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Abstract

A detailed understanding of the climate and air quality impacts of aviation requires
detailed measurements of the emissions of intermediate-volatility and semi-volatile or-
ganic compounds (I/SVOCs) from aircraft. Currently both the amount and chemical
composition of aircraft I/SVOC emissions remain poorly characterized. Here we char-5

acterize I/SVOC emissions from aircraft, using a novel instrument for the online, quan-
titative measurement of the mass loading and composition of low-volatility organic va-
pors. Emissions from the NASA DC8 aircraft were sampled on the ground, 143 m down-
wind of the engines and characterized as a function of engine power from ground idle
(∼4 % maximum rated thrust) through 85 % power. Results show that I/SVOC emis-10

sions are highest during engine-idle operating conditions, with decreasing but non-zero
I/SVOC emissions at higher engine powers. Comparison of I/SVOC emissions with to-
tal hydrocarbon (THC) measurements, VOC measurements, and an established emis-
sions profile indicates that I/SVOCs comprise 10–20 % of the total organic gas phase
emissions at idle, and an increasing fraction of the total gas phase organic emissions15

at higher powers. Positive matrix factorization of online mass spectra is used to iden-
tify three distinct types of I/SVOC emissions: aliphatic, aromatic and oxygenated. The
volatility and chemical composition of the emissions suggest that unburned fuel is the
dominant source of I/SVOCs at idle, while pyrolysis products make up an increasing
fraction of the I/SVOCs at higher powers. Oxygenated I/SVOC emissions were detected20

at lower engine powers (≤ 30 %) and may be linked to cracked, partially oxidized or un-
burned fuel components.

1 Introduction

The climate (Unger, 2011), air quality (Hsu et al., 2012; Stettler et al., 2011; Unal et al.,
2005) and health impacts (Arunachalam et al., 2011; Levy et al., 2011) of aircraft emis-25

sions have come under increasing scrutiny over the past decade. Aircraft emissions will
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likely play an increasingly important role in local and regional air quality due to contin-
ued growth in global commercial aviation (FAA, 2010) coupled with emission reductions
in non-aviation transport sectors. Of particular importance to both the air quality and
climate implications of aviation are organic species, emitted from the evaporation, oxi-
dation, and/or pyrolysis of fuels and lubricants. These emitted organic species include5

hazardous air pollutants (HAPs), serve as precursors to tropospheric ozone, and are
key components of primary and secondary particulate matter (PM). A challenge in un-
derstanding these effects involves the high chemical complexity of organic compounds.
Emitted non-methane hydrocarbons (NMHCs) include a very large number of organic
species, whose amounts and properties are strongly dependent on engine power, fuel10

type, engine design, and environmental conditions (ambient temperature, background
pollutant concentrations, etc.) (Knighton et al., 2007; Yelvington et al., 2007). Thus,
to fully understand the air quality impacts of aviation emissions, it is necessary to ob-
tain a comprehensive characterization of gas- and particle-phase organic emissions as
a function of engine operating conditions.15

Over the past decade, several studies have improved of our understanding of air-
craft emissions of particulate and gas phase organic species. These include in-flight
studies (Slemr et al., 2001, 1998) ground-based research programs (Wey et al., 2007),
and plume studies at active airport terminals (Herndon et al., 2006, 2009). Measure-
ments of volatile organic compounds (VOCs) and particulate matter, using both of-20

fline and online (real-time) techniques have shown that VOC and PM emissions are
highly dependent on engine power. Emissions of VOCs and non-refractory PM (sulfate
and organics) are highest at engine idle and sharply decline with increasing engine
power (Beyersdorf et al., 2012) whereas refractory PM (soot) emissions are greatest
at high engine power (Onasch et al., 2009; Timko et al., 2010b; Williams et al., 2012).25

The chemical composition of the VOC emissions also change with power, switching
from predominately short chain (C1–4), unsaturated hydrocarbons and aldehydes at
low power to longer chain, higher molecular weight aliphatic and aromatic hydrocarbon
emissions at powers ≥ 15 % (Anderson et al., 2006; Beyersdorf et al., 2012).
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While most emissions characterization studies have focused on emissions of VOCs
and PM, there is also strong evidence that aircraft emit lower-volatility gas-phase
organic species that are not routinely measured using on-line analytical techniques
(Presto et al., 2011; Robinson et al., 2010; Spicer et al., 1994, 1992). Such low-volatility
species are classified as either (1) intermediate volatility organic compounds (IVOCs),5

species with saturation vapor concentration (c∗) of 103–106 µgm−3, present entirely in
the gas phase, or (2) semi-volatile organic compounds (SVOCs), species with c∗ of
10−1–102µgm−3, that partition between the gas and particle phases. These species
are generally not measured in VOC characterization studies, due to their low volatilities
(leading to enhanced losses on inlet surfaces) and/or their chemical complexity (so that10

the concentration of any one individual compound is below the detection limit for that
compound).

Both IVOCs and SVOCs play important roles in PM emissions from aircraft. Primary
organic aerosol (POA) is composed largely of SVOCs (Robinson et al., 2010), and will
undergo substantial evaporation during dilution. Further, because of their low vapor15

pressures, I/SVOCs are likely to be efficient precursors to secondary organic aerosol
(SOA) (Robinson et al., 2010, 2007), a key secondary pollutant arising from aircraft ex-
haust. Recent studies have shown that the oxidation of diluted aircraft exhaust leads to
PM that is predominantly SOA, most of which appears to be produced from IVOCs and
SVOCs (Miracolo et al., 2012, 2011). Because these compound classes likely make20

up a substantial fraction of the total organic emissions by aircraft, a predictive under-
standing of the air quality and climate implications of aviation requires their detailed
measurement and characterization.

Measurements of low-volatility organic emissions from turbine engines are limited
to a few studies, all of which have employed off-line analysis techniques to charac-25

terize organics collected on sorbents (Agrawal et al., 2008; Presto et al., 2011, 2012;
Spicer et al., 1992, 1994). This approach limits the temporal resolution of the measure-
ments, as filters require collection periods of an hour or longer at steady-state engine
operating conditions. Nonetheless, results from these studies indicate that low volatility
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organic emissions make up ∼20 % of the total NMHC emissions at engine idle with the
vast majority (∼90 %) of compounds classified as unresolved complex matter (UCM),
presumed to be a mix of branched and cyclic alkanes (Presto et al., 2011). Presto
et al. (2011) showed that intermediate volatility organic compounds (IVOCs) dominate
the low-volatility organic emissions at 4 % and 7 % power, and attribute the IVOCs to5

unburned fuel. The prevalence of I/SVOC species in aircraft exhaust, the complexity
of I/SVOC chemical composition, and the challenges associated with offline character-
ization techniques highlight the need for an ensemble-based, online characterization
method that targets I/SVOCs.

