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Abstract High-ozone concentrations currently represent the
main air pollution problem in the city of Sao Paulo, Brazil. To
elucidate the main volatile organic compounds (VOCs),
which act as ozone precursors, samples from air quality mon-
itoring stations were evaluated. Thirty-five samples were col-
lected in August—September of 2006 and 43 in July—August of
2008, when the consumption of ethanol was about 50 % of the
total fuel used in the S@o Paulo Metropolitan Area. Samples
were collected using electropolished stainless canisters.
Chemical analyses were performed on pre-concentrated sam-
ples followed by gas chromatograph with flame ionization and
mass spectrometry detection. The incremental reactivity scale
was used to rank the ozone precursors using the Ozone
Isopleth Package for Research (OZIPR) trajectory model
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coupled with chemical mechanism Statewide Air Pollution
Research Center (SAPRC). Sixty-nine species of VOCs were
quantified, and the ten main ozone precursors identified in
2008 were as follows: formaldehyde (42.8 %), acetaldehyde
(13.9 %), ethene (12.2 %), propene (5.1 %), 1-
methylcyclopentene (3.0 %), p-xylene (2.4 %), 1-butene
(2.1 %), trans-2-pentene (1.9 %), 2-methyl 2-butene (1.7 %)
and trans-2-butene (1.6 %). Volatile organic compound mass
distribution showed that in 2008 alkanes represented 46 % of
the total VOCs, alkenes 27 %, aromatics 14 %, alkadienes 1 %
and aldehydes 12 %.
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Introduction

Atmospheric pollution in urban areas has been steadily in-
creasing in developing countries due to the intensive growth
of vehicular fleets and industrial activities. Urban air quality
degradation has a negative impact in population health, ani-
mals and plants (WHO 2006).

In Brazil, most of the population live in urbanized spaces.
The city of Sdo Paulo, located in the southeast region of the
country, accounts for 11 million inhabitants (IBGE 2013).
This city and the areas surrounding it are part of an expanded
metropolitan complex known as the Sdo Paulo Metropolitan
Area (or SPMA). The SPMA is formed by 39 municipalities
and is inhabited by more than 20 million people. Those num-
bers make it the sixth largest metropolitan area of the world.
Air quality standards are often exceeded in this area, mostly
due to vehicular emissions, which has drawn the attention of
public authorities in order to control vehicular pollution
(CETESB 2015a, b, ¢).

Currently, ozone (O5) levels represent the main air pollu-
tion problem in the SPMA. In 2014, the national hourly air
quality standard (160 ug m ) was exceeded on 43 days as
presented in Fig. 1, and even more in previous years. Studies
conducted on tropospheric ozone demonstrate a complex tem-
poral and spatial variability in this area. In order to decrease
O3 concentrations, it is necessary to reduce emissions of ozone
precursors, such as volatile organic compounds (VOCs),
which play an important role in its formation through photo-
chemical processes (CETESB 2015a, b, c; Orlando et al.
2010; Martins et al. 2015).

The effect of regional photochemistry on Os levels is de-
fined by the production and loss rates of the odd oxygen fam-
ily (Ox = O3 + O('D) + OCP) + NO, + 2 x NO; + 3 x N,Os +
HNO; + HNO,4 + PAN), as defined by the Intergovernmental
Panel on Climate Change (IPCC) (2007). The production and
loss of odd oxygen species (Ox) is considered being equal to
the production and loss of Os. This definition accounts for the
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The main urban air pollution source in the SPMA is the
transportation sector, using gasoline, diesel and biofuels.
Buses and trucks use diesel with 7 % of biodiesel (B7); auto-
mobiles use hydrated ethanol (gasoline with 25 % of anhy-
drous ethanol known as gasohol or Gasoline C), flex-fuel cars
and compressed natural gas (CNG); and more recently is the
intensive use of motorcycles (including flex-fuel motorcy-
cles). Light vehicles, even though equipped with emission
control technologies, tend to increase the problem due to the
fleet quantity and age. Around 1.7 million of those vehicles
are older than 15 years. They are also characterized by low
efficiency, transporting only 1.2 people on average.
PROCONVE (a national air pollution control program for
automobiles) managed to decrease some of those emissions
through regulations during its 20 years of operation.
Nevertheless, air pollution problems still persist (Fig. 1).
Although the state air quality standard value has dropped from
160 to 140 ug m > in 2012, the calculation is now based on an
8-h window.

