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Abstract

Emissions of carbonyls by motor vehicles are of concern because these species can be hazardous
to human health and highly reactive in the atmosphere. The objective of this research was to
measure carbonyl emission factors for California light-duty motor vehicles MeaStirements were
made at the entrance and exit of a San Francisco Bay area highway tunnel, in the center bore
where heavy-duty trucks are not allowed. During summer 1999, approximately 100 carbonyls
were 1dentified, including saturated aliphatic aldehydes and ketones, unsaturated aliphatic
carbonyls, aliphatic dicarbonyls, and aromatic carbonyls. Concentrations were measured for 32
carbonyls and were combmed with NMOC, CO and CO; concentrations to calculate by carbon
balance emission factors per unit of fuel burned. The measured carbonyl mass emitted from
light-duty vehicles was 68 + 4 mg L. Formaldehyde accounted for 45% of the measured mass
emissions, acetaldehyde 12%, tolualdehydes 10%, benzaldehyde 7.2%, and acetone 5.9%. The
ozone forming potential of the carbonyl emissions was dominated by formaldehyde (70%) and
acetaldehyde (14%) Between 1994 and 1999, emission factors measured at the same tunnel for
formaldehyde, acetaldehyde, and benzaldehyde decreased by 45-70%. Carbonyls constituted

3.9% of total NMOC mass emussions and 5 2% of NMOC reactivity A comparison of carbonyl



emissions with gasoline composition supports previous findings that aromatic aldehyde
emissions are related to aromatics i gasoline Carbonyl concentrations in liquid gasoline were
also measured Acetone and MEK were the most abundant carbonyls in unburned gasoline,
8 other carbonyls were detected and quantified
Introduction
Various carbonyls, including formaldehyde, acetaldehyde, acrolein (propenal), and methyi ethy}
ketone (MEK), are known to be toxic, mutagenic and/or carcinogenic, and as a result have been
1dentified as hazardous air pollutants (/-3) Carbonyls are also an important source of radicals in
the chemistry of ozone production (4, 5). They are directly emitted by anthropogenic and natural
sources, and also are formed i situ as the photochemical oxidation products of other directly
ertted organic gases (6, 7) Therefore control programs should consider both primary and
secondary sources of carbonyls Photochemical modeling stud:es (8, 9) show that during summer
months, photochemical production of formaldehyde and acetaldehyde can be the dominant
contributor to total concentrations of these compounds in urban air. However, the contribution
from direct emissions 1s expected to dominate during winter months

Carbonyls are both reactants and products 1n a variety of important photochemical
processes. Photolysis of formaldehyde can be an important source of HOx radicals (10). These
radicals control the rates of VOC oxidation and NO to NO, conversion mn the atmosphere, which
directly affects ozone production. Reaction of acetaldehyde with the hydroxyl radical and
photolys:s of acetone both form the peroxyacetyl radical, which reacts with NO; to form
peroxyacetyl mtrate or PAN (/7). PAN and 1ts analogs are toxic to plants and are known to be
eye writants (/2) PAN can also act as a reservoir for NO,, allowing long-range transport of

nifrogen Acetone 1s beheved to play an important role in the chemistry of the upper troposphere,



though sources of acetone are not well characterized at this time (/3-15). Carbonyls form as
oxidation products of other VOC in the atmosphere. For example, formaldehyde, methacrolein,
and methyl vinyl ketone are formed during isoprene oxidation (16, /7). Concentrations of these
product species are sometimes measured to help assess the role of biogenic VOC emissions 1n air
quality problems (/6, 17) The usefulness of methacrolemn as a marker for oxidation of biogenic
1soprene emissions may be compromised in some cases by direct emissions of methacrolein in
motor vehicle exhaust (/8, 19).

