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Abstract

Airborne particles, specifically nanoparticles, are identified health hazards and a key research domain in air
pollution and climate change. We performed a systematic airport study to characterize real-time size and number
density distribution, chemical composition and morphology of the aerosols (~10 nme10 mm) using complementary
cutting-edge and novel techniques, namely optical aerosol analyzers, triple quad ICP-MS/MS and high-resolution
STEM imaging. The total number density of aerosols, predominantly composed of nanoparticles, reached a
maximum of 2 x 106cm—3and is higher than reported values from any other international airport. We also provide
evidence for a wide range of metal in aerosols, and emerging metals in nanoparticles (e.g., Zn and Ni). The
geometric mean, median and 99th and 1st percentile values of observed nanoparticle number densities at the
apron were 1.0 x 10°%, 9.0 x 10 1.2 x 108 and 9.3 x 10% cm 3, respectively. These observations were statistically
higher than corresponding measurements in downtown Montreal and at major highways during rush hour. This
airport is thus a hotspot for nanoparticles containing emerging contaminants. The diurnal trends in concentrations
exhibit peaks during flight and rush hours, showing correlations with pollutants such as CO. The HR- TEM-EDS
provided evidence for nano-sized particles produced in combustion engines. Implications of our results for air
pollution and health are discussed.

1. Introduction

Airborne particles, or aerosols, have been shown to have severe implications not only on air pollution, but also on
global climate change, astheyabsorbsolarradiationand canalter cloud properties (Forster et al., 2007; Wuebbles et
al., 2007). The International Panel on Climate Change stated that “the uncertainty in the global radiation budget
from aerosol-cloud interactions is equal to the estimated impact of all anthropogenic green-house gas (GHG)
emissions” (Stocker, 2014). This has led the IPCC to conclude that aerosol-cloud interactions “contribute[s]
the largest uncertainty to estimates and interpretations of the Earth's changing energy budget” (Stocker, 2014).
Ultrafine particles or airborne nanoparticles, are a group of aerosols with aerodynamic diameters less than 100 nm.
They have also been shown to have severe human health impacts. The health implications of nanotechnology and
nanoparticleexposurewerethuslistedasakeyhealthchallengein 2010 by the World Health Organization (2017).

Airborne nanoparticles originate through photochemical and heterogeneous reactions in the atmosphere,
particularly those involvingorganiccompoundsortrace metals (Ariyaetal.,1999a; Snideretal.,2008; Ariyaetal.,
2015). Airportshave beenshownto be sites for anthropogenic airborne nanoparticle emissions that contribute
significantly to air pollution in the airport apron and areas surrounding the airport (Kumar etal., 2013). Airport
emissions comprise mostly emissions from aircraft engines, the auxiliary power units and ground support
equipment, yet some studies have shown that the impact of ground support equipment is much smaller in
comparisontoaircraftemissions (Unal etal., 2005).

Epidemiological researchers have shown a consistent increase in morbidity and mortality rates in both adults and
children with exposure to particulate matterinair (Robertetal., 2004; Delfino etal., 2005; Sarnatetal.,2001). Namely,
Dockeryetal. demonstrated that chronic exposure to air pollutants is independently relatedto cardiovascular mortality
(Dockeryetal.,1993)and Clancy etal. found thatdecreased air pollution resulted in 116 fewer respiratory deathsand 243
fewercardiovasculardeathsin Dublinper year (Clancyet al., 2002).

The degree of toxicity of nanoparticles is determined by a number of physiochemical properties, such as size
distribution, electrostatics, surface area, general morphology and aggregation, which have been shown to affect
physiological interactionsbe- tween particulate matter and target biological areas (Shin et al., 2015). Interms of size,
it has been shown that for the deposition of the same amount of particles in the lungs, toxicity tends to in- crease with
decreasing particle size, noting that the total health impact is complex and depends on multiple factors (MacNee and
Donaldson, 2003; FERIN et al., 1991). Airborne nanoparticles have been shown to have increased pulmonary toxicity
resulting from higher interstitial access along with a large acute inflammatory reaction as determined using lung lavage
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parameters (Oberd6rster et al., 1992).
There are several comprehensive studies on atmospheric aero- sols characterization in literature (Traboulsi etal., 2017;
Nazarenko etal.,2017a; Rangel-Alvaradoetal.,2015; Huetal.,2016). While many airport measurements of particles
are made using filters or impactors and reported measurements are given in mg kg of fuel (Masiol and Harrison, 2014;
Kinsey et al., 2011; Herndon et al., 2008; Mazaheri et al., 2008; Mazaheri et al., 2011), the number of airborne
nanoparticlesisakey factor forevaluation of healthand climateimpacts. Toourknowledge, thereare onlyafewstudies
in literature onthe measurementofairborne nanoparticle densityin airport ambient air (Mazaheri et al., 2011; Zhu et
al., 2011; Ellermannetal.,2012; Huetal.,2009; Keukenetal.,2015; Hudda and Fruin, 2016). Given the adverse health
and climate effects of nanoparticles in ambient air, there are major gaps of knowledge on physical and chemical
characteristics and transformation processes of aircraft-generated airborne nanoparticles, which should be further

