Accepted Manuscript =

ATMOSPHERIC POLLUTION
RESEARCH

VOC tracers from aircraft activities at Beirut Rafic Hariri International Airport

Tharwat Mokalled, Jocelyne Adjizian Gérard, Maher Abboud, Claire Trocquet, Rouba

Nassreddine, Vincent Person, Stéphane le Calvé - ) Tl
aneioy OGa0 7 O

PlI: S1309-1042(18)30273-3

DOI: 10.1016/j.apr.2018.09.009

Reference: APR 447

To appearin:  Atmospheric Pollution Research

Received Date: 13 May 2018
Revised Date: 28 July 2018
Accepted Date: 20 September 2018

Please cite this article as: Mokalled, T., Adjizian Gérard, J., Abboud, M., Trocquet, C., Nassreddine, R.,
Person, V., le Calvé, Sté., VOC tracers from aircraft activities at Beirut Rafic Hariri International Airport,
Atmospheric Pollution Research (2018), doi: https://doi.org/10.1016/j.apr.2018.09.009.

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to

our customers we are providing this early version of the manuscript. The manuscript will undergo
copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please
note that during the production process errors may be discovered which could affect the content, and all
legal disclaimers that apply to the journal pertain.


https://doi.org/10.1016/j.apr.2018.09.009

OCoOoO~NOOOITPAWNPE

18

19
20
21

VOC Tracers from Aircraft Activities at Beirut Rafi ¢ Hariri
International Airport

Tharwat Mokalled *?, Jocelyne Adjizian Gérard’, Maher Abboud®, Claire Trocquet*?,
Rouba Nassredding, Vincent Persorf, Stéphane le Calv&

#Institut de Chimie et Procédé pour I'Energie, |lTEmwnement et la Santé (ICPEES, UMR 7515 CNRS/UdS),
groupe de physico-chimie de l'atmosphere, 6708%Bturg, France

bDépartement de Géographie, Faculté des scienceaihesn Université Saint-Joseph, Liban

®Unité de Recherche Environnement, Génomique Famugite et Etudes Mathématiques (UR-EGFEM), Faculté
des sciences, Université Saint-Joseph, Liban

4 In’Air Solutions, 67000 Strasbourg, France

Abstract

This is the first study to assess the speciatiot80fOCs from around 100 commercial aircraft
under real operation, as close as possible toadirengines during the various modes of the
landing/takeoff (LTO) cycles to identify speciat@aft fingerprints and markers. Also, Jet A-1
kerosene vapor, gasoline exhaust, and the ambigrdrtaconcentrations were assessed. Air
samples were taken at Beirut Rafic Hariri Interoril Airport inside adsorbent tubes using a
portable automatic remote sampler and analyzedyugas chromatographic techniques (GC-MS
and GC-FID). Results showed that heavy alkang<C{@ mainly n-nonane and n-decane), which
contributed to about 51 to 64% of the total maskesdvy VOCs emitted by aircraft, and heavy
aldehydes (nonanal and decanal) — although tosaresnount — can be considered as potential
tracers for aircraft emissions due to both thektlesive presence in aircraft-related emissions
and their absence from gasoline exhaust emissiamshe other hand, the total concentration of
heavy alkanes in the airport's ambient air was 4t%e total mass of heavy VOCs measured.
No aircraft tracer was identified among the lighb®@s €C;); however, results showed that
emissions of light VOCs decrease as the engine paweeeases. Also, auxiliary power unit
(APU) emissions were identified to be of the samepof magnitude as main engine emissions.
This study opens the door for future studies ain@ihgvaluating the impact of airport activities
on air quality and human health within or away fridra airport vicinity.

Keywords: Air Quality; Aircraft Signature Emissions; Real oaton; VOCs; Heavy Alkanes

1. Introduction

The world combined passenger and cargo trafficresged in revenue tonne-kilometres, is
expected to grow at the average annual growthofabe0 per cent over the forecast period 2010-
2030 (CAEP 9, 2013). This will yield an increaseemissions which can significantly degrade
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local air quality near airports. The impact of @affic on local air quality has been the subjeict o
several studies in recent years (Pison and Mer@4;2Yuet al., 2004; Carslavet al., 2006;
Westerdahlet al., 2008; Dodsoret al., 2009) Aircraft engine emissions include non-volatile
particulate matter that are harmful to human heafttl the environment (Barredt al., 2010;
Stettleret al., 2011; Yimet al., 2015) and unburned hydrocarbons (UHCs) whiclseadverse
health effects on exposed groups (workers, passgngesidents who live near large hubs)
(Masiol and Harrison, 2014). UHCs comprise polymy@romatic hydrocarbons (PAHSs) which
are possible human carcinogens (Masiol and Harrigfii4); as well as volatile organic
compounds (VOCs) where the contribution of aircrift their concentration levels is of
particular concern. VOCs are toxic — many of whaie even carcinogenic (Wood, 2008),
primary precursors of tropospheric ozone formatimg contributors to suspended particulate
matter (PM) formation (Masiol and Harrison, 2014).

To have a better conception about the impact ofadiroperations on local air quality in the
vicinity of airports, the speciation of a wide rangf VOCs related to the different modes of
engine operation during the Landing/Take-off (LT&%le is required. The LTO cycle includes
all activities within and near the airport thatégiace below 3000 feet. This involves taxi, take-
off, climb-out, and approach-landing (ICAO, 201The flight phase “taxi”, which refers to the
“movement of an aircraft on the surface of an aeno@ under its own power, excluding take-
off and landing” (ICAO, 2005), includes taxi-in xiafrom runway to parking stand/gatahd
taxi-out (taxi from the terminal to runway) (ICAQQ11). Previous studies (see Table 1) were
conducted either during engine tests, where onfwrengines where studied (Spicer et al.,
1992, 1994; Slemr et al., 1998, 2001; Andersor.e2@06; Beyersdorf et al., 2012), or during
real aircraft operations but mainly limited to ordype phase of the LTO cycle or to a limited
number of assessed VOCs (Hernabal., 2006; Schirmand al., 2007; Lelievre, 2009; Zhet
al., 2011) — all covering a limited number of air¢rpfumes. Spiceet al. has conducted studies
on both military (1992) and commercial engines @9%®Results have shown that at low engine
power (idle power), the emissions were dominatedcitacking products, unburned fuel, and
products of incomplete combustion or “combustione®l”: the major components were
ethene, propene, ethyne, and formaldehyde consgt@0-40 % of the total VOCs. At higher
engine powers (60-80% of the rated thrust), thecentration of VOCs decreased by a factor of
20 to 50, under the effect of combustion, and unédrfuel components disappeared. In
accordance with these observations, Andertaal. (2006) reported that VOCs with a higher
number of carbon atoms (n€4) dominated at this regime (60 — 80% of the rdkedst) upon
studying the emissions of a commercial engine (RB235-E4). Studies by Spiceral. (1992,
1994) and Slemet al. (1998, 2001) have shown that VOC emissions depearghgine type, use,
and maintenance history as well as fuel compositiamited studies have reported VOC
measurements during real aircraft operation. Hernab al. (2006) have conducted
measurements on selected organic gas emissionsbyzmg wind advected plumes at Boston L
ogan International Airport. Schirmaehal. (2007) have measured VOCs by sampling diluted
gas exhaust for 3 different engines during taxi-dtiese measurements have shown higher real-
world emissions than those recommended by thenati®nal Council Aviation Organization
(ICAO) for some engines, but slightly lower values others. In addition, huge amounts of
ethene and propene were detected. Lelievre (2089¢ lsonducted measurements, at 200 m
below the flow reactor, on 2 individual aircraft 787- 200 and one B777-200) during taxi at
Paris Charles de Gaulle Airport. Results have shtvat the concentrations of alkanes and
monoaromatics measured in the plumes were simildr the difference in hydrocarbon
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concentrations in the two plumes was due to thatursted aliphatic compounds.

The above studies provide a significant insight MOC (mainly non-methane hydrocarbon
(NMHC)) speciation from aircraft exhaustowever, no special jet exhaust VOC was identified
as tracer (Schurmann et al., 2007; Tesseraux, 200 identification of aircraft tracers is
essential for the assessment of the impact of itp®ra activities on air quality. Moreover,
measurements during engine tests do not refleaetilevorld aircraft emissions because they do
not account for the variations in the aircraft fl@@anufacturer, aircraft type, fuel type, engine
thrust, technology, and age) as they were mostBedbaon individual or few aircraft with
controlled operating conditions (thrust, fuel typ&s.). In this manner, they provide conclusions
only from samplings from a limited number of engineut of the 300 types of commercial
engines present within the commercial aircraft tflaad listed within the ICAO emissions
database (ICAO, 2009). Other studies conductedhdueal aircraft operations either covered
one phase of the LTO cycle or were limited to theasurement of few VOCs. In all these
studies, available information about the VOC spemiaof aircraft auxiliary power unit (APU)
emissions is exceedingly sparse. However, APUschvare small gas turbine engines installed
in commercial aircraft to provide electrical powand pneumatic bleed (ICAO, 2011), can
represent a significant part of the total emiss@tnsn airport (AERONET IIl, 2011).

