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ABSTRACT: Dynamometer experiments were conducted to characterize the § 4.21 LVOCs ‘¢ SVOCS,F_ IVOCs _,-
intermediate volatility organic compound (IVOC) emissions from a fleet of on- 8 [ X
road gasoline vehicles and small off-road gasoline engines. IVOCs were ”E 06 3
quantified through gas chromatography/mass spectrometry analysis of . E
adsorbent samples collected from a constant volume sampler. The dominant @ 0.4 g
fraction (>80%, on average) of IVOCs could not be resolved on a molecular 'E 2
level. These unspeciated IVOCs were quantified as two chemical classes ¢ 0-2 3
(unspeciated branched alkanes and cyclic compounds) in 11 retention-time- 2 g
based bins. IVOC emission factors (mg kg-fuel ™) from on-road vehicles varied E 0.0 =

<2101 2 3 45 627

widely from vehicle to vehicle, but showed a general trend of lower emissions
for newer vehicles that met more stringent emission standards. IVOC emission Log (C*) (ug m-S)

factors for 2-stroke off-road engines were substantially higher than 4-stroke off-

road engines and on-road vehicles. Despite large variations in the magnitude of emissions, the IVOC volatility distribution and
chemical characteristics were consistent across all tests and IVOC emissions were strongly correlated with nonmethane
hydrocarbons (NMHCs), primary organic aerosol and speciated IVOCs. Although IVOC emissions only correspond to
approximately 4% of NMHC emissions from on-road vehicles over the cold-start unified cycle, they are estimated to produce as
much or more SOA than single-ring aromatics. Our results clearly demonstrate that IVOCs from gasoline engines are an
important class of SOA precursors and provide observational constraints on IVOC emission factors and chemical composition to
facilitate their inclusion into atmospheric chemistry models.

B INTRODUCTION Accounting for IVOCs in SOA models is complicated by the
lack of emissions data. A challenge is that IVOC emissions from
LDGVs are dominated by unresolved complex mixture (UCM)
of coeluted compounds that cannot be speciated when analyzed
by traditional gas chromatography/mass spectrometry.'” Total
IVOCs (both speciated IVOCs and IVOC UCM) must be
measured to capture the characteristics of IVOC emis-
sions.”'”'” Measurements of total IVOCs have been made
for LDGVs manufactured prior to 1995,'” but no quantitative
information on volatility and chemical characteristics of the

Emissions from on-road light-duty gasoline vehicles (LDGVs)
are a major contributor to secondary organic aerosol (SOA) in
urban environments.' Single-ring aromatic compounds (C4-
C,) are traditionally thought to be the dominant class of SOA
precursors emitted from LDGVs.*® However, only a small
fraction of SOA formed during photo-oxidation of dilute
LDGV exhaust in a smog chamber is explained by single-ring
aromatic compounds.”® Gordon et al.” hypothesized that the

unexplained SOA production was due to emissions of IVOC UCM was reported, which is important for predicting

additional SOA precursors, such as intermediate volatility SOA formation.”'®"? Furthermore, implementation of new

organic compounds (IVOCs), not commonly included in emissions standards has dramatically reduced organic emissions

atmospheric chemistry models. from LDGVs over the past two decades.'®'” A recent study
IVOCs are a group of compounds with saturation measured IVOC emissions from on-road vehicles in a traffic

concentrations roughly corresponding to C,,-C,, n-alkanes.”"" tunnel,”” but it is difficult to isolate the contribution of LDGVs

Photo-oxidation experiments indicate that individual IVOCs from diesel vehicles in tunnel data.

form SOA efficiently."' ™' The substantial contributions of

IVOCs to SOA formation have been suggested by experiments Received: December 21, 2015

in a traffic tunnel'® and downwind of a highway16 and recently Revised:  March 13, 2016

substantiated by measurements of IVOCs in the urban Accepted: March 29, 2016

atmosphere.10 Published: March 29, 2016

ACS Publications  © 2016 American Chemical Society 4554 DOI: 10.1021/acs.e5t.5006247
3 Environ. Sci. Technol. 2016, 50, 4554—4563


pubs.acs.org/est
http://dx.doi.org/10.1021/acs.est.5b06247

Environmental Science & Technology

To investigate their contribution to SOA formation, IVOC
emissions have been estimated by scaling nonmethane
hydrocarbons (NMHCs), primary organic aerosol (POA),
and/or speciated IVOC emissions.”"***" However, these
estimates are poorly constrained because of the lack of
emissions data.”*'® For example, estimates of IVOC emissions
based on scaling POA emissions are a factor of 7 lower than
those based on scaling naphthalene emissions. '

Off-road engines are becoming an increasingly important
source of air pollutants in urban environments.” For example,
NMHC emission factors from small off road engines (SOREs)
can be 2 orders of magnitude greater than modern LDGVs."”
We are not aware of any measurements of total IVOC
emissions from SOREs.

In this study, IVOC emissions from LDGVs and SOREs
were collected during chassis and engine dynamometer testing.
Adsorbent samples were comprehensively analyzed to provide
quantitative information on the mass, volatility, and chemical
composition of IVOCs.”'? The relationships between IVOCs
and other pollutants were examined to develop methods for
estimating IVOC emissions from existing data. SOA production
from measured IVOCs was predicted and compared to that
from single-ring aromatic compounds and SOA measured in
photo-oxidation experiments with dilute exhaust.