studied (Grassian, 2008; Mudunkotuwa and Grassian, 2011).
During the last few decades, a large number of anthropogenic

emerging contaminants have been detected in the environment, mostly in water and soil matrices (Stuart and
Compton, 2015). Emerging metal contaminants are generally referred to as synthetic or naturally occurring chemicals,
that are not regularly studied in the environment but they have potential to enter the environment and cause adverse
ecological and human health effects (Sauve and Desrosiers, 2014; Sandersonetal., 2014; Houetal., 2017). They originate
from a wide range of human activities including pharmaceutical, construction, cosmetic, medical, pesticidal, industrial,
chemical and waste processes. Some of these anthropogenic emerging contaminants are indeed particulate
contaminants including nanoplastics and microplastics (Stuart and Compton, 2015). Airborne nanoparticles,
including nano-metals, in air, are classified as emerging contaminants (Sykorova et al., 2017). Several of these emerging
metal contaminants also adversely affect human and ecological health by causing ecotoxicity (Hou et al., 2017).
Humans are exposed to toxic metals from contaminated air through inhalation, dermal contact and direct or indirect
ingestion (Jiang et al., 2017). In contrast to water and soil, not much is known about emerging anthropogenic
contaminants in airborne nano- particles, specifically those related to aerospace activities. Note that as these emerging
contaminants are both metal toxicant and health hazard nanoparticles, further research is required to assess their health
impacts.

In this study, our objective was to obtain for the first time self- consistent information on the size, abundance and
distributionas well as the chemical composition and morphology of airborne particles between the sizes of a few
nm to 10 mm at the apron outside the international terminal and near the Departure Level entrance of the Montreal
airportduring the summer of 2017. Trudeau Airport is the busiest airport in the province of Quebec, Canada, with
annual passenger traffic of 16.6 million. We further investigated the presence of airborne nanoparticles, focusing on
metal-containing compounds, in the air surrounding the international airport. Variations in size distribution
throughout the day were also analyzed, particularly for rush hours and during precipitation events, in relation to
meteorological conditions such as temperature, precipitation and gaseous co-pollutants such as NOy, ozoneandcarbon
monoxide. Wehereindiscussthe implicationsof the results on the importance of nanoparticle emissions from an
international airport, and future directions of research.

2.Materials and methodology

In this section, we describe the sampling site, in-situ measurement of particles and complementary particle
sampling for ex situ analyses, as well as the suite of optical, mass spectrometry and electronmicroscopy techniques
used inthis study. Due to the security restrictions of the airport, we were only allowed several assigned periods of
time inside theairportarea. Assuch, we per- formed comprehensive feasibilityexperimentsduringthe falland winter
2016 outside the airport and performed a systematic study of aerosol size distribution, topography and chemical
composition, along with time series of various co-pollutants such as Os, NOx (NO NO3), CO, and precipitation
from July to September 2017. Real-time in-situ aerosol analysis and ex-situ aerosol samples were collected at the
apronoutside the international terminal and near the Departure Level entrance and were compared to samples taken at
downtown Montreal at the McGill University downtown campus, which served as a reference. The McGill
observatory site is operated in real-time on a daily basis, all year around, with the exceptionoftroubleshootingand
fieldtransport. Thedetailsofthe McGill campus observational site have been explained elsewhere (Dastoor, 2018).
Oursystematicresultsare hereinpresented.
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2.1. Sampling site

The particle size distributions were measured in situ at the Montreal Pierre-Elliott-Trudeau International Airport
(QC, Canada) by setting up a mobile stationattwo locations atthe airport, the first being on the airport apron outside
the international terminal and the second near the airport's Departure Level entrance as showninFig.S6intheSupporting

Information. The coordinates of the airportare 45.4697° N, 73.7449° W. Preliminary readings had been taken in
December2016andthedatapresentedinthispaper were taken inaseries of pulsesin July, August and September 2017.

2.2. Aerosol size distributions

Particle size distributions were measured in situ using a Nano- Scan Scanning Mobility Particle Sizer (SMPS) model 3910
(TSI Inc.) and an Optical Particle Sizer (OPS) model 3330 (TSI Inc.) (TSI, 2010; TSI, 2015). These instruments are factory-
calibrated annually with Polystyrene Latex spheres forall internal and external flow rates. The SMPS measures particle
size in terms of electric mobility diameter in the range of 10nme~400nm while OPS measures the particles in the
aerodynamic size range of 0.3e10 mm (optical diameter). The SMPS determines the particles size distribution by
deflecting particles by an electric field based on their electric mobility. However, the OPS, measures the optical
diameter, which is equivalent to aerodynamic diameter based on a few assumptions (TSI, 2015). The OPS size distribution
was calibrated with Poly- styrene Latex (PSL) particles, which are perfectly spherical and have arefractiveindexof1.59.
Whentheparticlesarespherical, thesize distribution by the optical counters is equivalent to the actual physical (or
geometric) diameter (Chenetal., 2011; Hasheminassab etal., 2014; Hering and McMurry,1991; Reid etal.,1994). The OPS is
strongly dependent on the aerosols characteristics, including the refractive indexand dynamic shape factor. Based onthe
assumption the particles are spherical and particle density is 1 g.cm-2, the optical diameter would be equivalent to
aerodynamic diameter and operating the SMPS and OPS simultaneously allows for the measurement of particle sizes
from10nmto 10mm (Hinds, 1999).

