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Determination of Volatility Distributions of Primary
Organic Aerosol Emissions from Internal Combustion
Engines Using Thermal Desorption Gas Chromatography

Mass Spectrometry

Albert A. Presto, Christopher J. Hennigan, Ngoc T. Nguyen,

and Allen L. Robinson

Center for Atmospheric Particle Studies, Carnegie Mellon University, Pittsburgh, Pennsylvania, USA

A new technique for measuring the primary organic aerosol
(POA) emissions from internal combustion engines is presented.
The method combines thermal-optical OC/EC analysis and ther-
mal desorption gas chromatography mass spectrometry (TD-GC-
MS) of quartz filter samples collected using a dilution sampler to
quantify the total emissions of low-volatility organics and to dis-
tribute them across the volatility basis set. These data can be used
in conjunction with partitioning theory to predict the gas-particle
partitioning and thus the total amount of POA over the entire range
of atmospheric conditions. The approach is evaluated using POA
emissions data from two gas-turbine engines and one diesel genera-
tor. To evaluate the new method, we directly measured the effects of
temperature and concentration on gas-particle partitioning of the
emissions from each. Predictions based on the volatility distribu-
tions derived from the filter analyses are consistent with the direct
partitioning measurements. The new approach represents a major
improvement over the traditional assumption of nonvolatile POA
emissions, which over predicts actual POA emissions from these
sources by a factor of 2—4 at typical ambient concentration and
temperature. By using quartz filter samples, this new technique is
designed to be applied to routine source test data. Volatility dis-
tributions derived using this new approach can also be applied
directly to the large catalog of quartz filter data used by exist-
ing emission inventories and models. The emissions data derived
from this approach are designed for use in the next generation of
chemical transport models and emissions inventories that employ
the volatility basis set approach to explicitly track the gas-particle
partitioning of POA emissions.
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1. INTRODUCTION

Internal combustion engines emit a complex mixture of
organic compounds that span a wide range of volatility
(Hildemann et al. 1991; Schauer et al. 1999; Presto et al. 2011).
The portion of these emissions that partitions into the condensed
phase is known as primary organic aerosol (POA). A significant
fraction of the POA emissions from many sources is semivolatile
at atmospheric conditions (Robinson et al. 2010). Therefore,
the gas-particle partitioning of POA evolves as emissions move
away from the hot, concentrated conditions at the engine exit to
cooler, more dilute downwind conditions (Robinson et al. 2007,
2010). Gas-particle partitioning of semivolatile organics, and
thus the amount of POA, also varies with changing atmospheric
temperature and particle concentrations. Dynamic gas-particle
partitioning complicates interpretation of emissions data mea-
sured using dilution samplers, which are generally not operated
at atmospheric conditions (Robinson et al. 2010). Therefore,
accurate characterization of POA emissions requires measure-
ments that characterize its semivolatile nature and that can be
used to predict the changes in gas-particle partitioning over the
entire range of atmospherically relevant conditions.

The gas-particle partitioning of POA in the atmosphere is
controlled by absorptive partitioning theory (Pankow 1994;
Donahue et al. 2006). The POA emission factor (EFppa) can
be written as

% -1
€ m) [1]

EFpoa = EFtor ) f; (1 +—
Zi: Coa

where EFror is the total (gas + particle) emissions of low-
volatility organic material, f; is the mass fraction of species i in
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these emissions, and C;* is the effective saturation concentration
of species i (related to saturation vapor pressure). Equation (1)
indicates that gas-particle partitioning depends on atmospheric
conditions: the organic aerosol concentration (Cps) and tem-
perature (via the Clausius-Claperyon equation). A challenge is
that speciated (f;) and thermodynamic (C;*) data only exists for
a small fraction of the emissions; therefore, Equation (1) cannot
be directly applied to real emissions. In practice, Equation (1)
is used in a semiempirical fashion with a set of surrogate or
lumped species that describes the measured partitioning behav-
ior of the emissions (Shrivastava et al. 2006; Grieshop et al.
2009). This surrogate set of compounds is often represented us-
ing a one-dimensional volatility basis set (Donahue et al. 2006),
which distributes the low-volatility organics over a logarithmi-
cally spaced set of bins of effective saturation concentration,
C*. The set of f;’s is referred to as the volatility distribution of
the emissions.

Partitioning theory indicates that to predict the contribution
of emissions to atmospheric OA one needs to know both EFror
and the set of f;. The range of C* bins varies from study to study,
though in many cases C* = 10~ ug m~3 is the lowest volatil-
ity bin (Donahue et al. 2006; Grieshop et al. 2009; Riipinen
et al. 2010; Ranjan et al. 2012). While some of the emissions
have even lower volatility (C* < 1072 ug m~3), this material is
condensed at essentially all atmospheric conditions and there-
fore can be lumped into the C* = 1072 ug m~3 bin. The upper
limit of C* depends on the application. An upper limit of C*
= 10? ;1g m~ should be adequate to describe POA partitioning
in the atmosphere (but not necessarily in dilution samplers or in
high concentration plumes). This manuscript focuses on charac-
terizing that part of the distribution. Quantifying the emissions
in bins up to C* = 10° ug m~3 is required to describe the pro-
duction of secondary organic aerosol from vapors co-emitted
with POA (Donahue et al. 2006) or gas-particle partitioning at
very high concentrations (hundreds of g m™3).

