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Abstract

A proton transfer reaction mass spectrometer (PTR-MS) was redesigned and deployed to monitor selected hydrocarbon emissions from in-use
vehicles as part of the Mexico City Metropolitan Area (MCMA) 2003 field campaign. This modified PTR-MS instrument provides the necessary
time response (<2 s total cycle time) and sensitivity to monitor the rapidly changing hydrocarbon concentrations, within intercepted dilute exhaust
emission plumes. Selected hydrocarbons including methanol, acetaldehyde, acetone, methyl tertiary butyl ether (MTBE), benzene and toluene were
among the vehicle exhaust emission components monitored. A comparison with samples collected in canisters and analyzed by gas chromatography
provides validation to the interpretation of the ion assignments and the concentrations derived using the PTR-MS. The simultaneous detection
of multiple hydrocarbons in dilute vehicle exhaust plumes provides a valuable tool to study the impact of driving behavior on the exhaust gas

emissions.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The Mexico City Metropolitan Area (MCMA) has the repu-
tation of having one of the worst air pollution problems in the
world [1]. While policy initiatives enacted in the 1990s have led
to significant improvements in certain emissions, the residents
of this urban area are still significantly impacted by degraded
air quality [1]. In the spring of 2003 an intensive 5-week field
campaign was conducted to obtain a better understanding of
the air quality problems in the MCMA megacity environment.
A significant source of the air pollution in the MCMA arises
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from the nearly 3-million motorized vehicles operating in the
area [2]. Vehicle exhaust contributes to the degradation of the
air quality in urban environments due, in part, to the volatile
organic component of these emissions, which contributes to
the formation of ozone and secondary aerosol particles [3]. A
considerable portion of the field campaign was aimed at the
study and characterization of vehicle exhaust emissions of vehi-
cles operated under real-world driving conditions. A mobile
laboratory housing a combination of high time-response instru-
ments with sufficient sensitivity to characterize diluted exhaust
plumes was deployed. As part of the mobile laboratory a mod-
ified version of a commercial proton transfer reaction mass
spectrometer (PTR-MS) was deployed for the first time for the
measurement of selected volatile organic compounds (VOCs) in
vehicle exhaust using the mobile laboratory as a chase vehicle
[4,5].
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The PTR-MS with its sensitive rapid real-time measurement
capability of selected VOCs in complex matrices makes the
technique ideally suited for monitoring selected hydrocarbon
emissions from on-road vehicles. The PTR-MS technique relies
on the ionization of organic compounds in the gas phase through
their reaction with H3O* and the resulting ions are detected
by mass spectrometry [6]. The technique allows for analysis of
whole air samples without dilution, since the major components
of air have proton affinities less than that of water and are not ion-
ized. Except for the small alkanes, most organic compounds have
proton affinities greater than that of water [7] and are ionized and
detected using this technique. While proton transfer is consid-
ered to be a “soft” ionization technique forming predominately
MH™* (where M is the neutral organic molecule), ion mass alone
is not a unique indicator of the neutral precursor. Fragmentation
and secondary ion molecule reactions can further complicate
the interpretation of the resulting mass spectrum. In this study,
we monitored eight selected ions while driving on the roadways
of the MCMA in 2003. These ions were chosen as monitors
of the presence of methanol, acetaldehyde, methyl tertiary butyl
ether (MTBE), acetone, benzene, toluene, CgH o (C2-benzenes)
and C9Hj, (C3-benzenes) in the roadway airshed. The validity
of these ion assignments is discussed in detail. Where overlap
exists between the compounds being measured, the PTR-MS
results are compared with gas chromatography flame ionization
detection (GC-FID) analyses of air samples collected using a
collocated whole air canister sampling system.

Specific case examples of hydrocarbon exhaust emission
measurements made by the PTR-MS from different engine types
are highlighted and include gasoline vehicles, with and without
exhaust treatment systems, as well as a diesel vehicle. This lim-
ited set of examples is provided to demonstrate that the PTR-MS
is a valuable analytical technique for real-time, in situ measure-
ment of selected hydrocarbon engine exhaust emission products
from in-use motor vehicles. A complete analysis of the motor
vehicle exhaust emissions measured using the PTR-MS and
other instruments on-board the Aerodyne mobile laboratory is
presented in a separate report by Zavala et al. [8].

2. Experimental description
2.1. Mobile laboratory

The mobile laboratory was equipped with a combination
of research grade and commercial instrumentation possess-
ing sufficient time response and sensitivity to characterize the
particle and gas phase composition of dilute exhaust plumes.
This mobile lab has been described in detail previously [5]
so only those details relevant to the present study are dis-
cussed here. On-road vehicle emission characterization was
performed by driving in heavy traffic corridors or “chasing”
specifically targeted vehicles [9,10]. In either mode of opera-
tion, the partially diluted exhaust plumes are sampled through
a common sample inlet that protrudes through the bulkhead of
the truck, directly above the driver. This flow (20 SLM) was
isokinetically split to provide flows to the particle and gas phase
instruments. Approximately every 20 min the sample line was

flooded with zero air to provide instrument zeroes and also
served as a recognizable event to time synchronize all of the
instruments.

2.2. PTR-MS description

A commercial version of the PTR-MS (Ionicon Analytik) was
modified to handle the high impact shocks and thermal loads
experienced within the mobile laboratory during on-road oper-
ation. To mitigate the shock and vibration, the instrument rack
and drift tube mass spectrometer assembly were individually
shock mounted using a combination of rubber bushings and coil
spring technologies. The orientation of the large turbo-molecular
pump was changed from horizontal to vertical by use of a 90°
elbow. This orientation change was made on basis of numer-
ous peer recommendations that turbo pumps can better tolerate
impact shock when mounted vertically. The original turbo pump
equipped with a magnetic top bearing malfunctioned on the first
drive and was replaced with a fixed bearing 2501/s Varian Nav-
igator 301 turbo pump. The original small 331/s turbo pump
handled the road shock without incident, but required a reduc-
tion in its rotational speed in order to handle the high internal
mobile lab temperatures.