Complementaryto in situ methods described above, we used a Micro Orifice Uniform Deposit Impactor (MOUDI)
to allow size- aggregated collection of particles for further chemical and physical characterization. The impaction stages
were greased and a flow rate of 30 L/min was used. The MOUDI was set up for 12-h runs starting at 6 a.m. on three
weekdays and a 20-h run starting at 10 a.m., also on a week day. The MOUDI has 8 impaction stages to collect size-
fractionated aerosol particle samples. Teflon and Aluminum filters were used as substrates to collect the particles.
TEM gridswereattached to two stagesofthe MOUDI, asdiscussed inthe TEM section below. This method is based ona
methodology we developed previously and it allows us to perform high resolution transmission electron microscopy
directly (Hudson and Ariya, 2007).Assuch,thecollectedsampleswillnotbecontaminatedand their topography after the
impact will not be altered.

2.3. High-resolution FEG-TEM and STEM with CCD, EELS and EDS

The TEM-grids were fixed on the filter substrate using double- sided adhesive carbon tape and were placed in the
following MOUDI d50cut-off points: 0.18mmand 1mm. Carbon-coated cop- per grids (SPI supplies, west Chester, PA
USA) were chosen to minimize the disturbance of the collected particles and tweezers were used when placing or
removing the grids from the substrate to prevent damage (No€l et al., 2013). Several blanks were also taken during the
samples. Grids have been placed previously on stages with ultra-pure air as blanks (Hudson and Ariya, 2007).

Thefieldemissionguntransmissionelectronmicroscope (FEG- TEM) operates with a voltage range of 50e300 kV.
The high- brightness, high-coherency gun allows large electron probe cur- rents to be focused onto nanometer-sized
areas of the specimen. Capabilities include energy-dispersive X-ray spectroscopy (EDS), electron energy loss
spectroscopy (EELS), STEM imaging and mapping and a CCD camera that allows magnification of thin samples
(<500nm) up to >1 million times. The TEM grids were analyzed using a high resolution FEI Tecnai G2F20 S/TEM
micro- scope with a field emission gun, which are relatively new in material sciences and to our knowledge were only
used in one of our previous snow particle studies, which is in this study adapted for aerosols (Rangel-Alvarado et al.,
2015).

Images were acquired using an Advanced Microscopy Techniques, Corp. (AMT) XR80C CCD Camera System,
which we deployed previously for snow particles and, in this study, was adapted for atmospheric aerosols collected
directly on the grid, allowingustostudysize, morphologyandcomposition (withEDS) of airborne single and aggregated
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nanoparticles (Rangel-Alvarado et al., 2015). This system allowed us to look at a wide range of aerosol sizes,
specifically in the nanoparticle range, with high resolution.

2.4.Total organic carbon (TOC)

To obtain TOC measurements, the substrates were suspended in 40 mL of water and shaken for 24 h. The filter was

removed and 2 mL of 10% sodium persulfate was added and combusted at 980 °C. A non-dispersive infrared sensor
detected the resulting CO; gas from these two reactions, separately. A blank was always analyzed using an unused
substrate.

2.5. Triple quad inductively coupled plasma mass spectrometry (Triple quad ICP-MS/MS)

To prepare samples for triple quad ICP-MS/MS analysis, the aerosol sampleswere digested in 2% nitricacid
(Omnitrace ultra- nitric acid) and ultrapure Milli-Q water in a sealed microwave vessel. The digested aerosol
sampleswere subsequently injected to triple quad ICP-MS to determine trace metal analysis, including: Al, V, Cr,Mn, Fe,
Co,Ni,Cu,Zn,As,Se,Sr,Ag,Cd,Ba, Ti,Pband U. The instrument was optimized using a multi-element calibration
standard solution (Agilent Technologies, Standard 2A) containing 10mg/mLofAg,Al, As,Ba,Be,Ca,Cd,Co,Cr,Cs,Cu,
Fe,Ga,K,Li,Mg, Mn,Na,Ni,Pb,Rb,Se, Sr,Tl,U,VandZntoconfirmthatinterfering species established less than 2%
of signal.

3. Results and discussion

In this section, we present our complementary chemical and physical characterizationof particlesusingasuite of
cutting-edge techniques, along with complementary co-pollutant and meteorological data (see also the
supplementary section) and interpret our results. Wealso focus on rush hour and precipitationeventsto further shed
lightontherole of airport-generated airborne nano- particles in the biogeochemical cycling of pollutants.

3.1. Evaluation of the abundance and size distribution of particles

Theregulartimeseriesof size-aggregated particlesisshownin Fig.1(a). Fig. 1 (b) showstheaccumulativein-situ
airborneaerosol data taken during the study over a 24-h period for the different sized bins measured. Fig. 1 (b)
also shows the variations in the number density of particles ranging from 10 nm to 10 mm as a function of time.
The regular time series of supplementary precipitation rate, temperature, NOx (NO+NO,), Osand COareshown in
Fig.1(c,dande).

