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‡National Institute of Research in Amazonia, Manaus, Amazonia Brazil
§Biogeochemistry Department, Max Planck Institute for Chemistry, Mainz, Germany
∥School of Public Health, University of Saõ Paulo, Saõ Paulo, Brazil
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ABSTRACT: The Saõ Paulo Metropolitan Area (SPMA) is a
megacity with 20 million people and over 8 million vehicles.
Over the past decade a large increase in biofuel usage, more
notably ethanol by light-duty vehicles, has made Brazil, and in
particular Saõ Paulo, a unique case worldwide. This study
presents the first assessment of emission ratios of a selected
group of volatile organic compounds (VOCs) relative to
carbon monoxide (CO) under ambient conditions. The VOCs
studied here include aromatics such as benzene (1.03 pptv/
ppbv CO), toluene (3.10 pptv/ppbv CO) and Oxygenated
VOCs such as methanol (5.39 pptv/ppbv CO), acetaldehyde
(3.93 pptv/ppbv CO), acetone (3.59 pptv/ppbv CO), methyl
ethyl ketone (1.42 pptv/ppbv CO), and others. Despite the
specificity of the fuel composition, emission ratios were in surprisingly close agreement with other megacities in Europe or in
North America. Such results include species whose emission factors have been previously reported to decline (e.g., benzene) or
increase (e.g., acetaldehyde) with ethanol usage. Furthermore, diurnal profiles and temperature analysis aid separating the
primary anthropogenic, secondary or biogenic components of the species studied here. This study shows that a significant
fraction of ethanol in gasoline blends does not result in a well-defined trend in VOC emission profile and certainly motivates
further studies.

■ INTRODUCTION

Emissions in megacities in both the developed and developing
parts of the world are strongly impacted by the transportation
sector. The Saõ Paulo Metropolitan Area (SPMA), located in
the southeast of Brazil, has a population of nearly 20 million
people and 8 million vehicles, many of which are fueled by a
considerable amount of ethanol.1 Such a fleet is considered a
unique case of large-scale biofuel usage worldwide. Current
inventories attribute over 80% of hydrocarbons emissions
within the SPMA to vehicular sources.2 Despite the large
impact on human health and atmospheric chemistry dynamics,
many uncertainties are found in terms of gas and particulate
matter emissions from vehicles and their corresponding
atmospheric reactivity, for example, secondary organic aerosol
formation.3−6

Ethanol was first introduced as a commercial alternative to
fossil fuels in Brazil in the early 1980s and its use has strongly
increased since the 2000s. For a decade now a generation of

cars termed flexible fuel vehicles (FFV) has allowed the use of
any content of anhydrous ethanol from 27% (mixed with
gasoline, E27) to pure hydrous ethanol (E100). Both fuels (E27
and E100) are available at the petrol station and the consumer
can choose whether to use E27 or E100, or combine them to
reach an intermediate ethanol fraction (E50 or E90, for
example).6 Most of motorcycles are not flexible fuel vehicles,
and thus can only be fueled by E27. Heavy-duty vehicles are
fueled by diesel with 7% biodiesel (B7). During the period of
our study (austral summer 2013), the state of Saõ Paulo
consumed on total 10% more ethanol than gasoline, namely
6.98 × 105 m3 of ethanol versus 6.35 × 105 m3 of gasoline per
month.7
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Aiming to better assess the role of vehicular emissions in the
SPMA, a comprehensive project entitled FONTES (”sources”
in Portuguese) was carried out. The project encompasses
vehicular exhaust emissions characterization using standard
dynamometer test cycles, tunnel1 and ambient measurements,8

as well as numerical modeling. Ambient measurements were
largely based on filter collection (over 1200 filters collected at
four sites). Furthermore, intensive campaigns were performed
using a suite of real-time instrumentation, including instru-
mentation for aerosol and gas-phase characterization. For
several of these instruments, this was the first deployment in
such unique environment.
Among the innovative aspects of the FONTES ambient

measurements, we include real-time measurements of a suite of
volatile organic compounds (VOCs), including oxygenated
VOCs (OVOCs). VOCs serve as fuel for the photochemical
production of ozone,9 influence the oxidizing capacity of the
atmosphere10 and have been increasingly identified to
contribute to the aerosol burden of the atmosphere.11−13 In
urban areas, VOC emissions are dominated by anthropogenic
sources and, as such, their quantification is a first critical step to
develop effective abatement strategies, as well as determine
their environmental impacts.