B MATERIALS AND METHODS

Fleet, Fuel, and Test Cycles. IVOC emissions from
LDGVs and SOREs were measured during chassis and engine
dynamometer testing at the California Air Resources Board
(CARB) Haagen-Smit Laboratory. Detailed information on the
test fleet, fuel and test cycles has been reported elsewhere.'”**
Only a brief description is provided here.

The LDGYV test fleet consisted of 42 vehicles recruited from
the in-use California fleet. It spanned a wide range of model
years (1984—2012), vehicle types, engine technologies and
aftertreatment technologies (Supporting Information (SI)
Table Sla). For discussion, these vehicles were categorized
based on their model years (MY) into “Pre-LEV” (MY prior to
1994), “LEV1” (MY from 1994 to 2003) and “LEV2” (MY in
2004 and later) vehicles. The LEV designation here was only
used to refer to a range of model years; it does not necessarily
refer to the low-emission vehicle standards. For example, some
of the “LEV1” vehicles were certified as Tier 1 (not LEV1)
vehicles (SI Table Sla). However, these labels still provide a
general indication related to increased stringency of emission
standards.””

All LDGVs were tested using commercial summertime
California gasoline and the cold-start united cycle (UC, SI
Figure Sla)."” A subset of LDGVs (n = 5) was also tested using
hot-start cycles to investigate impacts of driving cycles on
IVOC emissions (SI Table S1). Three of these vehicles were
tested using a hot-start UC (SI Figure S1b); the other two
vehicles were tested using both an arterial and a freeway cycle
(SI Figure Slc, d).

IVOC emissions were also measured from five SOREs used
in lawn and garden equipment, including two 2-stroke and
three 4-stroke engines manufactured between 2002 and 2006
(SI Table S1b). These engines met relevant emission standards,
but none of them was equipped with any aftertreatment device.
The test cycles for these engines depended on engine size and
application; the SOREs were tested following CARB
procedures for engine certification (SI Table S1b). The same
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commercial summertime gasoline was used during SORE
testing.lg’23

Emission Characterization. The entire exhaust during
each test was diluted inside a constant volume sampler (CVS)
using ambient air treated by high-efficient particulate filters. In
separate experiments, dynamic blanks were also collected to
investigate the potential contribution of background organic
vapors to IVOC measurements. Detailed description of the
experimental setup and measurement of traditional pollutant
data was discussed elsewhere.”'”**?*

IVOCs were collected by sampling dilute exhaust from the
CVS through a quartz filter immediately followed by two
adsorbent tubes, all connected in series.” This sampling train
was housed in a heated sampling box (47 =+ S °C) mimicking
the CFR86 protocol. Dynamic blanks (both filters and
adsorbent tubes) were collected when the CVS was operated
on dilution air (no exhaust) for the same period as a standard
driving cycle. Prior to sampling, the quartz filters were prefired
at 550 °C in air for at least 12 h and adsorbent tubes were
thermally regenerated at 320 °C in the helium flow to reduce
their organic background. After sampling, the quartz filters and
adsorbent tubes were stored at —18 °C until analysis.

Quantification of IVOCs. The adsorbent samples were
analyzed by gas chromatography/mass spectrometry (Agilent
6890 GC/5975 MS) using a capillary GC column (Agilent HP-
SMS, 30 m X 0.25 mm) and a thermal desorption and injection
system (Gerstel, Baltimore, MD) (SI).”"?

Figure la shows chromatograms of a typical adsorbent
sample. Straight chain alkanes (n-alkanes) and polycyclic
aromatic compounds (PAHs) dominate the mass of speciated
IVOC:s, but they only account for a small fraction of the total
IVOC mass (Figure la, b). Therefore, quantification of total
IVOCs cannot be achieved through speciation analysis.

The mass of total IVOCs (speciated + UCM) was
determined using the approach of Zhao et al.”'® (SI). Briefly,
the total ion chromatogram of each adsorbent sample was
separated into 11 roughly equal width retention time bins. Each
of these bins centered on the retention time of an n-alkane
(C15-Cy,) and was referred to as the B, IVOC bin where “n”
was the carbon number of the n-alkane in that bin (Figure 1a).
The total IVOC mass in each bin was determined using the
integrated total ion current for that bin and the total ion current
response factor for the n-alkane in that bin (Figure 1b). The
uncertainty of using n-alkanes as surrogate standards for the
total IVOC mass was estimated to be less than 17% for alkanes
and 31% for PAHs based on the analysis of a suite of standard
compounds (SI). Following quantification of the total IVOCs,
the mass of IVOC UCM was determined by the difference
(total IVOC mass minus speciated IVOCs). The IVOC UCM
was further classified into unspeciated branched alkanes (b-
alkanes) and unspeciated cyclic compounds in each of 11 bins
using information from the mass spectrum (Figure 1b, S1).710

The quartz filter samples were analyzed by GC/MS using the
same method, except that the thermal desorption temperature
used for the filter analysis was 300 °C instead of 275 °C for
adsorbent samples. The quartz filter samples were also analyzed
by a Sunset Laboratory EC/OC Carbon Aerosol Analyzer
model 3. The OC mass from the EC/OC analysis was
converted to OA by multiplying a factor of 1.2.°%*

Volatility distributions of IVOCs, semivolatile organic
compounds (SVOCs) and low-volatility organic compounds
(LVOCs) were derived from the GC/MS data using the n-
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Figure 1. (a) Chromatograms from GC/MS analysis of an adsorbent
tube sample collected during a typical light duty gasoline vehicle cold-
start UC test. The vertical dashed lines mark the width of each
retention-time bin. The number indicates the carbon number of the n-
alkane in that bin. (b) IVOC EFs in each retention-time based bin for
the sample shown in panel (a). (c) Average mass spectrum of the
chromatogram shown in panel (a). The mass fragments labeled in blue
and red in panel (c) are associated with aliphatic and aromatic
compounds, respectively.

alkane in each bin as the surrogate for the saturation
concentration of all organics in that bin.”"°

Emission Factors. Fuel-based emission factors (EF, mg/kge-
fuel) of IVOCs were calculated using the carbon-mass-balance
approach. The total fuel carbon in the tailpipe emissions was
calculated by summing the carbon in the background-corrected
CO,, CO and NMHC concentrations measured in the CVS
reported in May et al."’