The main goal of this investigation is to characterize I/SVOC emissions from aircraft10

exhaust, using a novel instrument for the online, quantitative measurement of the mass
loading and composition of low-volatility organic vapors. A description of the instru-
ment and overview of the sampling configuration used during the study are provided in
the following section. Measurements of I/SVOC volatility, emission index and chemical
characteristics taken during a power sweep of two engines on a chocked aircraft are15

then presented. I/SVOC emissions are examined as a function of engine power, with
highest emissions of I/SVOC during engine idle operating conditions, and decreasing
but non-zero I/SVOC emission at higher engine powers. Comparison of I/SVOC emis-
sions with upstream total hydrocarbon (THC) measurements, VOC measurements, and
an established emissions profile is used to assess the contribution of I/SVOCs to the20

total organic gas phase emissions from the engine. Differences in the volatility and
chemical composition of the I/SVOC emissions as a function of engine power are ex-
amined, and interpreted in terms of the various sources of the organics from the aircraft
engine.
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2 Experimental

2.1 Measurement overview

Measurements were made as part of the Alternative Aviation Fuels Experiment II
(AAFEX-II), conducted from 26 March to 2 April 2011 at the Dryden Aircraft Oper-
ations Facility (DAOF) at Edwards Air Force Base in Palmdale, CA. Emissions from5

two high-bypass-ratio turbofan CFM56-2C1 engines on the NASA DC8 were charac-
terized. During the testing, the DC8 was chocked on a concrete testing pad adjacent
to a taxiway near the DAOF hanger. The inboard right engine (Engine #3; E3) and in-
board left engine (Engine #2; E2) were operated from ground idle (4 % maximum rated
thrust) through take-off powers (100 % thrust). Test points included 4 %, 7 %, 30 %,10

65 %, 85 % and 100 % thrust (fuel flow rates of 1000–7600 lbh−1). In this study we
focus on the morning of 30 March 2011 during which time the exhaust plume was suc-
cessfully intercepted at the 143 m measurement location for all but the 100 % power
condition. For these measurements, E2 burned Jet Propellant 8 (JP-8) fuel and E3
burned Sasol low-sulfur Fischer-Tropsch (FT) fuel. The aliphatic-to-aromatic content of15

the JP-8 fuel was 74.2 : 25.8 (wt. %) whereas for the FT fuel the ratio was 99.5 : 0.5
(wt. %). The olefin content of the FT fuel was twice as high as that of the JP-8, 1.4 %
versus 0.7 % (E. Corporan, personal communication, 2012).

2.2 IVOC/SVOC sampling

The I/SVOC measurements described here were made 143 m downwind of the aircraft,20

positioned approximately 100 feet from the centerline of the runway (on the E3 side of
the DC8). This is sufficiently far away from the aircraft that the plumes from both E2 (JP-
8) and E3 (FT) were likely well-mixed. Thus, in the present study we generally cannot
determine the detailed role of fuel type on I/SVOC emissions. However, as described
in a later section, one plume hit at the end of the power ramp appears to be sam-25

pling E3 only, providing insight into how the use of FT fuel affects I/SVOC emissions.
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A more detailed investigation of the role of fuel type on low-volatility emissions, which
requires a different experimental setup than was used here, is an important area of
future research.

The custom inlet for I/SVOC measurements, shown in Fig. 1, consisted of a 12 foot
length of 1/4 inch o.d. stainless steel tubing, coated with SilcoNert 2000 (Silcotek, Inc.),5

and held at 250 ◦C to reduce condensational losses. Heat tape composed of fiberglass-
insulated nichrome wire was used to maintain a uniform temperature (250 ◦C) for all
inlet components, with an additional layer of fiberglass insulation wrapped around all
inlet components to avoid cold spots. The inlet temperature was monitored with K-
type thermocouples and set/maintained using commercial PID controllers (Omega En-10

gineering). A SilcoNert-coated (SilcoTek, Inc.), heated metal filter was placed in line
to prevent refractory soot particles from clogging the instrument inlet. At a tempera-
ture of 250 ◦C, primary organic aerosol (POA) is expected to evaporate, so that both
particulate and gas-phase organic compounds are measured with the technique. The
sampling flow rate through the I/SVOC inlet was held at 1.2 Lmin−1, using a small di-15

aphragm pump (UN86KTP KNF Neuberger, Inc.). SilcoNert-coated, heated swagelok
tee connections at the inlet tip were configured to allow blanks with ultra-zero air (UZA)
and syringe calibration with known hydrocarbon standards throughout the experiment.

2.3 I/SVOC measurements

IVOCs and SVOCs were measured using a new instrument (Fig. 1), which involves the20

cryogenic collection (pre-concentration) of organic species, followed by temperature-
programmed desorption (TPD) into a stream of ultra high purity (UHP) Helium, and
finally detection and quantification by high-resolution electron impact mass spectrom-
etry (EI-MS). This detection and quantification step is the same mass spectrometric
approach used in the Aerodyne Aerosol Mass Spectrometer (AMS), an established25

technique for online, quantitative measurement of PM mass and chemical composition
(Canagaratna et al., 2007; DeCarlo et al., 2006; Jayne et al., 2000). Thus the present
instrument’s acquisition and analysis of EI high resolution mass spectra is similar to the
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AMS, but with a redesigned inlet system for the collection (rather than the exclusion) of
gas-phase organic species.