Fuel combustion 1s a well-known direct source of carbonyl emissions to the atmosphere
(19-23). Carbonyls are mtermediate species created during fuel oxidation and will be ematted to
the atmosphere 1f combustion 1s unable to go to completion. Formaldehyde 1s typically the most
abundant carbonyl 1n combustion exhaust emissions, although acetaldehyde, benzaldehyde, the
sum of tolualdehyde 1somers, and acetone can each be of similar magnitude (20) Addition of
oxygenated compounds such as methyl tert-butyl ether (MTBE) and ethanol to reformulated
gasoline is of special interest because these fuel changes are known to increase exhaust
emissions of formaldehyde and acetaldehyde, respectively (24, 25). Aromatic hydrocarbons
present 1n gasoline, especially toluene and xylenes, are known precursors to emissions of
benzaldehyde and tolualdehydes (26-28) Cycloalkanes in fuel have been shown to create more
aldehydes than the corresponding aromatic hydrocarbons, but highly branched alkenes and
alkanes create the highest aldehyde emissions (29) Use of MTBE 1 California gasoline will be
phased out by the end of 2002, and increased reliance on ethanol and/or alkylate (i.e , branched
alkanes such as 2,2 ,4-trimethylpentane), and possible changes 1n the aromatic content of gasoline
are anticipated These fuel changes are likely to affect the nature and emission rates of carbonyls

n vehicle exhaust



While carbonyl emissions have been measured in previous laboratory (24, 30-32) and on-
road (33-37) studies, a new analytical technique has been described (38) that greatly increases
the number of carbonyls that can be 1dentified and quantfied. This technique has been apphied
recently to determine carbonyl emission factors for light- and heavy-duty vehicles in the
Tuscarora Mountain tunnel in Pennsylvania (39) The main objective of the present study 1s to
measure exhaust emission factors for carbonyls from Cahifornia ight-duty vehicles, Important
differences between this study and that of Grosjean et al (39) include the use of California phase
2 reformulated gasoline, more stringent new-vehicle emission standards and emission control
technologies, loaded mode driving on a ~4% uphill grade, and sampling in a tunnel bore with
minimal heavy-duty diesel truck influence
Experimental Section
Field Sampling Site. Measurements were made at the Caldecott tunnel, which is located
between Alameda and Contra Costa Counties 1n the San Francisco Bay area on California state
highway 24 The tunnel 1s 1100 m long and has a total of six lanes of traffic contained 1n 3
separate bores. The roadway grade 1s 4.2%, uphill in the eastbound direction. Measurements
were carried out 1n the center bore, where heavy-duty diesel trucks are not allowed. All
ventilation fans were turned off during sampling, so the only ventilation was induced by the flow
of traffic through the tunnel and prevailing winds. Vehicles driving through the center bore of the
tunnel are operating in a fully warmed up mode.

Traffic Monitoring. Traffic volume and the composition of the vehicle fleet driving through the
tunnel were observed visually on each day of sampling. Vehicle counts were accumulated
separately for cars, hight-duty trucks (pickups, small vans, and sport-utility vehicles), medium

and heavy-duty trucks (all trucks with 2 axles and 6 tires, and all trucks with 3 or more axles),