Thus, the aim of this research was to identifyraitctracers by characterizing the relative
emissions o#8 VOCs (G-Ci4) from the exhaust of around 100 commercial aitanatler real-
world conditions. Measurements included aircratftirtyi the different phases of the LTO-cycle
as well as at the gate (APU). For comparison, gasaxhaust emissions were assessed. The
difference in the speciation between aircraft emmssand vehicle emissions will open a door to
for future studies to assess the spatial extethefimpact of aircraft activities. Samples were
taken at Beirut Airport (Lebanon) and transportedhte University of Strasbourg (France) for
analysis where gas chromatographic techniques (lBCaRd GC-MS) were used to assess their
VOC species contents. To the best of our knowlettge s the first study covering a wide range
of VOCs to assess emissions from a large numbar-o$e aircraft at various modes of LTO
operation.

2. Materials and Methods
2.1 Study Area

The airport of study is Beirut Rafic Hariri Intetranal Airport, the only operational
commercial airport in Lebanon. It is a midsize coenanrl and military airport located at 33.82N
035.49E, in the Khaldeh suburb about 8 km soutthefcapital’'s (Beirut) city center. The west
side of the airport is open to the sea while thet sale is surrounded by Mount Lebanon where
citizens live at close proximity to the airport.iBg airport has three runways and 14 taxiways.
A map of the airport is shown in Fig. 1. The runwaye named according to their magnetic
heading; and are runways 03/21, 16/34, and 17/88. surface wind direction is south west
throughout most of the year with light wind up t® 2n/s, which makes Beirut Airport operates
southerly (take-off) and northerly (landing). Runwi, located to the east of the airport center,
is the main departure runway due to the prevalehcuthwest wind conditions. It extends to
3800 m and is 45 m wide (Lebanese DGCA, 2010) ngpitimvell equipped to accommodate a
variety of aircraft. Runway 16 is the main landinghway due to the prevalence of wind
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conditions; while runway 17 is mainly used for lamgland take-off of private and military jets.

The airport code number is 2E; it handles a widweaof flights (65500 flights/yr for the years
2013-2015) including international passenger, @ight, military, and domestic air traffic; it is

primarily utilized by the Middle East Airlines (arod 50% of the total fleet) (Lebanese DGCA,
2015; 2016).

2.2 Measurement Sites

VOC measurements were carried out in the diffetenations shown in Fig. 1, namely
approach (site 1), idle (site 2), APU (site 3),eatf (site 4), in addition to the airport roof and
fuel tanks. These measurement sites were chogaursae three different goals, thus 3 different
subsets of samples were collected. The first suaseed at identifying typical fingerprint
emissions related to aircraft activities. Air samglwas performed as close as possible to the
emission sources, within the constraints of thpaadrrules, at 5 sites within the airport area. The
first series of samples, called “approach”, wagtaét the first sequence flash light around 8-9 m
below the aircraft performing its approach. Theosecseries, idle, was taken downwind around
30 m away (sideways) from the aircraft. The “taki-site was located at the physical beginning
of runway 21 at a distance of 120-190 m behindaileaft engine at its maximum thrust setting.
This location was ideally positioned to capture ssians affected by the take-off thrust. Planes
initiate take-off in front of the sampling site atiten accelerate southward down the runway and
away from the sampling site. At this location, #anpler was placed at a downwind location to
capture the aircraft plumes at the prevailing wandditions. In all of the sites, the wind brought
diluted aircraft exhaust to the sampler locatiam.fact, it was not feasible to obtain exact
information regarding thrust settings at each amne for every aircraft. However, estimated
thrust settings were determined from pilots andetasn the ICAO standard thrust settings.
According to ICAO (2011), the thrust levels foradbpproach, and take-off are respectively 7%,
30%, and 100% of the rated thrust. However, theslkieg are simplifications used for
certification purposes. For example, in real operatthe take-off thrust varies from aircraft to
another according to the aircraft type and engineleh flight load, meteorological conditions,
runway conditions, etc. (ICAO, 2011). Thus, thekdaff” sample collects a variety of different
take-off thrusts which vary between 85 and 100%.th# aircraft gate, the emissions from
Garrett-AiResearch (now Honeywell) Model GTCP 33083 APU on an A330 aircraft were
determined by taking the fourth series of air s@w@t a distance of 10 m downstream from the
aircraft tail. For the sake of consistency, samplese taken from the same APU on an A330.
The kerosene type fuel used in civil aviation atrieAirport is Jet A-1.Jet A-1 vapor was
sampled into home-made adsorbent tubes (see s&8piby dipping a Teflon tube at the inlet
of the autosampler (see section 2.3) inside theevad the fuel tank (fifth site) at Beirut airport.

To compare aircraft emissions to vehicle emissidangas important to assess VOCs
from vehicle exhaust using the same sampling aradlysis techniques as the aircraft related
samples, and to measure vehicle emissions fromoited fuel due to the strong correlation
between the fuel composition and VOC emissions (\é&ral., 2013). The main focus was on
gasoline exhaust emissions, which were choserptesent vehicle emissions since the majority
of vehicles in Beirut operate on gasoline. In Ledbgnlight duty vehicles operate on gasoline
while only heavy duty vehicles are allowed to runddesel that constitute only 4% of the total
vehicle fleet (Waked and Afif, 2012). Thus, the a®t subset aimed at identifying fingerprint
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gasoline exhaust emissions from gasoline, speliffigasoline type 95 — octane unleaded, that
represents 85% of gasoline used in Lebanon fop#s: 4 years (MoEW, 2017). The vehicle
exhaust gas was sampled into adsorbent tulzea Teflon tube from a sampling point located
about 30 cm after the tailpipe end. Gasoline exthsaspling was conducted on Dacia Logan
2007 (4 cylinders 1600 cc), which was in good wogkconditions and is a good stereotype of
automobiles currently found in Beirut area. Of smjrsampling from gasoline exhaust took
place far away from direct aircraft sources.

The third subset was taken at the airport roohatdenter of the aerodrome to assess the
airport ambient concentration. All the samples welected under the guidance of the airport
staff to conduct measurements at the minimal distgermissible from aircraft operations.

2.3 Sampling Methodologies

Air samples were collected using multi-bed staimlaeseel thermal desorption tubes
suitable for trapping £Ci2 VOCs. These home-made tubes were fabricated afriheersity of
Strasbourg (EPA, 1999; Liaud Céline, 2014) by pagkhem with 10 mm CarbosieVe S-III
(60/80 mesh, 100 mg) designed to trap light VO®sfiG to Gs; and 35 mm Carbopatk B
column (60/80 mesh, 160 mg) designed to trap he&@4€;, VOCs (Jochmanset al., 2014).
The use of these adsorbents together is widesamhdommercially found under the name “Air
Toxics” (Supelco). These tubes are compatible Wighhkin EImer thermal desorption systems
present in the laboratory, and possess similaptngpperformance to that of “Air Toxics”. Both
seem not at all suitable to trap ethane, etherteaaatylene at room temperature (Liaud, 2014).
In addition, these tubes are not most suitablenftnidecane and n-tetradecane regarding the
recommendations given for carbopdtiB, even if these two compounds were not tested by
Liaud (2014). However, due to the sticky naturetloé aforementioned heavy VOCs, we
assumed that these tubes can still be used tolatteem (Ra%t al., 2009). Note that tubes were
sealed with Swagelok end caps fitted with PTFEules. Prior to sampling, tubes were
conditioned by thermal cleaning at 360under a helium flow rate of 50 mL rirfor 3 h by
using the function “conditioning” of the automatdtermal desorber. After conditioning, the
tubes were sealed with Swagelok end caps fitteld WItFE ferrules and stored in proper isolated
boxes. After sampling, the tubes were immediateblexd, stored in Lebanon in the refrigerator
at T < 4C, and then sent to the University of Strasbourdpecanalyzed within 30 days after
sampling.