During sample collection, air is pulled at 0.4 Lmin−1 through the sample loop via
a six-port valve (VICI Valco Instruments Co. Inc.) held at 250 ◦C. The valve and rotor
are coated with Inertium coating AMC-18 (AMCX L.L.C.) to protect the heated, rotating5

components from excess wear. All other surfaces are coated with SilcoNert, in order
to minimize interactions between the organics and metal surfaces. The collection loop
itself is a 6 inch length of 1/16 inch o.d. coated stainless steel tubing, wrapped tightly
around a copper rod (1/2 inch diameter, 4 inch length) for rapid cooling and heating.
Cryogenic cooling of the loop is achieved with a periodic spray of liquid nitrogen (LN2,10

from a 230 L, 22 PSI Dewar) directed at the base of the copper rod, holding the temper-
ature of the collection loop constant at −6±2 ◦C during collection. After the collection
period (2 min in the present study), the LN2 flow is stopped, the valve is rotated to
the desorption configuration, and the collection loop is heated. In this mode, the UHP
helium flow (1 cm3 min−1), which during collection is sent directly into the mass spec-15

trometer, is now sent through the sample loop before entering the mass spectrometer,
transferring desorbed organics directly into the ionization region. The desorption of the
collected organics occurs according to the volatility of the species, resulting in the most
volatile species desorbing at the lowest temperature, allowing for volatility-resolved
measurements. The transfer line to the mass spectrometer is made of coated stainless20

steel (30 cm in length, 100 µm i.d.) and is kept at 250 ◦C. Heating of the collection loop
is achieved with a 100 W heater cartridge located in a bored hole in the center of the
copper rod. The heating/cooling cycle is fully automated, using a computer-controlled
PID that is programmable with respect to the collection temperature, collection time,
desorption ramp rate and final desorption set and soak temperatures.25

The mass spectrometer is an electron impact high-resolution time-of-flight mass
spectrometer (ToF-MS) equipped with a quadrupole mass filter (Tofwerk). The
quadrupole mass filter was tuned to prevent helium ions from reaching the detec-
tor. For all measurements discussed here, the ToF-MS was in the “V” ion flight path
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mode, with a mass-resolving power of ∼2000. Data acquisition and analysis programs
developed for the AMS (http://cires.colorado.edu/jimenez-group/ToFAMSResources/
ToFSoftware/index.html) are used to save and analyze the data.

During the AAFEX-II campaign, a collection-desorption cycle was completed every
∼9 min, consisting of a 2-min collection at −6±2 ◦C, a 4-min linear ramp of tempera-5

ture up to 280 ◦C, and a 1-min hold at 280 ◦C. On average it took ∼2 min to cool the
sample loop from 280 ◦C back to the collection temperature set-point, at which time the
next collection cycle would begin. During each desorption cycle, mass spectra were
saved at a rate of 2 Hz, allowing for the straightforward alignment of mass spectra and
desorption temperatures (which were measured at 1 Hz) and enabling presentation of10

data as thermograms (ion intensities as a function of desorption temperature).
Instrument response was calibrated with syringe injections (10–600 nLmin−1, 250 µL

syringe, Harvard Apparatus Syringe Pump) of a C8-C20 straight chain n-alkane stan-
dard (40 mgmL−1 of each alkane in hexane solvent; Sigma-Aldrich Co. LLC) connected
via a tee-junction at the sampling inlet tip (see Fig. 1). Calibrants were introduced into15

the instrument using an overflow of heated ultra-zero air (UZA; AirGas, Inc.). The air
was sent past the syringe tip in slight excess (+0.3 Lmin−1) of the demand flow of the
downstream instrumentation, with the majority of the flow entering the inlet (and the
excess flow escaping to the air surrounding the sampling inlet tip). This configuration
ensures that the calibrant organic species are measured only after passing through20

the entire inlet length, thereby including any potential wall effects in the quantification
of the IVOC/SVOC measurement. Mass loading calibration data points are obtained
by varying the injection rate (10–600 nLmin−1) of the calibration standard and relating
the known mass concentration (µgm−3) of organics to the total high-resolution organic
ion signal intensity. This is determined by fitting and summing all ions (m/z ≤ 120) as-25

sociated with organic species in each mass spectrum (DeCarlo et al., 2006), with the
exception of ions with exceedingly high background levels (H2O+, CO+

2 ). Within each
desorption, the total organic signal was summed between 50 ◦C and 280 ◦C (see for ex-
ample the lower panel of Fig. 2). Summing the organics within this temperature region
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allows unambiguous separation of any collected solvent (hexane, which desorbs at
temperatures < 50 ◦C) and the larger n-alkane calibration species.

In addition to the mass calibration, an empirical relationship between the observed
peak desorption temperature and volatility can also be determined from the known
vapor pressures of the individual hydrocarbons in the calibration standard. The up-5

per panel of Fig. 2 shows the clear relation between saturation vapor concentration
(c∗) and peak desorption temperature for a laboratory calibration prior to the AAFEX-II
deployment. Unfortunately, because of changes to the sampling line and an appar-
ent loading-dependence of the c∗–T relationship, we were unable to obtain a robust
volatility calibration during AAFEX-II. Therefore we cannot assign precise values of c∗

10

to specific temperatures, and instead define the general volatility bounds of the IVOC
and SVOC species, as illustrated at the top of Fig. 2 based on previous laboratory
calibrations.

These approximate volatility ranges are strongly supported by the desorption profiles
of pure FT and JP-8 fuels, shown in Fig. 3. These measurements were taken in the lab-15

oratory following the AAFEX-II campaign from aliquots of fuel identical to those used
in the field experiment. For each collection the neat fuel of interest was continuously
injected (25 nlmin−1) into a flow of 2.0 Lpm of UZA. Each sample collection lasted 60 s
with the sample loop held at −6±2 ◦C. For these experiments, a shortened inlet sys-
tem was used relative to the field-deployed AAFEX-II inlet so the correspondence of20

neat-fuel and exhaust-plume volatility distributions may not be perfect. The fuel data,
however, still provides an approximate relationship between the known volatility and
observed desorption temperatures for unburned fuel. These fuels fall squarely in the
IVOC range, as expected for hydrocarbon species with 12–16 carbon atoms. Addition-
ally, we note that the measured chemical composition of the species identified as “fuel”25

in the mass spectrum is broadly consistent with the known compositional makeup of
the fuel, with desorption profiles of marker ions for aliphatic (C6H+

13, m/z 85.102) and
aromatic (C9H+

7 , m/z 115.055) compounds, showing a far lower aromatic content for
FT than JP-8.
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During AAFEX II, blanks with UZA were performed regularly to confirm that the in-
let walls do not act as a source of low-volatility organics. For the measurements dis-
cussed here, UZA blanks were collected at the beginning and end of the engine power
ramp and used as background subtractions for the jet exhaust desorption profiles. In all
cases, the total organic signal measured during UZA runs was very low (less than 1 %5

of the total organic signal measured under engine idle operating conditions), confirm-
ing that inlet surfaces did not serve as a significant source of organic contamination
during the experiment. Ambient background pollutant concentrations varied through-
out the experiments and were typically highest during the early morning periods, due
to increased fuel truck activity in the immediate vicinity of the DC8 prior to starting10

the aircraft engines. Following start-up, the wind field produced by the aircraft engines
provided sufficient flow to purge the diesel truck emissions from the sampling area.

