
during the night generally gives higher PM mass concentration. This phenomenon is related
to either the photolysis of organic fraction of particles by the solar radiation, reducing the
PM mass concentration during the day [22], or the upward movement of PM promoted by
solar radiations [22].

Furthermore, by looking at the different working days (WD) and the weekend (WE)
periods, it is possible observe some differences. With the exception of WE1, both number
and mass concentrations are much lower on the WE periods than on the WD ones. This
might have occurred because of the curfew measures, since if people were staying home
during the weekend, it could result in less traffic and thus less pollution would be expected.
However, WE1 was an exception to this trend, which might be a direct consequence of the
beginning of the first pollution episode.

4.1.2. Average PM Concentrations in Air

Table 2 and Figure 4a show that the results obtained with the three-stage cascade
impactor follow the expected trend, with highest particle concentrations appearing for
WEL, as a consequence of the beginning of the first pollution episode, for WD2 due to the
same pollution episode, and for WD3, because of to the second pollution episode. It is also
confirmed that the presence of particulate matter in air in the 4th week (both WD4 and
WE4) was very low. Figure 5a shows the PM values for the cascade impactor, and once
again it is clear that the highest PM values were obtained, as expected, for WD2 and WD3.

When comparing the two types of sampling, (see Figure 4a), the values of particles
mass concentration obtained with the impactor are usually of the same order of magnitude
but lower than those found with the particle analyser. In other words, it is visible that, even
though temporarily both follow the same trend, the particle analyser reports higher PM
Total values than the three-cascade impactor, particularly during WE1, WD2, WE3 and
WD4, with the highest difference appearing for WD2 (322.8 and 94.9 ug/m3, respectively).
Multiple factors could be responsible for the highest values given by the particle analyser,
such as different size ranges of detection, different methods of sampling, different flow
rates, as well as the specificities of the PM algorithm used by the Palas software.

Previous works in the literature have highlighted discrepancies in particle mass con-
centration between gravimetric methods (such as the three-stage impactor) and real-time
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particle analysers and reported the existence of clear systematic biases in instruments for
real-time particle monitoring [26]. Giorio et al. (2013) concluded that this difference is
expected because the optical particle analysers are measuring various types of particles
with different refractive indices, shapes and densities that are not accounted for [27]. Thus,
an accurate previous calibration should be performed to minimize these biases [27]. How-
ever, the PM algorithm used in the Palas software was the environmental version, that was
indicated for measurements in outdoor air, and so should account for these variabilities in
types of particles.

In fact, the main reason for the highest PM values obtained with the particle analyser
could be related to the humidity of air. It has been reported that humidities higher than
80% can lead to overestimation of an aerosol’s mass by real-time particle analysers in
comparison to filter-based methods, where most of the water as time to evaporate before
the weighing of the filters [28]. In Figure 5S4, it is visible that relative humidity reached
values higher than 80% almost every day during the sampling period, indicating that high
humidity could indeed be the main cause for the highest PM values obtained with the
particle analyser.

There is one exception to this trend, which is WE4, where the PM Total obtained with
the cascade impactor was almost two times higher than the value obtained with the particle
analyser. The slightly different locations could also partially explain the observed mass
concentrations.

The Directive 2008/50/EC establishes a daily mean limit value of 50 pg/m? for
PM; that cannot be exceeded more than 35 times a year [3]. Even though the averages
presented in Table 2 are based on more than one day, the comparison with this mean value
is still interesting to conclude about the air quality in Strasbourg. In fact, for both the
cascade impactor and the particle analyser, there are three sampling periods when this
limit is surpassed: WE1 (65.2 and 94.3 nug/m3, respectively), WD2 (80.2 and 220.2 pg/m?,
respectively) and WD3 (70.9 and 94.3 ug/m?3, respectively). As previously discussed, the
high PMj values on these three periods are associated with the PM;q pollution episodes,
so it is not surprising to have values higher than the limit level. Pollution episodes caused
by natural occurrences, such as windblown desert dust from Africa, sea spray and wildfires,
are known for causing the increase of PM; values above the annual limit established by
EU in different countries of Southern and Western Europe (Cyprus, France, Greece, Italy,
Portugal, Spain and United Kingdom) [6]. In fact, in Spain, more than 70% of the times
that PMyg is above the daily limit mean value in regional background EMEP (European
Monitoring and Evaluation Programme) sites, the cause was ascribed to African dust
episodes [29]. Outside of these pollution episodes, the daily average PM;q values do not
exceed the limit of 50 pg/m?3.