Currently, the SPMA concentrates one of the world’s larg-
est fleets, with more than 7 million vehicles (CETESB 201 5a,
b, ¢). Stationary and mobile sources combined account for
approximately 132 kt/year of carbon monoxide (CO), 42 kt/
year of hydrocarbons (VOCs), 77 kt/year of nitrogen oxides
(NO,), 4.5 kt/year of particulate matter (PM) and 11 kt/year of
sulphur oxides (SOx) emissions. However, the proportion of
emissions related to motor vehicles are 97 % of CO, 81 % of
VOCs, 80 % of NO,, 48 % of SO and 40 % of PM. Light-
duty vehicles are the main sources of CO and VOC emissions.
Among them, gasohol vehicles are responsible for 50.7 % of
CO emissions, ethanol vehicles for 6.1 %, flex vehicles for
8.0 % (both gasohol and ethanol emissions) and gasohol and
flex motorcycles for 20.1 and 0.2 % of emissions, respective-
ly. Despite flex-fuel and gasohol vehicle emissions showing
similar figures, gasohol vehicles might have a greater
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emission factor due to their older and more polluting engines.
In the last decade, the majority of light vehicles sold in Brazil
were flex-fuel vehicles. Even though motorcycles represent a
smaller fleet, their emission factor is relatively high, e.g.
20.3 % for CO and 9.7 % for VOCs (Garcia et al. 2013).
Finally, heavy-duty vehicles are also important due to their
NOy emissions, which account for 60.9 % of the total emis-
sions in this area. Currently, in the SPMA fleet, gasoline cor-
responds to 45 % of the total fuel consumed, followed by
31 % of diesel and 24 % of ethanol (CETESB 2015a, b, c).
Martin et al. (2002) suggested that 12 % of medical appoint-
ments in the Institute for the Heart of Sdo Paulo are related to
air pollution. Moreover, they also concluded that risk factors
for cancer in Sao Paulo is 10 % higher compared to less pol-
luted areas and 5-10 % of mortality (excluding accidents) in
Sao Paulo could be associated to air pollutants.

Although studies on VOC composition, concentration,
fluxes and emissions have been carried out in some
Brazilian urban areas, those are scarce and focused mainly
in the cities of Sao Paulo, Rio de Janeiro, Salvador, Porto
Alegre and Curitiba (Grosjean 1997; Martins et al. 2015;
Vasconcellos et al. 2005; Orlando et al. 2010).

Ethanol vehicles emit four times less CO than do gasoline
vehicles. However, the incomplete combustion of ethanol pro-
duces more formaldehyde and acetaldehyde than gasoline
(CETESB 2015a, b, c; Salvo and Geiger 2014). In Brazil,
studies on the aldehydes in the atmosphere started in the
1980s, when ethanol was introduced as vehicular fuel.
Nevertheless, the state environmental agency has not yet im-
plemented a regulatory, temporally and spatially representa-
tive monitoring of VOCs. Aldehydes are more reactive in the
atmosphere than alcohols (Grosjean 1997).

In 1975, the Brazilian National Bio-Fuel Program
(Proalcool) was implemented. Currently, gasoline contains
up to 25 % of anhydrous ethanol on a volumetric basis. Due
to ethanol’s increasing popularity and usage, understanding
the atmospheric chemistry of oxygenated VOCs is essential.
Alcohols are generally emitted to the atmosphere through veg-
etation, solvent evaporation, fuels, fuel additives and fuel
burning. Brazil is currently the leading country in use of eth-
anol as fuel (Grosjean 1997; Salvo and Geiger 2014).

Many important questions arise on the basis of the scenario
presented above at the SPMA, such as the following: which
are the most abundant VOCs? What are the main ozone pre-
cursors? How does ethanol use affect the atmospheric compo-
sition and ozone formation?