2.4 Other AAFEX II measurements

Other instrumentation in the 143 m trailer included a non-dispersive infrared absorption
CO2 monitor (LI-COR Biosciences LI-840A), to identify plume hits and quantify plume15

dilution, and a custom-built weather station for monitoring ambient temperature, rel-
ative humidity, dew point, barometric pressure, wind speed, wind direction and solar
flux. The weather station was mounted on the roof of the 143 m trailer ∼2 feet above
the sampling height of the I/SVOC inlet. In addition to the stationary platforms, the
Aerodyne Mobile Laboratory (Kolb et al., 2004) was used throughout the experiment20

to intercept and sample the exhaust plume over a range of spatial/temporal scales,
to better interrogate the downwind processing of the aircraft emissions. Instruments
inside the mobile lab relevant to the current study included a Quantum Cascade Tun-
able Infrared Laser Differential Absorption Spectrometer (QC-TILDAS), Proton Transfer
Reaction Mass Spectrometer (PTR-MS) and non-dispersive infrared CO2 detector. To25

assess the relative contributions of VOC and I/SVOC emissions to the total organic
emission profile from the engine, THC measurements from a flame ionization detector
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(FID) are also utilized, which made measurements 1 m behind the engine exit plane.
Results from these comparisons are presented throughout the following section.

3 Results and discussion

3.1 Overview of sampled plumes

Given the distance between the aircraft and the 143 m sampling inlet, the semi-5

continuous nature of the collection cycles, variability in ambient wind speed and direc-
tion, and the limited time assigned to each specific engine operating condition, not all
collection cycles coincided with definitive aircraft exhaust plume hits. Figure 4 provides
a summary of the 143 m data collected over the course of the early morning power
sweep on 30 March 2011. Plume hits are characterized by elevated CO2 concentra-10

tions (∆CO2 ∼70–200 ppm relative to ambient background), as shown in the middle
panel of Fig. 4. Engine powers are designated along the top of the figure along with the
temperature cycle of the collection/desorption cell (collection at approximately −6 ◦C
followed by a heating ramp to ∼280 ◦C). The grey shaded bars in the figure designate
the collection intervals.15

For the series of power conditions tested, the ∆CO2 values at 143 m do not system-
atically increase with increasing engine power, likely due to the different entrainment
and dilution with ambient air at different engine powers. The distance between the sam-
pling inlet and the aircraft engines also introduces more run-to-run variability for a given
engine power condition as compared with emissions data captured from upstream inlet20

positions. As mentioned earlier, it is generally assumed that emissions from both E2
and E3 were mixed prior to reaching the 143 m position. This appears to be the case
for the upward power ramp, but the transition from 100 % power to 7 % power at the
end of the test coincided with a shift in the wind direction. Considering the orientation
of the aircraft with respect to the 143 m sampling inlet, it is likely that the last 7 % col-25

lection exclusively measured the emissions from E2 (burning the alternative Sasol low
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sulfur FT fuel). This is further supported by the observed drop in ∆CO2 by factor of
∼2 relative to earlier 7 % collections. For this reason, the final 7 % power condition will
be discussed separately from the mixed-plume data. In addition, two of the collection
periods overlapped at least partially with a transition in engine power (from 7 % to 30 %
and from 65 % to 85 %). It is likely that during these collections, both transient and5

steady-state I/SVOC emissions were captured.

3.2 Dependence of loading and volatility on engine power

Total I/SVOC emissions were determined by the total organic mass spectrometric sig-
nal, integrated over the desorption. As with the calibration experiments, total organic
signal was defined as the sum of all high-resolution organic ions, with the exception of10

H2O+ and CO+
2 due to their high backgrounds. In this experiment, approximately 90 %

of the organic ion signal is found at m/z ≤ 100. Absolute organic signal intensities are
shown in the bottom panel of Fig. 4.

Trends in both the amount and volatility of I/SVOC organic emissions as a function of
engine power are examined more closely in Fig. 5. To compare emissions from differ-15

ent collections, the total organic ion intensity is normalized to average ∆CO2 measured
during each collection interval, yielding an emission ratio. Changes in both the amount
and volatility of the emissions are strongly dependent on engine power, as expected.
Emissions are highest at 4 % power (idle), and decrease substantially at higher pow-
ers, with a particularly large decrease between 7 % and 30 % (inset of Fig. 5). The20

volatility distribution of the organics is also power-dependent, with the lowest-volatility
organics tending to dominate at the highest powers. Organics emitted at 4 % power
(idle) desorb at relatively low temperatures (corresponding to high-volatility species);
the major desorption peak at ∼120 ◦C corresponds reasonably well to that of pure fuel
(Fig. 3), suggesting that the IVOCs measured in the jet plume correspond to unburned25

fuel emitted from the aircraft engine at idle. The correspondence is not exact, possibly
because of differences between the inlet systems, but the general correspondence is
consistent with previous investigations of unburned fuel emissions.
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A second, higher-temperature mode is observed for the first 4 % power collection but
not for the second 4 % power collection. The source of this difference is not clear, and
may be related to variability in engine emissions and/or environmental factors such as
shifts in the transport of the exhaust plume to the 143 m sampling location. At slightly
higher engine power (7 %), the desorption profiles are broader and shifted to slightly5

higher temperatures (lower volatilities). These may include some contribution from un-
burned fuel (mode below 150◦ C), but also suggest contributions from other sources
such as pyrolysis. At 30 % engine power, a minor high-volatility mode corresponding
to unburned fuel is still detected, though this may well be a transient from the recent
power increase from 7 %. There is an increasing contribution from lower-volatility or-10

ganics at 30 % power, potentially resulting from the formation of pyrolysis products from
the higher temperatures and pressures of this engine operating state. At the highest
powers studied, organic signal is observed only at the highest desorption temperatures
(lowest volatilities), indicating no measurable emissions of unburned fuel but rather
newly-formed low-volatility organics.15