Active samples of ambient air and diluted exhawsteg were collected inside thermal
desorption tubes using a portable battery-operateédmatic sampler (Liaud, 2014) designed in
ICPEES (Institute for Chemistry and Processes fargy, the Environment and Health) - Group
of Atmospheric Physical-Chemistry laboratory at Wversity of Strasbourg. This sampler is
composed of a pump located downstream of a massdtmtroller that was used to collect a
constant flow of air into the empty adsorbent tubgthe very low pressure drop of the lavi?-
flow mass flow controller (Bronkhorst), this macainvas totally adapted to air sampling at
atmospheric conditions with a full range of 500 min™, uncertainty of 1% of the full range,
and 0.3% precision on the measurement of the niasscbntroller. By means of its practical
dimensions (width: 61 cm, height: 32 cm, depth:c29, weight: 4 kg) and its battery power
supply, this sampler facilitated sampling at ang 8i the airfield without being constrained with
the necessity of electrical supply. Furthermomecdnfiguration can be operated unmanned with
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the remote control option which made it possibledntrol the machine without having to access
unsafe sites close to aircraft. The most suitadhepding conditions for a quantitative trapping of
the majority of the target VOCs in a 3L sample weaenpling at 100 mL mihfor 30 minutes
based on the optimization performed by Liaud (20T#us, the sampling flow rate was fixed at
100 mL min' for most of the samples, whereas the samplingtiduraaried. To determine the
most representative sampling approach for airgigftature emissions, two sampling strategies
were adapted: (i) 30 seconds sampling repeatadestio collect emissions from 6 aircraft (30 s
x 6) for a total volume of 0.3 L or (ii) continuo@® min sampling during rush hours for a total
volume of 3 L. In both sampling strategies, plunoés6 aircraft were sampled. Due to the
presence of a constant flow of emissions, contisu®unin-sampling was performed for APU,
Jet A-1 vapor, and gasoline exhaust emissionga@thvolume of 0.3 L, similar to the 30 s x 6
sampling strategy. To measure the ambient airpomncentration, samples were taken for a
duration of 6 hrs at 25 mL nim The choice of a lower flow rate was to avoid Iheakthrough
of the sampled VOCs through the adsorbents caetridg

VOC measurements were carried out during 2 measuregampaigns performed in
October 2014 (2 weeks) and June 2015 (3 weeks)siements conducted in October 2014
aimed at identifying the speciation of total VO@gps using GC-FID whereas measurements
done in June 2015 targeted heavy VOCs using GCavighe identification of aircraft tracers. A
total of 26 samples were collected: 16 samples fagoraft exhaust, 5 samples from the airport
roof, 4 samples from gasoline exhaust, and 1 sampie Jet A-1 vapor were analysed. The
engine exhaust samples corresponded to 3 diffpteages of the LTO cycle (i.e., idle, approach,
take-off) as well APU emissions.

2.4 Analytical Methods
2.4.1 Chemicals and Materials

To prepare liquid calibration curves, by spikinjamlsorbent tubes, several reference
compounds were purchased from Sigma Aldrich or &hkh purity ranging mostly from 98 to
100%. Propanal, acrolein, pentanal, nonanal, dAgne, and n-hexane have a purity ranging
from 90 to 97%. A liquid standard mixture contamiheavy alkanes and monoaromatics was
purchased from Supelco (Bellefonte, PA, USA). A 18§ L™ liquid standard mixture of BTEX
was purchased from Ultra Scientific (North KingstgWwJSA). High purity LC-MS methanol
(purity > 99.9%), purchased from Fluka, was usedottepare the diluted solutions. Liquid
calibration curves were performed with Perkin Elmnstinless steel cartridges obtained from
Supelco (Bellefonte, PA, USA) and packed with Caduk™B (60/80 mesh, 200 mg). Online
calibration was performed with a gas standard méxttomposed of light alkanes, alkenes, and
one alkyne at 100 ppt20%) supplied by the company Air Liquide (Domdidi8witzerland).
This standard gas cylinder was associated withudi@h bench using nitrogen (99.999% purity)
obtained from Messer (Puteaux, France). To compketedilution bench, mass flow controllers
were obtained from Bronkhorst (Montigny les CorregiFrance). Helium (99.9995%) and air
(99.999%) used for gas chromatography and detectee also obtained from Messer.
Hydrogen was produced by a hydrogen generator HyZB8nfrom CLAIND (Lenno, Italy) for
flame ionization detectors.

To perform calibration curves from gaseous staug]awsn-line calibration was adopted
(Liaud, 2014; Liauckt al., 2014). The standard gas cylinder containing lajkéines, acetylene,
and alkenes was diluted from a concentration of dfi® with nitrogen gas (99.999% purity), in
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order to reach targeted concentrations of the aytieérl to 20 ppb conventionally encountered in
ambient air. On the other hand, liquid spiking wasformed to prepare calibration curves for
light aldehydes and ketones, d-limonene, chlorohatkenes, and monoaromatics, using a home-
made converted GC injection port, ThermoFinnigan3@® (Milan, Italy) with a syringe
(Liaud, 2014; Liaudet al., 2014). Because of the sticky nature of heavyraka(G-C.4 in
specific) and heavy aldehydess{Cip) on the silica capillary (located between the absot
tube and the injector) maintained at room tempeeatit was not possible to perform liquid
spiking for these VOCs using the converted injeciort, and automatic spiking was replaced
with manual spiking where the deposition was madectly on the adsorbent tube. For this, 10
puL of the previously prepared standard solutionsewaanually injected with a micropipette,
followed by purging the spiked tube for 10 min with at a flow rate of 50 mL mihto remove
excess methanol. Liquid standard concentrationge@rfrom 0.2 to 100 mg 't for light
aldehydes, ketones, and d-limonene; 20 to 100 thépt.n-nonane and n-undecane; and 100 to
500 mg L* for nonanal and decanal. As for the mixture whidmtains heavy alkanes and 4
monoaromatics, the concentrations varied betweg:? Ing L'* to 8.5-39 mg L. The variation

in concentration for each VOC is according to thassfraction of each component in the
mixture. For BTEX, 1,2,4-trimethylbenzene, 1,4-dicbbenzene, and styrene, the standard
concentrations varied between 2.5 and 40 g L

2.4.2 Analysis Techniques

Analysis was performed on 2 analytical systemesoteer the wide range of the target C
Ci4 VOCs. These systems were: (i) ATD-GC-FID: Autondafénermal Desorber (ATD) with
capillary gas chromatography (GC) coupled with Falonization Detector (FID) used for the
assessment of the total range of VOCs-Qw) and (ii) ATD-GC-MS: Automated Thermal
Desorber (ATD) with capillary gas chromatographyC{Gcoupled with a Mass Selective
Detector (MSD) used for the assessment of heavy &@%-Cy4). The total range of target
VOCs (except heavy aldehydes) were analyzed by {BChy means of its dual column that
allows the separation of a wide range of VOCs sirngle run as developed by Liaud (2014),
especially light VOCs (£C;), by means of the second analytical column, witichld not be
separated by GC-MS. However, by using GC-FID it waispossible to quantify benzene (due to
co-elution), heavy aldehydes, nor unknown peakusTiGC-MS was used for this purpose.
Therefore, both systems were necessary and compliarge

Desorption of the analytes retained on the sorliebes was carried out using
Turbomatrix 350 ATD provided by Perkin Elmer (Wath, MA, USA). Additional details
about the thermal desorption system were giveniayd_(2014).

The first analytical system used was a Perkin Elges chromatograph Clarus® 580
with a dual column system and twins FID. A capitlaolumn, Perkin EImer Phase Elite-1, 60 m
x 0.25 mm ID x 0.25 um was used to separate he®@3/ The second column, Restek Rt®-Q-
BOND, 30 m x 0.32 mm x 10 um, allowed the sepanatid the lightest target VOCs. This
analytical chain is equipped with a switching sgst®ean switch, which permits the use of one
or two chromatographic columns connected in sefiibe. optimization of the chromatographic
separation was studied by Liaud (2014). The ideatibn of VOCs was based on the match of
the retention times. Quantification was conductgdnieans of the external standard method.
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The second analytical system was equipped withsacgeomatograph, 6890N Network
coupled to a mass selective detector, 5973N NetwtB provided by Agilent Technologies
(Santa Clara, CA, USA). The chromatographic semaratf VOCs was conducted on a DB-5MS
column (Agilent), 60 m x 0.25mm >uin. This column is non-polar and thus is suitabletiie
separation of the targeted VOC:s. It should be ntitatithe absence of a second type of column
Rt-Q-BOND in this system does not allow the sepamabdf lighter compounds. For the sake of
consistency between the two analytical systemsureflow rate through the system was
maintained at 1.2 mL mith MSD ChemStation software (Agilent, USA) was usedacquire
mass spectrometric data. For quantitative assessthenextracted ion chromatograms (EICs)
were recovered with the target ions and quantiboatvas performed by the use of the external
standard method. The most specific fragment iothen spectra of each identified VOC was
determined as the target ion. More details aboetdptimized analytical conditions for both
apparatus are given in table S1 in the supplemgntaterial.