The main objective of this study is to determine the main
VOCs that act as ozone precursors (using the incremental
reactivity scale) and therefore elaborate strategies for ozone
reduction in the singular scenario presented by the SPMA.
Policymakers can use our results in order to determine which
compounds are more important for continuous monitoring and
what actions are needed to realistically lower emission limits.

Methodology
Sampling site

Samples were collected at CETESB station Cerqueira César,
located at Avenida Dr. Arnaldo (23° 33" 12" S, 46° 40’ 23" W),
during August-September of 2006 (35 samples) and July—
August of 2008 (43 samples), from 6:00 to 18:00 h every 2 h.

The sampling site is located 10 m from a very busy road
close to an important financial centre, characterized by fre-
quent, daily traffic jams with light-duty vehicles and buses,
with an average of 43,000 vehicles/day on rush hours (accord-
ing to CET 2014—Traffic Engineering Company of Séo
Paulo). Besides the proximity to commercial and residential
two- or three-storey buildings, there are also large green areas
nearby (e.g. a university campus and cemeteries). There are
also other busy roads in a 500-m radius around the site.

VOC chemical analyses
Hydrocarbons

The hydrocarbon (HC) sampling was based on the TO-14 and
TO-15 methodologies (US EPA 1999a; 1999b). A Varian
3800 gas chromatograph (GC), with simultaneous detection
by mass spectrometry (MS) (Saturn 2000) and flame ioniza-
tion detection (FID), was used for chemical analyses. MS was
used for the HC identification, and FID was used for quanti-
fication. This GC-MS-FID was used for the determination of
HC with more than four carbon atoms.

Samples with 200 mL volume were analysed directly in the
gas phase, using the cryogenic pre-concentration technique at
—180 °C using a 1/8" tube filled with a silanized glass bead. A
DB-1 capillary column (60 m, 1.0 um and 0.32 mm) was
used, and a temperature program started at —50 °C and heated
up to 200 °C at 6 °C min .

At the end of the chromatographic column, the gas sample
was split in half using a Valco T-connector of low dead vol-
ume. One aliquot was carried into the MS, while the other half
was quantified in the FID. An evacuated fused silica tube of
0.1 mm (ID) and 50 cm was used for MS and 0.32 mm (ID)
and 25 cm for FID. The dimensions of these tubes were ad-
justed to compensate the high vacuum conditions required by
the MS and atmospheric pressure in the FID.

For the identification and quantification of the light HC (C2
to C3), a Varian 3800 GC with FID was used, with a fused
silica PLOT column of Al,03/Na,SO,4 (50 m, 0.53 mm and
10 um). The pre-concentration step was similar to the one
described previously, except for the temperature range (=50
to 180 °C at 10 °C min ). For instrument calibration and to
help on HC quantifications, we made use of a 10-ppbv stan-
dard gas mixture with 30 ozone precursors from the National
Physical Laboratory (NPL). This standard gas contains
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alkanes, alkenes, alkynes, alkadienes and aromatic com-
pounds diluted in nitrogen. Analytical curves were made by
injecting the standard in different volumes, using a mass flow
controller (Sierra Instrument 902C). Samples and standards
were analysed in triplicates, following standard protocols
(ABNT/INMETRO 2003; US EPA 1999c¢).

Aldehydes

The aldehydes were measured by CETESB using the TO-11A
US EPA methodology (1999b). A sampling train composed of
a critical orifice vacuum pump calibrated for 0.7 L min~' was
used for sample collection. To avoid condensation, the air
sample was heated to 60 °C. A potassium iodide scrubber
for O3 removal was used, connected prior to the silica car-
tridge coated with 2,4-dinitrophenylhydrazine (DNPH) solu-
tion (available commercially by several chemical suppliers).
DNPH reacts with carbonyl compounds and produces
hydrazone derivatives. After the sampling, the cartridges were
sealed, packed and kept under refrigeration until the extraction
procedure. In the laboratory, cartridges were extracted slowly
with acetonitrile-grade HPLC in the opposite direction of the
sampling, using a glass syringe to a 5-mL volumetric flask.
The same procedure was performed for a field blank cartridge.