On the other hand, in terms of PMj 5, the annual average of 25 pg/m?3 established by
the same directive was also surpassed, but the results between two sampling methods were
very different. In the case of the cascade impactor, PM; 5 was higher than the European
limit only for WE1, WD2 and WD3, following the same trend of PM;9. However, looking
at the particle analyser results, the values of PM; 5 surpass the limit for all periods, except
WE4 (when pollution levels were much lower). It is important to take into account that the
limit value of the Directive 2008/50/EC was established considering a standard gravimetric
method as sampling method [3]. Thus, it is not surprising that the values obtained with
the particle analyser are higher than the limit established, because it was observed in this
work that the particle analyser generally gives much higher PM values in comparison to
the gravimetric three-stage cascade impactor.

Regarding the possible effect of lockdown and the resulting traffic restrictions, ATMO
Grand Est reported annual average PM;g value in the order of 22 pg/m? for 2019, i.e., before
the COVID crisis, for the measuring station closest to our sampling site (Boulevard
Clemenceau) [30]. Apart from the dust pollution episodes, our PMj( concentrations varied
in the range 11.8-22.9 ug/m?3 with an average value of 16.1 4- 5.2 g /m?>. This could suggest
that the lockdown and traffic reduction could have a positive effect on PM pollution.
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4.2. Concentration of Particulate-Bound PAHs
4.2.1. Total PAH Concentration

In Figures 4b and 5b, PAHs were predominantly present to the PM; fraction for most
periods, with exception of WD1. These results, showing that PAHs are preferentially bound
to finer particles, are consistent with those reported in the literature [10,31,32] and confirm
the high risk of airborne PAHs to human health through inhalation of fine particles. This
tendency for PAHs to be found on finer fractions can be related to the simultaneously
generation of PAHs and fine particles during incomplete combustion processes [33] or
to the generation of fine particles from the condensation of PAHs from vapor phase [32].
Furthermore, finer particles have higher surface area than bigger particles, which means
that they have more surface for the PAHs to be bound to. The presence of PAHs in coarse
particles could be explained by the possible agglomeration of fine particles into larger
particles or the integration of fine particles into existing larger particles [33].

As PM; number concentration is always higher in our study and their specific area are
supposed to be greater than those of PM; 5 and PMyy, it is not surprising to observe more
PAHs in PM] in terms of absolute of mass concentration (p1g/m?). It is why it also interesting
to compare the normalized PAH concentrations with respect to the particle class fraction.
These results can be found in Table S1 and Figure S9. In terms of percentages, normalized
values of PAHs in PM; were the following: 7% (WD1); 33% (WE1); 50% (WD2); 37% (WE2);
39% (WD3); 43% (WE3); 28% (WD4); 52% (WE4). The PAH distribution shows therefore
that PAHs are always abundant in PM;, particularly for the first Saharan dust episode
in WD2, but except for WD1. For PM; 5 and PM, their corresponding percentages vary
in the ranges 25—41 % and 20-52%, respectively, indicating a homogeneous distribution
when normalized concentrations are considered. WE3 exhibits the higher normalized
PAH concentration in all PMs, which was not expected considering this is not during the
pollution episodes. High humidity and low solar radiation during the whole day on Friday
05/03, and suddenly lower temperatures reached on WE3 were observed (see Figure S5).
Because of these atmospheric conditions, PAHs could have been first accumulated in the
atmosphere and then adsorbed by the particles in air.

The highest concentration of PAHs was obtained in WD2 and WD3, which correspond
to the pollution episodes. This is consistent with the observations made by the local obser-
vatory of air quality [23] since they reported an increase of organic matter and black carbon
for the first pollution episode, i.e., from 23 February to 26 February 2021. In fact, these
increases started from Saturday 20 February which corresponds to the beginning of the
Saharan dust episode observed in our sample WE1 (see Figures 3 and 4b). As Saharan dust
is known for being a carrier of anthropogenic pollutants and micro-organisms [29], con-
tributing to the increase of these pollutants, it can explain the higher occurrence and higher
concentration of PAHs in PM. However, this is the first time that PAHs concentrations were
evaluated and reported during a dust episode simultaneously with limited anthropogenic
activities due to the unique COVID confinement.