The total particle number concentration over all sizes at the airportapron (measured onthe 20th, 21stand 26th of
July) reaches 2.0 10® cm—3, which is an order of magnitude higher than the
readings taken from near the airport's Departure Level entrance, as illustrated in Fig. 1 (a). Both measurements are
significantly higher than the measurements taken in downtown Montreal with heavy traffic, where peak
concentrationsreachanorder of magnitude of 10*as measured by researchers in our research group.

The number density of particles at the Montreal Airportapronis also significantly higher than values reported by
previous studies at other international airports. Results from a study at a Danish airport showed particle number
concentration reached 5 10° per cm?® (Ecocouncil, 2012). Buonanno et al. studied occupational exposure to airborne
particles near the runway and hangar of an aviation base and found average concentrations foran8-hworking  day
tobe 2.5 x10*particlescm—2and 1.7 x10*particlescm—3atthe runaway and hangar respectively. (Buonanno et al.,
2012). The only other comparable results were found in a neighborhood adjacent to the regional airport of Santa
Monica, where the particle number con- centration related to the takeoff phase reached 2.2x10° particles cm—2 as
reported by Huetal. (2009). Yet, in this study, we often observesuchelevated concentrationsfortotalaerosols,across
all size bins, in the ambient air at the airport apron, and not just related to the takeoffphase.
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The diurnal variation in the concentration of particles, segregated in terms of location, is shown in Fig. S1 with the
combined datashowninFig. S2 of the Supporting Information. A large fraction of the particles at the airport is smaller
than 200 nm and the concentration of particles increases by c.a., 7 orders of magnitude as the particle size decreases from
10 mm to 10nm. This trend is in accordance with what has been previously observed, that is, the smaller particles are
the most abundant particles, in terms of number, inatmosphere (Nazarenkoetal.,2017a; Ghoshdastidar et al., 2017)
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Illustrated in Fig. 2 (a), we observed relatively lower fluctuations inthe concentrations of airborne nanoparticles
before 06:00 and after 24:00. This may be the direct result of lower air traffic be- tween 01:00 and 05:00 as
shown in Table S1. The air traffic rush hours coincide with highway rush hours. Between 06:00t0 10:00 and 16:00
t0 20:00, while vehicle and airplane traffic reach their peaks, there is a significant jump in airborne nanoparticle
concentrations. Therearealsosome fluctuationsin nanoparticle concentrations inthe mid-afternoon (around
13:00), whichissimilar toozone trendsand thus likely due to photochemical formation of airborne nanoparticles
from its photochemical pathways(Ariya et al., 2000). Note that solar irradiation intensity maximizes around 1
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Fig. 2. A schematic depicting (a) the average hourly number density of airborne nanoparticles and concentration of CO and (b) the evaluation of real-time accumulated nanoparticle

concentration of size <100 nm during precipitation events depicted in red, in comparison to the absence of any precipitation event, shown in black. All data sets were taken in

consecutive days, but similar times have been shown. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
p.m. and several photochemical processes, including thoseinitiated withphotolyticoxidants, mayleadtothe
formation of airborne nanoparticles.

3.3. Interaction of photochemical and meteorological observations

Airpollution photochemical processes and meteorological fac- tors, such as precipitation, temperature, humidity, wind
speed, etc., are closely linked. The hourly temperature and relative humidity data, whichwereexpectedtoaffectparticle
number densities, are depicted in Fig. 1 (c). The inverse correlation between temperature and relative humidity seeninFig.1
(c) isexpected (Schneider etal., 2015). While ambient temperature and relative humidity have been showntoimpactparticle
concentrations, theexactdependenceof concentrations on temperature and relative humidity is complex and difficult to
identify (Wuetal., 2008).

TheSpearmancorrelation coefficient foraverage hourlyultra- fineparticlenumberdensityandtemperaturewasfound
tobe0.58 (p e 2 x10—*)andforaveragehourlyultrafine particlenumber density and relative humidity was found
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to be 0.39 (p value 2 x10—*). The observed positive correlation of ultrafine particle concentration with
temperatureandnegativecorrelationofultra- fine particle concentration with relative humidity is atypical of results
from previous studies on impact of meteorological conditions on particle concentration. Previous studies have found
thatat coolerambienttemperatures, the emissions of lowand semivolatile compounds favored the formation of new
particles as the exhaust mixed with the cooler air (Jamriska et al., 2008; Sabaliauskasetal.,2012) (Jeongetal.,2006).
Additionally, already formed particles grow at the lower temperature and corresponding higher level of relative
humidity, with increased condensation on these particles (Schneider et al., 2015).