3.3 Contribution of I/SVOCs to total aircraft emissions

By summing total organic signal over a full desorption cycle and applying the measured
calibration factor, we can estimate total I/SVOC concentrations for each captured jet
exhaust plume intercepted at 143 m. An emission index (EI, in mg of emitted organic
material per kg fuel combusted) can then be determined, via20

EI =
∆M

∆CO2

T
P

×4478 (1)

where ∆M is the measured I/SVOC mass concentration in µgm−3, ∆CO2 is the differ-
ence between the sample and ambient CO2 concentrations (in ppmv), T is the sampling
temperature in Kelvin, and P is the ambient pressure in Torr. The constant (4478) in-
corporates an emission index for CO2 of 3160 gCO2 kg−1 fuel, which assumes 100 %25
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combustion efficiency and a fuel hydrogen-to-carbon ratio of 1.9. This approach is con-
sistent with the methodology used in the E-31 EI calculator (Herndon et al., 2006;
Timko et al., 2010a).

Figure 6 displays I/SVOC emission indices as a function of engine power (grey
circles), and shows the dramatic decrease in emissions with increasing power. Also5

shown are THC emissions as a function of power, determined from flame ionization
detection (FID) at the 1 m inlet position for E2 (burning FT) and E3 (burning JP-8)
(data courtesy of Changlie Wey, NASA). In addition, total organic emissions are esti-
mated from known emission profiles. Total VOC emissions (C1-C9 hydrocarbons) are
estimated by scaling up measurements of ethene (obtained using the QC-TILDAS in-10

strument in the Aerodyne mobile lab, which was adjacent to the 143 m inlet during
these tests) using the SPECIATE organic gas emission profile for aircraft (SPECIATE
database profile #5565). To ensure that the scaled VOC and measured IVOC quanti-
ties did not overlap (and therefore to avoid double-counting), all hydrocarbon species
≥ C10 in the SPECIATE profile were excluded from the scaled VOC quantity. The sum15

of scaled VOC and measured I/SVOC measurements is then compared to the aver-
age THC measurements for E2 and E3. At low powers the two techniques generally
agree, though at higher powers the scaled VOC+ I/SVOC total is consistently higher
than the THC measurement. This may arise from the fact that oxygenated organics are
not measured efficiently with FID (no corrections for oxygenates are applied to the FID20

measurements). Oxygenated HCs measured by the I/SVOC instrument at 30 % power
may explain part of the enhancement observed in Fig. 6. Also, all THC values were
obtained at steady-state conditions, and it is possible that the I/SVOC measurement
at 30 % power was influenced by transient emissions (changing from 7–30 % power).
Finally, the loss of lower-volatility organic species to inlet surfaces may contribute to25

lower THC values measured with the FID.
The bottom panel of Fig. 6 shows the ratio of I/SVOC emissions to the average

measured THC emissions. At low engine power the I/SVOC emissions make up ∼10–
20 % of the total hydrocarbon emissions. This is qualitatively similar to the results of
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(Presto et al., 2011), which indicated that ∼20 % of the NMHC emissions at idle en-
gine power were IVOCs. In addition, we find that as the engine power increases, the
I/SVOC fraction also increases, reaching 100 % of the THC emissions at 65 % and
85 % power. Care must be taken to not over-interpret these results given uncertainties
in the FID THC detection limit and the low overall organic emissions at high power.5

Nonetheless, non-zero I/SVOC emissions at these operating conditions suggest that
pyrolysis-derived low-volatility organic compound emissions remain present in the ex-
haust plume at high power.

3.4 Chemical features of emitted I/SVOCs: 7 % plume

While the thermograms in Fig. 5 provide information about the amount and volatil-10

ity of the emitted IVOCs and SVOCs, they offer little insight into the chemical nature
and sources of these lower volatility organics. However, a strength of the mass spec-
trometric approach used here is that it also provides chemical information about the
sampled organic species, which can be used to better constrain the properties and
origins of engine emissions. Electron impact ionization results in fragmentation of par-15

ent molecules, generating characteristic ions for different classes of organics such as
aliphatic, aromatic or oxygenated hydrocarbons. As an example, Fig. 7 shows thermo-
grams for several marker ions at 7 % power. Different ions exhibit distinct desorption
profiles, with desorption maxima at different temperatures; this is in strong contrast to
the total organic desorption profile (also shown), which consists of a broad volatility dis-20

tribution that lacks defined peaks. This single desorption mode is thus a combination of
a number of different classes of organics, spanning a range of composition, properties,
and sources.

The C6H+
13 ion (m/z 85.102) is representative of aliphatic hydrocarbons, and the

desorption profile (with a peak at 140 ◦C), indicates the parent alkanes are relatively25

volatile. Both the chemical signature and volatility are consistent with unburned fuel
(Fig. 3). The total organic ion signal peaks at a similar temperature, suggesting that
unburned fuel makes up a substantial portion of the total IVOC emissions at this power.
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However, the importance of other types of ions, mostly at higher desorption tempera-
tures, strongly suggest additional sources of I/SVOCs as well. The C8H+

7 and C7H+
7

ions, associated with aromatic hydrocarbons, appear at somewhat higher tempera-
tures, with a multi-modal volatility distribution. A portion of these emissions may be from
unburned fuel, since the aromatic content of JP-8 fuel is high (see Fig. 3). Additionally,5

aromatics can be formed from pyrolysis within the combustor burning either JP-8 or FT
fuel. The widths of the volatility distributions for the aromatic ion fragments suggest that
both sources (unburned fuel and pyrolysis) may be important at 7 % power. Further, the
higher desorption temperatures suggest that aromatic pyrolysis products may be lower
in volatility (higher in molecular weight) than the aromatics in unburned fuel. The final10

ion fragment shown in Fig. 7 is C2H4O+
2 , which corresponds to an oxygenated organic

compound. This ion is present at lower concentrations than the aliphatic and aromatic
fragment ions and occupies the lowest volatility range of organics measured at 7 %
power. The source of this class of compound is unclear, though it may be related to the
partial oxidation of fuel or lubricant within the combustor.15