The standard approach for determining the volatility distri-
bution of POA is to directly measure changes in its gas-particle
partitioning by systematically varying either the temperature or
concentration of the exhaust. This has been done with dilution
samplers (Lipsky and Robinson 2006; Grieshop et al. 2009),
thermodenuders (Huffman et al. 2008, 2009; Grieshop et al.
2009), and smog chambers (Grieshop et al. 2007; Ranjan et al.
2012). The data are then fit using absorptive partitioning theory
to determine the volatility distribution (f;) and total emissions
(EFtor). However, there are several drawbacks with this ap-
proach. It requires a large number of gas-particle partitioning
measurements made over a wide range of conditions (tempera-
ture and Cpa ), which is time consuming and therefore difficult
to employ for routine source testing. Uncertain evaporation ki-
netics and sampling artifacts can complicate interpretation of
dilution measurements, especially at atmospherically relevant
Coa (Lipsky and Robinson 2006; Grieshop et al. 2009). Wall
losses can limit the range of Cpa available in smog chamber di-
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lution experiments (Grieshop et al. 2007, 2009). Interpretation
of thermodenuder data is complicated by uncertainty in the en-
thalpy of vaporization (A Hy) and uncertain evaporation kinetics
of the aerosol (An et al. 2007; Stanier et al. 2007; Cappa and
Jimenez 2010; Saleh et al. 2011). Finally, fits of the gas-particle
partitioning data are not unique (Cappa and Jimenez 2010); a
large number of combinations of f;, EFror, and AHy can satisfy
the same data.

A need exists for a method to determine volatility distribu-
tions from combustion sources that is both fast and offers unique
volatility distributions. Of particular interest are techniques that
can be applied to filter samples that are routinely collected dur-
ing source characterization experiments. Gas chromatography
is widely applied to analyze filter samples to characterize or-
ganic aerosol chemical composition. Gas chromatography can
also be used to determine vapor pressures of individual nonpolar
and semipolar compounds (Jensen and Schall 1966; Hinckley
et al. 1990). Recent articles have used gas chromatography to
classify organic aerosol volatility (Isaacman et al. 2011) and to
investigate gas-particle partitioning of individual semivolatile
species (Williams et al. 2010). However, we are not aware of
any research that has investigated if gas chromatography data
can be used to quantitatively predict the gas-particle partitioning
of the entire POA.

In this article, we demonstrate that thermal desorption gas
chromatography mass spectrometry (TD-GC-MS) analysis of
quartz filter samples can be used to quantitatively predict gas-
particle partitioning of POA emissions from internal combustion
engines. First, we present direct measurements of gas-particle
partitioning of POA emissions for three combustion sources: a
diesel engine and two gas-turbine engines. Second, we derive
volatility distributions (f;) from TD-GC-MS analysis and EFtor
from thermal-optical OC/EC analyses of quartz filter samples
collected using a dilution sampler. Finally, we compare predic-
tions based on these data and partitioning theory (Equation (1))
to the direct measurements of gas-particle partitioning.

2. MATERIALS AND METHODS

Experiments were performed to characterize the gas-particle
partitioning of POA emissions from a CFM56-2B1 gas turbine
engine mounted on a KC-135 Stratotanker airframe (Presto et al.
2011), a T63 gas-turbine engine mounted in a test cell (Drozd
etal. 2012), and a small diesel generator (Yanmar L-A series air-
cooled 1-cylinder, 4-cycle 6.6 hp) (Lipsky et al. 2006; Grieshop
et al. 2009; Ranjan et al. 2012). Source specific details, such as
engine load and fuel composition, are described in the online
supplemental material.

The gas-particle partitioning of the POA emissions from
each source was investigated at different levels of dilution under
isothermal conditions inside a smog chamber using the approach
of Ranjan et al. (2012). A thermodenuder was used to quantify
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FIG. 1. Schematic of experimental setup. Hot, undiluted emissions are sam-

pled into a heated transfer line (150°C) and split into two flows. One portion of
the flow is sent to a dilution tunnel for collecting filter and sorbent samples. The
other portion of the exhaust is sent through an ejector dilutor and into a smog
chamber to measure equilibrium POA partitioning.

the effects of temperature on gas-particle partitioning. The par-
titioning data are compared to predictions based on volatility
distributions derived from gas chromatography of quartz filter
samples.

The basic experimental set up has been described previ-
ously (Presto et al. 2011; Ranjan et al. 2012). Briefly, high-
temperature, undiluted exhaust from a source was sampled into
a 12.7 mm (0.5 inch) O.D. heated transfer line constructed of
stainless steel (Figure 1). The length of the transfer line var-
ied from 2- (diesel engine) to 25-m (CFMS56) depending on
the source. The transfer line was held at 150°C to reduce ther-
mophoretic and condensational losses. At the end of the transfer
line, the exhaust flow (~20 slpm) was split into two. One por-
tion (~8-10 slpm) was rapidly mixed with dried, HEPA- and
activated-carbon-filtered air using a dilution tunnel operating
at a dilution ratio of approximately 10:1 (Lipsky and Robin-
son 2006), which essentially reduced the emissions to ambient
temperature. Samples of diluted exhaust were collected from
the dilution sampler using two sample trains: (1) a quartz filter
(47 mm, Tissuquartz 2500 QAOUP) followed by a Tenax TA
sorbent tube; and (2) a Teflon filter followed by a quartz filter
to estimate sampling artifacts. A CO, monitor (Model LI-820,
Li-Cor Biosciences) was used to measure the CO, concentration
in the dilution sampler.