The IVOC concentrations measured in the dilute exhaust
were not corrected for dynamic blanks. The dynamic blank
corresponds to an IVOC EF of 5.3 + 1.1 mg/kg-fuel, based on
the average fuel consumption across all UC tests. This
corresponds to less than 3%, on average, of the IVOC EF for
Pre-LEV vehicles and off-road engines, and less than 18% and
23% of the IVOC EF for LEV1 and LEV2 vehicles. A challenge
is that these blanks likely represent the upper limit of
contributions of background IVOCs because operating the
CVS on clean air promotes evaporation of organics lost to the
sampling system walls."”
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B RESULTS

IVOC Emission Factors. Figure 2a compiles the total
IVOC EFs for LDGVs tested over the cold-start UC. Although
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Figure 2. (a) Box-whisker plot of total (speciated + UCM) IVOC EFs
for on-road light duty gasoline vehicles operated over the cold-start
UC and small off-road engines (SOREs); and (b) mean chemical
composition of IVOCs; and (c) box-whisker plot of mass fraction of
IVOCs in each retention-time bin. In (a) and (c), the boxes represent
the 75th and 25th percentiles with the centerline being the median.
The whiskers are the 90th and 10th percentiles. The error bars in (b)
are one standard deviation of the mean.

there is a substantial vehicle-to-vehicle variation, newer vehicles
that meet more stringent emission standards have, on average,
lower IVOC emissions than older vehicles. For example, the
median IVOC EF for LEV1 and LEV2 vehicles is 72% and 87%
lower than the median Pre-LEV vehicle, respectively. These
chan$es mirror the reduction in NMHC emissions in this
fleet.”

Five vehicles were tested on both hot- and cold-start cycle.
As expected, hot-start cycles have lower NMHC emissions than
cold-start tests (SI Figure S2a). However, this was not always
observed for IVOCs (SI Figure S2b). For example, the average
ratio of hot-start-to-cold-start IVOC emissions is 1.2 + 0.2
(average + one standard deviation) versus 0.27 + 0.18 for
NMHC emissions for the three LDGVs tested over both hot-
and cold-start UC. The disproportionate change in IVOC
versus NMHC EFs between hot- and cold-start cycles is
unexpected. It is not an artifact of background contamination.
The hot-start IVOC EF is at least a factor of 3 greater than the
average dynamic blank, except for one arterial test (SI Figure
S2b). Instead, it may indicate that catalytic converters have
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different removal efficiencies for NMHCs and IVOCs."” The
number of paired hot- and cold-start tests in this test program is
relatively small; therefore, more research is needed on the
effects of test cycles on IVOC emissions.

Figure 2a also compares the total IVOC EFs for SOREs and
LDGVs. The highest IVOC EFs were measured during 2-stroke
SORE tests. IVOC EFs for 4-stroke engines vary widely,
overlapping with the emissions from Pre-LEV and LEVI
vehicles. The median IVOC EF from 2-stroke and 4-stroke
SORE:s is 271 and S1 times greater than the median for LEV2
vehicles, respectively. This difference means that SOREs are
likely an important source of IVOCs, even though SOREs, such
as lawn and garden equipment, only use about 2% of the
gasoline consumed by LDGVs.”® For example, if on-road fleet
consisted entirely of LEV2 vehicles, then our data indicates that
SOREs would contribute over 50% of total IVOCs from on-
road and off-road gasoline engines.

Chemical Composition of IVOCs. Figures 2b and SI
Figure S3 compare the chemical composition of IVOC
emissions from LDGVs and SOREs (data are in SI Table
S2). Speciated IVOCs include n-alkanes, b-alkanes, n-
alkylcyclohexanes, n-alkylbenzenes, and unsubstituted and
substituted PAHs (SI Table S3). In total these species
contribute, on average, less than 20% of the total (speciated
+ unspeciated) IVOC emissions. Naphthalene and substituted
naphthalenes (C,;-C;,) dominate the emissions of speciated
IVOCs.

Unspeciated IVOCs (UCM) account for 83% to 89%, on
average, of the total IVOC emissions from each class of engines
(SI Figure S3a). IVOC UCM was classified into unspeciated b-
alkanes and unspeciated cyclic compounds in each of 11
retention time bins (Figure 1a, SI Table S3). Unspeciated cyclic
compounds are the dominant class of IVOCs, contributing
between 59% (LEV2) and 79% (2-stroke SORE) of the total
IVOC emissions (SI Figure S3a). For LDGVs, the fractions of
unspeciated b-alkanes and unspeciated cyclic compounds are
consistent between hot- and cold-start cycles.

Figure 2c shows the distributions of IVOCs in the 11
retention-time bins. The distributions are heavily skewed
toward more volatile IVOCs, with about half of the emissions
in the B, bin. The LDGV IVOC distributions do not depend
on test cycle (cold versus hot start cycles). There are some
differences in IVOC emissions in the lower volatility bins (B,,—
B,,). For example, the median fraction of IVOCs in the lower
volatility bins follows the order of LEV2 > LEV1 > Pre-LEV
vehicles (SI Figure S4). Although the mass fraction of IVOCs
in these lower volatility bins is small (less than 10%, on
average), their contribution to SOA production could be
important.