The identification and quantification of hydrazones were
performed by HPLC, in a Shimadzu-10A instrument, using a
Zorbax ODS (4.6 mm % 250 mm X 5 um) analytic column,
UV detection at 365 nm, acetonitrile/water (65:35) in a mobile
phase at 1.0 mL min ' and injection volume of 10 uL.
Quantification was performed using the external standard
method, using an analytical curve elaborated with formalde-
hyde and acetaldehyde standards, from Sigma-Aldrich.

OZIPR trajectory model

In this study, we used the Ozone Isopleth Package for
Research (OZIPR) trajectory model coupled with the
Statewide Air Pollution Research Center (SAPRC) chemical
model. Both models are widely accepted by the international
research community in atmospheric chemistry and are public-
ly available to users.

The OZIPR trajectory model (Tonnessen 2000) is a one-
dimensional model (without spatial resolution) used to simu-
late ozone episodes common in urban areas. It requires hourly
emission information and initial concentration data of CO,
NO, and VOCs and its speciation and meteorological data.
This model allows multiple simulations using several VOCs
and NO, concentrations, providing an O3 isopleth graph.
Finally, it is a useful tool for estimating VOC reactivity scales
and has been largely used by the international community to
help policymakers on reducing ozone-associated primary
emissions aiming to improve air quality (Park and Kim

@ Springer

2002; Hong et al. 2005; Orlando et al. 2010; Teixeira et al.
2012; Garcia et al. 2013).

The SAPRC chemical model (Carter 1990, 2000) resolves
thermal and photochemical reactions, with about 214 reac-
tions and 83 species. Not all species are explicitly treated in
the mechanism, so a grouping methodology was used. There
were two grouping criteria: structure and reactivity similari-
ties. In this work, we used five groups of alkanes, two of
alkenes and two of aromatics.

The incremental reactivity (IR) was used for calculating the
main ozone precursors emitted in the SPMA. This calculation
was performed as detailed in Orlando et al. (2010). The IR of
each VOC was multiplied by its respective concentration
(ug m ). The resulting IR is the average of positive (IR+)
and negative (IR—) values. These are calculated by the in-
crease or decrease respectively of 0.2 % of total VOC concen-
tration (ppbC) for each VOC. The O; concentration change is
calculated using the maximum hourly O3 concentration after
the increase or decrease of 0.2 % of VOCs and subtracted
from the base value of Os.

IR+ B [03]+_[O3]base (1)
- [VOC]+_[VOC]initial
where
3 zone concentration after the increase in S
[Os]" (@) i fter the i in VOC
[VOC]" VOC concentration after the increase
- base
R — [05] [0 .., 2)
[VOC}*_[VOC]lnltlal
where
3 zone concentration after the decrease in S
[Os] (0) i fter the d in VOC
concentration after the decrease
[VOC] VvOC i fter the d

The average between the IR+ and IR— values provided the
maximum incremental reactivity IR for each VOC.
_ IR"+IR”

2

IR (3)

Averages of CO, NO, and VOC concentrations were mea-
sured during July and August of 2008. The NO, and CO
concentration values were obtained by automatic analysers.
The aldehydes were measured by CETESB using the TO-
11A methodology by US EPA (1999b). For ethanol and meth-
anol, we used the Sao Paulo city average concentrations ob-
tained by Colén et al. (2001).

The hourly emissions of CO, VOCs and NO, were based
on the emission inventory from CETESB, considering the
time distribution of traffic jam (CETESB 2009). Because they
represent the majority of the emissions, only the mobile source
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methodology is mentioned. For the CO, VOC and NO, emis-
sion calculation, a bottom-up approach was used, which con-
sidered the total fleet size and composition by each different
type of vehicle, the annual distance travelled for each vehicle
type, their respective emission factors and fuel efficiency and
use. The annual distance travelled was based on a CETESB
report on the intensity of vehicle usage by type (CETESB
2015b). The intensity of use was obtained from the fuel con-
sumption observed in the SPMA, from the Brazilian Oil, Gas
and Biofuel National Agency (ANP), and adjusted according
to Eq. 4:

Consumegpserved

Al = Al . 4
adjusted reference Consumeestimated ( )

where

Aldjusted Adjusted annual intensity of use per
vehicle type (km year ')

Aleference Annual intensity of use per vehicle type
(km yearfl)

Consume,peeveg  1otal annual fuel consumption presented
by ANP (L year ')

Consumecgimaed  10tal annual fuel consumption (from all

vehicle types), estimated from the
reference values of intensity of use
(L yearﬁl)

Equation 5 describes the exhaust emission calculation.
E=EF-AI-N (5)

where

E  Pollutant mass emitted during the considered period
(g year ')

EF  Emission factor, which varies according to the type of
vehicle, pollutant and fuel consumed (g km ™)

Al Intensity of use, or annual average distance travelled by
the vehicle (km year ')

N  Total vehicle fleet, by the type of vehicle and year
(number of vehicles)

Emission factors vary according to vehicle age of manu-
facture, usage (total distance travelled), maintenance condi-
tions and driving patterns. Regarding the increase in emissions
due to usage, the National Inventory defines average emission
increments per kilometer travelled for light-duty vehicles run-
ning on gasohol and ethanol based on governmental programs
aimed to decrease emission factors, such as PROCONVE.
These values are determined for the pollutants CO, NO,,
VOCs and RCHO (aldehydes) and should be added to the
emission factors every 80,000 km. Evaporative emissions
were calculated based on the methodology presented by
Vicentini (2010) and adapted to local conditions from the
European Emission Guide (Vicentini 2010; CETESB 2015a,

b, ¢). Temperature and relative humidity data were obtained at
the CETESB station Pinheiros, located 4 km from Cerqueira
Cesar station and with similar land use characteristics, and the
mixing layer height from the Laboratory of Environmental
and Laser Applications from IPEN, using a Light Detection
and Ranging (LIDAR) remote sensing system.

Results and discussion
VOC study in the CETESB station in 2006 and 2008

Figure 2 shows the correlation between average CO concen-
trations and total VOCs for the samples collected in
September 2006 and August 2008. The average total VOC
concentration ranged from 57.1 ppbv (minimum 12:00 to
14:00 h) to 96.7 ppbv (maximum 6:00 to 8:00 h), presenting
a 41 % decrease from morning to noon in 2006. In 2008, the
average of the VOC maximum concentrations was 126.7 ppbv
(6:00 to 8:00 h) and that of the average minimum 53.7 ppbv
(14:00 to 16:00 h), corresponding to a 58 % decrease between
the morning and afternoon. In 2006, CO concentrations
ranged from 1.14 ppmv (12:00 to 14:00 h) to 1.78 ppmv
(8:00 to 10:00 h), and in 2008 from 1.12 ppmv (14:00 to
16:00 h) to 2.53 ppmv (8:00 to 10:00 h). In 2006, there were
48 days with unfavourable atmospheric conditions for pollut-
ant dispersion, while in 2008 there were 60 days. During au-
tumn and winter (April to September), greater atmospheric
stability leads to clear skies associated to atmospheric inver-
sion layers very close to the surface in this region (below
200 m), with unfavourable conditions for the dispersion of
pollutants in the SPMA (CETESB 2009). Wind speeds are
usually low, with daily averages <1.5 m s ', or even
<0.5ms ' for many hours.

Figure 2 shows that during the consecutive sampling times
0f6:00 to 8:00 h and 8:00 to 10:00 h (e.g. morning hours), the
total VOC concentration decreased while the CO concentra-
tion increased. In this period, the average vehicle speed de-
creases due to increased traffic, triggering a difference in the
engine speed. As CO is a primary pollutant, its increase is
somewhat expected. Since VOCs are sensitive to photochem-
ical reactions, its decrease is expected to occur mainly after
8:00 h.

The correlation coefficients between VOC and CO concen-
trations were 0.67 in 2006 and 0.87 in 2008, strongly suggest-
ing that the main VOC source in the SPMA is also vehicular
(Fig. 2). According to the CETESB emission inventory of
2011, the main VOC source from vehicles is the exhaust pipe,
accounting for 48.7 % of emissions, followed by 28.4 % from
crankcase (internal combustion engine) and evaporative emis-
sions, 9.6 % from storage tank emissions and 13.3 % from
industrial processes.