The remainder of the exhaust in the transfer line (10-12
slpm) was diluted using two ejector diluters (Dekati, Model DI-
1000) operating on conditioned air heated to 150°C and then
transferred into a 7-m? Teflon smog chamber that was initially
filled with dried, HEPA and activated carbon filtered air. The
exhaust was added either as a series of small aliquots or as a
constant stream at low flow (~5-10 slpm) (Ranjan et al. 2012).
When it entered the chamber, the exhaust rapidly mixed with
the air inside the chamber, which cooled the exhaust to ambi-
ent temperature. Each aliquot of exhaust increased the aerosol
concentrations inside the chamber, shifting gas-particle parti-
tioning of semivolatile organics to the particle phase (Ranjan
et al. 2012).
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A suite of instrumentation was used to characterize the
gas- and particulate-phase pollutants inside the smog chamber.
Data from a scanning mobility particle sizer (SMPS, TSI, Inc.,
St. Paul, MN, USA) and an Aerodyne quadrupole aerosol mass
spectrometer (AMS) were used to measure particle concen-
trations. A seven-channel aethalometer (Model AE-31, Magee
Scientific, Berkeley, CA, USA) was used to measure black car-
bon (BC). Aerosol volatility was measured using a custom-built
thermodenuder system based on the design of An et al. (2007)
(Grieshop et al. 2009). The thermodenuder consisted of a stain-
less steel heating section (2.7 cm ID x 65 cm L) followed by
an activated carbon filled cooling/stripping section (An et al.
2007). The centerline residence time of the heated section of the
thermodenuder was 18.6 s at ambient temperature. The aerosol
from the chamber was alternately sampled through the ther-
modenuder or an ambient temperature bypass line every 15 min
using the AMS and SMPS.

2.1.
2.1.1.

The quartz filters were analyzed using a Sunset Laboratories
OC/EC analyzer using the IMPROVE-A protocol (Chow et al.
2007) and with a Thermal Desorption System (TDS, Gerstel
Inc., Baltimore, MD, USA) and Cooled Injection System (CIS)
coupled to a gas chromatograph equipped with a mass-selective
detector (Agilent 6890 GC and 5975 MSD). Before TD-GC-MS
analysis, each filter sample was spiked with a deuterated internal
standard to track analyte recovery. The internal standard con-
tained five-deuterated n-alkanes ranging from n-hexadecane-
d34 (Cy6D34) to n-hexatriacontane-d74 (CsgD74).

The GC was equipped with an Agilent HP-5ms capillary
column, which primarily separates nonpolar analytes by boil-
ing point. Therefore, elution time provides a measure of the
volatility (Jensen and Schall 1966; Hinckley et al. 1990).
The TD-GC-MS system was operated to quantify compounds
spanning eight orders of magnitude in volatility (C* from
101072 ug m™3). Details on the TD-GC-MS analysis pro-
cedure are in the online supplemental material.

Data Analysis Methods
Filters and Sorbents

2.1.2.  Calculation of Emission Factors

The particle data measured in both the dilution sampler and
smog chamber are reported as fuel-based emission factors (par-
ticle mass per unit mass of fuel burnt) calculated using a fuel
carbon mass balance

po Pl MWco, o 2]
[ACO,] MW

[P] is the pollutant concentration, [ACO,] is the background-
corrected CO, concentration, MWco,/MWc is the ratio of the
molecular weight of CO, to C, and Cy is the mass fraction of
carbon in the fuel (0.85-0.87 for the fuels used here). This anal-
ysis assumes that all of the fuel carbon is emitted as CO,.
Small amounts of fuel carbon are emitted as CO or either
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gas- and condensed-phase organic compounds, but this material
contributes <2% to the overall carbon mass balance for the
sources discussed here.

2.1.3. Smog Chamber Wall Losses
To calculate emission factors using measured smog cham-
ber concentrations, the data must be corrected for losses to the

chamber walls. We use the approach described in Ranjan et al.
(2012) (Equation (3)).

dCsus

= _kw Cous + Pous [33]
dt
dcC
8 = e Cans + Pua [3b]
dt
Cy
Pyan = isus_a" [3c]

sus

Briefly, correcting for loss of particle mass is straightforward;
a first order wall loss rate is determined from the BC data (k,,)
which is then applied to the measured aerosol mass (Cgys). This
assumes that the aerosol is internally mixed and that emissions
of BC are stable over the course of the experiment. Correcting
for the loss of semivolatile organic vapors to organic aerosol
deposited on the chamber walls is more uncertain. The treat-
ment of vapor losses to wall-bound particles has been discussed
extensively in the literature (Weitkamp et al. 2007; Hildebrandt
et al. 2009), and two cases are typically considered. The lower
limit (w = 0 in Equation (3c)) assumes that particles lost to
the wall are no longer in phase equilibrium with the suspended
particles and organic vapors. Under this assumption, there is no
loss of vapors to the wall-bound particles, and the concentra-
tion of wall-bound organic aerosol (Cyqy) is simply calculated
from first-order kinetics. This method results in a lower bound
estimate of the wall-loss corrected particle mass.

The other case (w = 1 in Equation (3c)) assumes that wall-
bound particles remain in phase equilibrium with the suspended
particles and organic vapors. Thus, all particles, whether sus-
pended or wall-bound, have the same composition (e.g., all
particles have the same OA:BC ratio). Because the exhaust is
either added continuously or as a series of successive aliquots
and the suspended organic aerosol concentrations are typically
small (<20 ug m~3), the suspended mass is generally larger than
the mass on the walls, which minimizes the difference between
these two wall loss assumptions. We present the second case
(w = 1) here, which is currently the most common method for
wall loss corrections used in smog chamber tests of secondary
organic aerosol formation.

Neither of the two wall loss corrections described above ac-
counts for the direct loss of semivolatile vapors to the chamber
walls (Loza et al. 2010; Matsunaga and Ziemann 2010). Mat-
sunaga and Ziemann (2010) reported that semivolatile organic
compounds partition to the chamber walls reversibly accord-
ing to Henry’s Law, and that the loss of organic vapors to the
chamber walls occurred even in the absence of suspended or
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wall-bound organic particles. The loss of semivolatile vapors to
the chamber walls would alter the gas-particle partitioning of
the suspended organic aerosol, leading to lower observed or-
ganic aerosol concentrations than under “wall free” conditions.
However, the direct loss of vapors to the chamber walls appears
to be composition dependent (Loza et al. 2010; Matsunaga and
Ziemann 2010), with lower losses for reduced compounds. For
example, Matsunaga and Ziemann (2010) reported that approx-
imately 20% of the mass of C;¢ n-alkane vapors was lost to the
wall versus approximately 60% mass loss for a C;3 alcohol (the
greatest reported loss). The semivolatile emissions from inter-
nal combustion engines are dominated by reduced compounds
(Schauer et al. 1999); therefore, n-alkanes are presumably a
reasonable approximation for the composition of the emissions.
Using the method outlined by Matsunaga and Ziemann (2010),
their values for n-alkanes, and concentrations typical of the
experiments presented here, we calculate that 20-30% of the
particle mass in the C* = 100 ug m~3 bin will be lost to the wall
after 100 min. Less than 10% of the particle mass will be lost
for lower C* bins. The total mass loss (gas + vapor) to the walls
reaches 20-40% for 10~ < C* < 100 g m~3, though much of
this mass is lost from the vapor phase and not the particle phase.
Therefore, direct losses of vapors are not expected to signifi-
cantly influence POA concentrations in these experiments.