All the analytical parameters are reported in €ab62 and S3 in the supplementary
material. Calibrations, prepargth both modes of the ATD, showed excellent lineaiftyr GC-
FID, R? values were 0.99 for all VOCs except for propg0ad8) and acetone (0.98). For GC-
MS, R values were 0.99 for all VOCs except for n-undecardodecane, and n-tetradecane
(0.91-0.94) (refer to tables S2 and S3 in the spphtary material). The limit of detection
(LOD) (ng) was calculated as the quantity of arealytg) that will yield a signal to noise ratio
(S/N) equal to 3. For GC-FID, LOD values variedvizstn 0.03 (n-tetradecane) and 1.4 ng
(acrolein and propanal). For GC-MS, LOD values shfyfom 0.04 ng for propylbenzene to 4.21
ng for n-octane. LOD values were transposed taaie concentrationgi§ ni°) for both given
sampling air volumes of 0.3 and 3 L. For a samphafume of 0.3 L, LOD values varied
between 0.10 and 4.58 ug>nior GC-FID and between 0.14 (propylbenzene) arl 4n-
octane) pg m for GC-MS. For a sampling volume of 3 L, the cegending LOD values varied
between 0.01 and 0.46 ug°riGC-FID) and between 0.01 and 0.42 ug (6C-MS). For GC-
FID (Table S2), the uncertainty of the measurecceatrations ranged between 21.0 and 25.3%
for most of the VOCs except for acetone (30.4%j.&G-MS (Table S3), the uncertainty of the
measured concentrations mostly ranged between 2ahd@ 25.7%, with highest values
corresponding to n-dodecane (51.9%), n-tetrade(z56%), and n-undecane (55.8%) that also
possess lower Rralues.

3. Results and Discussion

The 48 VOCs measured mainly represent the mostdamircompounds from aircraft
emissions according to previous studies, and ardedi into different chemical families i.e. light
alkanes (&-Cv7), heavy alkanes @Xi4), alkenes (&Cs), light aldehydes and ketones2{Cs),
heavy aldehydes ¢-C,0), monoaromatics, and d-limonene. Because sampbnditions could
be very different (e.g. meteorology, light, etagrh one sample to another or from one day to
another, the results will often be presented amsdudised in terms of percentages and not as
guantitative data, as seen in previous studiesérfsmhet al., 2006; Lelievre, 2009; Spiceral.,
1984). We will first present the total VOC spematifrom aircraft exhaust identified using GC-
FID (section 3.1), then we present VOC aircraftera identified using GC-MS (section 3.2).

We have defined a speciation per site by averaglindata collected at the same site and with the
same sampling strategy, 30 min or 30 s x 6. Thdilprtabelled “Aircraft” constitutes the

8



325
326
327
328
329
330
331

332
333

334
335
336
337
338
339
340
341
342
343
344
345
346
347
348
349
350

351
352
353
354
355
356
357
358
359
360

361

362
363
364
365
366
367

average of samples collected near the aircraft vdittyier the APU or the main turbine engines
were running (e.g. samples collected at the spesoach, take-off, and APU). Note that aircraft
engines as well as APUs are supplied by the samdetype stored in the tanks at the aircraft
wings i.e. Jet A-1 kerosene fuel (Airbus, 2018; iBge2002). Jet A-1, the most commonly used
fuel for commercial aviation around the world, isoguced according to an internationally
agreed standards with unique physical and cherpicgerties (ASTM D1655) (IATA, 2015;
Ritchie et al., 2003).

3.1 Complete Speciation of VOCs

The complete speciation of VOCs was obtained uGi6¢FID (see Fig. 2). In the case of
the 30 s x 6 “approach”, 4 samples were averagedess total VOCs, while 3 samples were
averaged to represent the speciation obtained @lse1§0-min “approach”. The profile labelled
“Airport Roof” constitutes of 2 samples taken aé thirport roof to assess the ambient airport
concentrations affected by the total airport atiei including aircraft, ground support
equipment (GSE), APU, refueling, etc. Fig. 2 (apwh that the total concentration of VOC
groups in the “Aircraft” source profile taken usitftge 30 s x 6 technique has a higher TVOC
(160.8 pg r7) than that taken by the 30-min technique (28.31y The 30-min samples have
a TVOC closer to that of the airport roof (82.6 mg) and thus are more representative of
ambient airport concentrations rather than airceiffnature emissions. This observation is
explained by the fact that with the 30 s x 6 apphodampling was done just when the aircraft
passed near the sampler to take exclusively (a msipossible) aircraft engine emissions with
least interference from the ambient concentrat®esults from the 30 s x 6 approach will be
thus chosen in the next paragraphs to discusspibeagion of aircraft emissions at different
thrust settings. The detailed results of the measMOCS, using the 30 s x 6 approach, in the
exhaust at the various modes of the LTO cycle dsasghe APU emissions are summarized in
Table 2.

As seen in Fig. 2 (b), the average aircraft profipresented by the 30 sec “approach”,
was dominated by light aldehydes and ketones (40f7%4/OCs) followed by alkenes/acetylene
(15.8% of TVOC), monoaromatics (14.5% of TVOC) hligalkanes (14.7% of TVOC), heavy
alkanes (5.7%), and d-Limonene (1.4%). Light aldisyand alkenes are mainly combustion
derived VOCs previously reported as part of theomd/OC groups emitted from aircraft
exhaust (EPA, 2009a). As illustrated in Fig. 2 thg VOC speciation at the “airport roof’ was
dominated by monoaromatics (38.6%), light alkarZ3%), aldehydes and ketones (16.6%),
heavy alkanes (9.1%), alkenes (5.9%), and d-limendf.75%). The dominance of
monoaromatics and light alkanes is probably enhdigeemissions from vehicles and ground
support equipment (GSE) near the airport roof.

3.1.1 Distribution of VOC Groups at Diffent Engine Powers

Results confirm that VOC compositions in jet exhawgsy with engine power settings
(see Fig. 3). As the engine power increased frdetm approach phase, TVOC decreased by a
factor of 1.7 from 156 pg thto 92 ug nr. These results could be expected. Indeed, turbine
engines primarily emit CO and NMHC species as altes incomplete combustion of jet fuel
(Anderson et al., 2006). The relative amounts of Hemissions depend on combustor
temperature and pressure, fuel to air ratio, aedetttent to which fuel is atomized and mixed
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with inlet air. VOC emissions are higher at low mowettings when the temperature of the air is
relatively low and the fuel atomization and mixipgocess is least efficient. This is also
according to ICAO databank sheets for unburned doatbons (UHC) for all modern turbine
engines; all engines produce less CO and NMHC émnigger kg of fuel burned as their power
levels are increased above idle (Andersbral., 2006). In comparison to our observations,
Spiceret al. (1994) found that TF-39 and CFM-56-3 engines eidublarger decreases in
NMHC emissions with increasing engine power. Thd#érences, which can be mostly
accounted for by the fact that the TF-39 and CFMB5hgines produce much higher levels of
emissions at idle (low power) than do the newer mencial engines which relates to the
significant improvements in engine efficiency ame technical progress to reduce emissions
(Masiol and Harrison, 2014).

As for aliphatic hydrocarbons, the predominant @neg of alkenes and acetylene
(unsaturated aliphatic hydrocarbons) over alkanas @bserved at idle power (62% of the total
aliphatic hydrocarbon species) (see Table 2). TTedgminance of unsaturated hydrocarbons is
consistent with observations previously made by &adnet al. (2006), Spiceet al. (1994),
and Schirmanat al. (2007).

The effect of engine thrust settings on the retationtribution of the different families is
evident by the decrease in the concentration &fral& from idle power (42 pg¥n(touchdown)
to take-off (15 pg i), as seen in Fig. 3 (a). Alkenes and alkynes ¢smrted by acetylene) are
generally products of incomplete combustion (cortibnsderived), and consequently are
present at much higher concentrations at idle coegpaith high power settings (Spicer et al.,
1990). With higher speed, the contribution of alk®increased accounting for 68% of the mass
of aliphatic HCs (see Table 2). In fact, increadimg engine power drives a lower contribution of
unsaturated aliphatic compounds in favor of alkaares aromatics (Andersa al., 2006). This
increase results from the temperature rise witiia tombustor. These observations are
consistent with those of Lelievre (2009). Anothifee of engine power was seen in the increase
of the contribution of heavy alkanes from 2 to 84 approach to take-off, corresponding to 2
and 15 pg i respectively (see Fig. 3 (b)). As mentioned by énsdnet al. (2006), at higher
engine powers, species with low carbon number gisap and VOCs with higher carbon
numbers become more dominant. These heavier VOQkI dwe either fuel or combustion
derived (Andersoet al., 2006).