Additional information on IVOC composition can be
extracted from the average mass spectra of IVOCs. Figure 1c
presents the average mass spectrum of the IVOCs collected
during one LDGV test. The most abundant mass fragments
have an m/z greater than 90. These mass fragments are
associated with aromatic compounds; for examples, m/z 91,
105, and 119 are major fragments of alkylbenezenes.”” These
aromatic mass fragments are more abundant than those
produced by electron ionization of aliphatic compounds:
C,H,,,; and C,H,,_; (for example, m/z 57 and 55).”°
Therefore, aromatic compounds are likely an important
component of LDGV IVOC emissions. SI Figure S5 illustrates
that IVOC emissions from all LDGVs have similar mass
spectral signatures.
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IVOC composition also varies with volatility. SI Figure S6
presents the average mass spectra of IVOCs in two volatility
ranges, B),—B ¢ and Bj;—B,,. The mass spectra indicate that
aromatic compounds are primarily present in the higher
volatility (Bj,—Bys) bins while mass fragments of aliphatic
compounds are more abundant in the B;,—B,, bins. Therefore,
unspeciated cyclic IVOCs in the lower volatility bins (B;;—B,,)
are predominantly cyclic alkanes versus aromatic compounds in
the higher volatility bins (B;,—Bs).

Estimating Total-IVOC Emissions Using Other Emis-
sion Data. Previous studies have estimated total IVOC
emissions for SOA modeling by scaling traditional emission
data, including POA, NMHCs, and speciated organics.2'4’21 The
quality of these estimates is uncertain due to the lack of direct
measurements of total IVOC emissions. The comprehensive
measurements performed here allow for a quantitative
evaluation of the relationships between IVOCs and other
pollutants. In this section we discuss scaling factors for IVOCs
using NMHC and POA data. Correlations with speciated
IVOC:s are discussed in the SIL

Relationship between Total IVOCs and NMHCs. TVOC and
NMHC EFs are strongly correlated. For LDGVs operated over
the cold-start UC, a linear regression yields a slope (average
IVOC-to-NMHC ratio) of 0.04 + 0.02 and an R* of 0.92
(Figure 3a). A similarly strong correlation exists for SOREs (R*
= 0.94) with the average IVOC-to-NMHC ratio of 0.03 + 0.02.

The IVOC-to-NMHC ratio in LDGV emissions depends on
driving cycle. LDGV IVOC-to-NMHC ratios over the hot-start
cycles are greater than those over the cold-start UC; for
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Figure 3. Correlation of total (speciated + UCM) IVOC EFs to (a)
NMHC and (b) POA EFs measured during all on-road vehicles and
offroad engine tests. The insets in (a) and (b) present the average
IVOC-to-NMHC and IVOC-to-POA ratio for each source group. The
shaded area in (a) and (b) is the range of 0.5—2 times the slope (the
solid line).

DOI: 10.1021/acs.est.5b06247
Environ. Sci. Technol. 2016, 50, 4554—4563


http://pubs.acs.org/doi/suppl/10.1021/acs.est.5b06247/suppl_file/es5b06247_si_001.xlsx
http://pubs.acs.org/doi/suppl/10.1021/acs.est.5b06247/suppl_file/es5b06247_si_001.xlsx
http://pubs.acs.org/doi/suppl/10.1021/acs.est.5b06247/suppl_file/es5b06247_si_001.xlsx
http://pubs.acs.org/doi/suppl/10.1021/acs.est.5b06247/suppl_file/es5b06247_si_001.xlsx
http://pubs.acs.org/doi/suppl/10.1021/acs.est.5b06247/suppl_file/es5b06247_si_001.xlsx
http://pubs.acs.org/doi/suppl/10.1021/acs.est.5b06247/suppl_file/es5b06247_si_001.xlsx
http://pubs.acs.org/doi/suppl/10.1021/acs.est.5b06247/suppl_file/es5b06247_si_001.xlsx
http://pubs.acs.org/doi/suppl/10.1021/acs.est.5b06247/suppl_file/es5b06247_si_001.xlsx
http://pubs.acs.org/doi/suppl/10.1021/acs.est.5b06247/suppl_file/es5b06247_si_002.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.5b06247/suppl_file/es5b06247_si_001.xlsx
http://pubs.acs.org/doi/suppl/10.1021/acs.est.5b06247/suppl_file/es5b06247_si_001.xlsx
http://dx.doi.org/10.1021/acs.est.5b06247

Environmental Science & Technology

example, the average IVOC-to-NMHC ratio across all hot-start
tests is 0.17 + 0.12 versus 0.04 + 0.02 for cold-start tests.
Further studies are needed to investigate IVOC emissions
during hot-start cycles given the limited number of tests
performed here. However, our data suggest that the total IVOC
emissions from LDGVs would be underestimated if they are
based solely on IVOC-to-NMHC ratios measured during cold-
start tests.

Although IVOCs are a small fraction of NMHCs, an open
question is whether these IVOCs are included in the existing
NMHC EFs or if they are lost in the NMHC sampling
system.”” If they are lost, IVOC emissions need to be added to
the existing NMHC emissions data. Research is needed to
determine the contribution of IVOCs to existing NMHC
emissions.