The PTR-MS utilized in this study is one of the earliest pro-
duction models and the original sample inlet flow controller was
replaced with a pressure controlled inlet. This modification sig-
nificantly decreases the residence time of the sample in the inlet
line and allows the PTR-MS to track rapidly changing concen-
trations within the exhaust plumes [11]. This modification is
described more completely elsewhere [11]. The inlet line was
constructed using small internal diameter PFA Teflon tubing and
fittings except the stainless steel fine metering valve that was
used to create the critical pressure drop. The nominal total volu-
metric flow rate was approximately 300 sccm which minimizes
the sample residence time within the inlet line. The drift tube
pressure was nominally 1.9 mbar at 295 K and flow calculations
predict that the residence time of the gas sample within the drift
tube will be about 1.65s.

For the on-road measurements, the PTR-MS was pro-
grammed to monitor 12 masses at 0.1 s per mass plus the drift
tube pressure and temperature, resulting in a measurement cycle
of just less than 2 s. The ions monitored included the reagent ions
H30% (mass 21, 80 isotope) and H30*(H,0) (mass 39 80 iso-
tope) and the following sample ions: mass 33 — methanol, mass
45 —acetaldehyde, mass 57 — sum of MTBE and butenes (C4Hg),
mass 59 — acetone, mass 61 —ethyl acetate fragment, acetic acid,
mass 79 — benzene, mass 89 — ethyl acetate, mass 93 — toluene,
mass 107 — C2-benzenes (sum of xylene isomers, ethylbenzene,
and benzaldehyde) and mass 121 — C3-benzenes (sum of CoH12
isomers and CgHgO isomers). The ion measurements at mass
61 and mass 89 were monitored primarily as part of an urban
plume mapping study [12,13]. Ambient air was sampled for
600 measurement cycles followed by 60 cycles of instrumen-
tal background measurements determined by diversion of the
sample flow through a Platinum catalyst (Shimadzu) heated to
400 °C that provided a VOC free gas stream. The instrumen-
tal background was non-zero in most cases and the reported
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concentrations reflect the difference between the ambient and
instrument background signals.

Trace gas concentrations can be determined from the mea-
sured ion signals using equations derived from simple reaction
kinetics [6] or from measured or estimated calibration response
factors. The accuracy of the concentrations derived directly from
reaction kinetics are dependent on the validity of the value of the
reaction rate constant used, and also on how well the measured
reagent ion intensities reflect their actual ion distributions within
the drift tube. Better quantitative accuracy can be achieved by the
use of calibration standards. In this study, calibrated responses
are determined through dilution of a certified high pressure gas
mixture (Apel-Reimer) and the evaluated calibration factors are
related to the volumetric mixing ratio (VMR) as shown in Eq. (1)
[11] where Igy+, Iy,o+ and Iy, o+, 0) represent the respective
product and reagent ion intensities, 7 is the drift tube tempera-
ture, P the drift tube pressure, Sg the overall sensitivity factor
and Xg compensates for reaction efficiency of the H3O0*(H,0)
reagent ion:

VMRR = (1) Iru+ (Tz) 6]
SR IH3O+ + XR X IH3O+(H20) P2

The sensitivity factors, Sg, are derived from the slopes of four-

e . . I
oint dilution curves obtained by plottin Rii
P yp £ Iy, o+ +XR X0t 1,0)

2 oge s
versus VMRRr (%) . A summary of the sensitivity factors mea-

sured during the MCMA field campaign is shown in Fig. 1.
The Xr terms, which account for the difference in the reactiv-
ity between H3O" and H30*(H,0) were determined separately
at the conclusion of the campaign by empirically selecting a
value of Xr that minimized the dependence of Sr to changes

Iy, 0+
. . . . . H30
in the observed reagent ion distribution ;————-—.
130+ T1Hz0+ 1,0

ative XR values indicate that some declustering of H30*(H,0)
to H3O™ occurs within the expansion region of the instrument
and are expected only for those compounds which do not react
with H3O*(H,O). While the negative Xr values adequately
minimized the dependence of Sr on the observed reagent ion
distribution, it is now known that the negative Xr values for
toluene, p-xylene and 1,2,4-trimethylbenzene reported in Table 1
do not accurately reflect the reactivities of these compounds
with H3O*(H,0). These incorrect Xg values do not significantly
compromise the accuracy of the determinations reported here
because the intensity of the clustered reagent ion H3O0*(H,0)
was essentially the same for both the ambient sampling and cali-
bration experiments. Using a 600 V applied field at 1.9 mbar and
300K or E/N =145 Td, H30*(H;0) averaged about 11% of the
total reagent ion intensity and varied from a low of 8% to a high
of 18%. We estimate that at the highest levels of H;0*(H,0)
that the concentrations determined for the C3-benzenes could
be overestimated by 15%. The respective errors in the C2-
benzenes and toluene will be progressively smaller because these
species are less reactive towards H3O*(H,O). Campaign aver-
aged sensitivity factors have been used to compute the reported
concentrations and are shown in Table 1. The ion detected at
mass 57 has been quantified as if it originated solely from the ion-
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Fig. 1. PTR-MS calibration factors found throughout the campaign. The squares
represent individual calibration experiments and the line represents the average
value used in data analysis.