and motorcycles. Average traffic volume during the afternoon sampling periods was 4200 + 80
vehicles per hour. Due to the time of day and the requirement that heavy-duty vehicles stay out
of the center bore, traffic consisted of 62% cars, 37% hight-duty trucks, 0.8% motorcycles, and
0.1% heavy-duty vehicles. License plate surveys performed in 1997 were used to estimate fleet
characteristics in 1999. Most of the vehicles (>94%) in the center bore were origmally equipped
with three-way catalytic converters (40), and a small percentage (<2%) of the hght-duty vehicles
were diesel powered (4/) A car was driven through the tunnel repeatedly during each afternoon
sampling period to monitor driving conditions inside the tunnel Typically, vehicles entered the
tunnel at 52 + 14 km h™', accelerated gradually throughout the tunnel, and exited at 71 £ 5km h™’.
Pollutant Measurements. Pollutant concentrations were measured in the center bore of the
tunnel at two sampling locations: the first was 11 m mside the tunnel from the entrance, and the
second was about 50 m before the tunnel exit Sampling was performed during afternoon rush
hour periods (1600 to 1800 h PDT) on 8 weekdays between July 21 and August 5, 1999. Traffic
1n the center bore was traveling eastbound and uphill. Concentrations of ammoma, NOy, CO,
COa,, speciated hydrocarbons, speciated carbonyls, and speciated organic acids were measured 1n
the tunnel. Results for ammonia, NOy, CO, and CO, have been presented previously (40).
Carbonyl samples were collected by drawing air through 2,4-dimitrophenylhydrazine (DNPH)-
coated silica gel cartridges (Waters Corp ) All samples were collected downstream of a KI
oxidant scrubber connected to the cartridge using a short piece of Teflon tubing. The sampling
duration was 120 min, the samphing flow rate was 0.700 L min” (measured with flowmeters
calibrated using a certified, NIST-traceable Humonics model 650 flow calibrator), and the
volume of air sampled was 84 L Samples and field controls were eluted with acetoniirile, and

aliquots of the extracts were analyzed by liquid chromatography with detection by diode array



ultraviolet spectroscopy and by atmospheric pressure negative chemical ionization mass
spectrometry. The operating conditions and overall analytical protocol have been described in
detail by Grosjean et al (38). Absence of carbonyl breakthrough during sampling has been
verified previously (42, 43). Carbonyls were positively identified by matching the retention
times, uv-visible absorption spectra and negative chemical tonization mass spectra of their
DNPH dernivatives to those of ca. 150 carbonyl-DNPH reference standards synthesized in our
laboratory (38, 42-44). Quantitative analysis involved the use of response factors measured using
carbonyl-DNPH reference standards (38, 42-44). Twenty-five percent of the samples were
analyzed twice, and the relative standard deviations (rsd) for these replicate analyses were 1-10%
for all carbonyls. All cartridges were eluted twice with acetonitrile, and no detectable amounts of
carbonyls could be measured 1n aliquots of the second elution.

Additional air samples were collected at the tunnel entrance and exit during each 2-hour
sampling period in evacuated 6 liter stainless steel camisters CO, concentrations in these samples
were determined using gas chromatography (Perkin-Elmer, Wellesly, MA, model 8700) with
thermal conductivity detector and Carbosieve Il packed column (Supelco, Bellafonte, PA). Total
and speciated organic compound concentrations were determined from the canister samples by
gas chromatography using a flame iomzation detector. Analytical methods are described 1n more
detail elsewhere (34, 45). Carbon monoxide concentrations were monttored continuously at both
ends of the tunnel using infrared gas filter correlation spectrometers (Thermo Environmental
Instruments, Franklin, MA, model 48).

Gasoline Analysis. Gasoline sold in the Bay Area during 1999 contamed 10 + 8 ppm sulfur, 8 0
+4 0 vol% MTBE, and 0 7 £ 2.1 vol % ethanol, the total oxygen content was 1 7+ 0 6 wt%

(40). Further information on fuel composition was desired for this investigation, so regular and