The observed direct relationship between ultrafine particle concentration and temperature can be attributed to
meteorological conditions of synoptic scale as observed previously by Schneider et al. (2015). The correlation
coefficients for both temperature and relative humidity with ultrafine particle concentration is relatively low. This
may be the result of local sources dominating over the effect of meteorological observations through, for example,
the emission of primary airborne nanoparticles (Young and Keeler, 2004). It should also be noted that there are
counter- acting effects of relative humidity on particle concentrations through different processes such as
nucleation,condensationand evaporation which can only be observed in the diurnal particle number concentration
variations (Hussein etal., 2006).

In addition to the airborne particles, we also investigated the link between key gaseous compounds of relevance to
urban air pollution, such as ozone, nitrogen oxides, and CO, asshown in Fig.1 (d and e).

3.4. Anthropogenic source of airborne nanoparticles

The daytime ozone measurement is illustrated in Fig. 1 (d) to demonstrate a photochemical pattern, having a
maximum concentration in the early afternoon and minimum concentration during the early morning hours. Sucha
diurnalpatternistypicalforozone inurbanair (Ariyaetal.,2000). NOyxcontinues to act asa catalyst for the photochemical
processuntil itisremoved by physical or other chemical processes, thereby resulting in a diurnal pattern opposite tothat
ofozone,asseeninFig.1(d). The peakinconcentration of ozoneduringtheafternoonistheresultofthe photo-oxidation
ofa variety of hydrocarbonsinthe presence of NOy (EIminir, 2005).

Carbon monoxide is a proxy for anthropogenic emissions in combustion engines (Abdel-Rahman,1998). Fig.1 (e)
illustratesthe diurnal patternof CO. The concentrationsofboth COandairborne nanoparticles peak during rush hours
as shown in Fig. 2 (a). The airborne nanoparticle peak coincides with CO concentrations peak, indicating that these
gaseous and particulate matter pollutants likely originate from similar sources. The CO emission is predominantly
fromanthropogenic sources and the level of CO concentration at an airport apron depends on aircraft motions and
engine status(Schurmannetal.,2007). Assuch, weconfirmthatthereisastrong possibility that the observed elevated
levels ofairborne nanoparticles arise significantly from anthropogenic emission sources at the airport.

3.5. Emerging nanoparticle contaminants

Besides the number density and distribution of particles, we were interested in understanding their chemical
composition. Althoughwefocused onmetalanalysis, wealsoperformedstudies of total organic compounds.

The trace metal concentrations determined through triple ICP- MS/MS analysis are shown in Table 1. In this
study, most of the trace metals were observed at nano-size (<180 nm) and submicron size (<320 nm) range.
Notwithstanding that several previous studies have reported the trace metal observance in micron size range
(Sykorova et al., 2017; Ahmed et al., 2016; Lee and Von Lehmden, 1973; Celo and Dabek-Zlotorzynska, 2010).
Manyof these metal ormetal oxide nanoparticlesareidentified inthelistof emerging nanoparticle contaminants (Stuart
and Compton, 2015), and as confirmed Fig. 3, these metals are in nanoparticles. Out of themetalsshowninTablel,iron
(Fe),zinc(Zn),nickel (Ni)andlead (Pb) compounds have been classified asemerging contaminants, whiletheyarein
the nanoparticle size range, by the U.S. EPA (EPA and Agency, 2010). Metals that were relatively more abundant in
our samples include aluminum (Al), Fe and Zn. Most of the other metals which were detected have also been
classified by the U.S. EPAastoxic, including chromium (Cr), manganese (Mn), nickel (Ni), arsenic (As) and lead (Pb).

At the airport, elemental iron and zinc comprised the highest masses of all metals detected in this study, asshown in
Table 1. Both zinc and iron existed in nano-size particles, including on filters from nano-sized stages of MOUDI
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(<180 nm and <320 nm). Iron was also observed in micron-size stages of MOUDI. Aluminum maximum
concentrations were observed at upper stages of the MOUDI, indicating that these particles are larger than amicron
in size. Lead, nickel, chromium and barium were observed mostly in collected filters placed on smaller than one-
micron stages.

AsshowninTablel,wemeasuredtotalorganiccarbon(TOC)as well. A significant portion of TOC was observed
on nano-sized particles, which likely indicates a substantial amount of secondaryorganicaerosols (SOA), whichare
formedfromanthropogenic aswellasnaturalactivities. Amajorsourceof SOAformationatthe airportisthe oxidative
processingofaromaticprecursors, suchas benzene derivatives and phenol emitted fromidling aircrafts engines (Kilic
et al.,2018).

Table 1 Results of Triple quad ICP-MS/MS and TOC of different concentrations of metals identified in aerosols
collected in different size fractions are presented. The size fraction numbers indicate that the collected particles are below
the number assigned. For instance, 0.18 mm indicates that the aerosol was collected with diameter less than 180 nm,
whereas0.32mmindicatesparticlesbetween180nm and 320 nm. The size fraction ranges are based on instrument
limitationand interestof research. Inthe table, ND represents those species that were below detection limit.
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Fig. 3. A typical high resolution transmission electron microscopy (at left hand side) and Energy disperse X-ray spectroscopy for both morphology, size and elemental composition
of samples taken on grids placed on various stages of a MOUDI impactor. Note our focus was on nano-size particles.
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pgfll 018pm 032pm 056pm 1.0pm 1.8pm 32pm 18um LOD