ization of methyl tertiary butyl ether (MTBE) and the response
factors reported on the basis that SMTBE = (KeMTBE/Kc,acetone)
Sacetone Where the kemtge is taken to be 2 x 10~2 cm3/s and
the k. for acetone 2.3 x 1072 cm?/s is the calculated proton
transfer reaction rate constant assuming an ion energy of 0.2eV
[6,14,15]. For the case of the C2-benzenes and C3-benzenes it
has been assumed that all of the structural isomers have the same
response factors as their respective calibration compounds p-
xylene and 1,2,4-trimethylbenzene. This latter assumption relies
on the fact that the calculated reaction rate constants for different
C2-benzene isomers vary by less than 10% and that the limited
set reported for the C3-benzenes exhibit similar behavior [16].
Also included in Table 1, for comparison, are the sensitivity fac-
tors calculated as counts per second (cps) per ppbv normalized
to 1 million cps reagent ion (ncps) at 2.4 mbar and 300 K.
Limits of detection are defined in this study as three times
the signal to noise ratio (S/N), where the S/N is taken as the 1o
level of scatter in the background concentration measurements.
These limits of detection are included in Table 1 and are based
on 0.1 s measurement time and range from 5.1 ppb for methanol
to 1 ppb for toluene. Because the reported concentrations reflect
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Table 1

Summary of calibration information

Compound Mass Sr (8.D.) Xr Calc ncps? (2.4 mbar) Lit ncps (2.4 mbar®) LD (ppbv)
Methanol 33 0.30 (0.05) 0.38 19.2 23.6 5.1
Acetaldehyde 45 0.73 (0.02) 0.6 46.7 26.6 3.9
Mass 574 57 0.91 0.5 58.2 34
Acetone 59 1.05 (0.04) 0.7 67.2 64.0 1.6
Benzene 79 0.51 (0.03) —-04 32.6 33.8 1.6
Toluene 93 0.72 (0.04) —-04 46.7 454 0.93
p-Xylene 107 0.80 (0.06) —-04 51.2 18.7 14
1,2,4-Trimethylbenzene 121 0.75 (0.08) —0.4 48.0 30.2 1.7

Compound identification, measured calibration factors, calculated normalized
detection.

counts per second (ncps) at 2.4 mbar, ncps from literature reference, and limits of

@ Counts per second normalized to 1 ppbv per million reagent ions calculated at 2.4 mbar and 300 K using the expression ncps =1 x 10° x Sg x (P*/T?).

b From de Gouw et al. [19].
¢ Determined as three times the S/N standard deviation.
4 Mass 57 sum of MTBE and C4Hg isomers see text for details.

the difference between ambient and background concentration
measurements, the higher limits of detection for methanol and
acetaldehyde reflect the higher persistent background levels
within the PTR-MS. Compounds with near zero background
ion counts like benzene and toluene have more favorable limits
of detection.

2.3. GC-FID measurements

During the MCMA-2003 study, 6-1 stainless steel canisters
were filled using a commercial Xon Tech Model 910PC sam-
pler. Integrated samples were collected for 1- or 3-h periods
throughout a 24-h day. After collection, canisters were deliv-
ered to the Washington State University (WSU) field laboratory
at CENICA for gas chromatographic analysis. Analyses were
performed within 24 h on an Hewlett Packard 5890 GC equipped
with FID detector. The GC system had a DB-1 fused silica cap-
illary column (J & W Scientific) for the separation of VOC
compounds. A cryotrap attached to the gas chromatograph via
a six-port gas-sampling valve (Valco Inst. Co. Inc.) was used
for concentrating the organic compounds prior to injection on
the GC column. Normally, 300 ml of air was passed through
the freeze-out trap, which was maintained at —186 °C (liquid
oxygen). Hydrogen at 1cm? min~! was employed as the car-
rier gas with the DB-1 fused silica capillary column system.
Optimum separation was achieved using an oven temperature
ramp from —50 to 150°C at 4° min~!. GC peaks were identi-
fied by comparing their retention times with known standards.
Hydrocarbon concentrations were determined by the ratio of
the FID response for each peak to the response recorded for
a known concentration of 2,2-dimethylbutane. The concentra-
tion of the 2,2-dimethylbutane standard was assigned through
comparison with a NIST-purchased propane standard reference
material (SRM).

2.4. CO> measurements

A Licor 6262 non-dispersive infrared absorption instrument
was used to measure the CO, concentration. Since CO» serves as
the dilution tracer, all other measurement time bases are adjusted

to correlate with that of CO using the zero air purges for time
synchronization.

3. Results and discussion
3.1. PTR-MS time response

On-road exhaust emission characterization experiments are
based on the premise that CO; can be used as an internal tracer
and that the exhaust dilution factor is contained in the change in
CO; concentration [5]. Experimentally this requires that the time
response and sensitivity of the PTR-MS measurements be high
enough to follow the rapidly changing concentrations within the
exhaust plume. Fig. 2 provides a representative on-road profile
of toluene and CO;. Inspection of this figure shows that the CO,
and toluene signals are highly correlated and that the PTR-MS
instrument appears to have sufficient time response for char-
acterizing the individual plumes. The zero air purges used to
match the time base of the two instruments are visible in Fig. 2
at 6:10:45 and 6:31:45. Correlation of PTR-MS time base to
that of CO; signal is critical to interpreting these data. Elevated
PTR-MS signals with concomitant rise in CO; is indicative of
fossil fuel combustion.

550 7 - - -toluene background 0
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450 — =
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S 2
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8 zero air purge 100 —3
300 -
- 50
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Fig. 2. On-road data for toluene and CO, showing time correlation of the signals
and the zero air purges used for time synchronization.
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3.2. Interpretation of mass spectral assignments

The PTR-MS has not previously been applied to the study
of vehicle tail pipe emissions and in the following section each
of the mass assignments is examined in detail. Where possible,
the concentrations derived from the PTR-MS measurements are
directly compared to ambient air samples collected in collocated
canisters that have been analyzed by GC-FID. For components
that were not measured in the canister samples the results of this
study are discussed relative to previously published PTR-MS
studies.