premium grade hquid gasoline samples from 5 high-volume service stations in Berkeley, CA
were obtained 1 August 1999. These stations represented the 5 major gasoline vendors in the
Bay Area The detailed compostition of each sample was measured by gas chromatography with
flame 1omization detection as described previously (45) A composite fuel sample was obtained
by weighting the individual fuel sample compositions by market share. Carbonyl concentrations
were measured in 3 of the 10 Bay Area gasoline samples using liquid-chromatography-mass
spectrometry, as described above Two additional gasoline samples were obtamned in Ventura,
CA, and analyzed for the presence of carbonyls Two derivatization protocols were used, one
mvolving the mnjection of 300 pL of gasoline on a DNPH-coated silica gel cartridge, and the
other the reaction of 300 pL of gasoline with a solution of acidic DNPH. In both cases, the
reaction was allowed to proceed overnight (after which the cartridge was eluted) and the samples
were blown down to dryness with ultra-high purity N to remove some of the more volatile
hydrocarbons and reconstituted with 2 mL acetonitrile. Two blanks were included for each
derivatization method. The recovery of DNPH dertvatives using these procedures was assumed
to be identical to that of DNPH (100%) 1 all of the samples and of the DNPH derivatives of
formaldehyde, acetaldehyde, and acetone (all at 100%) present 1n the blank samples Separate
aliquots from each of the 3 gasoline samples were provided in glass and plastic vials and the
results were 1dentical showing no preferential loss or contamination of carbonyls using these
vials. Also, no contamination was found on the blanks The two protocols gave essentially the
same results. Concentrations were measured for 10 carbonyls (formaldehyde, acetaldehyde,
propanal, butanal, benzaldehyde, o-tolualdehyde, acetone, MEK, 2-pentanone, and an
umdentified carbonyl whose DNPH derivative had a molecular weight of 502 g mol”, which we

suspect 1s a Cg dicarbony! of molecular weight 142 g mol™. Other carbonyls tentatively 1dentified



1n the gasoline samples include cyclohexanone or other isomers The absolute determination of
these species was precluded by the co-elution of hydrocarbons from the gasoline. Future work
will focus on separating the carbonyl fraction from the interfering hydrocarbons present in
gasoline mn order to identify and quantify more carbonyls and to compare the gasoline
composition to the measured emission rates.

Results and Discussion

Carbony! Emission Factors. Measured carbonyl! concentrations at the tunnel exit exceeded
those measured at the tunnel entrance by factors ranging from 1 7 to 30 for the carbonyls listed in
Table 1 Emnsston factors shown in Table 1 were computed by carbon balance using the

following equation

( A[P] )/ MW, j
Ep - WPy
A[CO,]+ A[CO]+ AINMOC] LM‘WC

where A[P] 1s the increase in concentration of pollutant P measured between tunnel mlet and
outlet. MW5 1s the molecular weight of pollutant P (g mol™), MW c=li g mol™ C, w=0 85 1s the
weight fraction of carbon in gasoline, and gasoline density 5=740 g L™ (40) Emussion factors
are presented as means over 8 days of sampling The 95% confidence intervals quantify the
extent of run-to-run varabulity across sampling periods. Even though vehicle transit times and air
residence times in the tunnel were short, loss of carbonyls inside the tunnel could not be ruled
out, and reported emission factors may therefore be lower limts for actual vehicle emissions.
Carbonyl emission factors are presented graphically in Figures 1 and 2, with comparisons
to results from the 1999 Tuscarora, PA tunnel study (39) for each carbonyl. The Tuscarora tunnel
has both light- and heavy-duty vehicles sharing the same bore and as a result, regression analysis

was used to calculate emission factors for each of these vehicle categories In order to facilitate



the comparison with results of the present study, 95% confidence intervals for the Tuscarora
light-duty emission factors were calculated by doubling the standard errors reported 1n the
regression analysis (39). Heavy-duty vehicles are barred from using the center bore of the
Caldecott tunnel, so regression analysis was not needed to calculate Light-duty vehicle emiss:ions.
Caldecott tunnel sampling provided 95% confidence intervals on carbonyl emission factors for
light-duty vehicles that were generally narrower than those determined from Tuscarora by
regression analysis.

Figure 1 presents emission factors for saturated aliphatic aldehydes and aromatic
carbonyls The saturated aliphatic aldehydes with the highest mass emission rates were
formaldehyde (31 + 4 mg L)) and acetaldehyde (8 0 + 0 8 mg L"), Emissions of saturated
ahiphattc aldehydes decreased with increasing molecular weight This trend was observed for
gasoline vehicles mn the 1960s (29) and, as a result, appcars to be independent of recent
modifications to gasoline or vehicle technology. Results from the Tuscarora tunnel are generally
of stmilar magnitude and show simular trends.