3. RESULTS AND DISCUSSION

3.1. Direct Measurements of Gas-Particle Partitioning
of POA Emissions

Figure 2 shows in-chamber equilibrium partitioning data
measured by adding small aliquots of diluted exhaust from the
diesel generator to the smog chamber. After each injection, the
wall-loss corrected organic aerosol concentration (Cpga ) initially
rose and then fell to a steady state value due to mixing inside the
chamber. The plateaus in Coa following each aliquot of exhaust
indicate the equilibrium partitioning of the organic aerosol.

Figure 2b presents the data from Figure 2a using a partition-
ing plot, which is a scatter plot of POA emission factor ver-
sus Coa. As expected from partitioning theory (Equation (1)),
EFppa monotonically increases with increasing Coa. In addi-
tion, the magnitude of the increase is large (a factor of 4 with
a factor 30 increase in exhaust concentration), clearly demon-
strating that a large fraction of the POA emissions from this
diesel generator are semivolatile, consistent with earlier work
(Lipsky and Robinson 2006; Shrivastava et al. 2006; Grieshop
et al. 2009; Ranjan et al. 2012). The BC emission factor (not
shown), which is nonvolatile and thus not influenced by parti-
tioning, is constant as a function of Cpa (Ranjan et al. 2012).
For this test, Coa was determined from both AMS and SMPS
data. The SMPS estimates use the density of the lubricating oil
used in the diesel generator (0.8 g ml~!) and assume spherical
particles. The two instruments yielded Cps values within the
measurement uncertainties; the SMPS data are shown as points
in Figure 2.
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FIG. 2. In-chamber equilibrium partitioning data from a diesel generator ex-
periment. Panel (a) shows the time series of measured CO;, concentration,
suspended organic aerosol concentration, and wall-loss corrected Cpa. Panel
(b) is a partitioning plot of the data from panel (a). It shows POA emission factor
(EFpoa) as a function of Cpa. The thick black line shows the predicted EFpoa
from the OC/EC and TD-GC-MS analysis of a quartz filter samples (Table S3).
The dashed black line shows the predicted EFpoa when IVOC emissions cap-
tured by a Tenax sorbent bed placed downstream of the quartz filter are included
in the partitioning calculation.

Figure 3 presents partitioning plots of smog chamber data for
the T63 and CFM56 engines. The Cps and POA emission factor
for in-chamber partitioning measurements were estimated from
SMPS data assuming unit density and correcting for the contri-
butions from BC (Presto et al. 2011). The BC correction works
well when the OA:BC ratio is greater than approximately 10:1.
This is the case for the diesel generator or the T63 operating on
FT fuel at idle load (dilution tunnel OA:BC = 30.5). However,
for lower OA:BC ratios, such as the T63 engine using JPS8 fuel
(Figure 3c, dilution tunnel OA:BC = 5.1), the BC correction
is less accurate. The AMS could not be used to measure the
in-chamber Co, in the gas-turbine experiments because a large
fraction of the emissions were smaller than 60 nm and there-
fore fall outside of the AMS transmission window (Jayne et al.
2000).
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FIG. 3. Partitioning plots for (a) T63 engine, Fischer Tropsch (FT) fuel at idle

load; (b) T63 engine, blended fuel at idle load; (c) T63 engine, JP8 fuel, Idle
load; and (d) CFM56 engine, JP8 fuel, 4% load. The large point in the upper
right of each panel is the artifact-corrected (quartz minus quartz behind Teflon
filter) POA emission factor measured with filter samples from a dilution tunnel.
The horizontal black dashed line shows the nonvolatile POA assumption. The
small points indicate in-chamber partitioning data. Filled points in all panels are
from SMPS data corrected for interference from BC. Crosses in panel (c) are
AMS data. The multiple shapes (diamonds and triangles) in panel (d) indicate
separate experiments. The thick black line is the predicted EFpos from TD-
GC-MS analysis of quartz filter samples. The shaded region shows the range of
EFpoa predictions for the mean volatility distributions and the range of EFror
in Table S3. The thin black lines show the predicted EFppa when the 20%
undesorbed mass is placed into a nonvolatile bin, as described in the text. The
OA:BC ratios measured in the dilution tunnel for each of the panels were (a)
30.5, (b) 7.8, (c) 5.1, and (d) 8.2. OA:BC ratios were about a factor of two
lower in the chamber than in the dilution tunnel because of differences in OA
partitioning.

The POA emission factor for both gas-turbine engines mono-
tonically increases with increasing Cpas. Therefore, similar to
the diesel engine, a large fraction of the POA emissions from
the two gas-turbine engines is also semivolatile. We believe that
uncertainty with the BC correction to the SMPS data contributes
to the POA emission factor measured during the JPS8 idle test in
Figure 3c having a flatter shape as a function of Cpa, as opposed
to the monotonically increasing EFpps shown in the other pan-
els of Figure 3. This may also be the result of adsorptive, rather
than absorptive, partitioning dominating at lower OA:BC ratios
(Goss and Schwarzenbach 1998; Dachs and Eisenreich 2000;
Lohmann and Lammel 2004; Roth et al. 2005). For that test, the
AMS measurements are also included as crosses to serve as a
lower bound for the in-chamber measurements because a large
fraction of the POA mass was in particles smaller than 60 nm
and therefore are not detected by the AMS.