The IVOC-to-NMHC ratios measured here are different
from the scaling factors developed by previous studies. For
example, Gentner et al.* proposed an LDGV IVOC-to-NMHC
ratio of ~0.01 based on the chemical composition of gasoline
fuels.” A higher ratio of ~0.02 was measured for LDGVs
manufactured prior to 1995."” These ratios are smaller than
those measured here and therefore underpredict the con-
tribution of LDGVs to atmospheric SOA. However, IVOCs are
overpredicted if one assumes that all unspeciated NMHCs are
IVOCs, which corresponds to an IVOC-to-NMHC ratio of
025.>"

Relationship between Total IVOCs and POA. IVOCs and
POA emissions are correlated (R* = 0.76) (Figure 3b) with an
IVOC-to-POA ratio of 6.2 + 4.4 for LDGVs over the cold-start
UC and 5.8 + 2.1 for SOREs. There is little variation in the
IVOC-to-POA ratios of Pre-LEV, LEV1, and LEV2 vehicles.
POA in these ratios is based on bare quartz filter samples
collected from the CVS, which is the basis for most POA
emission inventories. However, POA measured in this manner
(quartz filters collected from CVS) is not representative of
atmospheric POA due to the combination of sampling artifacts
and partitioning biases.”> We have not corrected the IVOC-to-
POA ratios reported here for those biases because the ratios are
intended for scaling existing emissions inventories.

The IVOC-to-POA ratios for LDGVs operated over hot- and
cold-start UC are similar (Figure 3b). For the subset of vehicles
tested over multiple test cycles, the average IVOC-to-POA ratio
is 7.3 + 4.9 for the cold-start UC versus 8.5 + 3.9 for the hot-
start UC. There are larger differences between the ratios
measured during arterial and freeway cycles (average ratio of
3.0 £+ 0.9) compared to the cold-start UC data but the number
of arterial and freeway experiments was small.

Previous studies have used an IVOC-to-POA ratio of 1.5 to
estimate IVOC emissions from both on-road gasoline and
diesel vehicles.”””” This ratio is based on emissions from a
small number of medium duty diesel vehicles.”” This ratio
underpredicts the IVOC emissions from the modern LDGVs
tested here by about a factor of 4. An IVOC-to-POA ratio of 1.5
also underpredicts IVOC emissions from modern on-road
diesel vehicles.”

Schauer et al.'” measured organic emissions from LDGVs
manufactured prior to 1995 operated over the cold-start UC;
these data yield an IVOC-to-POA ratio of 2.9, smaller than our
measurements for Pre-LEV vehicles. The difference may be due
to differences in sampling conditions between the two studies.
Schauer et al.'” collected filter samples at ~25 °C versus ~47
°C in our study. Lower sampling temperature favors collection
of SVOCs by quartz filters. The difference in IVOC-to-POA
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ratios may also be due to actual differences in emissions; given
that the pre-LEV vehicles tested here are much older and
higher mileage than the vehicles tested by Schauer et al.'”
Given the issues of filter sampling artifacts and partitioning
biases, we recommend estimating IVOC emissions by scaling
NMHC not POA emissions.

Volatility Distribution of Organics (C* < 3 x 10° ug/
m3). The sampling strategy employed here, a quartz filter
followed by two adsorbent tubes, captures all organics with an
effective saturation concentration (C*) < 3 X 10° pug/m?
corresponding to the By, bin.” The GC/MS data from these
media can be combined to derive the volatility distribution of
measured organics, which are classified into three groups based
on volatility: IVOCs (C* = 300—3 X 10° ug m™3, Table S4);
SVOCs (C* = 0.3—300 ug m™); and LVOCs (C* < 0.3 ug
m™>) (Figure 4).
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Figure 4. Volatility distribution of organics thermally desorbed by
GC/MS analysis of quartz filters and adsorbent tubes collected during
the tests for on-road gasoline vehicles operated over the cold-start UC.
The distribution is expressed as the mass fraction of the total organics
in the 107" to 10° g m™ bins. The boxes represent the 75th and 25th
percentiles with the centerline being the median. The whiskers are the
90th and 10th percentiles. The red-shaded area is the median mass
fraction of SVOCs collected by adsorbent tubes downstream of the
quartz filter. The gray-shaded area indicates the median mass fraction
of organics collected by quartz filters.

Figure 4 presents the volatility distribution of organic
emissions from LDGVs (SI Table $5).7*°° IVOCs are the
dominant component of the low volatility organic emissions
with an average contribution of 77 + 14%, followed by 21 =+
13% from SVOCs and ~2% from LVOCs.

Sampling Artifacts. It is well recognized that quartz filters
are prone to sampling artifacts.”> Organic vapors adsorbed onto
filters are positive sampling artifacts. Evaporation of organic
particulate matter creates a negative sampling artifact. The
combination of GC/MS analysis and collection of adsorbent
tubes allows investigation of these artifacts.

The GC/MS analysis reveals that a small fraction (less than
10% on average) of IVOCs was collected by quartz filters
(Figure 4). Under the sampling conditions of these experi-
ments, all of the IVOCs exist as vapors; therefore the IVOCs
collected on quartz filters are adsorbed vapors (a positive
sampling artifact from the perspective of measuring particulate
organic carbon).22 IVOC:s contribute 47%, on average, of total
organics collected by the quartz filter. SVOC vapors likely
contribute additional positive artifact. Positive sampling artifacts
can be corrected for using the organics collected by a quartz
filter behind a Teflon filter.”>*"
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Figure S. Primary emissions data and predicted SOA production from tailpipe emissions from LDGVs over the cold-start UC: (a) average primary
emissions normalized by IVOCs; (b) average predicted SOA-to-POA ratio as a function of photo-oxidation time; (c) scatter plots of predicted SOA
production versus the mass of precursor reacted (AHC) after 48 h photo-oxidation (see SI Figure S7). The slope of the lines in (c) indicates the
effective SOA yield for different classes of precursor. (d) Mass fraction of predicted SOA due to IVOCs as a function of photo-oxidation time; (e)
ratio of predicted to measured SOA during chamber experiments with dilute exhaust from LDGVs over the cold-start UC. The OH concentration

used in panels (b) to (d) is [OH] = 1.5 X 10° molecules cm™.