Previous laboratory studies have shown a significant change
in the emission profile with varying levels of ethanol content in
gasoline.14−16 Acetaldehyde, for example, is an important
OVOC with well-known impact on human health17 and ozone
formation.9 Acetaldehyde was observed to increase with
increasing ethanol usage.18 Benzene, also a VOC with
important effects on human health19 and a relevant aerosol
precursor,20 showed the opposite trend, that is, emission
reduction with increasing ethanol content in gasoline.21 The
objective of this study is to provide the quantification of a suite
of (O)VOCs in a megacity largely impacted by biofuel use, and
furthermore, to assess under real-world conditions their
anthropogenic emission ratios. The observed VOC emission
ratios will then be compared with observations in megacities
worldwide, seeking to identify trends in the VOC emission
profile linked to the extensive biofuel use.

■ MATERIALS AND METHODS

The measurements described here were carried out from 08
February to 23 April 2013 at a sampling site in downtown Saõ
Paulo, surrounded by 12−35 km of dense urban occupation.
The site is located at the Public Health Faculty (23°33′13.87″S
46°40′23.46″W), at the crossing of Dr. Arnaldo and Teodoro

Figure 1. Time series of meteorological parameters and ambient mixing ratios of several species. Weekends are marked in light blue. Ozone, CO,
NO, and NO2 data were provided by the Saõ Paulo State Environmental Agency, station Cerqueira Ceśar.
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Sampaio avenues, one of the most heavily impacted areas by
traffic emissions within the SPMA.22

A quadrupole Proton-Transfer-Reaction Mass Spectrometer
(PTR-MS, Ionicon Analytic, Austria) was used to provide real-
time VOC mixing ratios. The system was operated under
standard conditions (2.2 mbar drift tube pressure, 600 V drift
voltage, E/N 140 Td). Every 60 min air was diverted through a
catalytic converter (Supelco, Inc. with platinum pellets heated
to 400 °C) to assess the background signal for each species. A
system calibration was performed during the campaign using
permeation tubes stabilized at 40 °C for isoprene, benzene,
toluene, and p-xylene.23,24 Furthermore, methanol, acetalde-
hyde, acetone, isoprene, MVK+MACR, MEK, benzene, toluene
and p-xylene were postcampaign calibrated using a set of
gravimetrically prepared multicomponent mixtures (Apel
Riemer Inc., USA) for a large range of humidity values.
Concentration estimates of compounds calibrated by both
methods agreed well within instrumental accuracy.25 The PTR-
MS was deployed on the third floor of the Public Health
Faculty building, roughly 15 m above street level. Air was
sampled through an unheated 5 m long 1/8 in. O.D. PTFE
tube to the sampling system.
The instrument detection limit (DL) was calculated

according to Taipale et al. (2008), i.e., calculated as two
sigma of the baseline corrected background signal. The species
reported here are methanol (m/z 33 - DL 314 pptv),
acetaldehyde (m/z 45 - DL 179 pptv), acetone (m/z 59 - DL
40 pptv), isoprene (m/z 69 - DL 38 pptv), MVK+MACR (m/z
71 - DL 19 pptv), MEK (m/z 73 - DL 20 pptv), benzene (m/z
79 - DL 14 pptv), toluene (m/z 93 - DL 27 pptv) and C8-
aromatics (m/z 107 - DL 28 pptv).
Although the PTR-MS technique allows for real-time

measurement of VOCs down to very low mixing ratios, its
species separation is solely based on the compound molecular
mass, which results in limited speciation capability.25 Therefore,
interference from other species cannot be completely ruled out,
in particular for acetone and isoprene, which have previously
been reported to suffer interferences in urban areas.25,27