To illustrate the dramatic effects of changes in partitioning,
Figure 3 also plots a traditional POA emission factor based on
quartz filter data collected from the dilution sampler. The filter
data have been corrected for sampling artifacts (bare quartz filter
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minus a quartz behind Teflon filter [Subramanian et al. 2004]).
The horizontal black dashed line indicates the expected behav-
ior if the artifact corrected POA collected on the filter from the
dilution sampler was nonvolatile, which is the standard assump-
tion of most models and emissions inventories. The nonvolatile
assumption clearly does not match the measured changes in
partitioning.

For the gas-turbine engines, the POA emissions measured
in-chamber are significantly smaller (by up to a factor of 4)
than the artifact corrected POA emission factors measured in
the dilution tunnel (Figures 3a, b, and d). This difference is
due to partitioning—the Cpp levels in the chamber span the
atmospherically relevant range (roughly 1-20 ug m~3) versus
the much higher concentrations in inside the dilution sampler
(Coa = 50400 ng m~3). Therefore, the data indicate that up
to 80% of the artifact corrected POA emissions measured using
a quartz filter sampler collected from a dilution sampler exist
as vapor in the atmosphere. The fraction is even higher if one
considers the bare (nonartifact corrected) quartz filter.

Figure 4 shows the effect of temperature on gas-particle par-
titioning for the gas-turbine experiments presented in Figure
3. The data are plotted as thermograms—POA mass fraction
remaining (MFR) as a function of temperature in the thermode-
nuder. In every experiment, 60% or more of the POA evaporates
upon mild heating. This further demonstrates the semivolatile
nature of the POA emissions from these sources.

The full set of emissions measurements (tunnel + cham-
ber + thermodenuder) show that EFpp, increases with Cpoa or
decreases with temperature. This is indicative of absorptive or-
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FIG. 4. Thermograms, plots of POA mass fraction remaining (MFR) as a
function of thermodenuder temperature, for the gas-turbine experiments shown
in Figure 3. The symbols are measured MFR from the smog chamber. Black lines
are predicted MFR using the volatility distributions listed in Table S3. The grey
lines in panels (a—c) show the modeled MFR for particles composed entirely
of the lubricating oil used in the T63 engine. The dashed black line in panel
(c) shows the effect of assuming that the undesorbed material is nonvolatile, as
discussed in the text.
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ganic partitioning of the emissions, and further evidence that
defining a single, nonvolatile OA emission factor from dilution
tunnel data can overestimate the POA emissions observed at
ambient Cpa (Robinson et al. 2007, 2010).

3.2. Determination of Volatility Distributions
from TD-GC-MS Analysis of Quartz Filter Samples

Gas chromatography has been used to determine vapor pres-
sures of individual nonpolar and semipolar compounds (Jensen
and Schall 1966; Hinckley et al. 1990). In this section, we apply
it to classify the volatility of the organic emissions collected on
a quartz filter.

Figure 5b shows a selected ion mode TD-GC-MS chromato-
graph for m/z 57 from a quartz filter sample from the T63 engine
operating at idle load on JP8 fuel. M/z 57 (C4Hy™) is a fragment
produced from electron impact ionization of reduced hydrocar-
bons; it is the most abundant signal in the mass spectrum from
the quartz filter samples. The chromatograms of other mass frag-
ments associated with hydrocarbons (m/z 43, 55, 83, etc.) are
essentially the same as m/z 57.

Approximately 90% of the signal in Figure 5b, and there-
fore, a similar portion of the organic mass collected on the
quartz filter, elutes as a pair of broad humps often referred
to as the unresolved complex mixture (UCM). The first hump
corresponds to approximately Cj, to Cyg hydrocarbons and
is presumably mostly adsorbed vapors (artifact). The second
hump corresponds to approximately Cy3 to Css hydrocarbons.
UCM is thought to be composed of a mixture of branched
and cyclic hydrocarbons that cannot be separated by traditional
one-dimensional gas chromatography (Hildemann et al. 1991;
Schauer et al. 1999).

To interpret the m/z 57 chromatograms, we developed a cal-
ibration for C* as a function of GC elution time using a suite
of standard compounds, including normal, branched, and cyclic
alkanes, naphthalene and substituted naphthalanes, 3- and 4-
ring polycyclic aromatic hydrocarbons, aromatic oxygenates,
hopanes, and acids. These data are shown in Figure 5a.

A single C* calibration curve can be used to bin the GC-
MS data for aliphatic compounds (normal, branched, and cyclic
alkanes and hopanes) and naphthalanes into the basis set. PAHs,
aromatic oxygenates, and acids do not fall along the same C*
calibration curve as the aliphatic compounds and naphthalanes.
This may be driven by differences in polarity (Isaacman et al.
2011) that shift elution times for the PAHs and aromatic oxy-
genates. However, these compounds make up a small fraction
of the speciated organic emissions (<5%) (Schauer et al. 1999;
2002). Therefore, we assume that the UCM is mainly comprised
of hydrocarbons and not more polar species, such as PAHs.