A comparison of the filter and downstream adsorbent
samples reveals that the quartz filters only collected only 37 +
26% of the total (filter + adsorbent) SVOC emissions (Figure
4). This is likely due to a large faction of SVOCs existing as
vapors at 47 °C, the sampling temperature used here and
specified by emission certification protocols (e.g, CFR 86).
Organic vapors are only partially collected by quartz filters.
Particulate matter evaporating from the filter (negative
sampling artifacts) may also contribute to the low collection
efficiency of SVOCs by the quartz filters. Substantial break-
through of SVOCs from quartz filters was also observed during
measurements of emissions from diesel vehicles without a
diesel particulate filter.” Some of the SVOC vapors not
collected by the quartz filters at 47 °C likely condense to form
POA in the atmosphere.

We also evaluated the recovery of LVOCs by the GC/MS
analysis by comparing the total organic mass quantified by GC/
MS analysis to results from EC/OC analysis of the same quartz
filter. A strong correlation is found between these two data sets
with an R* = 0.9 and slope = 0.7. The median of the ratios
between the GC/MS and EC/OC analysis for OA is 0.8. This
means that, on average, 20—30% of the organics collected on a
quartz filter during a LDGV test were unrecovered by the GC/
MS analysis. These unrecovered organics are presumably
LVOCs that did not desorb at 300 °C during the GC/MS
analysis (versus 580 °C during the EC/OC analysis). This
amount of unrecovered LVOCs is consistent with thermode-
nuder measurements.”” It is also similar to the recovery
measured durin§ analysis of samples collected in a traffic tunnel
(60% =+ 20%)” and for emissions in diesel vehicles (57% =+
29%).” In comparison to the total amount of low volatility
organics collected using quartz filters and Tenax sorbents, the
unrecovered LVOCs by the GC/MS analysis are small (only
2.6% of the organics in the volatility range from 3 X 1072 to 3 X
10° pug/m®). However, they can contribute significantly to POA
at the ambient conditions. We propose to include the
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unrecovered LVOCs in the 107 ug/m® volatility bin which
remains in the particle phase at atmospheric conditions (SI
Table SSb).

Our results highlight the challenges associated with sampling
low-volatility organics. In particular, sampling artifacts make it
challenging to define POA emissions using quartz filter
samples. The sampling strategy used here, quartz filter followed
by sorbent tubes, quantitatively collects all low-volatility
organics regardless of phase. Partitioning theory can then be
used to estimate the fraction of these organics in the gas and
particle phases. In addition, both EC/OC and GC/MS analysis
are required to quantify and characterize the organics collected
on the quartz filter samples.

SOA Production from IVOCs. In this section we estimate
the SOA production from IVOCs and compare it to similar
estimates for single-ring aromatics (SRAs) and results from
photo-oxidation experiments conducted as part of these
experiments.” These comparisons examine the importance of
IVOCs as SOA precursors and provide insights into the causes
for discrepancies between predicted and measured SOA
production.

The SOA mass (AM, mg/kg-fuel) formed over a period (At)

is estimated:”!!
AM = [HC] x (1 — ¢ Fonx[OHIxAy oy

where [HC] is the emission factor (mg/kg-fuel) of a SOA
precursor; koyy is the precursor OH reaction rate constant at 25
°C; [OH] is the OH concentration (molecules cm™); and Y is
the SOA mass yield under high-NO, conditions. The total SOA
formation is determined by summing the SOA mass formed
from all precursors. SOA vyields (Y) are based on published
smog chamber data''~'**’ and extrapolated to an OA
concentration of 9 ug/m> the average concentration at the
end of photo-oxidation experiments. The SOA yields and OH
reaction rates of speciated IVOCs and SRAs are listed in SI
Tables S6 and S7.
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For this analysis we only include speciated C¢—Cy SRAs in
the SOA model. These SRAs are the ones commonly included
in models; they are also measured in the atmosphere.'® Some
larger SRAs (>C,) were also measured during these tests,'” but
they contributed less than 10%, on average, of the C4—Cy SRA
emissions. Since some of these larger (>C,) aromatic
compounds could elute in the B, retention-time-based bin,
we did not include them in the SOA model to ensure there was
no double counting. This is a conservative assumption, which
means we may underestimate the total SOA formation.
Research is needed to better understand the relationship
between NMHC (collected using a Teflon bag) and IVOC
(collected using an adsorbent) measurements.

The SOA yields and OH reaction rate constants of IVOC
UCM are estimated following the approach of Zhao et al.”'’
This approach assigns surrogates to the unspeciated b-alkanes
and unspeciated cyclic compounds in each of the 11 retention
time bins (SI Table $8).”"° Surrogates are selected to account
for the effects of molecular structure and volatility on SOA
yields'>™"* and OH reactivity.”* For example, the SOA yield
and OH reaction rate constant of unspeciated b-alkanes in the
B, IVOC bin are represented by the C,_, n-alkane and C, n-
alkane, respectively.”'’