5r 003 001 0.00 010 0.02 004 013 0.05
Ba 072 0.79 079 MND MD M MD 0.06
cr 028 217 0.10 MND MD MD MD 0.04
Mn 013 022 003 ND ND 002 012 0.04

Fe 249 634 019 ND 0.84 364 258 207
Co 004 002 0.00 ND 0.01 0.00 002 0.02
Ni 039 235 011 037 ND 005 016 004
Cu 022 013 003 0.14 0.06 010 003 0.03
Zn 344 0493 1.06 1235 MD MD 1.78 0.15

Cd 000 000 0.00 0.00 0.00 0.00 000 0002
Ag 002 001 0.00 0.00 0.00 000 o000 0u02
Mo 006 005 003 0.01 0.03 001 000 0.03

Al 048 032 043 L10 1.21 3.09 249 007
Ph 004 004 002 0.03 0.00 000 o000 om
As 001 001 001 ND ND 001 ND 0.02
sb 000 001 001 0.01 0.00 002 000 0.03
Se ND 0.06
ToC 05 0.1 0.8 20 0.1

3.6. Impact of precipitation on particle distribution: feedback on biogeochemistry?

We have performed air back trajectory analysis for air masses (Rolph etal., 2017; Stein etal., 2015), as shown in Fig.
S2 of the Supporting Information. Wealso found some clear differences in aerosol density due to precipitation as shown
inFig. 2 (b).

The effect of precipitation can be observed by comparing the mass concentration on a day with precipitation to a
consecutive day with no precipitation for the same hours at the same location. The resultsare showninFig. 2 (b). We
carried outastatistical analysis (t-test) for the two sets of data for nanoparticles and found a p- value of 9x10—%,
indicating that the difference between the populations is significant. Hence, the number density of nanoparticles
during the precipitation event has indeed decreased. While this phenomenonmaybepartiallycausedbycoagulation
ofparticlesto form larger-sized particles, there is a net decrease in the total number of particles, notwithstanding
thatalevel of recovery was observed after the precipitation event.

The consistent observation of metal nanoparticles such Zn, As, Ni, Pb and Cr and their losses during the
precipitation events sug- gest that some portion of nanoparticles, emitted via anthropogenic activities, is removed by
precipitation and transferred to the ground surface (soil, water, etc.). Yet, what is the fate of these nano- particles? Do
they enter soil/water/snow/ice matrices and undergo further (photo)chemical or heterogeneousreactions (Ariyaetal.,
2011)? Or do they undergo transformations and release further aerosols to the atmosphere and add to an already
complex atmo- spheric photochemical reaction pool (Ariyaetal., 1999b)? A pre- vious study has shown that heavy
metals found in the samples of jetexhaustare presentinthesedimentsoffieldsitesnearairports (Boyle,1996).Lower
levels of metals such as copper and beryllium in field sediments compared to in jet exhaust were potentially
attributedtochemicaltransformationsand preferential biological uptake of metals in wetland environments. The same
study showed a 100% increase in content of copper, beryllium and zinc in sea wateranda50%increaseincontentof
leadafter2hexposuretojet engine exhaust (Boyle,1996).

Clearly,thepotential secondaryreactionsarecomplexandcan
impact different parts of the ecosystem, particularly close to the airport. There is a large body of studies on the
environmental impact of emerging contaminants (Stuart and Compton, 2015). Therefore, we strongly recommend
further air pollution, toxicological and biogeochemical studies close to the airport to evaluate the fate of these
anthropogenicnanoparticlesand theirimpacton ecosystems and human health.

Previous studies have explicitly shown that snow takes up aerosol and organic pollutants from gasoline
engine exhaust and that nanoparticles in snow have efficient ice nucleating properties (Nazarenko et al., 2017a;
Rangel-Alvarado et al., 2015; Ariya et al., 1999b). It is also suggested that nanoparticles can affect nucleation
processes (Nazarenko et al., 2017a; Kurien et al., 2017). As such, we also recommend future studies on the
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potential impact of the elevated number density of nanoparticles around the airport on snow contamination and ice
nucleation processes.

3.7. Chemical composition and morphology of particles

In addition to Triple quad ICP-MS/MS and total organic compound analysis, shown in Table 1, we used HR-STEM
with EDS, which confirmed the existence of emerging contaminants while providing complementary information on
size, abundance, topography and chemical composition. The images obtained from HRTEM analysis are shown in
Fig. 3 and indicate an abundance of sub-micron particles. The airborne nanoparticles seem to be nonspherical. Some
of them have a high resemblance to soot or “black carbon” particles. Soot particles are aggregates of aciniform
morphology composed of individual spherules produced by combustion (Medalia and Rivin, 1982). These compact
aggregates are

typical to diesel engine emissions and can be expected in samplescollected close to ground support vehicles and
highway traffic. Black carbon is also a known constituent of aircraft engine emissions (Keuken et al., 2015; Durdina
et al., 2017)Crystal lattices that could be indicative of the presence of fourlayered graphene were also seen. A
previous study showed that the degree of graphene lamellae ordering of soot particles inn aircraft engine particulate

matter increases with the thrust level of the aircraft engine (Vander Wal et al., 2014). This can be attributed to an
increased temperature at higher thrust levels, which results in the desorption of volatiles as well re-orientation of the carbon chains into more

organized structures (Liati et al., 2014; VanderWalet al., 2007).