3.2.1. Mass 33

The ion at mass 33 is attributed to the presence of methanol.
This ion is unique to methanol and there are no known hydro-
carbon compounds which interfere with this measurement [17].
Methanol was not measured in the canister samples in this study,
but previous studies have shown excellent correlation between
the PTR-MS derived concentrations with that of FTR-IR [18]
and GC-MS [19]. Methanol is observed to be a tailpipe emission
product, but also has significant non-exhaust vehicle sources.
Windshield wiper fluids contain methanol as an active ingredi-
ent. In-use antifreeze coolants show the presence of methanol
either as a contaminant or a breakdown product. These other
sources can be distinguished from tail pipe emissions since they
are not correlated with the CO, measurements.

3.2.2. Mass 45

The ion at mass 45 is attributed to the presence of acetalde-
hyde. There are several small interferences that are known to
effect the quantification of acetaldehyde. Ethylene glycol, the
major ingredient of vehicle antifreeze, fragments upon ioniza-
tion to produce an ion at mass 45. Generally the vapor pressure of
ethylene glycol is low enough that it does not contribute signifi-
cantly to the signal at mass 45 except for the case of overheated
vehicles. In most cases the interference from ethylene glycol can
be resolved from exhaust emitted acetaldehyde on the basis of
the CO; signal. Another minor interference is from CO, [17],
which apparently contributes ion intensity to this mass through
an endothermic proton transfer reaction in the expansion region
to form the HCO,* ion (mass 45). In a separate laboratory study
the CO, contribution to the mass 45 signal has been evaluated
using calibrated CO; standards. It was determined that 1 ppmv
CO, produces a response equivalent to 1 pptv acetaldehyde. The
perturbation due to CO3, can be easily corrected for since CO,
concentrations are known, but have not been made since these
corrections are small in these on-road studies. For example, an
exhaust plume characterized by a 100 ppm change in CO, would
only contribute an additional 0.1 ppb to measured concentra-
tion. It has been reported that the alkenes and ozone can react
on stainless steel surfaces to produce acetaldehyde [20]. This
latter perturbation was found to be important when very low
levels of acetaldehyde were being measured and is not thought
to be important in this urban airshed where fairly high levels of
acetaldehyde are typically found. In previously reported PTR-
MS studies the derived acetaldehyde concentrations compared
favorably with GC-MS measurements when acetaldehyde mix-

ing ratios exceeded 1-2 ppbv [20,21]. The acetaldehyde levels
in the roadway experiments usually exceed 1-2 ppbv and thus
we consider that these acetaldehyde measurements are not sig-
nificantly perturbed by the aforementioned interferences.

3.2.3. Mass 57

Several major gasoline vehicle exhaust emission components
are expected to contribute to the ion signal at mass 57, includ-
ing MTBE and the C4Hg (butene) isomers. MTBE is considered
to be an important exhaust emission component because it is
used as an additive in reformulated fuels sold in the MCMA
[1,22] and that emissions measured from vehicles using fuels
containing MTBE reflect the presence of this fuel additive [23].
The butene isomers are also significant gasoline vehicle exhaust
components [23]. The butenes react to form protonated molecu-
lar ions at this mass while greater than 95% of the MTBE nascent
proton transfer reaction products fragment to the mass 57 ion.
Acrolein, an important air toxic, is thought to be only a minor
component in gasoline vehicle exhaust [23] and is not expected
to contribute significantly to the mass 57 ion signal. There are
other components such as the higher order alkenes (>C6) [24]
and higher order alkanes (>C7) [25,26] that react with H3O" to
produce ion fragments at mass 57. Reactions of O,* with higher
order alkanes and alkenes are also known to form product ion
fragments at mass 57 [24]. The latter reactions are generally
unimportant and can be ignored because O,* represents only
about 2% of the total reagent ion intensity. The concentrations
of MTBE and butenes are expected to be much greater than those
of acrolein and the higher order alkenes and alkanes in gasoline
vehicle exhaust [23] so that these compounds are not expected to
interfere significantly. Based on vehicle exhaust source profiles
derived from MCMA tunnel studies [27] it was initially assumed
that MTBE would be the major contributor to the ion signal at
mass 57 and the ion signal was quantified on this basis. It is now
recognized that the concentrations derived from ion intensity
measurements at mass 57 predominately reflects the sum of the
butene isomers and MTBE. While the concentrations derived
here were calculated assuming a komTBE Of 2 X 1072 cm3/s, and
the proton transfer reaction rate coefficients for the different iso-
meric butenes are not so different and range from 1.7 x 10~ to
1.8 x 10~ cm3/s [16] so that using a weighted averaged sen-
sitivity factor would have only a small effect on the reported
concentrations. Fig. 3a shows a time series plot of PTR-MS
mass 57 concentration along with the MTBE and C4Hg isomer
concentrations determined by GC-FID for the La Merced sta-
tionary sampling site, which is an urban core site that is heavily
influenced by vehicle emissions. The GC-FID results have been
shown as a bar which has been shaded to show the relative con-
tributions of MTBE and the isomeric butenes. While the bars
obscure some of the detail in Fig. 3a, the correlation between
the two data sets can be more clearly seen in Fig. 3b where the
PTR-MS concentration has been averaged over the time period
that the canisters were filled. The correlation plot shows that
the PTR-MS derived concentrations are in excellent agreement
with corresponding GC-FID results, which lends credence to
our assertion that MTBE and the C4Hg isomers are the domi-
nant components being detected at mass 57 by the PTR-MS.
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Fig. 3. Time series plot (a) of the mass 57 concentration where the GC-FID results for butenes and MTBE have been overlayed. The shading of the bar shows the
relative contributions of MTBE and the butenes. Correlation plots of the PTR-MS and GC-FID results from the same air mass for (b) sum of MTBE and the isomeric
butanes, (c) benzene, (d) toluene, (e) C2-benzenes and (f) C3-benzenes. The various symbols represent data from different locations, while the line is the least squares

regression.