Finally, for APU emissions, results show that tinre of the same order as main engine
emissions with TVOC equal to 172 pg’m

3.1.2 Speciation of VOC Groups at Different Engif®wers

The fraction of each species of the VOC family imown as the species “abundance”,
presented as a percent of the VOC family (weightthihe basis ofig m>. The set of species
abundances for a source, illustrated in Fig. 4kriewn as the “source profile” or “source
fingerprint” (Conneret al., 1995; Henryet al., 1994). Information regarding the distribution of
emissions by carbon number is important becausk data can distinguish the cracking and
partial oxidation products from unburned fuel (®pjc1990). Light alkanes from aircraft
emissions were mainly dominated by propane andiieole (idle and approach) as illustrated in
Fig. 4(a). According to previous studies (Andersbml., 2006; Schirmanst al., 2007), light
alkanes were dominated by ethane and propane s¢ theust settings. The fact that ethane
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contributes less to the light alkane speciationour study can be attributed to the weak
adsorption properties of the used adsorbent. isb@ieve” S-lll for light VOCs, with G
molecules, as previously mentioned by Liaud (2014).

As shown in Fig. 4(c), ethene, acetylene, and premtearly dominate the speciation of
unsaturated aliphatic hydrocarbons in aircraft smoiss, they alone represent 66-88% of the
average aliphatic hydrocarbon mass emitted (reféfable 2). According to experimental and
kinetic modelling studies conducted by Dageautl. (2006), alkene and alkyne emissions are
mainly dominated by light compounds (2 to 3 carbtoms) produced as intermediate products
during the oxidation of jet fuel. Also, previousidtes conducted during engine tests or in real
aircraft operations reported the dominance efCg over unsaturated HCs (Andersenal.,
2006; Lelievre, 2009; Schirmareh al., 2007). According to Andersoea al. (2006), G-Cs
compounds constituted 90-92% of unsaturated HC stoms from RB211-535E4. During
measurements of real aircraft operations (taxiSlhirmanret al. (2007), G-C3 unsaturated
aliphatics constituted 73-91% of the total HC eimiss. Another significant alkene is isoprene
(see Fig. 4(c)) which has been previously foundbath jet and traffic exhaust (Borbah al.,
2001). Isoprene, which constitutes between 11-16%the mass of unsaturated aliphatic
hydrocarbons, was previously detected in aircrathaest emissions and not in refuelling
emissions (Schirmanet al. 2007). Thus, it is “combustion-derived”. As for nzaromatics,
toluene and m, p-xylene dominated the speciatidh approximately equal contributions for the
different engine powers (see Fig. 4(d).

As illustrated by Fig. 4(e), aldehydes and ketoesygenated VOCS) in aircraft
emissions were also dominated by-@ compounds. Acetone, acrolein, and propanal
constituted between 91-100% of the total oxygen®®€s. Acrolein and propanal are included
in the list of 14 Hazardous Air Pollutants (HAPsggent in the exhaust of aircraft according to
the US EPA Clean Air Act (FAA, 2003) and have bédentified as major components of jet
exhaust (City of Park Ridge, 2000; EPA, 2009a). fighest concentrations of acrolein and
propanal were found during take-off and in APU esniss. The concentrations of acrolein
ranged between below Detection Limit (bDL) and 11¢ m® while the concentration of
propanal ranged between bDL and 37 |iy(iable 2). Acetone has been previously considered
as a component of jet engine exhaust (City of FRidge, 2000). Other sources that can
contribute to acetone levels may be due to mainemactivities performed on planes, like
painting and parts cleaning. Butanal and hexanattwhave been previously associated with jet
exhaust are only present in jet and not in gas@kieust (City of Park Ridge, 2000).

3.2 Aircraft Tracers

The identification of aircraft tracers was inveated using GC/MS technique that is able to
quantify VOCs including aromatics and aliphatic gamunds with more than 7 carbon atoms in
our experimental conditions.

We have defined a speciation per site by averagjindata collected at the same site and with the
same sampling strategy, 30 min or 30 s x 6. Thdilprtabelled “Aircraft” constitutes the
average of samples collected near the aircraft véittyier the APU or the main turbine engines
were running, i.e. samples collected at the sipgsaach, take-off, and APU. In the case of the
30 s x 6 “approach”, 6 samples were averaged tesadseavy VOCs, while 3 samples were
averaged to represent the speciation obtained ubm@0-min “approach” (see Fig. 5). The
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profile labelled “Airport Roof” constitutes of 3 isgles taken at the airport roof to assess the
ambient airport concentrations affected by thel tatigoort activities including aircraft, ground
support equipment (GSE), APU, refueling, etc. Thefile “Gasoline exhaust” corresponds to
the average of 4 samples which represent gasotimeust. These gasoline exhaust samples were
analyzed only using GC-MS, hence mainly heavy V@@snoaromatics; n-alkanes (§#Ci,);
nonanal and decanal) were assessed from gasollreustxemissions. Several samples were
taken for Jet A-1 vapor, however only 1 sample aaslyzed and interpreted, as all the other
samples overloaded the GC column and saturate@@héetector.

3.2.1 Distribution of Heavy VOCs by Family

It is important to assess the VOC distribution otraft emissions by family because
each family has its different environmental andltheeffects. Heavy VOCs emitted are broken
down into heavy alkanes §€14), heavy aldehydes ¢CCyo), benzene, and other monoaromatics
(see Table 2). The 20 measured VOCs@&) using GC-MS were mostly heavy compounds
(Cs-Ca4) accounting for only a portion of aircraft exhasstce the target VOC species covered
only a limited range. This range was chosen becausg®wed significant differences between
aircraft and vehicle exhaust during our primarylgative study.

Our-objective was to identify emission tracers fraircraft by comparing the emission
profile of aircraft engines to that of vehicle ewht gas. As shown in Fig. 5, the profiles
“Aircraft” and “Gasoline exhaust” illustrate sigiaant differences. Indeed, the most prominent
difference is the dominance of heavy alkanes@g) in the aircraft profiles and their absence
from the profile of gasoline. As seen in Fig. 5, he total concentration of heavy alkanes was
53 ug m* for the profile “Aircraft” (30 s x 6), which accated for 51% of the total heavy VOCs
(Fig. 5 (b)). Similar speciation was observed fog 80-min sampling, where heavy alkaneg (C
Cu4) constituted 64% of the mass of aircraft sourcéh & smaller magnitude of 9,2y m®.
These observations were in accordance with prestugies, conducted by Lit al. (2008) in
China, Laiet al. (2011) in Taiwan, Salamedt al. (2014) in Beirut-Lebanon, etc. and which
reported that gasoline vehicles have negligiblessions of G and higher VOC species. In
addition to heavy alkanes, heavy aldehydes (&) were present only in aircraft sources with
average concentrations of 2.6 and @@ m* for the 30 s x 6 and 30-min approaches
respectively. These heavy aldehydes are mainlyrgegteby the atmospheric photo-oxidation of
heavy alkanes, kerosene combustion, and/or evaporaft raw fuel. Another difference is that
the total concentration of monoaromatics in thefilgrdGasoline exhaust” is around 3 times
higher than the profile “Aircraft” at 122 and 44y m* respectively (Fig. 5 (a)), which can be
attributed to the sampling distance — in additionfuel type. Benzene dominates the mass
emissions in gasoline exhaust (76% of the totalsnemsissions) (see Fig. 5 (b)) while in aircraft
exhaust “other monoaromatics” dominate (82% of rteess of monoaromatics emitted). The
absence of heavy alkanes and aldehydes from the &ff@€ation of the gasoline exhaust is in
accordance with previous studies, which reportedt tleavy alkanes especiallyg-Ci4 were
negligible or almost not present in gasoline exh@ls et al., 2008; Wanget al., 2013). These
results are not surprising because jet aircraftaugerosene-based fuel (Jet A-1) with a higher
overall molecular weight than gasoline. This wasfitmed by the analysis of unburned Jet A-1
kerosene vapor used in Beirut Airport that showed heavy alkanes constitute 43% of the mass
of heavy VOCs in unburned kerosene vapor (Fig.)p @erosene vapor, in turn, constitutes up
to 30% of aircraft emissions (Ritcheeal., 2003).This explains the presence of heavy akase
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fuel-derived emissions. Heavy aldehydes can beereitombustion products or “combustion-
derived”(fuel oxidation) or due to unburned fuedt A-1 kerosene fuel may have significant
amount of species containing more than 14 carbemstbut it was not suitable to measure them
because the sampling method involving carbopacks Badgsorbent, was adapted for gaseous
species up to 3-Ciaonly. It is known that the average chemical formolakerosene (Jet A-1)
differs from one source to another and ranges ftanw H20.9to Ci2 H2s (Dagaut et al., 2006).
Conneret al. (1995) averaged 2 air samples collected nearrarafiiat the gate while refueling
and preparing for departure, with running engir@siilar observations were found as heavy
alkanes and monoaromatics constituted 66% and 44%he heavy VOC composition
(considering our target heavy VOCSs).