With the exception of benzaldehyde, the lowest molecular weight aromatic aldehyde,
aromatic carbonyls also show a trend of decreasing emissions as molecular weight increases. The
primary reason that total tolualdehyde emissions are greater than benzaldehyde is that xylenes,
which are tolualdehyde precursors, are more abundant 1n gasoline than toluene, a precursor of
benzaldehyde: measured sales-weighted average gasoline composition 1n summer 1999 was
7.7% by weight xylenes and 6.3% toluene. The conclusion that emissions of tolualdehydes
depend directly on xylene content in the fuel is strengthened by examining the relative
abundance of the tolualdehyde and xylene 1somers. Emissions of m-tolualdehyde were

approximately twice as high as emussions of o- or p-tolualdehyde, similarly m-xylene was 2-3



times more abundant in gasoline than o- and p-xylene Emuission factors for aromatic aldehydes
determined in this study generally fall within the 95% confidence intervals reported for light-
duty vehicles in the Tuscarora tunnel study (see Figure 1)

Figure 2 shows that the emissions of three unsaturated ahiphatic aldehydes (acrolein,
methacrolemn, and crotonaldehyde) were sumilar, between 11 and 1 7 mg L. Emissions
measured in the Tuscarora Mountain tunnel for these three species were comparable to those
measured in the present study These results support the argument that motor vehicle emissions
of methacrolein will complicate its use as a tracer for biogenic emissions, particularly in urban
areas (18, 19).

Emission factors for aliphatic ketones are also presented in Figure 2 The only ketone
with emussions greater than 1 mg L™ was acetone, at 4 0 + 0.5 mg L™". The study at Tuscarora
found a nominally higher emussion factor for acetone, 25 + 22 mg L™, though the two acetone
emussion factors agree within their 95% confidence intervals Figure 2 also presents emission
factors for dicarbonyls. Methyl glyoxal was emitted at the Caldecott tunnel i sigmficantly
greater quantities than the other dicarbonyls, namely glyoxal, biacetyl, and 2-oxobutanal.

In addition to the 32 carbonyls for which emaission factors were determined,
approximately 70 less abundant carbonyl species were detected n the samples obtained at the
Caldecott tunnel. These species are listed in Table 2.

Carbonyl Weight Fractions and Reactivities. The total mass of carbonyls emitted was 68 + 4
mg L™, of which formaldehyde and acetaldehyde accounted for 45 and 12%, respectively. As

shown 1n Table 1, other species that contributed more than 2% to total carbonyl mass emissions
were the tolualdehydes, benzaldehyde, acetone, the dimethy! benzaldehydes, and methacrolein.

These carbonyls together made up 86% of the total measured carbonyl mass emissions

10



The ozone forming potential of the quantified carbonyl emissions was calculated using
the maximum mcremental reactivity (MIR) scale developed by Carter (46). For the carbonyls 2-
oxobutanal, 3-pentene-2-one, unknown Cs aliphatic carbonyl, unknown Cg aliphatic carbonyls,
and aromatic carbonyls except benzaldehyde and tolualdehydes, MIR values are not available
and were estimated from structure-reactivity considerations The normalized reactivity was
determined to be 5 9 = 0 4 g O; per g carbonyl emitted This value does not reflect uncertamties
in MIR values or the contributions of carbonyls listed in Table 2, which were not quantified
Formaldehyde emissions were responsible for 70% of carbonyl reactivity Other species that
contributed more than 2% to this total were acetaldehyde, methy! glyoxal, crotonaldehyde, and
methacrolem. These 5 carbonyls together accounted for 92% of the ozone forming potential of
the measured carbonyls. Methyl glyoxal was emitted at low levels, but due to its high MIR value,
1t made a sigmificant contribution to total carbonyl reactivity.