Diesel vehicles have a much different chemical speciation
[28-30] than that of gasoline vehicles, but because of their low
hydrocarbon emission factors [28,29] are not expected to alter
the mass 57 signature that is dominated by gasoline vehicle emis-
sions. Several studies have examined diesel exhaust using H3O*
chemical ionization techniques and each one provides a sub-
stantially different interpretation of the ion signals [25,31]. The
PTR-MS study is most relevant to the discussion here, and in
that report all of the intensity observed at mass 57 was attributed
to the fragmentation of large alkanes [25]. We have also exam-
ined the exhaust of a stationary diesel vehicle with our PTR-MS
and observe a mass spectrum that is very similar to that reported
by Jobson et al. [25]. Using the report by Schauer et al. [29] as
a guide for interpreting the PTR-MS mass spectrum of diesel

exhaust we conclude that the mass 57 ion receives significant
intensity from a wide variety of neutral components including
the isomeric butenes, acrolein, higher order alkenes and alkanes.
In the cases where diesel exhaust plumes are intercepted and sig-
nal is detected at mass 57 we do not associate any specific neutral
components with this ion.

3.2.4. Mass 59

The ion signal at mass 59 receives intensity contributions
from the presence of acetone, propanal, and glyoxal. Schauer et
al. [23] report that all three species are present at significant frac-
tions in gasoline powered vehicles without catalytic converters,
with mole fractions of 46%, 32%, and 22% for propanal, ace-
tone, and glyoxal, respectively. Quantification of the mass 59
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ion signal was done using the acetone calibration factor and the
resulting concentration should be considered as a lower limit to
the sum of the species since the reaction rate constant for glyoxal
is much smaller than that of acetone and propanal [16]. These
compounds were observed to be only minor exhaust emission
products.

3.2.5. Mass 61

The ion signal at mass 61 was monitored primarily as a frag-
ment ion of ethyl acetate as part of an urban plume dispersion
study [12,13]. However, this ion is typically associated with
acetic acid [18,19,25] and should reflect the presence of this
compound when the mobile laboratory was not being influenced
by strong local sources of ethyl acetate. The ion signal at mass
61 was found to be unaffected by on-road vehicle exhaust sam-
pling encounters. On this basis we would conclude that acetic
acid is not a vehicle exhaust emission product. This conclu-
sion appears to be inconsistent with a recent study where acetic
acid was identified as a diesel exhaust emission component [25],
but probably reflects that the concentration of acetic acid in the
diluted exhaust plumes encountered in this study was below our
detection limit which is estimated to be on the order of 4 ppb.

3.2.6. Mass 79

This ion is predominately formed via a proton transfer reac-
tion with benzene. Higher order mono-substituted benzenes such
as ethylbenzene and the propylbenzene isomers fragment within
the PTR-MS to produce ions at mass 79 and thus interfere
with quantification of benzene. The contributions from benzene,
ethylbenzene and propylbenzene to the total mass 79 concentra-
tion or VMR are given in Eq. (2):

SEtBenz

[M79] = [Benz] + BFEgBenz[ EtBenz]

Benz

S
+ 2B B R Bens[PrBenz] @)

Benz
where [M79] represents the VMR derived from the total mass
79 ion intensity assuming it originated solely from benzene.
The terms [Benz], [EtBenz] and [PrBenz] represent the actual
VMRs of the respective species. The contributions from ethyl
and propylbenzene are weighted by the ratio of the ionization
efficiencies (S,/SBenz) and the fraction (BF,) of the mass 79 ion
product that each produces upon ionization. Under the experi-
mental conditions used in this study, ethylbenzene forms 68%
mass 107 and 32% mass 79, while propylbenzene forms 36%
mass 121 and 64% mass 79. Evaluation of the individual con-
centrations of ethylbenzene and propylbenzene is not possible
with the PTR-MS since there are other CgH;g and CoHj, iso-
mers present in the ambient air mass. The sum of all of the
CgHjg isomers is generally referred to as the C2-Benzenes while
the sum all of the CoH|> isomers represent the C3-Benzenes.
Fortunately it has been observed that ethylbenzene is a rea-
sonably constant fraction of the C2-Benzenes throughout the
MCMA as shown in Fig. 4. Propylbenzene exhibits similar
behavior. Substitution of the detection sensitivities, the prod-
uct branching fractions and [EtBenz]=0.182 x [C2Benz] and
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Fig. 4. GC-FID measurements from canister samples taken from different
locations throughout the MCMA: (a) ethylbenzene concentration vs. the total
C2-benzene concentration; (b) propylbenzene concentration vs. the total C3-
benzene concentration.

[PrBenz] =0.069 x [C3Benz] allows us to derive an algorithm,
Eq. (3), to correct for the contributions of these components to
the benzene signal:

[Benz] = [M79] — 0.092 x [C2Benz] — 0.065 x [C3Benz]

3)
Fig. 3c shows the correlation between the PTR-MS corrected
benzene concentrations and the GC-FID benzene measurements
made at several different stationary sampling sites. The agree-
ment between the two methods is very good and serves to
validate that reliable benzene concentrations can be derived from
the PTR-MS measurements. Accurate benzene measurements
are important in the present study, as the benzene to toluene
ratio is an important indicator in determining whether a vehicle
has a functioning exhaust treatment system [32,33].

3.2.7. Mass 89
The ion signal at this mass reflected the presence of ethyl
acetate and was monitored as part of an urban plume dispersion
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study [12,13]. This mass assignment is specific to this particular
application and was confirmed by GC analysis of ambient air
samples captured in canisters at the emission source. It is noted
that this ion signal was totally quiescent except for when the
mobile laboratory intercepted an ethyl acetate solvent plume.
This result provides strong evidence that ethyl acetate is not
present to any significant extent in vehicle exhaust.

3.2.8. Mass 93

The ion at mass 93 is attributed to the presence of toluene.
Certain terpenes like a- and B-pinene produce a small amount
of fragment ion at mass 93 [19]. The contributions from these
biogenic species to the ion signal at mass 93 are expected to be
insignificant in the MCMA air masses analyzed. Fig. 3d shows
that the PTR-MS and GC-FID measurements made at several
stationary sites are in excellent agreement with one another.
Toluene is considered to be the best and most reliable of the
PTR-MS measurements reported here. Toluene is observed to
be a dominant exhaust emission product from gasoline vehicles.