3.5 Chemical features of emitted I/SVOCs: all engine powers

The examination of key marker ions as a function of desorption temperature (Fig. 7)
yields insight into the nature and sources of different organic types. However, that ap-
proach relies on a small fraction of the chemical information available with the instru-
ment described here. Each desorption in bottom of Fig. 4 includes more than 100020

high-resolution mass spectra, each with > 250 identified ions. In order to better char-
acterize the chemical makeup of the different classes/sources of I/SVOC emissions, we
use positive matrix factorization (PMF), a factor analysis technique (Paatero and Tap-
per, 1994) that has seen widespread use in identifying components of organic aerosol
from AMS data (Lanz et al., 2007; Ulbrich et al., 2009; Zhang et al., 2011). The PMF25

analysis of time- (temperature-)dependent mass spectra allow for engine I/SVOC emis-
sions to be described in the same way, in terms of key classes of organics, with char-
acteristic mass spectra and dependences on volatility and engine power.
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Results from the PMF analysis are summarized in Fig. 8. After detailed evaluation of
mass spectral profiles and time (temperature) traces, a four-factor PMF solution was
chosen (FPEAK= 0; Q/Qexp= 0.06) to describe the variability of the data. Amongst
the four-factor solution, one factor was invariant with changing engine power and had
common spectral ion signatures as the UZA blank, including siloxane fragment ions.5

Based on this evidence, this factor was assigned as background and is not included
in the analysis of the aircraft engine I/SVOC emissions. A detailed description of the
PMF analysis procedures and mass spectral characteristics of the background factor
are provided in the supplemental material. The remaining three factors reveal distinct
I/SVOC signatures that can be attributed to three general chemical classes, aliphatic,10

aromatic, and oxygenated organics. The power-specific desorption profiles of these
three factors are shown in the left side of Fig. 8. The corresponding mass spectra
displayed on the right side of Fig. 8 show the full chemical fingerprint of each factor.
Estimates of H : C and O : C ratios are obtained from the high-resolution mass spectra
using the approach of (Aiken et al., 2007, 2008), though without any empirical cor-15

rection accounting for effects of EI fragmentation. Such approximations may influence
the calculated O : C ratios, but the qualitative differences in H : C and O : C among the
different PMF factors will not be affected substantially.

The I/SVOC volatility distributions shown along the left side of Fig. 8 summarize
the variability in aliphatic, aromatic, and oxygenated I/SVOC emissions with increas-20

ing engine power. The aliphatic factor with major ion fragments at m/z 41.039, 43.055,
55.055, 57.070, 69.070, 71.086, 83.086, 85.102 shows the characteristic “picket fence”
(∆m/z = 14) fragmentation pattern indicative of alkanes. High-resolution analysis re-
veals that the aliphatic factor has low oxygen content (O : C= 0.03) and high hydrogen
content (H : C= 2.07), consistent with the aliphatic constituents in the fuel. At low en-25

gine powers, the aliphatic hydrocarbon (HC) factor makes up the largest fraction of
I/SVOC emissions from the aircraft. At 4 % power, the primary mode of aliphatic HCs
appears between ∼120–130 ◦C. As the engine power is increased to 7 %, the aliphatic
HC emissions shift to slightly higher temperatures (lower volatilities) with a broad peak
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centered around ∼140 ◦C. The volatility and chemical characteristics of the aliphatic
HC emissions strongly suggests that unburned fuel is the source of these emissions.
The slight shift to higher temperatures for the 7 % power compared to the 4 % power
may be indicative of fuel fractionation or a transition from unburned fuel emissions to
formation of pyrolysis products with the increased temperatures and pressures at 7 %5

power, but additional study is necessary before definitive conclusions can be drawn.
The aliphatic HC emissions at engine powers ≥ 30 % are much lower than at engine
idle as the overall combustion efficiency of the engine increases at higher powers. At
30 % power, there is a bi-modal volatility distribution with a higher volatility mode at
∼120 ◦C and a lower volatility mode at ∼240 ◦C. The higher volatility mode is likely10

unburned fuel, potentially emitted during the transition from 7 % to 30 % power and re-
entrained into the 30 % plume. The lower-volatility feature may arise from the formation
of larger aliphatic HC formed via pyrolysis in the higher temperatures and pressures
of the combustion process. This feature dominates the aliphatic HC emission profile at
65 % and 85 % power, which exhibit no sign of the volatile unburned fuel mode.15

The aromatic factor represents the second-most abundant component of the en-
gine idle exhaust. The aromatic factor with major ion fragments at m/z 55.055, 67.055,
77.039, 91.055, 105.070 and 115.055 indicate the presence of unsaturated HCs. This
factor also has a very low O : C (0.04) but also a low H : C (1.36), consistent with aro-
matic species. The aromatics could have an unburned fuel source (in the case of JP-820

fuel) or be formed via pyrolysis during the combustion process. At 4 % power the aro-
matic I/SVOC emissions have a primary volatility mode at ∼120–130 ◦C, co-incident
with the aliphatic HC volatility feature attributed to unburned fuel. Since aromatic com-
pounds make up ∼25 % of the JP-8 fuel used here, it follows that such compounds
should make up a large fraction of the exhaust at engine idle. The transition from 4 %25

to 7 % power shows a clear change in volatility of the aromatic I/SVOC emissions re-
sulting in a broad distribution centered around ∼190–200 ◦C. While a high-volatility
feature suggesting contributions from unburned fuel is seen in one desorption, the vast
majority of aromatic emissions at 7 % power are found in this lower-volatility mode.
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This suggests that the I/SVOC emissions observed at 7 % power are newly-formed
products of pyrolysis in aircraft engine, which may be important intermediate species
in the formation of soot (which is formed and emitted at higher engine powers, Onasch
et al., 2009). The 30 %, 65 %, and 85 % power aromatic I/SVOC emissions show simi-
lar trends as seen with the aliphatic HC emissions, with a bimodal distribution at 30 %5

power and only the lower-volatility mode present at the higher engine powers.
The oxygenated factor comprises a smaller fraction of the I/SVOC engine idle

emissions compared to the aliphatic and aromatic contributions. The major ion frag-
ments observed for the oxygenated factor include m/z 43.018, 44.998, 57.070, and
60.021. This factor has a higher oxygen content than the aliphatic and aromatic fac-10