Figure 5c shows that, generally, there was a predominance HMW-PAHs, indicating that
particulate-bound PAHs are predominantly HMW-PAHSs. To understand these results, it is
important to consider that PAHs in air can be found either in vapor phase or in particulate-
bound phase. The distribution of PAHs between these two phases is dependent on their
vapor pressure. PAHs with lower vapor pressure, which correspond to HMW-PAHS, tend
to be bound to particles, while PAHs with higher vapor pressure, which are those with
low molecular weight (LMW-PAHSs) are typically associated with vapor phase although
this may be less the case at low temperatures during winter. PAHs with intermediary
molecular weights (MMW-PAHSs) are more evenly distributed between the two phases [34].
For this reason, MMW- and HMW-PAHs were likely to be detected in PM, as opposed to
LMW-PAHSs. Thus, the observed presence of LMW-PAHs in PM was not expected since
these PAHs are normally found on vapor phase. These results will be further debated when
individual PAH concentrations are discussed (see below).
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As seen in Figure 6, 4-ring, 5-ring and 6-ring PAHs are predominantly bound the PM;
fraction, while 2-ring and 3-ring PAHs are more uniformly distributed between fractions,
which is in agreement with previous studies [10,31]. However, it is interesting to see that
for some periods, such as WE1, LMW-PAHs are predominantly in coarse particle fractions
(Dae > 10 pm). One explanation for this observation is that due to the higher vapor pressure
of LMW-PAHs, they evaporate easily from fine particles and are then adsorbed into larger
particles, while the HMW-PAHs would require much longer times to evaporate and be
adsorbed by larger particles and, thus, remain in finer fractions [33,35]. Additionally; it is
also possible that there is more chemical affinity between LMW-PAHSs and coarse particles,
and between MMW- and HMW-PAHs and finer particles [35], depending on the particles’
source and composition.

There is also a clear increase of concentration of 4-,5- and 6-ring PAHs during the
periods of the pollution episodes (WD2 and WD3), in particular for 6-ring PAHs. This
increase in concentration was largely caused by the increase in concentration of the PAHs
in PM; fraction. It is interesting to note that, for 2- and 3-ring PAHs, there was no increase
of concentration for the pollution episode periods, and there was even a decrease for WD2
and WD3 when compared to WE1 and WE2, respectively. For WD2, the observed increase
of temperature up to 20.1-21.8 °C for 3 consecutive days could promote the evaporation of
LMW-PAHSs into the gas phase, limiting their PM concentration.

On the other hand, in Figure 7, it is visible that PAH concentration in air and PM
values of the particles analyser generally follow the same trend. This is expected since
the PAHs being studied are particulate-bound, so an increase of particle concentration
is expected to lead to an increase in PAHs level. However, the PAH and PM did not
increase to the same extent. For example, between WD1 and WE1, PAH concentration
increases significantly, PM Total mass concentration does not change significantly; however,
the PM; number concentrations increased (see Figure 2a) which could explain the PAHs
concentration increase as they are usually bound with finer particles [31,36] in absence of
Saharan dust event.

Lastly, there are generally lower PAH concentrations on weekends than on working
days, which might be a direct consequence of the movement restrictions of the curfew
measures in place at the time. Vehicular emission is one of the anthropogenic sources of
PAHs so, in fact, the decrease in concentration for the weekends might be caused by a
decrease in people movement and, thus, vehicular emission of PAHs, which could be an
indication that this is the main source of PAHs near the sampling location.

4.2.2. Individual PAH Concentration

16 PAHs were studied during the experimental campaign and of those, 2 were not
detected: ACY and ACE, both LMW-PAHSs. This is not surprising considering they are both
expected to be predominantly in vapor phase instead of being bound to PMs.

NAP, FLU and PHE, which are also LMW-PAHSs, were unexpectedly detected in
outdoor environment throughout the experimental campaign. This was not expected, at
least not in significant concentrations since they have more affinity to vapor phase and not
particulate matter. In fact, these results do not agree with previous results reported in the
literature for the same type of sampling and quantification [36], where in, an experimental
campaign in Mauberge, France, no NAP and much lower concentrations of FLU and PHE
were detected in outdoor air. This, coupled with the fact that they were present in almost
all sampling periods, might indicate a local source of these three PAHs. LMW-PAHs
can be generated from vehicle emissions, waste incinerators and steel iron plants [10].
Furthermore, NAP can be used outside for pest control in gardens [37], which could be a
possibility for its source, if it is present in pesticides used near our sampling site.

PYR and CHY, both MMW-PAHs, were also detected in significant amount. PYR is
considered to be related to emission from diesel vehicles, while CHY usually comes from
biomass-related combustions (e.g., wood, food, garbage) [38]. A specific increase of CHY
concentration was observed on the WD2 which may be related to the first pollution episode.
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The Saharan dust particles could have been responsible for bringing this PAH from other
areas that they pass through.

The four PAHs with highest molecular weight (BaP, DahA, BghiP and IcdP) were
present in high amount during the experimental campaign. These compounds are generally
associated with pollution from vehicle emission in traffic in highways or urban areas [39]
and so, the proximity to main roads and highways could explain the presence of these
pollutants outside the pollution episodes.