For the “Airport Roof” profile, 3 measurements weaken during the following times:
07:00-13:00; 13:00-19:00; 01:00-07:00 to accounttiie different airport traffic intensities. As
shown in Fig. S1, highest concentrations were foduning the noon rush hours between 13:00
and 19:00 corresponding to highest airport acésitwhile lower concentrations were observed
between 01:00 and 07:00 corresponding to mininrabéi activities. The average heavy TVOC
for the 3 measurements at the airport roof was 2.5 of which 47% were heavy alkanes,
45% monoaromatics, and around 8% heavy aldehy@esHg. 5). In all the profiles, benzene
had the highest concentration among the monoarosnaticept for the airport roof (see Fig. 5).
The difference in speciation between VOCs measitmethe airport roof for the campaign
conducted in October 2014 and that conducted ie 2015 can be probably explained by the
difference in time conditions (weather, light, gtc.

In Fig. 5, results show that aircraft samples taksimg the 30 s x 6 technique have a
higher TVOC concentration (107;2 mi®) than those taken with the 30-min technique (@3
%, as found in our previous measurements (GC/Fé®, Big. 2) with the exception of heavy
alkanes. Again, it can be deduced that the 30 santples (see Table 2) are more representative
of aircraft emissions than the 30-min samples whiotre closer to the airport ambient
concentration (82.6 g Indeed, it is expected and consistent to otitjher concentrations
in aircraft exhausts than in ambient concentratiofise 30-min samples are finally more
influenced by ambient concentrations than by aftenehaust.

3.2.2 Speciation of Heavy VOCs

Fig. 6 illustrates the speciation of the identifeiccraft tracers, heavy alkanes and heavy
aldehydes. The carbon number distribution of Jet Rerosene vapor shows that among the
heavy alkanes, $Cy compounds have the highest mass contribution (95.8%owed by the
contribution of n-decane (3.9%), while n-undecamelodecane, n-tridecane, and n-tetradecane
mentioned in decreasing order of contribution alhgtituted less than 1% of the heavy alkane
mass. Both nonanal and decanal were also preséeit vapor (Fig. 6). Upon previous analysis
of JP-4 jet fuel by Spiceat al. (1984), it was seen that{Cy dominated the speciation for a wide
range of VOCs and low levels of light VOCs wereated. As deduced by Spiagral. (1990),
we can conclude that the exhaust species found-Ge@ere probably products of combustion,
referred to as “combustion-derived”, and VOGs@&d higher were “fuel-derived”. It can be seen
that the airport roof source profile is in closesamblance to the samples collected with the 30 s
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x 6-approach. In the profiles “Aircraft” (30 s x &hd “Airport Roof”, among the heavy alkanes
n-nonane and n-decane dominate the speciationnangocontributes to 39.7% and 37.6% of the
total mass of heavy alkanes for the “Aircraft” ddrport Roof” profiles respectively, while n-
decane contributes to 30.5% and 33.2% of the to&as of heavy alkanes for the “Aircraft” and
“Airport Roof” profiles respectively. The speciaticof Jet A-1 kerosene vapor explains the
presence of these heavy alkanes in aircraft aporiemissions, as they are components of jet
fuel. These results are similar to those obtaingdinvthe platform of the airport of Charles De
Gaulle, where n-nonane was found to be the domigatpecies (50%) among-Ce measured
alkanes (Lelievre, 2009). In this study, the sp@mmeof other monoaromatics for “Aircraft” (30 s

x 6) and “gasoline” is dominated by toluene thas laahigher contribution in the “Gasoline
exhaust” profile (91%) than in the “Aircraft” prddi (45%) as shown in Fig. S2 6. 1,2,4-
trimethylbenzene, emitted by aircraft as well adicles, dominates the airport roof source
profile. It is important to note that inhalation air containing trimethylbenzene can lead to
irritation of the respiratory tract, sore throatakdache, wheezing, vomiting, anxiety, tension and
may affect the blood.

3.2.3 Speciation of Heavy VOCs with Engine Power

It should be emphasized that the measurementsnpeesien Fig. S3-7 are not subject to a
normative character and that the variety in thedt@ns (sampling distance, aircraft type,
engine type, etc.) does not permit to compare this®on concentrations between the different
studies. However, these results illustrate theabdrty of concentrations and speciation in the
plume of the aircraft. Results confirm that VOC qmsitions decreased with increased engine
power settings as can be seen for concentratioapbach (30% of the rated thrust) compared
to that of take-off (85-100% of the rated thrustig( S3). The observed TVOC equal to 216 g
m for the approach profile decreased by a factd fifr the take-off, i.e. down to 75 pgm
For the same power range, the observed levels abaromatics and heavy alkanes decreased
by factors of 4 and 5 respectively. The highesjpdroconcentration was observed for 1,2,4-
trimethylbenzene with a factor of 39 (see Table 2).

As shown in Fig. S3-7, the concentration of benzaensased from approach (bDL) to
take-off (22.5 ug M) while the concentration of “other monoaromatisignificantly decreased
from 85 to 21 pg M. This is due to the cracking of higher aromatig®r the increase in
temperature which leads to less amounts of theseiesy but increased amounts of benzene
(Schurmanret al., 2007).Benzene dominates the mass speciation of the momadics in all the
sites except for approach.

The speciation of heavy alkanes for approach and i&RIominated by n-nonane (45.1%
and 40.2% respectively) and n-decane (27.9% an8&9espectively), whereas the take-off
profile is dominated by n-undecane (26.0%) and cade (21.7%) (see Fig. S4 8(a) in the
supplementary information). The heavy alkanes ilJAgmissions are only n-nonane and n-
decane. On the other hand, it is interesting te ribat, for the same mode of operation, the
speciation of heavy alkanes using GC/MS (Fig. S¥i¢asimilar to that obtained using GC/FID
(Fig. 4(b)). For example, with both techniques manee and n-decane dominate the speciation of
heavy alkanes for the approach phase, and for ARigseons. Moreover, in both measurements,
the speciation for the take-off phase is more ithgted as a result of the use of higher engine
power. For all these engines powers, the preseintteese heavy alkanes is a result of unburned
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kerosene vapor (Spicer, 1984). It should be noted ¢missions during take-off are partially
composed of unburned fuel or “fuel-derived”; thentain G-C,3 alkanes as well as nonanal and
decanal coming either from kerosene combustiorram fthe raw fuel (Ritchie, 2003). Airport
roof, which is present between the 2 jetties, islase proximity to the gates and is consequently
affected to a great extent by APU emissions. Thans the dominance of n-nonane (37.6%)
and n-decane (33.2%) over the mass of heavy alkandsis site (see Fig. 6). Nonanal and
decanal are also present at the airport roof aagabably oxidation derived. Similarly, higher
alkanes (@Ci4) and nonanal have been found at increased levetheafence of O’Hare
International Airport and was attributed to airpactivities (City of Park Ridge, 2000). Decanal
has been previously identified as a VOC assocmaitddexhaust from tested commercial aircraft
engines (EPA, 2009b).

The absence of 1,4-DCB is not surprising as it lrctated aromatic compound not
expected to be present in combusted fuel. It isttwanentioning that, in addition to heavy
alkanes, the following compounds were present gh lntensities in take-off and approach
source profiles: 1,1,2,3-tetramethylcyclohexané&, 3ktrimethylcyclohexane, and 2-butyl-1,1,3-
trimethylcyclohexane.

3.3 Comparison with Bibliography

The comparison of aircraft exhaust emission measemés with previous studies needs to be
conducted with caution. Several parameters like slmpling distance, sampling techniques,
sampling conditions (real operations or in a testl)b age, model, and type of the engine
(commercial or military), can strongly affect theagmitude of the obtained results (Table 2).
Therefore, the safest way to compare results autfir VOC speciation (expressed in % weight)
even though the above mentioned parameters calllplay a role in the difference or similarity
of results.