To derive the volatility distribution for the emissions col-
lected on a quartz filter, the m/z 57 chromatograph is binned
based on elution time using the C* calibration shown in
Figure 5a. Essentially, we are assuming that the C* versus elu-
tion time relationship for the UCM is the same as our calibration
based on the analysis of individual aliphatic compounds. The
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FIG. 5. (a) C* as a function of GC residence time for a number nor-
mal, branched, and cyclic alkanes, naphthalane and substituted naphthalenes,
hopanes, oxygenated aromatics, and acids. Vertical dashed lines denote the
boundaries of C* bins. Numbers at the top of the bins indicate log(C*) for each
bin. More volatile components (higher C*) have shorter retention times. (b) M/z
57 chromatograph of a filter sample collected from the T63 engine operating
on JP8 fuel at idle load. (c) Volatility distribution, presented as f; (left axis) and
emission factor (right axis) derived from data shown in panel (b). EFror, the
total emission rate of low-volatility organic material, is the sum of the bars.
Error bars show the standard deviation obtained from the analysis of multiple
samples with the same engine and load conditions.

boundaries of the bins are shown as vertical grey bars in Figures
5a and b. The mass fraction of the organics in each bin (f;) is
defined based on the relative fraction of m/z 57 signal in each
bin, after correction for recovery of the deuterated standard.
Following the approach of Shrivastava et al. (2006), the total
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emission rate (EFpor) is estimated as 1.2 times the OC deter-
mined from OC/EC analysis of the quartz filter. The set of f; and
EFror values can then be used in conjunction with Equation (1)
to predict EFpps over a wide range of atmospheric conditions.
Before comparing predictions inferred from the quartz fil-
ter data, we discuss a number of uncertainties that underlie the
approach. It assumes that the m/z 57 chromatograph is represen-
tative of the volatility distribution of the entire POA. This is a
critical assumption. We evaluate it by comparing the predictions
based on the volatility distributions derived from TD-GC-MS
analysis to direct measurements of gas-particle partitioning. If
the emissions contained a significant fraction of highly polar
species and/or species that do not generate m/z 57 upon ion-
ization in the mass spectrometer, the volatility distributions de-
termined from m/z 57 alone may not accurately reproduce the
actual gas-particle partitioning, and other ions would need to
be included in the analysis. If, for example, the emissions con-
tained a substantial fraction of PAH or organic acids, a separate
C* versus retention time calibration curve would be required
for that portion of the emissions (Figure 5a). This may be the
case for wood smoke or ambient samples. For example, Hays
et al. (2004) used m/z 57, 91, 134, 142, 184, 200, and other
ions to apportion UCM for residential wood burning samples,
and observed significant differences in the chromatographs for
hydrocarbon (m/z 57) versus PAH (e.g., m/z 200) portions of
the UCM. However, for the internal combustion engines tested
here, m/z 57 is the most abundant ion in the mass spectrum,
suggesting that the emissions are dominated by hydrocarbons.
Furthermore, other fragments associated with the UCM signal
and m/z indicative of other moieties such as m/z 55 for cyclic hy-
drocarbons elute at the same time as m/z 57, and therefore, do not
add additional information beyond what is provided by the m/z
57 chromatograph. In addition, the total integrated m/z 57 signal
is linearly correlated (R? = 0.74) with OC mass concentration
as determined by OC/EC analysis (Figure S2), suggesting that
the m/z 57 signal is a reasonable proxy for the total organic mass
on the filter for internal combustion engine exhaust samples.
One uncertainty is the efficiency of the thermal desorption
of organic material from the filter. Incomplete desorption may
occur because the maximum temperature in TD-GC-MS analy-
sis (320°C) may be too low to extract all of the organics from
the filter. Pyrolysis could also affect thermal desorption, but
it is less of a concern for largely nonpolar emissions samples
with limited inorganic constituents (Yu et al. 2002). The thermal
desorption efficiency was investigated by reanalyzing the filter
punches in the OC/EC analyzer after analysis by TD-GC-MS.
This provided a quantitative measure of any residual carbon
left on the filter. After correcting for EC, only 10-20% of the
OC was not desorbed from the quartz filters in the TD-GC-MS
analysis. The potential effects of this undesorbed material on
the inferred volatility distribution are discussed below.
Another uncertainty is that a fraction of the organics col-
lected a quartz filter may not elute from the GC column. This
is a major problem for samples that contain large amounts of



1136

oxygenated compounds, such as in wood smoke (Schauer et al.
2001) or ambient aerosols (Rogge et al. 1993). Fortunately, POA
emissions from petroleum-fuel fired engines are mainly com-
prised of reduced and semipolar compounds. Hildemann et al.
(1993) compared results from GC-FID analysis of derivatized
and underivitized extracts to assess the fraction of highly polar
and/or unelutable material. For fossil fuel fired sources (diesel
engines, gasoline engines, fuel-oil boiler), they report that 80%
or more of the mass eluted in the underivitized sample, indicat-
ing excellent recovery.

Based on the C* calibration curve, the first UCM hump in
Figure 5b is composed of intermediate volatility organic com-
pounds (IVOCs, 10° < C* < 10% g m~3). Given its high volatil-
ity it should exist as vapors in both the ambient atmosphere and
in the dilution tunnel. We believe that these vapors have adsorbed
to the quartz filter (sampling artifact). This material contributes
36% the m/z 57 signal in Figure 5b, which is comparable to the
sampling artifact estimated using a quartz behind Teflon filter
(28% of bare quartz filter mass for this experiment).

The C* calibration curve indicates that the second UCM
hump (56% of m/z 57 signal) in Figure 5b is comprised mainly of
SVOCs (semivolatile organic compounds, 103 < C* < 107! ug
m~3). These species actively partition between the vapor and
condensed phases both in the atmosphere and the dilution tunnel.
The changes in gas-particle partitioning of these SVOCs with
dilution drives the changes in POA emission factors shown in
Figures 2 and 3. The abundance of SVOCs in the chromatograph
of the filter samples is further evidence of the semivolatile nature
of the POA emissions. Finally, a small fraction (8% of the m/z
57 signal) of the emissions have C* < 1072 1g m~3, and exist
as POA in both the ambient atmosphere and the dilution tunnel.