While most clusters found in the present study were seen to be bigger than 200 nm, there were also many smaller
spheres and rod- likestructuresthatwerelessthan50nminsize. Themorphologyof the clusters were similar to the soot
particle clusters containing mainly CfoundinjetemissionsatanairportinBrisbaneasreported by Mazaheri et al.
(2013).

We observed a significant amount of organic carbon in our substrates, as shown by the results of the TOC, given in
Table 1. The TOCvalueswereobservedbothinnano-sizeaswellasmicron-size stages. It is important to note that the
particle samples were collected by continuous flowof air throughthe MOUDI stages over a 20-h period; therefore, a
fraction of more volatile organic com- pound (VOC) particlesmayhavebeenlostinthesamplingprocess. Asshown in
Fig.3(c,fandi), the EDS analysis showed several types of airborne nanoparticles with composition similar to
emerging metal/metal oxide nano-contaminants. Strong peaks of Cu, Si, and oxygen can be seen and the results are
consistent with the ICP-MS/MS observations, presented in Section 3.3. All particles had strong peaks of C, while some
particles also showed traces of Al, Cl, Ca, Mg, Na, K, Nand S. While jet engines are known to mostly emit primary
carbonaceous particles from incomplete combustion, thetrace elementscanoriginate fromlubricationoil,engine wear,
break wear, etc.,and Semissions vary withthe Scontentinvehicle and aircraft fuel (Mazaheri et al., 2013; Lesieur and
Bonville,2000; Abegglenetal., 2016; Kazimirova et al., 2016). Other potential sources of trace metalsin the atmosphere
include AVGAS emissions (Pb), diesel emissions (Al, Ca, Cu, Fe, Mg, Mn, V, Zn), gasoline emissions (Sr, Cu, Mn),
non-exhaust traffic sources (Fe, Cu, Sn, Zn), road dust (Zn, Al, K, Fe, Na, Mn), and industrial sources, including
metalworking (Fe,K,Na,Pb,Zn),powergeneration(Ce,Fe,Na,K,V), and furnaces (Cd, Pb, Sh, Zn) (Sandersonetal., 2014;
Carretal., 2011;Daheretal.,2013). Additionally, theageingofidlingaircraft emissions for 3h has been shown to result
in s«lac%tig;y organic aerosolsexceedingprimaryorganicaerosolsbyafactorof10(Kilic
etal., .

Previous HR-TEM studies on both C and Cu grids and light contrast patterns showed both organic and inorganic
carbonaceous compounds in snow samples collected in Montreal (Rangel- Alvarado etal., 2015). Hence, we suspect
that the entire carbon evaluated by TOC analysis might not only consist of soot, but also of other organic particles
includingsecondaryorganicparticles, bio- aerosols or bio-organic matter.

3.8. Do the peaks of airborne nanoparticles correspond to airport- related activities?

In this study, we consistently observed that the average and maximum number of particles, observed at the apron,
for small particles was higher than outside the entrance door of the airport (Fig. 4). The geometric mean of observed
ultrafine particle number densities at the apron and outside the Departure level entrance were 1.0 105+ 3cm—3and 1.1
10* £ 3cm— respectively. The median and 99th and 1st percentile values of observed ultrafine particle number
densities at the apronwere 9.0 x10% 1.2 x10%and 9.3x10%cm—3, respectively. Statistical analysis (t-test) of data for
airborne nanoparticles observed at the two airport locations gives a p-value of 9x10 5 indicating the observed



© This manuscript version is made available under the CC-BY-NC-ND 4.0 license
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://www.sciencedirect.com/science/article/pii/S0269749118335449

nanoparticledensity s statistically higher at the apron in comparison with outside the Departure Level entrance.

Complementarytothisstudy,areal-timestudyofatmospheric particles was concurrently performed in the downtown
region of thecityofMontrealwithreadingsalsotakennearamajorhighway. Even at the peak of heavy traffic jams in
the heart of Montreal's anthropogenic activities, the average and maximum number density of aerosols downtownand
near the highway were found to be consistently less than those in the Montreal airport, as shown in Fig. 4.

Note that there is more traffic circulation in the downtown McGill observatory than the Montreal airport.
Statistical analysis (t- test) of data for airborne nanoparticles observed at the airport apron and downtown location
gives a p-value of 4 x 102 indicatingthe observedultrafine particledensityattheairportapronis also statistically
higher in
comparison with downtown readings. Thestatisticallysmallernumberdensityofairborne nanoparticles outside the
airport entrance in relation to the airport apron and downtown in relation to the airport apron and entrance isa clear
indication of the dilution effect. Furthermore, the peak in local airborne nanoparticlesatthe apronwith peak in CO
data demonstratesthatasignificantsourceofairbornenanoparticlesisrelated to airport activities and not only nearby
large traffic.