Acetone has been previously identified to suffer an interference
from propanal, however under a large set of environments the
contribution of the former was limited to 10%.25 Isoprene has
been observed to suffer from interferences from furans and
cycloalkanes. Whereas the former is only significantly emitted
from biomass burning,25 the latter can be significant under
ambient environments.27

The data for ozone (O3), nitric oxide (NO), nitrogen dioxide
(NO2), NOx (NO+NO2), and carbon monoxide (CO)
reported here was provided by the Saõ Paulo State Environ-
mental Agency (CETESB), from the Cerqueira Ceśar station,
some 50 m from the sampling site.

■ RESULTS AND DISCUSSION
Time Series and Meteorology. The campaign took place

during a southern hemisphere summer/fall, with an average
temperature of 21.9 ± 3.6 °C and average humidity of 76 ±
15% (Figure 1). Close to 80% of the days were considered
sunny (24 h integrated insolation >10 000 kJ m−2). Mean
mixing ratios of the monitored species are depicted in Table 1.
The observed values of CO, NOx and ozone are comparable
with observed values in other megacities such as Mexico City,28

Paris,29 Houston30 and New York,31 under comparable
meteorological conditions. It is interesting to notice that
observed ozone values are significantly lower at the sampling

site, in a downtown area, than usually found in the SPMA (40−
70 ppbv).6 This difference is mainly attributed to the
abundance of NOx from vehicular sources, and as such a
reduction of ozone is expected in a VOC-limited regime.6

The diurnal pattern of CO and NO (as well as NOx) present
a distinct peak in the morning rush hour consistent with a
dominant vehicular source (Figure 2). Ozone levels are

observed to increase around 09:00 and reach a plateau around
noon until 16:00. Diurnal patterns of NOx and CO show a
similar behavior, suggesting a homogeneous source profile
throughout the day. Furthermore, the average NOx/CO ratio
(0.11 ± 0.03) is comparable with values seen for light-duty
vehicles recently derived from tunnel measurements (0.049 ±
0.05), but is much lower than rates seen for heavy-duty vehicles
(2.4 ± 1.6).32

The wind pattern during the campaign is shown in Figure 3,
depicting a predominance of easterly winds during the morning
and night hours, and well-defined NW and SE components in
the afternoon. Whereas the sampling site is largely impacted by
vehicular sources from all directions, biogenic VOCs (BVOCs)
are likely to originate from Ibirapuera Park. Comprising an area
of 1.5 km2 and over 15 000 tress, the park is located 4 km
southeast of the sampling site. Such wind direction is dominant
in the afternoon and shall be considered when interpreting the
partitioning of primary anthropogenic or biogenic/secondary

Table 1. Mean Mixing Ratios Observed during the
Campaign, Numbers Are Given in ppbv

parameter mean std

ozone 14.0 12.8
ozone12:00−18:00 25.8 14.0
CO 702 389
NO 35.4 36.9
NO2 43.1 21.3
NOx 78.5 50.1
methanol 4.37 1.57
acetaldehyde 3.42 1.98
acetone 2.82 1.31
isoprene 1.06 0.68
MVK+MACR 1.26 0.77
MEK 1.09 1.01
benzene 0.67 0.44
toluene 2.11 2.06
C8 aromatics 1.52 1.47