Figure 5c presents the volatility distribution derived for the
chromatograph shown in Figure S5b. As expected, a large fraction
of the emissions collected on a quartz filter are classified as
SVOCs. Figure S1 shows volatility distributions for the T63
engine operating at cruise load on JP8 fuel and for the lubricating
oil used in the T63. The volatility distribution of the SVOC
emissions at idle load are similar to the lubricating oil used in the
engine (Figure S1c), suggesting that lubricating oil constitutes
a substantial fraction of the POA emissions at idle. Previous
measurements indicate that lubricating oil is a major component
of gas-turbine engine POA (Yu et al. 2010; Presto et al. 2011).

3.3. Predicted Versus Measured Partitioning

In this section, we compare direct measurements of POA
partitioning (data in Figures 2—4) to predictions of POA par-
titioning based on the volatility distributions derived from the
TD-GC-MS analysis of quartz filter samples. The thick black
lines in Figures 2b and 3 show predicted EFppa based on EFror
determined from OC/EC analysis and f; determined from in-
tegration of the TD-GC-MS m/z 57 chromatograph. Tables of
the volatility distributions and EFpor used for the calculations
are contained in the supplemental materials. The shaded areas
in Figures 2 and 3 show the range in predicted POA emission

A. A. PRESTO ET AL.

factors for a constant volatility distribution (e.g., the mean dis-
tributions in Table S3) and a range of EFror, determined from
samples collected from multiple engine runs at the same fuel
and load conditions.

For the diesel generator data shown in Figure 2b, there is rea-
sonable agreement between the predicted and observed EFpoa
for Con < ~25 ug m—3. Therefore, the approach works well
over essentially the entire atmospherically relevant range of
Coa. However, the predicted EFppp is lower than the observa-
tions at higher Cop.

We believe that part of the discrepancy between the observed
and predicted EFppa for Coa > 45 ug m3 may be the result
of IVOC species partitioning to the aerosol phase at high Coa,
specifically emissions in the C* = 10? g m~— bin. Data from
the backup Tenax tubes indicates that quartz filters only capture
a portion of this material (Figure S3), which primarily exists as
vapor in the sampling system. The dashed black line in Figure 2b
shows the impact of including IVOC emissions from the Tenax
sorbent sample on the predicted EFpps. Adding the contribution
of IVOCs from the sorbent sample accounts for 20% of the
difference between the measured EFppa and the prediction from
the filter sample alone at Coa =45 g m—>. The under prediction
for Coa > 45 ng m™3 may also be due in part to increased
uncertainty in the wall loss correction.

Figure 3 compares predicted and measured partitioning for
POA emissions from the T63 and CFM56 engines. There is good
agreement between the predicted and observed EFppa for both
the T63 engine operating on FT fuel (Figure 3a) and the CFM56
engine (Figure 3d). The artifact corrected filter data are also
predicted within 10-15%, which is well within the uncertainty
of both the prediction and the artifact correction.

For the T63 operating on blended fuel (Figure 3b), the pre-
dicted EFppa is about 20% higher than the in-chamber data,
but within 10% for the dilution tunnel data. The slope of the
predicted POA emissions and the in-chamber data are similar,
suggesting that the volatility distribution may be correct but that
EFror may be overestimated.

The worst agreement occurs for the T63 operating on JP8
fuel (Figure 3c). As discussed above, the in-chamber Cpp for
this case is more uncertain because of higher BC concentrations.
However, the predicted EFppa is much closer to the chamber
data (AMS and SMPS) than the traditional, nonvolatile POA
emission factor estimated from filter data. The predicted EFpoa
also lies between the SMPS and AMS estimates. The SMPS
estimate for EFpg, is relatively flat. This may be the result of
the difficulties with the BC correction discussed above, or may
be the result of adsorption and/or slow evaporation of organic
material from the BC surface (Goss and Schwarzenbach 1998;
Dachs and Eisenreich 2000; Lohmann and Lammel 2004; Roth
et al. 2005). The AMS data do not exhibit a flat profile of
EFpoa because the addition of exhaust to the chamber causes
the particles to grow via condensation. This increases the size
of the particles, thereby increasing the fraction of the particles
larger than 60 nm (and therefore detected by the AMS), and
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gives the AMS data the appearance that EFpps monotonically
increases. The predicted EFppa agrees with the dilution tunnel
measurements.

The lines in Figure 4 are predicted changes in partitioning
with temperature using the thermodenuder model of Riipinen
et al. (2010). The inputs to the model were the volatility distri-
butions determined from the TD-GC-MS analysis (Table S3),
and the Cpa and particle median diameter from the chamber
measurements. The enthalpy of vaporization was varied with
C* according to AH,(C*) = —11 log(C*393x) + 85 kJ mol~!
(Ranjan et al. 2012). The black lines show the model predictions
for the volatility distributions determined from the emissions.
Grey lines in Figures 4a—c show the model results for the volatil-
ity distribution of the lubricating oil used in the T63 engine. The
similarity between the model predictions for the measured emis-
sions and the lubricating oil are further indication that the POA
from the T63 contains a large oil component.

The CFM56 data (Figure 4d) have the best agreement be-
tween modeled and measured MFR. The model accurately pre-
dicts MFR at 40°C, but over predicts MFR at 60°C and 80°C
by 20-30%. This is consistent with the agreement observed in
the in-chamber partitioning data (Figure 3d). Similar agreement
was observed for the diesel volatility distribution derived by
this method and previously published thermodenuder data for
the same engine (Figure S4) (Grieshop et al. 2009; Ranjan et al.
2012).

The poorest agreement is observed for the T63 FT Idle ex-
periment (Figure 4a). The model over predicts the MFR at 40°C
by a factor of 1.5 and at 60°C by a factor of 3. This is puz-
zling because of the strong agreement between the predicted
and measured EFppp for this case (Figure 3a). While the model
over predicts the MFR at 40 and 60°C, it accurately captures the
near-total evaporation at 80°C.