It is also important to note that BaP, the most carcinogenic PAH, was found in quanti-
ties lower than the annual average limit established by European Union, which is 1 ng/m?3.
Furthermore, ATMO Grand Est has reported the concentration of BaP in Strasbourg (Boule-
vard Clemenceau) in 2018 with daily concentrations varying between 0.02 and 0.85 ng/m?3
throughout the year [40], which led to an annual average of 0.2 ng/m3. As previously
mentioned, the BaP concentration ranged from 28.6 to 762.8 pg/m? (~0.03 to ~0.76 ng/m?)
during our experimental campaign, which are in the same order of magnitude than those
obtained of 2018. This indicates that COVID restrictions did not have a significant impact
in BaP concentration.

4.2.3. Health Risk Assessment Due to PAH Exposure

It is possible to estimate the carcinogenic risk due to PAH exposure for the different
periods of the sampling campaign. This is done by calculating the BaP equivalent factor
(BaPeq). To obtain this equivalent factor, the Toxic Equivalency Factor (TEF) that estimates
the relative carcinogenic potency of each PAH relative to the carcinogenicity of BaP is
used [31,41]. This means that a certain BaPeq value has the same carcinogenic effect as if
BaP was present in that same concentration.

The TEF values have been determined in previous studies and are specific depending
on the carcinogenicity of each PAH. The BaPeq is then calculated as the sum of each PAH
concentration multiplied by the respective TEF [31,41]. The TEF values used were reported
in Nisbet & LaGoy (2012) [41], choosing a TEF of 1 for DahA, because it is considered to be
present in high concentration.

The BaPeq values (Table S2) varied between 56.1 and 1462.5 pg/ m3 (=~0.06 to ~1.46 ng/ m3 ).
These BaPeq values surpassed the annual EU target value for BaP (1 ng/m?®) two times dur-
ing the experimental campaign in the periods corresponding to the pollution episodes: in
WD2, BaPeq reached the maximum value of 1.46 ng/ m3, and in WD3 it reached 1.06 ng/ mS.
The target value of the EU was established to minimize the effects on human health [4], so
the the BaPeq values obtained during the pollution episodes can be worrying. However, it
is important to consider that these values correspond to weekly averages, while the target
value was established for one entire year.

5. Conclusions

The three-stage cascade impactor and the particle analyser were successful in monitor-
ing PM, according to their particle size, in outdoor environment. A comparison between
three-stage cascade impactor DEKATI and Palas particle analyser showed that the particle
mass concentration followed the same general behavior. However, the values recorded by
the particle analyser, i.e., for total PM, were usually 144-422 % higher than those found
with the impactor. Note that the conclusions might be sometimes taken with caution
as the measurements were not replicated, which also makes it difficult to estimate the
measurement uncertainties.

PAHs concentration trend was found to be similar to PM concentration one which
indicates the link between the two. PAHs were observed to be more abundant in PM; and
the main PAHs were HMW-PAHs (5- to 6-ring). 14 PAHs were found during the sampling
campaign, with the most significant being NAP, PHE, PYR, CHY, BaP, DahA, BghiP, and
IcdP. BaP, as the most carcinogenic PAH among the sixteen, was found in concentration
range below the European annual mean target of 1 ng/m?. The presence of these PAHs
suggested that vehicular emission was one of the main sources of PAHs in air in Strasbourg
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during the sampling campaign even though people’s movements were limited after 6 PM
due to COVID crisis.

The temperature and solar radiation were found to be inversely proportional to the
daily PM concentration during the sampling period in Strasbourg, while the relative
humidity was directly proportional. Precipitation and wind speed also played important
roles modifying the PM concentration by introducing or sweeping away particles in the air.

The period of the sampling campaign included two pollution episodes in Strasbourg,
particularly a Saharan dust wind episode. It is worth mentioning that to the best of our
knowledge, there are no works published in the literature that quantified simultaneously
the PM and PAHs bound to PM of Saharan dust yet. The pollution episodes, especially
the one associated with Saharan dust in WD2, led to significantly higher PAH and PM
concentrations during the WE1, WD2 and WD3, with PM;y and PMj, 5 substantially ex-
ceeding the EU daily limit of 50 pg/m3 and 25 pg/m?3, respectively, in a context of low
car traffic favored by the COVID restrictions. Therefore, it is not excluded that PAHs
could be bound to sand particles and could have been carried by these same PM far away
from their emission sources. Whatever the case, such observation of an exceedance of
the PM threshold values is cause for concern and suggests that particulate pollution is
becoming more and more worrying in a context of increasing urbanization of large French
and European cities. The exhaust-free vehicles such as fully electric ones, which currently
represent only a marginal part of the vehicle fleet, may help to reduce tailpipe emissions
but will continue to contribute to particle emissions through tires and road surface wear.

In the future, it would be interesting to extensively characterize the particulate matter
from Saharan dust pollution episodes, to better understand the relation between the Saharan
sand and PAHs. This characterization could also be complemented with the further study
and quantification of other pollutants carried by the Saharan particles in order to fully
assess the negative effects of these dust events on human health.
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