Carbonyls constituted 3 9% of total NMOC emissions by mass and 5 2% of NMOC
reactivity in 1999. These values are similar in magnitude because while some carbonyls are very
reactive, the aromatic aldehydes have negative MIR values (46) Therefore as a group, carbonyls
do not contribute disproportionately to the reactivity of exhaust emissions. In 1994 and 1995,
prior to the mtroduction of California phase 2 reformulated gasoline, carbonyls accounted for
3.6% of NMOC mass emissions and 4 1-4.2% of NMOC reactivity (45). Following gasoline
reformulation, the carbonyl contribution increased to 4.2% of NMOC mass and 6% of reactivity.
After 1996, these values were below 4% of mass and approximately 5% of reactivity (45)
Emission Factor Trends, 1994-1999. In addition to measurements reported here for summer
1999, carbonyl emission factors have been measured at the Caldecott tunnel each summer from

1994 to 1997, with liquid gasoline sampling occurring m 1995 and 1996 (34,45). Between 1995

11



and 1996, California phase 2 reformulated gasoline program requirements took effect, and led to
the addition of MTBE and reduced aromatic content in gasoline. Figure 3 presents carbonyl
enussion factor trends from 1994 to 1999. The list of carbonyls quantified has changed from year
to year. To facilitate an appropriate comparison, solid tones with bold outlines are used in Figure
3 for species that have been measured since 1994. Patterns with light outlines are used for
species that were not measured every year. The error bar given is the 95% confidence interval of
the total measured carbonyl emission factor for each year Over the period 1994 to 1999,
emussions decreased by 50:6% for formaldehyde, 45+7% for acetaldehyde, 71+5% for
benzaldehyde, and 73+5% for tolualdehyde 1somers Over this same 5-year time period, emission
factors decreased by 55+8% for NMOC, 41£4% for NOy, and 5426% for CO at this same
location (40). The overall reductions reported above include the combined effects of fuel changes
and fleet turnover Direct evidence of the major fuel change between 1995 and 1996 1s not
obvious 1 Figure 3, though the reduced aromatic content in gasolhine is the likely reason for the
larger overall reduction in emissions of aromatic aldehydes compared to other carbonyls.
Previous mvestigations at the Caldecott tunnel (45, 47) have shown an increase in formaldehyde
emissions when MTBE was added to Bay Area gasoline, as would be expected

Cold Start Effects. Carbonyl formation is most pronounced during engine start-up, because
under these conditions partial oxidation of fuel components 1s likely to occur and the catalyst 15
not yet warmed up enough to further oxidize the compounds (20, 48) Laboratory testing has
shown that warmed-up catalysts oxidize carbonyls with efficiencies between 85 and 100% (49,
50). As stated previously, the emissions measured in the center bore of the Caldecott tunnel are

from vehicles operating i a fully warmed up mode. Results of this investigation may

12



underestimate overall carbonyl emissions from vehicles, because they do not include excess
emissions associated with vehicle starting.

Emitted Carbonyls and Fuel Composition. Figure 4 compares the weight percentages of 4
emitted aldehydes with 4 likely precursor species found in gasoline (23, 29, 37) for the years
1995, 1996, and 1999. Formaldehyde in exhaust 1s compared with MTBE 1n gasoline,
benzaldehyde with toluene, tolualdehydes with xylenes, and dimethylbenzaldehydes with
trimethylbenzenes. Emissions of the three aromatic aldehydes generally track the changes in
aromatic precursors in gasoline, whereas formaldehyde emissions do not track MTBE content in
gasoline nearly as closely While use of MTBE increases formaldehyde emussions, there are
numerous other precursors to formaldehyde 1n gasoline (23, 28).