Fig. S5 presents the comparison of the speciatfol@QC groups obtained in this study with
those obtained by other studies. To conduct thepenisons, VOCs were reduced to cover
exactly the same species for all the studies. Thugig. S5 light alkanes are constituted of
ethane, propane, n-heptane; aldehydes/ketone®iasttated of acrolein, propanal and acetone;
monoaromatics include toluene, ethyl benzene, rylgre and o-xylene; and heavy alkanes are
constituted of ngnC,, straight chain alkanes. Comparisons were dividéal comparisons with
engines tests (Fig. S5 (a), (b), (c)) and compasseith measurements taken under real aircraft
operation that took place during taxi or idle po\ezlievre, 2009; Schirmaret al., 2007). This
study is probably the first study to cover thisgarof VOC species at different thrust settings
measured under real conditions. As a reminder,rdoggpto ICAO (2008), the thrust levels for
idle, approach, and take-off are respectively 708p03and 80% of the rated thrust. However, in
real operation, the take-off thrust varies frontiaft to another according to the aircraft type and
engine model, flight load, meteorological condisprunway conditions, etc. Thus, in reality, the
“take-off” sample collects a variety of differerdke-off thrusts which vary between 85 and
100% (Dennis Ting, 2009).

Fig. S5 (a) presents the comparison of the totaC\gtoups obtained in this study, at the average
of 3 powers, with that of Spicet al. (1994). Fig. S5 (b) presents the comparison @il t6OC
groups obtained in this study (minus aldehydeslatdnes) with that obtained by Spi@tral.
(1994), Lelievre (2009), and Andersenal. (2006). It can be seen that alkenes dominate the
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VOC mass in the results obtained by Sprteaal. (Fig. S5 (a)), whereas light aldehydes/ketones
dominate the speciation in our study. On the otieand, by comparing our results to those
obtained by Lelievre, a similar speciation can bensupon averaging the idle and approach
powers, whereas results obtained by Andertaa. (2006) and Spiceet al. (1994) still show
higher domination of alkenes. This is probably doe¢he difference in the sampling location;
contrary to the mentioned studies in which samplivas done behind the engine exhaust as
small distances (0.3-30 m) behind the engine, sagpt our study was done either sideways at
relatively smaller distances (17-32 m to the left)behind (130-190 m behind) to be able to
sample several aircraft in real operation withonoteifering with aircraft operations. The
difference can be also attributed to the differenrcemissions between the CFM-56 engine
studied by Spiceret al. (1994), RB211-535E4 measured by Andergbmal. (2006), and our
averaged emissions for several engine types. Tifexatice in emissions at idle power measured
in our study and taxi emissions measured during ageraft operation by Schirmaret al.
(2007) can be related to the difference in airctgbe, age, engine type, etc. However, results
obtained by Schirmaret al. are of the same order as our results.

Finally, Fig. S5 (c) presents the speciation ovigeslkanes and monoaromatics measured in this
study (GC/FID and GC/MS) compared to the resultaiaobkd with Spiceet al. (1994), Lelievre,
and Eickhoff (1998). It can be seen that the specdabtained in this study (GC/MS) is very
similar to that obtained by Eickhoff for the avesdgest run of the engine CFM56-3B1, while
the speciation obtained with GC/FID (34% heavy a#ls) is similar to that obtained with CF6-
50C2/E2.

Fig. S5 (d) presents the comparison between resbttsned in this study at idle power, to real
measurements taken for real in-use aircraft. Alamspeciation is observed between our study
and that obtained by Lelievre (2009). Results algtiby Schirmane al. (2007) (representing

3 aircraft engines) show a higher contribution d¢fenes and heavy alkanes and a less
contribution of light alkanes.

4. Conclusion

To the best of our knowledge, this is the firstdgteovering a wide range of VOCs to
assess emissions from a large number of in-useatii@t various real modes of operation, as
close as possible to jet emissions. Results haverslthat heavy alkanes and heavy aldehydes
may be the best tracers to distinguish jet exhaosssions from gasoline sources in air quality
monitoring studies. These differences in the typeg8OCs emitted act as “fingerprints” for the
sources. The main reason for the presence of hal&kayes is that jet aircraft use a kerosene
based fuel (Jet A-1) that is mainly composed ofvigedkanes (11-14 carbon atoms) in contrast
to gasoline fuel. On the other hand, the presefideeavy aldehydes is due to both kerosene
combustion and the photo-oxidation of heavy alkaié® identification of jet exhaust tracers
opens the door for future studies aiming at idging the spatial extent of the impact of airport
activities in environments polluted by vehicle aictraft emissions. On the other hand, the 30 s
x 6 sampling approach using a specific remote antpser was proven to be more representative
of aircraft sources than the 30-min approach.

In the present work, alkanes, alkenes, alkynesdsemted by acetylene), aldehydes, and
ketones were detected in jet exhaust as observ&piogret al. (1994). Since jet fuel is mainly
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composed of long heavy alkanes, then the presdrightVOCs in aircraft exhaust was a result
of incomplete combustion rather than being unburfoedtl As for the total speciation of VOCs,
results confirmed the dominance of light aldehyaied ketones, followed by alkenes.
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List of Figures

Fig. 1. Top view of Beirut Rafic Hariri International Adort showing the sampling sites used in
this study.

Fig. 2. VOC distribution by compound class determined bg-BD from measurements
performed in October 2014. (a) VOCs concentrati¢imsweight %.

This figure illustrates the distribution of averagjecraft emissions using 2 sampling approaches
(30 seconds repeated 6 times or continuous 30 ammpkng at 100 mL mit), and average
airport roof concentrations at a sampling durat®80 min at 100 mL min.

Fig. 3. Total VOC distributions by compound class deteedirby GC-FID for jet exhaust
emissions at different modes of operation and fBtJAemissions. (a) VOCs concentrations, (b)
weight %

This figure illustrates the total VOC distributiah average jet emissions during approach, idle,
take-off, and from APU. The approach, idle, ancetak emissions were assessed by sampling
for 30 seconds repeated 6 times, whereas the AR&siems were taken by continuous sampling
for 3 min. The sampling rate was 100 mL thin

Fig. 4. Speciation of VOCs by family obtained by GC-FIR) (ight alkanes, (b) heavy alkanes
(nGs-nCy4 n-octane, n-nonane, n-decane, n-undecane, n-dioeea-tridecane, n-tetradecane)
(c) light alkenes/acetylene, (d) monoaromatics, light aldehydes and ketones. This figure
illustrates the speciation of jet emissions durapproach, idle, take-off and as well as APU
emissions upon sampling for 30 seconds repeatiade® at 100 mL min.

Fig. 5. Heavy VOC groups determined by GC-MS from measergsconducted in June 2015.
(a) VOCs concentrations, (b) weight %

This figure illustrates the distribution of jet fugapor emissions, average aircraft emissions
using 2 sampling approaches (30 seconds repedie@$ or continuous 30 min sampling at 100
mL min?), average airport roof concentrations at a sargglimration of 6 hr at 25 mL i and
average gasoline exhaust emissions at a sampliagj@uof 30 min at 100 mL mih

Fig. 6. Speciation of heavy alkanes @QC,4s n-octane, n-nonane, n-decane, n-undecane, n-
dodecane, n-tridecane, n-tetradecane) and aldelgydeanal and decanal).
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Fig. 4
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Fig. 5
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Fig. 6
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Table 1. Literature studies assessing emissions from ertgsts or during real aircraft
operation

Engine Tests

Spicer et al, TF-39 (Military TF Total HCs, G to C; Sampling rake 0.3-0.6 [GC/MS, Idle, 30%,
(1984, 1994) of Lockheed C-5) organics, aldehydes behind the engine. GC/FID], On- 80%; [JP-4;
and CFM-56 (TF) Experimental: non- Line Cryogenic JP-5; JP-8]
dispersive infrared Trap/GC,
instruments, canister
chemiluminescence, [GCIMS],
FID, polymeric Total HC

adsorbent (XAD) and Analyser
DNPH cartridge

Spicer et al, 2 Engines: F101, Total HCs, individual Samples collected from - 4 power
(1992) used on the B-1B organic species each engine using a settings from
aircraft, and the probe positioned just idle to
F110, used on the F- behind the exhaust intermediate
16C and F-16D power
aircraft
EXCAVATE: NASA Boeing 757; Gaseous carbon 10 m behind the engine Canister, 4-7%; 26%;
Anderson et al. Engine: Rolls Royce species exit plane. GC/MS 47%;  61%;
(2006) RB-211-535E4 (TF) [JP-5 low and
high S]
APEX-3: B737-300, ERJ-145, CO,, HC,PM;s Sampling: PTR-MS 4%, 7%, 15%,
Knighton et al. A300, B775, plus 30 m downstream of 30%, 45%,
(2007); Kinsey  Learjet Model 25. the engines 65%, 85%,
(2009); Timko Engines: CFM56- Experimental: 100%, Jet A
et al. (2010) 3B1, AE3007ALE, continuous
plus others and time-integrated
instruments: II
Eichkoff (1998) CF6-50C2/E2, 103 organic 30 m GC-MS Average load
CFM56-3B1 compounds
Real Aircraft Operatior
Herndon et al. Regional jets, B737s, Formaldehyde, Continuous analysis PTR-MS Idle, taxi,
(2006) MD88s, acetaldehyde, through a sample port approach (or
and B757s benzene, and toluene located landing), and
on the front of the take-off
truck.
Schirmann et Engines from 3 VOCs 50-100 m behind an Canister/GC- Taxi, ignition
al. (2007) aircraft aircraft, at a height of 1 FID
m
Zhu et al - VOCs: butadiene, At blast fence (140 m Canister Take-off
(2011) benzene, acrolein,  from the take-off)
Formaldehyde,
Lelievre (2009) B757- 200, VOCs 200 m below the flow Canister, ATD- Taxi
B777-200 reactor GC-FID
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Table 2. Volatile organic compounds in jet engine emissi@msts converted tpg ne)
(Spiceret al., 1994; Eichkoff, 1998; Andersaat al., 2006; Schirmane al., 2007)