tors (O : C= 0.26, H : C= 1.46). The factor mass spectrum and elemental composition
are suggestive of partially oxidized fuel. Consistent with partially oxidized fuel, at 4 %
power, the oxygenated factor has a volatile mode between 100–110 ◦C, which is slightly
higher in volatility than the volatile aliphatic and aromatic modes. A distinct, low-volatility
oxygenated component between 200–280 ◦C is present for engine powers ≤ 30 %. This15

feature may be indicative of oxidized lubricant or evaporated constituents of POA ex-
pected to have lower volatilities. At 30 % power, the oxygenated factor exceeds the
aliphatic and aromatic emissions. This observation suggests that the increase in en-
gine power from 7 % to 30 % may have resulted in transient emissions with higher
oxygen content. The oxygenated factor includes ion fragments associated with aro-20

matic species (m/z 77.039, 91.055, and 115.055), suggesting the possible importance
of oxygenated aromatic species (such as oxygenated PAHs), which might be enhanced
during engine power transients. Additional studies are required to further understand
the role of oxygenated I/SVOC emissions from aircraft.

3.6 7 % Power FT-only emissions25

As mentioned previously, the decrease in ∆CO2 observed at the transition from 100 %
to 7 % power shown in Fig. 4 coincided with a shift in the wind direction, causing
only the emissions from E2 (which burned FT fuel) to reach the sampling inlet during
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the collection interval. These measurements thus offer an opportunity to assess the
I/SVOC emission profile from the use of FT fuel only (though only at the 7 % power con-
dition). Figure 9 displays the aliphatic, aromatic, and oxygenated factor desorption pro-
files from this plume. This profile is fundamentally different from the mixed JP-8/FT 7 %
power emissions. The bimodal aliphatic desorption profile is similar to that observed5

for aliphatic emissions at 4 % power in the mixed plume with the higher-volatility mode
likely due to unburned fuel. The source of the lower-volatility aliphatic compounds could
potentially be due to the formation of higher molecular weight species in the combus-
tion process. Unlike the idle power mixed plumes, however, a high-volatility (unburned
fuel) aromatic factor is absent in the FT-only 7 % plume. Instead, aromatics appear only10

at the lowest volatilities. This result is fully consistent with expectations, since FT fuel is
largely free of aromatic species (Fig. 3) and thus any aromatic emissions from the FT
combustion must be formed during the combustion process. Another important feature
of the FT-only 7 % power emissions is the prevalence of the oxygenated factor, show-
ing a coincident high-volatility mode of the unburned fuel aliphatic signal. This suggests15

that unburned FT fuel may be a source of oxygenated IVOCs, possibly related to its el-
evated olefin content. It is likewise noteworthy that the low-volatility oxygenated feature
present in the mixed plumes at 7 % power is absent in the FT-only 7 % plume.

4 Conclusions

4.1 Sources of I/SVOCs from aircraft20

A novel mass spectrometric instrument was used for in-situ measurements of the
volatility, mass loading, and bulk chemical composition of I/SVOCs from an aircraft
engine operating over a range of power conditions. Total I/SVOC emissions decrease
with increasing engine power with maximum emissions at engine idle. The results pro-
vide insight into the sources of I/SVOCs, namely that low-volatility organics are emitted25

directly as unburned fuel, as pyrolysis products and through processes leading to the
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formation of oxygenates. The volatility and bulk chemical composition of low-volatility
organic emissions at 4 % power suggest that unburned fuel is the dominant source
at engine idle operating conditions where 10–20 % of the total hydrocarbon emissions
are I/SVOCs. Pyrolysis products constitute a second class of I/SVOC emissions and
comprise an important fraction of total gas-phase organic emissions at engine powers5

≥ 7 %. This observation is broadly consistent with power-dependent VOC emissions
which have been shown to shift from primarily fuel cracking products (predominately
unsaturated hydrocarbons) to pyrolysis products at powers ≥ 30 % (Anderson et al.,
2006; Beyersdorf et al., 2012). The role of aromatic I/SVOC species as intermediates
in the formation of soot remains poorly understood, but these measurements present10

some of the first in-situ evidence of gas phase intermediates to soot formation. Oxy-
genated I/SVOC emissions were detected at engine powers ≤ 30 % and may be linked
to cracked, partially oxidized or unburned fuel components. Two distinct volatility modes
for oxygenated I/SVOCs were observed in the mixed JP-8/FT plume. Given the higher
degree of oxidation and lower initial volatility of oxygenated I/SVOCs, such emissions15

could result in higher secondary organic aerosol yields downwind of airport terminals.
Continued efforts to characterize I/SVOC emissions from aircraft, spanning a wider
range of engine types, fuel types, operating conditions, and environmental conditions
are needed to better understand both the air quality and climate implications of this
important class of combustion-derived organics.20

Supplementary material related to this article is available online at:
http://www.atmos-chem-phys-discuss.net/13/8065/2013/
acpd-13-8065-2013-supplement.pdf.
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Figures	
  1	
  

 2	
  
Figure 1.  Schematic of the I/SVOC instrument and inlet as configured during the 3	
  
AAFEX-II campaign.  The inset shows the 6-way valve orientation for collection (blue) 4	
  
and desorption (red) modes of operation.  See text for details. 5	
  
 6	
  
 7	
  
 8	
  
 9	
  
 10	
  
 11	
  
 12	
  
 13	
  
 14	
  
 15	
  
 16	
  
 17	
  
 18	
  

Fig. 1. Schematic of the I/SVOC instrument and inlet as configured during the AAFEX-II cam-
paign. The inset shows the 6-way valve orientation for collection (blue) and desorption (red)
modes of operation. See text for details.
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 1	
  
 2	
  
Figure 2.  Laboratory calibration results for the I/SVOC instrument, using syringe 3	
  
injections of known straight-chain n-alkanes.  Top panel: empirical relationship between 4	
  
desorption temperature and saturation vapor concentrations of C13-C20 alkanes.  A robust 5	
  
field-based calibration for the c*-T relationship was not obtained during AAFEX-II.  6	
  