3.9. Is the montreal airport air quality poor? Or do even clean cities have “hot spots™ for aerosol
emissions?

As shown in Figs. 2e4 and supplementary materials, indeed valuesofgaseousairpollutantssuchasozone,NOx,
andCOarenot atall elevated and are generally lower than cities such Toronto or Los Angeles. However, theultrafine
particlelevelsattheapronare more elevated than the measured number density. We wish to emphasize two points.
Firstly, we observed thateveninthe short distance betweenthe apronand the departure terminal entrance, the number
density of airborne nanoparticles drastically drops. Yetitwasstill higher than the downtown measurements during rush
hours or any other measurement at major highways around the city. The median levels at the terminal are still
comparable to the measuredvalues of citiessuchas Leicesterand several other cities in the world, where the number
density was measured (Hama et al., 2017). The second point that should be considered is that there are very limited
number density calculations of airborne nanoparticles around the world for airportambientair, and consequently there

are likely several other locations, which will have more elevated concentrations.

We encourage further real-time size aggregated measurements as well as chemical composition of particles
including airborne nanoparticlesaroundtheworld, includingpotential hotspotssuch as airports.

4. Future directions: nano-sized emerging contaminant particles and health/environmental effects

Ithasbeenknown fordecadesthatlargeraerosolscomposethe major mass fraction of all airborne particles, while
smaller particles (ultrafineparticles) dominatethe number density, yettheyrepresent a negligible fraction of the total
mass of aerosols. As such, aerosol measurements by weight do not provide valuable insights on the nano-sized
particle distribution, which is essential for proper health and air pollution assessments and the improvement of
regulations for high emission sources, such as airports.

Forward wind trajectory (Methodology described in Supporting Information & Fig. S3) indicates winds movingin
a North Easterly direction through residential areas. As a result of nano-aerosol's small size and slower rates of
gravitational settling, nano-sized pollutants may remain suspended in air for longer periods and be more easily
transported to greater distances by the wind than larger particles of the same materials (EPA and Agency, 2010).

Duetothe increasing evidence for interactions of particles with snow and ice surfaces (Rangel-Alvarado et al., 2015;
Mortazavi etal.,2015), including with gasexhaust (Nazarenko etal., 2017a; Nazarenko et al., 2017b; Nazarenko et al.,
2016), the role of the interactionwithcoldice/snowsurfacesshouldbeunderstoodinthe airport studies. Ina cold-climate
citysuchas Montreal, which receivesonaverage 2.3mofsnowperyear duetotheexistence ofa cyclonic updraft and four
air masses during fall and winter, con- ducting further winter studies is advised. Moreover, as precipitation events
showed a significant decrease in ultrafine particle abundance in air, further eco-toxicological and biogeochemical
studiesare needed to evaluate the impact ofairportpollutantson human health and urban biogeochemistry.

Despite the observed decrease in the number density fromthe apron to outside the airport shown in Fig. 4, existing
elevated pollution from the airport can potentially affect human and ecosystem health. High levels of airborne
nanoparticle exposure are known to affecthuman health (Lee etal., 2010). Since many people are working inthe airport, and
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many passengers pass throughit, further comprehensive air pollution and health studies are required toevaluatewhetherthe
impactsonhealtharesignificant. Tobetter understandthefate ofthenanoparticlesemittedattheairportand their impact on
surrounding residential environments, future studiesare recommended to measure the aerosol number density in the
residential areas downwind of the airport. We also recommend further research and targeted strategies, including recent
sustainable technological advances, to reduce the sources of airborne particleemissionsrelatedtoairportoperationand
maintenance (e.g., aircraft ground handling, flight procedure, aircraft fuel system, fueling and leaks, and repair) and
human exposure. Some possible strategies include reducing taxi time, use of alternate fuels and gate electrification to
reduce ground support equipment and APU use (Policy, 2003).
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Fig. 4 Comparison of aerosol density measurements of partickes with aerodynamic sizes of (a)< 100 nm and (b) 100200 nm at the airport apron, outside the airport, near a major
highway and at the heart of downtown Montreal at McGill University Campus. The geometrical error bars are placed on the data, yet due to their small sizes, they cannot be seen.

5. Conclusions

We provided evidence for highly elevated number density of airbornenanoparticlesatMontrealairport, which
containdifferent types of emerging contaminants, likely of anthropogenic nature. We also show that the airport is
likely a hotspot not only for airborne nanoparticles, but also for emerging contaminants. Back- trajectory analyses
indicated that airport pollutants can reach neighbouring populated areasand may cause health concern. As emerging
metals are important potential risks to both human and ecosystem health, further studies are recommended to
comprehensively understand physical, chemical and biological trans- formations of emerging metalsinairborne
nanoparticle form,i.e., the complete life cycle analysis, in the environment. Future studies should focusonconcurrent
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field, laboratory and modeling studies of emerging metal and airborne nanoparticle metals along with their co-
pollutants, spatial and temporal variation, their trans- formation under various environmental conditions including
in presence of snow and ice, and their health effects on humans and ecosystems. As emerging metals are important
componentsofair pollution, acomplete risk assessment is also recommended.
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