3.2.9. Mass 107

The ion signal observed at mass 107 reflects the sum of the
xylene isomers and ethylbenzene (C2-benzenes) plus benzalde-
hyde. As noted in the experimental section, quantification of
the C2-benzenes assumes that the p-xylene calibration factor
is appropriate for all of the components. The calculated proton
transfer reaction rate constants are all very similar for ethyl-
benzene [16] and the xylenes [16] and on this basis the use
of a single component calibration response is appropriate. If
we assume that the sensitivity factors scale on the basis of the
value of the reaction rate constant, then benzaldehyde would
be expected to have a higher sensitivity factor. However, it has
been reported in a GC/PTR-MS study that ethylbenzene has
a higher response factor (20.7 ncps/ppbv), and benzaldehyde
a lower response factor (7.9 ncps/ppbv) compared to p-xylene
(15.2 ncps/ppbv) [26]. These calibration factors for the individ-
ual C2-isomers show a much greater range of variability than
would have been expected on the basis of differences in the
reaction rate constants and would suggest the use of a weighted
averaged sensitivity factor rather than the single component
derived value employed here. Fig. 3e shows the correlation plot
for the mass 107 signal (C2-benzenes plus benzaldedyde) from
the PTR-MS versus the C2-benzenes as measured by GC-FID.
The slope of this correlation plot shows an overestimation by
PTR-MS of approximately 30%. One factor contributing to the
error is the fact that benzaldehyde is measured at mass 107 by
the PTR-MS, but was not measured by the GC-FID. However,
it is noted that this factor alone probably does not account for
all of the discrepancy as automotive exhaust emission studies
indicate that the benzaldehyde contribution might add 5% to the
overall measurement [23]. These measurements may be addi-
tionally compromised under high humidity conditions because
of inaccurate compensation of the reactivity of these compounds
with H3O"(H,0). In other PTR-MS and GC/MS intercompari-
son experiments involving the C2-benzenes, one study indicated
very good agreement between the two methods [21] while a
second study [34] reported results very similar to that observed

here. The C2-benzene measurements have greater uncertainty
and may overestimate the true concentrations of these species.
The C2-benzenes are observed to be dominant exhaust emission
components of gasoline vehicles.

3.2.10. Mass 121

There are eight CoH1, isomers and five CgHgO isomers that
contribute to the ion signal at mass 121. This collection of com-
pounds is referred to as the C3-benzenes, although it actually
represents the C3-benzenes plus CsHgO aromatic aldehydes and
ketones. Concentrations have been calculated assuming that the
calibration factor for 1,2,4-trimethylbenzene is appropriate for
all of the isomers. Similar to mass 107, larger errors are expected
for the quantification of this collection of compounds. Reaction
rate coefficients for the CoHj, isomers that have been tabu-
lated are quite similar, while those of the CsHgO compounds are
somewhat larger. Fig. 3f shows that the concentrations derived
from the PTR-MS are 50% larger than those determined by GC-
FID. A portion of this error may be attributed to omission of
CgHgO isomers from the GC-FID data, but it seems unreason-
able to attribute all of the discrepancy to this factor. Gasoline
automobile emission studies report that the three tolualdehyde
isomers may contribute an additional 10% to the overall C3-
benzene measurement [23]. These measurements may be addi-
tionally compromised under high humidity conditions because
of inaccurate compensation of the reactivity of these compounds
with H30*(H,0). Other PTR-MS and GC/MS intercomparison
studies involving the C3-benzenes seem to indicate that the PTR-
MS results are consistently high. Until the source of uncertainty
of these measurements can be identified we consider the PTR-
MS measurements more as a proxy for the C3-benzenes rather
than an exact measurement.

3.3. Vehicle exhaust characterization experiments

A major goal for deploying the PTR-MS on-board the mobile
laboratory in the MCMA field campaign was aimed at the study
and characterization of selected hydrocarbon exhaust emissions
of vehicles operated under real-world driving conditions. Zavala
et al. [8] provide a complete analysis of the hydrocarbon emis-
sion measurements from mobile sources in the MCMA. In this
manuscript specific case examples of hydrocarbon exhaust emis-
sion measurements made by the PTR-MS from different engine
types are highlighted, and include gasoline vehicles with and
without exhaust treatment systems and a diesel vehicle. Classi-
fication of the emission profiles is based on following general
criteria, video images and researcher data log notes recorded
during the chase event and corroborating measurements from
other instruments. Video records indicated that only the targeted
vehicle was in front of the mobile laboratory during the reported
chase segments. Fig. 5 shows selected 1-2 min chase segments
that are representative of each of the vehicle types and also have
similar excess CO; concentrations. The scaling of the axes are
the same for each of the different compounds to help illustrate the
different emission characteristics of the profiled vehicles. The
shaded regions indicate the specific plumes that are analyzed
and discussed below.
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Fig. 5. Selected hydrocarbon and CO, emission time series measurements of representative chase events: (a) gasoline vehicle without an operational catalytic
converter; (b) gasoline vehicle with an operational catalytic converter; (c) heavy duty diesel charter bus. Shaded areas indicate the plumes analyzed in Fig. 6.