) ) \ Anderson )
This Study Spicer Eichkoff Schirmann
(RB211-535E4)
Sampling
distance 10 m/ 17 m/ 130-190m/ . 30 m/ . 50 100 m
(m)/position wrt | down- stream left 8-9 m/ below behind 0.3-0.6 m/behing behind 1 m behind behind
engine
APU APU Touch Take-
Engine Status*/ | A330 | A330 down Approach | Approach off Take-off 0 o Averaged . 0 0 )
Flight mode | (GC- | (GC- | (GC- | (Gc-FiD) | (GC-MS) | (GC- | (Gc-ms)| 'de | 30% | 80% run 4-7% | 26% | 61% Taxi
FID) | MS) FID) FID)
n-Octane 152 | bDL 0.78 0.21 22.10 2.10 3.31 664.96 | bDL bDL 0-120 0.56-11.74
n-Nonane 297 | 6.3 1.70 0.64 55.96 2.72 bDL 746.63 | 53.33 bDL 20-760 1.13-35.96
n-Decane 4.66 | 9.70 1.39 0.87 34.63 3.88 3.77 425953| 76.91 | 11.83 30-1480 -
n-Undecane 232 | bDL 0.40 n.d. 8.62 2.83 4.52 6499.38| 58.49 | 129.99 30-1010 - - - -
n-Dodecane | 2.57 | bDL 057 0.13 2.67 2.87 2.90 7365.62| 502.85 | 297.46 20-850 -
n-Tridecane 0.36 | bDL 0.42 0.16 bDL 0.97 2.89 9275.49| 114.99 | 168.65 20-570 -
n-Tetradecane | bDL | bDL bDL bDL bDL bDL bDL 7754.12| 156.73 | 164.98 20-270 -
Nonanal - bDL bDL 237
Decanal - bDL - - 2.02 - 360 - - - - - - - -
Benzene - 3.74 - - bDL - 22.52 | 13413.48 64.96 | 64.96 60-690 | 36.70 | 1.17 | 1.62 7.77-39.20
Toluene 15.69 3.63 4.35 1.59 9.98 17.94 10.77 5976.65| 38.31 _ 70-260 1555 | 3.60 3.14 6.06-28.37
Ethylbenzene 2.45 0.24 0.11 n.d. 4.99 2.59 2.47 1854.1 bDL bDL 10-180 287 | 057 | 0.44 1.42-12.19
m, p-Xylene 7.92 0.77 2.48 0.94 13.66 7.18 3.16 3001.6 bDL bDL 20-450 6.40 1.77 | 2.25 4.03-25.90
0-Xylene 4.32 1.95 n.d. 0.72 13.06 4.06 2.70 1765.6 bDL bDL 10-350 4.99 1.28 | 1.46 1.89-17.97
Styrene 0.95 0.62 1.74 0.18 0.45 0.71 0.37 3291.23| 43.31 R 10-90 - R - 1.75-17.95
1,2,4-TMB 725 | 1.92 1.91 n.d. 36.67 8.47 0.95 _ _ B B} 355 | 185 | 205 )
1,4-DCB - bDL - - bDL - bDL B ) B ) ) _ ) )
Propyllbenzene - 0.59 - - 2.36 - 0.11 R R R R R R R )
Butylbenzene - 0.53 - - 4.19 - 0.18 ; - _ - - _ - ]
Acrolein 54.74 - 7.87 bDL - 46.87 - 9790.10| 23.31 23.31 62-190
Propanal 9.23 - bDL bDL - 37.23 - 2897.96| 24.15 24.15 -
Butanal bDL - bDL bDL - 4.18 - R R R R - - - -
Pentanal 2.44 - 1.00 bDL - 2.87 - - - - -
Hexanal bDL - bDL bDL - bDL - R N R R
Acetone 13.67 - 60.37 38.75 - 26.92 - 1473.13| 386.40 | 166.63
2_Butanone bDL - bDL bDL - 0.87 - _ _ N - - - - -
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Table 2. (Continued): Volatile organic compounds in jet imegemissions (units convertedytg ni3)

Anderson

This Study Spicer Eichkoff (RB211-535E4) Schirmann
Sampling distance 10 m/ 17 m/ 6.9/ bel 130-190m/ 0306 m/behind 30 m/ * m behing 5000 m
(m) pgr?gl;ilr?g wr down- stream left -9 m/below behind ~5-0-6 m/behin behind m behin behind
Engine Status*/ as30 | A330 | 19| apnroach o | e | e d
ngine Status pproach | Approac 0 0 Average .
Flight mode ©c- | @c | 5 | @cFD) | @GCMs) | (GC- | (6C- | e | 3% 8% | Ty 4-7% | 26% | 61% Taxi
FID) MS) FID) MS)

D-Limonene 5.90 - 1.00 bDL - 2.29 - - - - - - - - -
Ethane 1.05 - 2.23 1.94 - 1.23 - 1388 | 50.01 | bDL - 2151 | 393 | 240 4.46-24.51
Propane 4.08 - 8.15 9.31 — 5.14 - 312 18.34 | bDL - 9.11 3.12 | 1.93 2.75-5.15

Isobutane 2.90 - 9.07 4.05 — 6.56 - — — — - 1.81 0.77 | 0.65 0.39-3.24
n-Butane+cis-2-Butene | 1.69 - 5.44 6.46 - 9.30 - - - - - 8.14 227 | 1.74 1.80-9.73

Isopentane 3.14 - bDL 0.35 — 0.80 - N — — - 3.45 1.32 | 0.81 1.80-49.52

n-Pentane+cis-2-Pentene| 0.81 - 0.82 bDL - 10.18 - - - - - 1.05 | 045 | 0.30 1.15-7.14
n-Hexane bDL - bDL bDL - bDL ¢ - - - - 0.79 0.36 | 0.36 0.33-1.45
n-Heptane 2.07 | bDL 0.77 1.40 4.80 0.87 8.73 583.34| bDL bDL 10-50 7.71 254 | 854 0.31-0.98
Ethene +Acetylene 16.28 - 20.30 16.73 10.57 - 48892 | bDL bDL 579.66 | 2.40 | 1.78 58.37-191.13
Propene 1.39 - 7.88 0.74 3.08 - 18092 18 bDL 118.98 | 0.38 | 0.42 18.89-159.55
1-Butene bDL - 1.20 2.45 bDL - 9332 23 47 31.03 | 0.12 | 0.16 4.64-43.18**
1,3-Butadiene bDL - 0.53 bDL 0.07 - 8974 bDL 225 34.19 | bDL | bDL bDL-11.11
Trans-2-Butene bDL - 0.86 bDL - 0.80 - 11120%***| 23*** | bDL - 3.13 0.12 | 0.05 0.56-5.42
1-Pentene bDL - 2.64 0.27 bDL - 5161 bDL bDL - - - bDL-19.95
Trans-2-Pentene bDL - bDL bDL bDL - - - - - - - bDL-3.91
Isoprene 2.10 - 6.69 4.21 1.04 - - - - 7.00 0.11 | bDL 0.84-9.43
1-Hexene bDL - 2.2C bDL bDL - 587¢ 35 - - - - -
TVOC (ug ) 1745 | 30.z 155.¢ 92.11] 216.2 227.% 75.2 11331: 601 282 62-19C 82C 15 1C 14C-40C

*Note that concentrations presented for this studsespond to samples taken using the 30 s x 6 appro
PCF6-50C2/E2, CFM56-3B1
*Engine power setting is given in percent of maximrated thrust.
**]1-Butene coelutes with propyne
***cis-2-butene + trans-2-butene
bDL: below Detection Limit

30




ACCEPTED MANUSCRIPT
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Resear ch highlights

48 VOCs were measured from commercial aircraft under real operation.

Heavy akanes and aldehydes were identified as aircraft exhaust tracers.

Airport ambient VOCs concentrations are influenced by jet emissions.

APU VOCs emissions are of the same order of magnitude as main jet engine emissions.