Figure 2. Diurnal profile of CO, NO, NO2, NOx, and ozone from the
Cerqueira Ceśar site during the time of the campaign.
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components of VOCs in the corresponding Section. No
significant changes are observed in average wind velocities in
the morning (1.6 ± 1.3 m s−1), afternoon (2.4 ± 1.2 m s−1) or
nighttime (1.5 ± 1.2 m s−1) hours.
Emission Ratios. Real-time measurement of ambient VOCs

provides a powerful data set for quantification of urban
emission factors, although photochemical processing and
dilution/mixing must be accounted for. The latter is considered
via the normalization of a given VOC by a long-lived
anthropogenic marker, usually CO or acetylene. Photochemical
processing can be corrected by an estimation of the plume age
and estimated reaction rates.33 However, the sampling station is
found within the SPMA, and thus plume age is considered
highly uncertain. Another approach recently developed34 relies
on applying a linear regression fit to calculate the slope of the
scatterplot of nighttime data (20:00−06:00 local time) between
a given VOC and CO. During the nighttime, atmospheric
processing of most VOCs can be considered negligible and,
furthermore, the emission ratios of VOCs associated with plant

emissions during photosynthesis, such as isoprene, are carried
out in the absence of light.34

Interestingly, during the nighttime most of the VOCs have
correlated well with CO (R2 > 0.8), including those usually
associated with biogenic emissions and/or secondary for-
mation, such as acetone, acetaldehyde and MVK+MACR
(Figure S1). Such a high correlation indicates that such
VOCs share a common source with CO (e.g., combustion) in
regard to evaporation, for example. The correlation of MEK
with CO is an exception (R2 ≈ 0.5), possibly due to varying
degrees of biogenic contributions during night hours of such
long-lived species.35 Curiously, toluene also yielded a
moderately good correlation (R2 = 0.65), which can indicate
whether some impact of evaporation, which is independent of
CO, or the result of heterogeneity on emission ratios emissions
throughout the campaign for this particular compound.
The observed emission ratios are found in close agreement

with other megacities (Table 2), despite the specificity of the

Brazilian fuel. Acetaldehyde, for example, which could be
expected to have a significantly high emission ratio due to the
ethanol content in gasoline,18 had a calculated emission ratio of
3.93 pptv/ppbv CO, whereas in Los Angeles the emission ratio
is 5.42 pptv/ppbv CO34 and in Mexico City 1.0 pptv/ppbv
CO.36 Benzene, on the contrary, has been reported to decrease
with increasing ethanol usage,21 had a higher emission ratio
(1.03 pptv/ppbv) than the average of 28 U.S. cities (0.70 pptv/
ppbv CO37), but a lower emission ratio than Los Angeles (1.30
pptv/ppbv CO34), Paris (1.07 pptv/pppbv CO34) and Mexico
City (1.21 pptv/ppbv CO36). Interestingly, at high fuel
distillation temperatures, benzene emission has also been
reported to increase with increasing ethanol content.14

A relatively high emission ratio of anthropogenic isoprene
has been observed, yielding a ratio of 1.17 pptv/ppbv CO. The
emission ratios of anthropogenic isoprene for Los Angeles were
calculated to be 0.30 pptv/ppbv CO34 and for Mexico City
were 0.08 pptv/ppbv CO,38 respectively. Such a high emission
ratio derived here could be the result of interference of other
species, such as cycloalkanes, as previously discussed, and
certainly motivates further studies.
The lack of a well-defined trend in the VOC emission profile

in Saõ Paulo in regard to other megacities indicates that driving
conditions and fleet composition play a more important role
than the ethanol content in gasoline. Large scale studies in Saõ
Paulo, including events of abrupt changes in the ethanol

Figure 3. Wind rose during the sampling period. Morning hours range
from 06:00−12:00, afternoon hours range from 12:00−18:00 and
night hours from 18:00−06:00. Data from the National Institute of
Meteorology.