Fig. 5a shows a chase segment for an older (early to mid
1990s) Chevrolet Suburban that was followed at low speeds
(5-20 mph) within a city park. This vehicle is equipped with a
gasoline engine (most likely a large displacement eight cylinder
engine) and on the basis of the large concentrations of exhaust
products measured has been classified as a vehicle without a
functioning catalytic converter. For this vehicle all of the com-
ponents except acetaldehyde and those not plotted (masses 59,
61 and 89) are observed in high concentration and are highly
correlated with the CO, measurement. The method used to quan-
tify these emissions is determined from a correlation plot of
the emission analyte concentration versus the CO, concentra-
tion where the slope represents the emission ratio [5]. Fig. 6
shows the correlation plot for the toluene and CO, measure-
ments made over the times indicated by the shading in Fig. 5.
In the case of the Chevrolet Suburban the emission ratio of
toluene was determined to be 1.4 ppbv toluene per ppmv CO,
or 1.4 x 1073 mole toluene per mole of CO,. Emission ratios
were determined from the slopes of similar plots for each of
the other components and are reported in Table 2. For compar-
ison emission ratios estimated from emission factors reported
for cars tested using an urban FTP cycle are also included in
Table 2. Except for acetaldehyde the emission ratios derived
from this single plume event are consistent with that reported by
Schauer et al. [23] for vehicles without operational catalytic con-
verters. Acetaldehyde was observed to be only a minor emission

product from this vehicle essentially indistinguishable from the
ambient background. For vehicles without operating catalytic
converters Schauer et al. [23] observed that the acetaldehyde
emissions were slightly greater than the corresponding ben-
zene emissions. Had this been the case here the acetaldehyde
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Fig. 6. Toluene and CO; correlation scatter plots for the plume data indicated
by the shaded regions in Fig. 5. Emission ratios are evaluated from the slope of
plots.
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Table 2

Summary of the emission ratio (mole of compound per mole CO;) measurements of the selected plumes in Fig. 5

Compound Gasoline engine without operational catalyst Gasoline engine with operational catalyst Heavy Duty Diesel Charter Bus
Fig. 5 Schauer et al.? [23] Fig. 5 Schauer et al.? [23] Fig. 5 Cocker et al. [28]

Methanol 29x107% - NR - 1.6x107° -

Acetaldehyde 1.8x107°  64x107* 2.4 %1073 1.7% 1073 12x107%  4x107°

Benzene 53x107% 56x107* 1.1x 107 29x107? 1.2 %1073 2.9x107°

Toluene 14x1073 24 %1073 1.8 x 10~* 44 %1073 1.7 x 107 1.4x107°

C2-benzenes® 1.6 x 1073 2.6 x 1073 20x107* 43 %1073 1.1 x1073 1.8 x 1070

C3-benzenes! 14x1073 14 %1073 1.6x 1074 2.5%x 1073 33x1075 -

Mass 57¢ 19x1073  26x1073 22x107* 7.4 %1073 - -

2 Emission ratios are estimated from the reported emission rates assuming 5 km/1, fuel density of 0.75 g/ml and 3140 g CO,/kg of fuel.
b Emission ratios are estimated from the reported emission rates assuming 10km/1, fuel density of 0.75 g/ml and 3140 g CO,/kg of fuel.

¢ Sum of CgH|g isomers plus C7HgO.
4 Sum of CgH}, isomers plus CgHgO isomers.
¢ Sum of MTBE and C4Hg isomers.

emissions would have been clearly observable for this vehicle.
The ratio of acetaldehyde to benzene observed here of 0.034 is
more similar to that (0.063—0.073) observed in a dynamome-
ter study involving 1991-1996 fleet cars from the MCMA by
Schifter et al. [22].

Fig. 5b shows a chase segment for a newer small sedan that
was intercepted as it was pulling away from a traffic light and
represents a gasoline vehicle that appears to have a properly
functioning catalytic converter. Only the single plume centered
at 6:18:30 can be ascribed to this vehicle. The emission ratios
determined for this vehicle except for acetaldehyde are substan-
tially reduced relative to that shown for the gasoline vehicle
without a catalytic converter. The reduced molar emission ratios
and the elevated benzene to toluene ratio (0.61) are consistent
with a vehicle having a properly functioning catalytic converter
[23,35]. The molar emission ratios for benzene, toluene, C2-
benzenes, C3-benzenes and mass 57 (MTBE plus butenes) for
this vehicle are observed to be 3—6 times larger than that reported
by Schauer et al. [23] for catalyst-equipped gasoline-powered
motor vehicle tailpipe emissions. Given that the plume recorded
in Fig. 5b for this vehicle represents an acceleration plume,
higher emissions might be expected [33].

Fig. 5c¢ shows a chase segment involving a diesel charter bus.
Diesel vehicles generally have very low hydrocarbon emissions
and are difficult to profile for this reason. Video records and
corroborating particle emission measurements indicate that this
was a very clean chase event. Diesel engines have significant
particle emissions [36,37] and these measurements indicated
that the exhaust from the targeted charter bus was being con-
tinuously sampled over the entire chase sequence. Considerable
variability is noted in the hydrocarbon traces associated with
this vehicle. For the shaded plume event between 7:11:30 and
7:12:00 it is seen that the acetaldehyde signal clearly tracks the
corresponding CO; trace and that the other hydrocarbon emis-
sions are very low. This can be contrasted to the plume event
starting about 7:12:30 and lasting to 7:13:00, where the aro-
matic emission components appear more significant while the
acetaldehyde emission is lower. Emission ratios for the shaded
plume event are shown in Table 2. It is noted that while the
acetaldehyde emission is similar to that reported for gasoline

engines that the aromatic emissions are considerably smaller.
For comparison, molar emission ratios reported by Cocker et al.
[28] for a slowly moving (“creeping”) diesel vehicle are included
in Table 2. The emission ratios determined here are all consid-
erably higher than that of Cocker et al. [28] although it should
be noted that the emission ratios for the aromatic components
are essentially at or below our detection limit. The acetaldehyde
emissions are quite variable across the entire plume event and
serve to illustrate the variable nature of the emissions of in-use
vehicles.