Carbonyls in Gasoline. Studies of carbonyl emissions from engines have typically assumed that
all carbonyl emissions resulted from partial oxidation of other compounds present in fuel, rather
than being present in the gasoline to begin with. To test the validity of this assumption, the
concenirations of carbonyls were measured in three Bay Area gasoline samples. Acetone (10-161
mg L™ or 0 001-0.022 wt %) and MEK (7-22 mg L™ or 0.001-0 003 wt %) were the most
abundant carbonyls 1n liquid gasolne, and 8 other carbonyls were detected and quantified. Since
carbonyls have not been reported previously m liquid gasoline, two additional fuel samples were
obtaned in southern California (Ventura) and analyzed for carbonyls As shown in Table 3,
carbonyls are present in the Ventura gasoline samples at levels similar to those found in Bay
Area gasoline. Though presence of carbonyls 1n California gasoline may be widespread, at these
concentrations, the likely contribution of carbonyls present in gasoline to measured carbonyl

emission factors will be munor.
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Table 2. Other Carbonyls Identified in Caldecott Tunnel Samples

Carbonyl Species®

2-Penienal/Isomer

Cyclopentanone (Tentative)

Methyl Vinyl Ketone

Aromatic Isomer #1
trans-Cinnamaldehyde

Cs Aliphatic Isomer #3

Indanone

Dimethylbenzaldehyde Isomer #1
Dimethylbenzaldehyde Isomer #2
C7 Aliphatic Isomer #1

C7 Aliphatic Isomer #2

C7 Aliphatic Isomer #3

C7 Aliphatic Isomer #4
6-Methyl-5-Heptene-2-One (Tentative)
2-Heptanone

Aromatic Isomer #2
Trimethylbenzaldehyde Isomer #1
Trimethylbenzaldehyde Isomer #2
Unknown #1 (MW=236, Aliphatic)°

2-Oxopentanal

23

Carbonyl Species (continued)

2-Oxoheptanal/Isomer

C4 Substituted Benzaldehyde
Cs Dicarbonyl

Unknown #3 (MW=234, ARM)
Cy Aliphatic Isomer #2

Co Aliphatic Isomer #3

Cy Aliphatic Isomer #4
Nonanal

Cio Aliphatic Isomer #1

Cjo Aliphatic Isomer #2

Cio Aliphatic Isomer #3

Cio Aliphatic Isomer #4
trans-2-Decenal/Isomer
2-Decanone

Decanal

Unknown #4 (MW=221, ARM)
Unknown #5 (MW=221, Aliphatic)
Ci: Aliphatic Isomer #1

Cio Dicarbonyl

C11 Aliphatic Isomer #2



Cg Aliphatic Isomer #1
2,3-Pentanedione

Cg Aliphatic Isomer #2

Unknown #2 (MW=236, Aliphatic)”
Cg Aliphatic Isomer #3
2-Oxohexanal

Cs Aliphatic Isomer #4

Cg Unsaturated Isomer #1

Cs Aliphatic Isomer #5

Cg Unsaturated Isomer #2

2,3-Hexanedione/Isomer
Cs Aliphatic Isomer #6
Pinonaldehyde (Tentative)
Octanal

Co Aliphatic Isomer #1

Unknown #6 (MW=283, Aliphatic)
Undecanal

Ciz Aliphatic Isomer #1

Ci2 Aliphatic Isomer #2
2-Dodecanone

Dodecanal

Ci3 Aliphatic Isomer #1

Ci3 Aliphatic Isomer #2

Unknown #7 (MW=28S5, Aliphatic)
Tridecanal

Ci4 Aliphatic Isomer #1

Ci4 Aliphatic Isomer #2

Ci4 Aliphatic Isomer #3

Ci4 Aliphatic Isomer #4

Tetradecanal

*Samples were analyzed by LC-DAD-APCI-MS and carbonyls are listed mn order of elution. Carbonyls
were identified by their retention time, DAD-UV spectrum and APCI mass spectrum Compound purity
was >98% by MS for all carbonyls

*Unknowns #1 and #2 are 1somers and may be compounds other than carbonyls. Therr UV spectrum 18

consistent with an aliphatic carbonyl-DINPH and their mass spectrum indicates a DNPH group (nv/z 182).
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Table 3. Measured concentrations of carbonyls in liquid gasoline®.