Both aromatic compounds and cyclic alkanes are likely major
contributors to unspeciated cyclic compounds in the Bj,—B¢
bins (SI Figure S6). Therefore, calculations are performed using
two different types of surrogates (n-alkanes and naphthalenes)
for the unspeciated cyclic compounds in these bins to bound
the potential SOA production. For the cyclic-alkane case, the C,
n-alkane is used as the surrogate for the unspeciated cyclic
compounds in the B, bin (SI Table S8a). For the aromatic case,
naphthalene or methylnaphthalenes are used as the surrogates
for the unspeciated cyclic emissions in the By)-B¢ bins (SI
Table S8b). For the higher bins (B and By4), n-alkanes are
used to represent SOA yields in the bins for both cases because
there is no data in the literature for SOA yields for C;- and C,-
naphthalenes. For both cases, n-alkanes are used to represent
the SOA yields and OH reaction rates of unspeciated cyclic
compounds in Bj;—B,, bins because the mass spectrum
suggests the IVOCs in those bins are dominated by cyclic
alkanes (SI Figure S6; Table S$8).”' In the following
discussion, the label “IVOC-cyclic” indicates IVOCs with the
cyclic alkane rich case and the label “IVOC-aromatic” indicates
IVOCs with the aromatic rich case.

LDGVs over the Cold-Start UC. Figure S summarizes the
results from the SOA modeling using LDGV cold-start UC
emissions data. Figure Sa presents the primary emissions data
from the average LDGV cold-start test that are used as inputs
to the model. These data have been normalized to the IVOC
EF. The average C4—Cy SRA EF is about 5 times higher than
IVOC EF and the average POA EF is about 15% that of
IVOCs. Given the strong correlations between IVOCs and
other pollutants (Figure 3), these average ratios are
representative of the relative abundance of different SOA
precursors across the entire set of cold-start LDGV tests.

Figure S5b shows the predicted SOA formation as a function
of time (assuming an average OH concentration of 1.5 X 10°
molecules cm™).”> The predicted SOA production exceeds
POA emissions after about 4 h photo-oxidation, and is 3.6
times greater than the POA emissions after 48 h photo-
oxidation. Therefore, the model predicts that SOA production
will dominate over POA emissions as a source of ambient
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organic aerosol, consistent with results from photo-oxidation
experiments with dilute exhaust.”

The SOA-to-POA ratio in Figure Sb likely underestimates
the actual ratio because SOA yields used here only account for
the SOA formation from quasi-first generation oxidation
products (i.e., no multigenerational aging) and do not correct
for the organic vapor wall losses.”**” In addition, the SOA-to-
POA ratio is based on POA emissions measured using bare
quartz filters collected from the CVS, which are biased high
relative to more dilute atmospheric conditions.”” Correcting for
sampling artifacts and partitioning biases would further increase
the SOA-to-POA ratio.

The largest contributor to SOA production from IVOCs is
unspeciated cyclic compounds followed by speciated IVOCs
and unspeciated b-alkanes (Figure Sb). Although the total
IVOC emissions are substantially less than C¢—Cy SRAs, the
predicted SOA production from IVOCs is comparable to that
of C4—Cy SRAs due to the much higher SOA yields of IVOCs
than C4—C, SRAs (Figure Sb, c).

Figure Sc plots the predicted SOA production versus reacted
precursor mass after 48 h of photo-oxidation. The SOA
production varies widely from vehicle to vehicle because of
differences in the magnitude in precursor emissions, not
because of differences in precursor composition. This is
demonstrated by the strong correlation of SOA production
(R* > 0.99) to the reacted IVOC mass across the entire set of
vehicles.

The ratio of SOA production to the mass of SOA precursors
reacted is the effective SOA yield. The slopes plotted in Figure
Sc are the effective SOA yields for different classes of precursors
after 48 h photo-oxidation. The average effective SOA yield
from IVOCs is 0.19 =+ 0.03 for IVOC-cyclic and 0.24 =+ 0.03 for
IVOC-aromatic, both of which are substantially greater than the
yield for C4—C, SRAs (0.07 # 0.002). The effective SOA yield
of IVOCs varies modestly with increasing oxidation (time) due
to differences in OH reaction rates and SOA yields for
speciated and unspeciated IVOCs. This variation does not
affect the overall finding that IVOCs make a substantial
contribution to SOA.

Figure 5d shows that the relative contribution of IVOCs to
total SOA production is initially much higher than that of Cs—
Cy SRAs but then decreases with increasing OH exposure.
IVOC:s react faster than C4—Cy SRAs and most of IVOCs have
been oxidized within 12 h of photo-oxidation (68% IVOC-
cyclic and 80% IVOC-aromatic versus 48% SRAs). After 48 h of
photo-oxidation, just about half of the SOA production is
predicted to come from IVOCs (43% = 19% for IVOC-cyclic
and 49% + 18% for IVOC-aromatic). The substantial
contributions of IVOCs to total SOA production clearly
demonstrate the importance of including IVOCs in SOA
models.