@ Springer
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Fig. 2 Average concentration of
total VOCs (ppbv) and CO
(ppmv), from 6:00 to 18:00 h, in
CETESB station Cerqueira César
in a 2006 and b 2008
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Figure 3 shows average concentrations for the five main
VOCs (ppbv) and CO (ppmv), from 6:00 to 18:00 h, along

Fig. 3 Average concentration of
CO (ppmv), the most abundant
VOCs (ppbv) and traffic length
(km) in west Sao Paulo city
measured by CET in a 2006 and b
2008
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obtained from the local Traffic Engineering Company
(CET).

In 2006, traffic length was 11 % higher in the overall stud-
ied period compared to 2008. Within the same time range (e.g.
6:00 to 12:00 h), traffic was 27 % more congested in 2006
than 2008. Nevertheless, within the same time interval VOC
and CO concentrations were 22 and 27 % higher respectively
in 2008 than in 2006. Higher pollutant concentrations in 2008
could be associated to factors such as boundary layer height,
meteorological parameters and increase of the vehicular fleet.
For instance, in the 2006 campaign the average wind speed
was 1.63 m s ', accumulated precipitation on the order of
60 mm (sampling days) and 15 thermal inversion episodes
below 200 m high from August to September, and 14.6 % of
days were considered calm or with no winds (surface wind
speed <0.5 m sfl). In contrast, in 2008, the average wind
speed was 0.85 m s ', precipitation was of 41 mm, thermal
inversion episodes (July—August) were recorded during
20 days and 21.5 % of the days were with calm or no winds.

Table 1 shows the 69 VOCs determined from the 43 sam-
ples collected in 2008 and the 70 VOCs determined from the
35 samples collected in 2006, in decreasing concentration
order (ppbv) and their associated uncertainties. The rate coef-
ficient for the compound-OH reaction is also shown (Carter
2010).

In 2006, the 10 most abundant VOCs represented 55 % of
the total (during the 6:00 to 18:00-h interval), while in 2008
they were 63 %. Total concentrations were 11 % higher in
2008 than in 2006 (e.g. 82 versus 91 ppbv). While in 2006
the 10 most abundant VOCs added up to 45 ppbv, in 2008 the
increase was 57 ppbv. In both years, VOC mass distributions
per class of compound were very similar.

In this work, mean formaldehyde/acetaldehyde ratios of 1.1
and 1.0 were found for 2006 and 2008 respectively. The low-
est ratios found were of 0.8 (2006) and 0.9 (2008) between
6:00 and 8:00 h. In the morning hours, solar radiation inci-
dence is lower, and therefore, it is assumed that formaldehyde
cannot be formed by photochemistry. Consequently, it must
be originated from vehicular emissions. In 2006, the highest
formaldehyde/acetaldehyde ratio of 1.4 was found at the sam-
pling time 14:00 to 16:00 h. In 2008, a ratio of 1.1 was ob-
served during 10:00 to 12:00 h, and 14:00 to 16:00 h sampling
times. At these hours, both primary (vehicular emission) and
secondary (photochemical) contributions are relevant.

In the work of Parrish et al. (2012) in the Houston-
Galveston-Brazoria (HGB), it was estimated that about 92 %
of the formaldehyde formation could be attributed to second-
ary reactions from compounds originated from stationary
sources. However, in areas with prevailing vehicular sources
of VOCs, the proportion of secondary and primary formalde-
hyde could be near 3:1. According to CETESB (2015a, b, c)
for the SPMA, 81 % of the VOCs are emitted from vehicular
sources, which use a blend of 75 % gasoline and 25 % of

ethanol (Gasoline C—the official gasoline type in all
Brazilian territory). In a previous work on aldehyde emissions
from car exhausts using chassis dynamometers (Alvim et al.
2011), ethanol vehicles emitted on average 2.0 mg km ™' of
formaldehyde and 10.7 mg km™" of acetaldehyde, whereas
Gasoline C vehicles emitted average values of 1.5 mg km ™’
of formaldehyde and 4.8 mg km ' of acetaldehyde. Light-duty
vehicles emitted average values of 43 mg km ™' of formalde-
hyde and 15 mg km ™' of acetaldehyde. Given these figures, it
is reasonable to conclude that the ratio between secondary and
primary acetaldehyde in the SPMA is probably even lower
than 3:1.