Bay Area  Bay Area Bay Area Ventura Ventura
Species Sample #1  Sample #2 Sample #3  Sample #1 Sample #2

Formaldehyde 0.02 004 004 0.03 0.02

Acetaldehyde 012 014 017 022 0.12

Acetone 1516 160 79 9.67 8 54 875

Propanal 030 025 0.27 0.31 0.25

MEK 13.90 22 49 723 533 190

Butanal 087 458 035 055 070
Benzaldehyde 005 0.07 004
2-Pentanone 169 130 127
o-Tolualdehyde 013 013 011
Unknown” 396 016 280

*Concentrations are reported in units of mg of carbonyl per liter of gasoline.
®Unknown species had a DNPH dervative of 502 g mol” and s likely a 142 g mol™” Cg

dicarbonyl.

25



Figure Captions

Figure 1. Emission factors for saturated aliphatic aldehydes and aromatic carbonyls measured at
the Caldecott tunnel with comparison to results from the Tuscarora tunnel in Pennsylvania.
Uncertainty bars represent the 95% confidence intervals of the mean emission factor. *Although
marked species were positively identified using a reference standard, other isomers could not be
ruled out

Figure 2. Emussion factors for unsaturated aliphatic carbonyls, aliphatic ketones, and dicarbonyls
measured at the Caldecott tunnel with comparison to results from the Tuscarora tunnel in
Pennsylvania Uncertainty bars represent the 95% confidence intervals of the mean emission
factor. 3-pentene-2-one was not detected at the Tuscarora tunnel. *Concentrations of the Cs and
Cs saturated aliphatic carbonyls (arbitrarily grouped here with ketones) that were not positively
identified were reported using the measured response factor of the closest-eluting 1somer for
which a reference standard was available.

Figure 3. Trends 1 light-duty emission factors (£95% C I on the total) for carbonyls measured
at the Caldecott tunnel between 1994 and 1999 No measurements were made during summer
1998. Formaldehyde, acetaldehyde, benzaldehyde, and 7 others (propanal, butanal, pentanal,
hexanal, crotonaldehyde, acetone, and MEK) were measured each year. Total tolualdehydes
were not measured 1 1997 The group “Other carbonyls” includes some different species for
each year, see text. California phase 2 reformulated gasolhine was introduced between 1995 and
1996.

Figure 4. Changes 1n gasoline composition and in carbonyl emissions (as a percentage of total

carbonyl mass emissions).
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Figure 2

O Tuscarora Bl Caldecott

Acrolein
Methacrolein Unsaturated
Aliphatic
Crotonaldehyde Carbonyils
3-Pentene-2-One
Acetone =T
2-Butanone (MEK) 4
2-Pentanone .
4-Methy!—2—Pentanone. Aliphatic
(MIBK) Ketones
C5 Aliphatic
C6 Aliphatic #1
C6 Aliphatic #2 :
Glyoxal
Methyl Glyoxal ;
Dicarbonyls
Biacety!
2-Oxobutanal
0 01 0.1 1 10 100

Emission Factor {(mg L")



8661

opAysplewso |
opAyap|elsoy [
apAysplezuag ]
ss109dg uowwon /gl
sepAyspien|c] @

sjAuogie) ey O

lea

L

¢ ainbiy

t 0
- 52
- 05
M
3
(7]
)
-G 8
>
2]
g
o
00} 5
Q
r
- 621
- 051
G2



(XX61) Jeaj

sapAyapjezuaq
-|[Ayawniq pue
sauazuaqjAylawi |

sapAyepienjo L
pue sausjAx

apAyapjezuag
pue ausan|o]

apAyspieusio
pue 341N

s|Auogie) paniwg E auljoses) pinbi ]

$ ainbiy

09