Fig. 2. Laboratory calibration results for the I/SVOC instrument, using syringe injections of
known straight-chain n-alkanes. Top panel: empirical relationship between desorption temper-
ature and saturation vapor concentrations of C13-C20 alkanes. A robust field-based calibration
for the c∗–T relationship was not obtained during AAFEX-II. Therefore, we define the general
volatility bounds of the IVOC and SVOC species with the grey-scale bar shown along the top
of the figure. Bottom panel: total mass spectrometric signal for different mass concentrations of
injected straight-chain C8-C20 n-alkane standard, demonstrating the linearity and sensitivity of
the instrument.
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Therefore, we define the general volatility bounds of the IVOC and SVOC species with 1	
  
the grey-scale bar shown along the top of the figure.  Bottom panel: total mass 2	
  
spectrometric signal for different mass concentrations of injected straight-chain C8-C20 n-3	
  
alkane standard, demonstrating the linearity and sensitivity of the instrument. 4	
  
 5	
  
  6	
  

 7	
  
Figure 3.  Desorption profiles for representative aliphatic (C6H13

+) and aromatic (C9H7
+) 8	
  

ion fragments obtained from neat fuel injections of JP-8 and FT.  As expected based on 9	
  
their chemical compositions, aliphatic signal is high for both fuels, whereas aromatic 10	
  
signal is significant only for JP-8.  11	
  
 12	
  
 13	
  
 14	
  
 15	
  
 16	
  
 17	
  
 18	
  
 19	
  
 20	
  

Fig. 3. Desorption profiles for representative aliphatic (C6H+
13) and aromatic (C9H+

7 ) ion frag-
ments obtained from neat fuel injections of JP-8 and FT. As expected based on their chemical
compositions, aliphatic signal is high for both fuels, whereas aromatic signal is significant only
for JP-8.
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 1	
  
 2	
  
 3	
  
 4	
  
 5	
  
 6	
  
 7	
  
 8	
  

 9	
  
Figure 4. Timeline showing the sample collection/desorption cycles during the 30 March 10	
  
2011 power sweep: jet engine power setting, measured CO2 level at 143 m, collection 11	
  
temperature, collection period and total organic ion signal.  Elevated CO2 levels recorded 12	
  
at the 143 m inlet position are shown in the middle panel with the dashed line 13	
  
demarcating the ambient CO2 background concentration. 14	
  

Fig. 4. Timeline showing the sample collection/desorption cycles during the 30 March 2011
power sweep: jet engine power setting, measured CO2 level at 143 m, collection temperature,
collection period and total organic ion signal. Elevated CO2 levels recorded at the 143 m inlet
position are shown in the middle panel with the dashed line demarcating the ambient CO2
background concentration.
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 1	
  
 2	
  
Figure 5.  Desorption profiles of total organic signal, divided by CO2 enhancement to 3	
  
account for dilution, for each engine power condition.  Inset shows the desorption 4	
  
profiles for engine powers ≥ 30%.   5	
  

Fig. 5. Desorption profiles of total organic signal, divided by CO2 enhancement to account for
dilution, for each engine power condition. Inset shows the desorption profiles for engine powers
≥ 30 %.
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 1	
  
 2	
  
Figure 6. Emissions of I/SVOCs as a function of engine power. Upper panel: power-3	
  
dependent emission indices of I/SVOCs (measured with the present method), THC 4	
  
(measured with FID at 1 m) for each engine, and the sum of total VOCs (as estimated 5	
  
from measurements of C2H4 using the SPECIATE inventory) and I/SVOCs as a function 6	
  
of engine power.  Lower panel: power-dependent ratios of measured I/SVOCs to total 7	
  
organic emissions.  Two ratios are displayed, one based on the measured THC values and 8	
  
a second estimate from the scaled C2H4 measurements. 9	
  
 10	
  

Fig. 6. Emissions of I/SVOCs as a function of engine power. Upper panel: power-dependent
emission indices of I/SVOCs (measured with the present method), THC (measured with FID at
1 m) for each engine, and the sum of total VOCs (as estimated from measurements of C2H4
using the SPECIATE inventory) and I/SVOCs as a function of engine power. Lower panel:
power-dependent ratios of measured I/SVOCs to total organic emissions. Two ratios are dis-
played, one based on the measured THC values and a second estimate from the scaled C2H4
measurements.
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 1	
  
Figure 7.  Selected desorption profiles at 7% engine power.  Right axis: total organic ion 2	
  
signal.  Left axis: key marker ions of aliphatic (C6H13

+), aromatic (C9H7
+, C7H7

+), and 3	
  
oxygenated (C2H4O2

+) organic species.     4	
  
 5	
  

Fig. 7. Selected desorption profiles at 7 % engine power. Right axis: total organic ion signal. Left
axis: key marker ions of aliphatic (C6H+

13), aromatic (C9H+
7 , C7H+

7 ), and oxygenated (C2H4O+
2 )

organic species.
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1	
  

 2	
  
Figure 8. Key classes of measured I/SVOCs, as determined from PMF analysis of the 3	
  
high-resolution mass spectra collected across all desorption temperatures and engine 4	
  
powers. Left column: power-dependent desorption profiles for each of the three PMF 5	
  
factors.  Right column: each factor’s corresponding mass spectrum.  Results obtained 6	
  
from higher engine powers (≥ 30%) are shown separately for clarity. From these mass 7	
  

Fig. 8. Key classes of measured I/SVOCs, as determined from PMF analysis of the high-
resolution mass spectra collected across all desorption temperatures and engine powers. Left
column: power-dependent desorption profiles for each of the three PMF factors. Right col-
umn: each factor’s corresponding mass spectrum. Results obtained from higher engine powers
(≥ 30 %) are shown separately for clarity. From these mass spectra, and particularly the ap-
proximate O : C and H : C ratios, the three factors are broadly classified as (A) aliphatic, (B)
aromatic and (C) oxygenated organic species.
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spectra, and particularly the approximate O:C and H:C ratios, the three factors are 1	
  
broadly classified as A) aliphatic, B) aromatic and C) oxygenated organic species. 2	
  
 3	
  
 4	
  
 5	
  
 6	
  

 7	
  
Figure 9.  Desorption profiles of emissions from a single engine burning FT fuel only 8	
  
(7% power).  The three PMF factors are the same as shown in Figure 8.  9	
  
	
  10	
  
	
  11	
  

Fig. 9. Desorption profiles of emissions from a single engine burning FT fuel only (7 % power).
The three PMF factors are the same as shown in Fig. 8.
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