The T63 blend Idle and T63 JP8 Idle cases (Figures 4b and c)
show similar behavior. The model over predicts MFR at 40 and
60°C by up to 20%. For each case, the measured MFR reaches
0.4 at 60°C, but does not increase at 80°C. This may be the re-
sult of adsorption becoming more important as organic material
evaporates from the particles. At high OA:BC ratios, the organic
partitioning is dominated by absorptive partitioning, and the en-
thalpy of vaporization (AH,) is the primary barrier to evapora-
tion (Pankow 1994; Donahue et al. 2006). However, as OA:BC
falls, adsorption of organics to the BC core becomes more impor-
tant. Adsorption carries an additional enthalpy (Pankow 1994).
Therefore, an aerosol subject to both absorption and adsorption
will exhibit higher MFR in the thermodenuder. The model does
not account for adsorption. In the atmosphere, POA partitioning
is thought to be largely an absorptive process.

Overall the agreement between measured and predicted POA
partitioning in Figures 2—4 is good, but not perfect. However,
in all cases, it is much better than the current assumption of
nonvolatile POA used in most models and emission inventories.
The nonvolatile POA assumption applied to artifact corrected
filter measurements systematically over predicts the observed
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EFpoa. Most inventories do not account for organic artifacts,
and instead use EFppa as the emissions collected on a bare
quartz filter. In such cases, the over prediction will be even
larger than that shown in Figures 3 and 4. Note the difference
in scale—in this work, we define EFyor from a bare quartz
filter, whereas the inventories define the same quantity as EFpga.
The data presented here indicate that 60-80% of traditionally
defined POA exist as vapors in atmosphere (Robinson et al.
2007; Robinson et al. 2010).

As noted above, 10-20% of the organic mass does not desorb
from the filter during the TD step of the TD-GC-MS analysis.
The thick black lines in Figures 2b and 3 are based on the mea-
sured distribution, and therefore, assume that any undetected
mass (due to either incomplete thermal desorption or poor elu-
tion) has the same distribution as the measured material. The
thin black lines in Figure 3 show predictions assuming that the
20% of the emissions that do not desorb are nonvolatile. With the
possible exception of the T63 JP8 idle case (Figure 3c), treat-
ing the residual mass as nonvolatile leads to substantial over
prediction (by as much as a factor of 2.5) of the in-chamber par-
titioning data (Figure 3). Assuming that the undesorbed mass is
nonvolatile also does not systematically improve the prediction
of the dilution tunnel filter data. Figure 4c shows the impact
of this assumption on the TD model predictions as a dashed
black line. Assuming that the undesorbed mass is nonvolatile
leads to an approximately 50% over prediction of the MFR at 40
and 60°C. The effect is similar for the other cases in Figure 4.
Therefore, it appears that for the sources tested here, the m/z 57
signal of the quartz filter sample provides a reasonable estimate
of the POA volatility distribution.

4. CONCLUSIONS

This article demonstrates a new technique to characterize the
POA emissions from internal combustion engines. The method
combines OC/EC and TD-GC-MS analyses of quartz filter sam-
ples to determine both the total emissions of low volatility organ-
ics (EFtor) and their volatility distribution (f;). These data can
be used in conjunction with partitioning theory (Equation (1))
to predict the changes in POA emissions over the entire range
of atmospheric conditions. Figures 2—4 demonstrate that this
approach can reproduce the measured changes in gas-particle
partitioning of POA emissions from three sources over a wide
range of atmospherically relevant conditions.

The new technique represents a major advancement over the
traditional approach used to characterize POA emissions, which
is based on OC/EC analysis of quartz filter samples collected
using a dilution sampler. Those emissions are commonly treated
as nonvolatile in models and inventories—essentially assuming
that the gas-particle partitioning of the POA inside the dilution
sampler is representative of the full range of atmospheric con-
ditions. The data in this and other articles (Lipsky and Robin-
son 2006; Robinson et al. 2007, 2010; Grieshop et al. 2009)
demonstrate that for many sources this is a poor assumption.
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For example, for the three sources tested here, assuming non-
volatile POA overestimates EFpps by a factor of 2—4. In addi-
tion, the traditional approach does not account for the variability
in gas-particle partitioning of POA with changing atmospheric
conditions.

The new technique also represents an important step for-
ward from previous research-grade approaches used to charac-
terize the volatility distribution of POA emissions from internal
combustion sources (Shrivastava et al. 2006; Grieshop et al.
2009; Cappa and Jimenez 2010; Ranjan et al. 2012), which re-
quire making many gas-particle partitioning measurements over
a wide range of conditions. This is extremely resource inten-
sive, and therefore, not suitable for routine source testing. The
new method requires an additional analytical step of standard
quartz filter samples. We expect this method to work well for
other fossil-fuel sources, such as gasoline and diesel powered
vehicles (May et al. in prep). More evaluation, and perhaps the
addition of other ions besides or in addition to m/z 57 (Hays et al.
2004), is needed for emissions with more polar species, such as
biomass burning emissions or for analyzing ambient samples.

There are many advantages to basing the new method on the
analysis of quartz filter samples. It can be easily applied to exist-
ing source test data, which routinely collect quartz filters, and to
historical filter samples. Furthermore, the volatility distributions
derived from this technique can be directly applied to the large
number of quartz filter POA emission factors already used to by
models and emission inventories. A shortcoming with the quartz
filter based approach is that it does not quantitatively collect all
of the low volatility organics. This would require combining the
filter samples with sorbent measurements, an approach that will
be addressed in a future manuscript. The data in this article indi-
cate that this does not appear to be problem from the perspective
of predicting gas-particle partitioning of POA at atmospheric
conditions, but a quartz filter based approach will not capture
a large portion of the low-volatility organic vapors that are im-
portant for secondary organic aerosol formation (Donahue et al.
2006; Robinson et al. 2007). Therefore, comprehensive source
characterization will require sorbent samples.
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