Table 2. Urban Emission Ratios of VOCs Given in pptv/
ppbv CO

VOC
Saõ
Paulo

Los
Angelesa Parisa

Mexico
Cityb Londonc

US
Citiesd

methanol 5.39 21.72 2.1 -
acetaldehyde 3.93 5.42 1.0 4.14
acetone 3.59 11.78 0.51 3.18
isoprene 1.17 0.30 0.08e 1.13
MVK+MACR 1.63 0.36
MEK 1.42 0.29
benzene 1.03 1.30 1.07 1.21 1.59 0.70
toluene 3.10 3.18 12.30 4.2 3.09 2.70
C8 aromatics 2.15 2.45 4.75 4.3 3.69 1.40
aBorbon et al., (2013). bBon et al., (2011). cValach et al., (2014).
dBaker et al., (2008). eApel et al., (2010).
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consumption,6 will certainly aid in elucidating the effects of
biofuel under real-world conditions.
Biogenic/Secondary Components. By using the night-

time derived emission ratios to the entire CO data set
(including daytime), one can estimate in a simple way the
primary anthropogenic component of the studied VOCs eq 1:

= ×PA ER CO (1)

Where PA is the primary anthropogenic component of a given
VOC and ER is the emission ratio. By extending such an
equation to daytime, two ground assumptions are made: (i) the
fleet composition is comparable between daytime and night-
time (i.e., same ER) and (ii) the anthropogenic component of
the VOCs is dominated by local emissions, with little reaction
time in the atmosphere. Argument (i) is supported through
CO/NOx analysis, indicating comparable values from daytime
and nighttime. Argument (ii) arises from knowledge of local
traffic, and will be supported by results presented below.
The difference between the PA and actual ambient mixing

ratios, i.e., the ”excess”, is then considered the contribution of
other sources to the analyzed VOCs. Such sources are thought
in this case to be mainly dominated by biogenic sources or
secondarily formed in the atmosphere:

= −biogenic/secondary VMR PA (2)

Where VMR is the volume mixing ratio of a given VOC. The
diurnal pattern of VMR, PA, and the biogenic/secondary
component is depicted in Figure 4.
The ambient mixing ratios of benzene, toluene, and C8

aromatics are almost entirely apportioned to the PA
component. The fact that daytime concentrations of these
compounds can be explained by the nighttime derived ER

multiplied by daytime CO mixing ratio allows us to conclude
that for this particular site: (i) There is a homogeneous source
profile throughout the day, as already indicated by a relatively
constant CO/NOx ratio; (ii) Fuel evaporation of the studied
species is negligible; (iii) Reaction time in the atmosphere can
also be considered negligible.
Other species besides aromatics have shown a more

significant contribution of the biogenic/secondary component.
Furthermore, isoprene, acetaldehyde and, to a less extent,
acetone, have depicted peaks of biogenic/secondary compo-
nent in the afternoon of comparable magnitude to the PA
component morning peak. It is important to notice that local
winds in the afternoon suggest transport from Ibirapuera Park,
a large source of BVOCs within SPMA, as previously discussed.
Interestingly, the biogenic/secondary component of isoprene
and MVK+MACR depict a well-defined mid-day peak
characteristic of plant emissions,39 however with comparable
magnitude between them (0.8 ppbv for the former and 0.6
ppbv for the latter) suggesting a relatively processed air mass.40

Many of the BVOCs emissions are associated with
photosynthesis, which in turn are directly or indirectly linked
to ambient temperature.39 Therefore, the biogenic/secondary
component can be further analyzed considering its variation
with daytime ambient temperature. As shown in Figure 5, only
isoprene (R2 = 0.40) and MVK+MACR (R2 = 0.31) depict
some correlation with temperature, indicating that these are the
only species studied here which are directly linked with
biogenic emissions. The temperature dependence for the
biogenic component of isoprene and MVK+MACR is 101 ±
6 pptv K−1 and 80 ± 5 pptv K−1, respectively. While the results
shown here provide robust evidence for the nature of species

Figure 4. Diurnal profile of the mixing ratios of the monitored VOCs, the component apportioned to primary anthropogenic (PA) and the biogenic/
secondary component.
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involved, further studies are required to improve species
identification at different locations in such unique atmospheres.
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The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.est.5b03281.

Figure S1, Correlation of the given VOC and CO for the
nighttime data (PDF)
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