3.4. Distribution of benzene and toluene—implications to
photochemical air age determination

Another important implication of the current study is the
difference in the distribution of benzene and toluene found in
vehicle exhaust with that measured in the ambient air within the
MCMA. This is because the ratio of these compounds is often
used as an indicator of the photochemical age of an air mass. The
benzene to toluene ratio can be used to deduce the photochemical
age of an air mass based of the OH reactivity differences for the
two compounds, but requires an accurate knowledge of the start-
ing distribution of these two components [38]. While the ratio of
these two compounds in an urban environment, like the MCMA,
might be expected to be controlled predominately by vehicular
emissions our data suggests that there are other contributing
emission sources that influence the ratio of these compounds.
This assertion is based on an analysis of all of the valid mobile
data in this study, which indicates that the fleet averaged volu-
metric benzene to toluene ratio is 0.48 [8] while a significantly
lower ratio of 0.23 is derived from both PTR-MS and GC-FID
fixed site urban data contained in Fig. 3. These results indicate
that the benzene to toluene ratio is higher in vehicle exhaust
(examined from a fleet perspective and not an individual vehi-
cle basis) than that observed in the ambient urban air. This
result seems counterintuitive, since the OH radical reacts more
rapidly with toluene than benzene [39], because photochemi-
cal processing of vehicle exhaust only serves to further increase
the observed benzene to toluene ratio. The fleet averaged volu-
metric benzene to toluene ratio deduced from the results of the
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experiments described in this study are found to be consistent
with benzene to toluene ratios derived from other vehicle exhaust
emission studies. The relative amounts of benzene and toluene
measured in the exhaust from gasoline vehicles will be depen-
dent on the overall efficiency of the emission control system, as
catalytic converters are more efficient at removing toluene than
benzene from the exhaust [23,32,33,35] and the MCMA vehicle
fleet will be characterized by some distribution of vehicles with
and without functioning emission control systems. The reported
volumetric benzene to toluene ratios range from 0.24 [23] to
0.35 [32] for vehicles operated without catalytic converters and
from 0.66 [23] to 1.31 [32] for vehicles possessing operational
catalytic converters. Our present value falls between the no emis-
sion control and emission control ranges and is comparable to
that measured in two Mexico City tunnels (0.42 and 0.35) in
1998 by Mugica et al. [27]. Our roadway measurements of ben-
zene and toluene thus seem totally consistent with the results of
vehicle tail pipe emission studies [23,32,33,35] as well as the
results of a Mexico City tunnel study [27]. Our data suggests
that vehicle emissions alone do not define the distribution of
benzene and toluene in the MCMA urban environment. Large
toluene solvent plumes were routinely encountered during our
many drives within the MCMA and these non-vehicular emis-
sion sources of toluene appear to have a significant impact on
the overall observed distribution of benzene and toluene in this
urban airshed.

It is noted that similar conclusions may be drawn from mea-
surements made in the US. The average urban US ambient air
measurements indicate a volumetric benzene to toluene ratio
of 0.44 [40]. These results are higher than that observed in the
MCMA and probably reflect a higher percentage of emission
controlled vehicles in the US than in Mexico City. Tunnel stud-
ies conducted in the US report volumetric benzene to toluene
ratios of 0.61 and 0.78 [41]. These tunnel measurements should
reflect vehicle fleet averaged emissions and again suggests that
a greater proportion of benzene relative to toluene is present
in vehicle emissions than in urban ambient air. Additional evi-
dence is offered by two other PTR-MS studies of ambient urban
air masses, one in The Netherlands [42] (0.27) and another off
the US coast of New England [43] (0.27), which provide benzene
to toluene ratios that are smaller than what would be anticipated
from any fleet averaged vehicle exhaust profiles from either the
US or Europe.

4. Conclusion

The PTR-MS has been shown to be an effective and efficient
technique for quantifying selected exhaust emission products
from in-use on-road vehicles. Mixing ratios deduced by the PTR-
MS technique for benzene and toluene were found to correlate
very well with GC-FID data from collocated canister samples.
Other PTR-MS ion masses represent collections of compounds
such as mass 57, 107 and 121. In this study it was found that mix-
ing ratio deduced from the ion intensity at mass 57 agreed very
well with the sum of the MTBE and isomeric butene concen-
trations derived from GC-FID measurements. The comparison
of the PTR-MS mixing ratios deduced from the ion intensi-

ties at mass 107 and 121 showed significant deviations with
the comparable C2 and C3-benzene measurements by GC-FID.
While direct comparative data between the PTR-MS and another
independent method is not available for the oxygenated species,
evidence is provided that supports the reliable measurement of
methanol, acetaldehyde and acetone by PTR-MS. Thus, this
study serves to validate the PTR-MS technique as a quantita-
tive monitor of selected components present in both vehicle tail
pipe emissions and in the ambient air within heavily polluted
environments like Mexico City.

Reliable high time response measurements like that collected
using the mobile PTR-MS provides information not only into the
emissions of individual vehicles but also allows assessment of
fleet emission averages and distributions [5,8,44]. These mea-
surements capture the wide range of vehicle emission variability
caused by vehicle condition, fuel quality, driving behavior and
other parameters that effect engine emissions. Emission vari-
ability is reflected in the frequency distribution of the on-road
emission measurements. Statistical information derived from
these frequency distributions can then be used to assess and
validate emission inventories [8]. Vehicle emissions measured
using the PTR-MS technique have been used to estimate fleet
averaged emissions, which indicate that light duty vehicles in
the MCMA have significantly higher VOC emissions than those
found in US cities [5,8,44].

We noted that the distribution of benzene and toluene in vehi-
cle exhaust (street level air) appears to be higher than the ratio
observed in the ambient atmosphere at the fixed urban sam-
pling sites. This counterintuitive result raises the question as
to whether this observation is an experimental error or actu-
ally reflects real differences in these air masses. Our vehicle
exhaust results were shown to be consistent with that of other
vehicle exhaust emission studies, while our fixed site urban mea-
surements were corroborated by GC-FID measurements so we
do not attribute the variation in the benzene toluene ratios to
experimental error. While additional study is required before
any conclusive statements can be made, the results of this study
suggest that there are other significant non-vehicle emission
sources of toluene which influence the distribution of benzene
and toluene in the urban MCMA environment.
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