Hot-Start Cycles and SOREs. Model calculations were also
performed using hot-start and SORE emissions data. The
differences in predicted SOA production between the different
tests (e.g,, hot versus cold start) were driven by differences in
the emission rate not precursor composition. The modest effect
of IVOC composition is reflected by the similarity in effective
SOA vyields across the set of tests (SI Figure S7); for example,
the effective SOA yield for IVOC-aromatic after 48 h of photo-
oxidation is 0.24 + 0.03 for the cold-start UC emissions, 0.27 +
0.02 for the hot start emissions, and 0.25 + 0.01 for the SORE
tests.
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The relative importance of IVOCs versus C4—Cy SRAs as
SOA precursors depends on the ratio of total-IVOC emissions
to total NMHC emissions. The higher IVOC-to-NMHC ratio
of emissions for hot- versus cold-start UC means that the
IVOCs are an even more important class of SOA precursors for
hot-start operations. For example, after 3 h photo-oxidation, the
SOA production from IVOCs is predicted to be 4 times greater
than C4—C,y SRAs for the hot-start cycles versus only ~2 for the
cold-start UC.

Comparison between Predicted and Measured SOA.
Figure Se compares model predictions to measured SOA
production during chamber experiments conducted at the same
time as the IVOC sampling. These chamber experiments were
conducted with dilute exhaust from LDGVs over the cold-start
UC under high-NO, conditions.” The comparisons are for
averages for the three different classes of LDGVs (comparisons
for individual experiments are presented in SI Figure S8).
Model predictions are shown for three different combinations
of SOA precursors: SRAs; SRAs + IVOC-cyclic; and SRAs +
IVOC-aromatic.

Traditionally C4—C, SRAs have been thought to be the
dominant class of SOA precursors in LDGV exhaust.”® If SRAs
are the only class of SOA precursors, then the model
underpredicts the measured SOA production by 40—90%,
with larger discrepancies for newer (LEV2) vehicles (Figure
Se). Including IVOCs in the model substantially increases the
predicted SOA mass. However, about 30% and 65% of SOA
measured during chamber experiments with LEV1 and LEV2
vehicles remains unexplained. Adding IVOCs to the model
causes it to overpredict the SOA production from Pre-LEV
vehicles. The fact that the model overpredicts SOA formation
for the Pre-LEV vehicles versus underpredicting it for newer
vehicles (LEV1 and LEV2) means that there are competing
factors whose relative importance systematically varies across
the set of experiments.

Several factors could cause the model to underestimate SOA
production. First, the approach of Zhao et al.”'® may provide a
conservative estimate of SOA production from IVOCs. For
example, it likely overestimates the contribution of unspeciated
b-alkanes to the emissions; b-alkanes have lower SOA yields
than cyclic compounds in the same retention-time bin.”"’
Second, there may be additional SOA precursors not included
in the model such as SVOCs. SVOC EFs correspond to 27% =+
16% and 41% + 25% of IVOC EFs for LEV1 and LEV2
vehicles, respectively. Another class of precursors not included
in the model could be other unspeciated organic vapors in
addition to IVOCs and SVOCs. About 25% of NMHC
emissions were not resolved into a molecular lever.'” The
IVOCs and SVOCs measured here only correspond to about
one-quarter of these unspeciated NMHC emissions. Finally, the
chamber conditions could also cause the discrepancies. For
example, SOA yields of IVOCs and SRAs in dilute exhaust, a
complex mixture of NO, and organics, could be substantially
higher than those derived from chamber experiments with
individual compounds used in the model.

Losses of IVOCs in the transfer line to the smog chamber
could cause the model to overpredict SOA production. Dilute
exhaust was drawn from the CVS and injected into the smog
chamber through a electrically heated silcosteel transfer line
(~47 °C, matching the temperature of the CVS).” In contrast,
the IVOC emissions used as inputs to the model were
measured directly from the CVS, upstream of the smog
chamber transfer line. Wall losses of IVOC have been reported

4561

by previous studies.”*® Losses in the transfer line would reduce

the IVOC concentrations inside the smog chamber relative to
CVS, especially IVOCs with lower volatility.”*™** This SOA
model also overpredicted the SOA formation from dilute diesel
vehicle exhaust measured using the same experimental setup.”’

Gasoline versus Diesel IVOCs. Zhao et al.” characterized
diesel IVOC emissions using the same techniques as this study.
A comparison with the LDGV data reveals important
differences between gasoline and diesel IVOC emissions.
First, IVOCs contribute a much larger fraction of the NMHC
emissions from diesel vehicles (60%) than LDGVs (4% for
cold-start UC to 17% for hot-start tests). Therefore, for diesel
emissions, IVOCs are the dominant class of SOA precursors
creating more than 95% of the estimated SOA mass versus
about 50% for LDGVs (Figure Sb).

There are also differences in the IVOC composition and
volatility distribution of gasoline and diesel exhaust. The IVOC
emissions in diesel are dominated by aliphatic compounds
while gasoline exhaust has a more substantial aromatic
component.” Diesel exhaust also has a much broader IVOC
volatility distribution than LDGV exhaust, with much higher
emissions in the B,3—B bins.” In comparison to diesel, IVOCs
in LDGV exhaust are skewed much more toward higher
volatility compounds (Bj, bin). These differences reflect the
underlying differences in the two fuels.

Implications. Our results demonstrate that IVOCs are an
important class of organic emissions from LDGVs and SOREs,
adding to the growing body of research on the importance of
IVOC emissions from combustion sources.”” Although IVOCs
only correspond to a small fraction of the total NMHC
emissions, they contribute as much or more SOA than
traditional precursors such as SRAs because of their high
SOA yields. Therefore, inclusion of IVOCs into SOA models
should substantially improve the agreement between predicted
and measured SOA in the atmosphere. The consistency in the
IVOC volatility distribution and chemical composition across
the set of tests and the well-constrained ratios of IVOCs to
other pollutants not only simplifies the parametrization of
IVOC:s for use in SOA models, but also can be used to develop
IVOC emission inventories.
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