In Brazil, the formaldehyde/acetaldehyde ratios are gener-
ally low, because during the combustion of ethanol, acetalde-
hyde emissions are higher than formaldehyde (CETESB
2009). For instance, Vasconcellos et al. (2005) reported ratios
of 0.8 to 2.8 at Juscelino Kubitschek Avenue (located in the
western side of Sdo Paulo) and 0.2 to 0.9 in samples collected
near Complexo viario Maria Maluf, a tunnel in the southeast
area of Sdo Paulo. On both sites, measurements were taken
every 2 h between 8:00 and 16:00 h in 2001. In contrast,
during the combustion of ethanol-free gasoline, more formal-
dehyde is emitted than acetaldehyde. Consequently, in other
cities worldwide, formaldehyde/acetaldehyde ratios are typi-
cally high, e.g. 7.2 in Osaka (Japan), 6.2 in Burbank and 32.2
in Lenox (USA).

In 2006, vehicular fleet ethanol usage represented 47.5 %
of'total fuels in the SPMA (considering the amounts of ethanol
used by vehicles that run on ethanol and also the 25 % of
ethanol which is added to Gasoline C). In 2008, this usage
increased to 56.9 % in this area (CETESB 2009).

Table 2 shows the comparison of concentrations of the 15
most abundant compounds, higher than C2, in seven world
megacities. The differences between these cities occur due to
the difference in the fuel composition and engine technology
as well as geographical and climatic differences. The main
VOC:s identified have two to nine carbon atoms. Toluene is
one of the main eight compounds in all cities presented. M +
p-xylenes are among the 15 most abundant VOCs in Séo
Paulo, Dallas, Jinan and Yokohama. In all cities, alkenes were
the most emitted VOCs. The main sources for those are gas-
oline evaporation, liquefied petroleum gas (LPG), natural gas
emissions and incomplete fuel combustion. Aromatic hydro-
carbons are emitted both from vehicle tailpipes and from sol-
vent use.

In Sao Paulo, the vehicular fleet accounts for 97 % of VOC
emissions. Mexico City, located in a valley surrounded by
higher mountains and with poor ventilation, presented VOC
concentrations 22 times higher than those found in Jinan, 13
times higher than what was found in Yokohama and Houston,
8 times higher compared to Dallas and 5 times higher com-
pared to Taiwan. Lower VOCs such as propane, i-butane and
n-butane in Mexico City were associated to the use of LPG
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Table 1 Average concentration

(ppbv) of the 70 VOCs determined VOCs 2008 (ppbv) 2006 (ppbv) OH rate constant”

in the 2006 campaign and the 69

VOCs of the 2008 campaign in Ethene 12.2 £0.65 6.48 £0.34 8.15E-12

CETESB Cerqueira César station Propane 8.83 +0.11 3.40 +0.04 1.11E-12

and OH rate constant for these Ethane 576 +0.15 529+0.14 2.54E-13

speeies Formaldehyde 5.70 £0.01 5.58 £0.01 8.47E-12
Acetaldehyde 5.64+£0.01 5.04 +£0.01 1.49E-11
Butane 471 +0.02 3.90 +0.01 2.38E-12
Toluene 440+0.18 338+0.14 5.58E-12
Isopentane 4.19+0.06 6.55+0.10 3.60E-12
Pentane 2.90 +0.06 2.60 +0.05 3.84E-12
Propene 2.77+0.02 2.00 +0.01 2.60E-11
Isobutane 226+0.01 1.87+£0.01 2.14E-12
1-Butene 1.55+0.04 2.99 +0.07 3.11E-11
Hexane 1.54 £0.04 1.34+£0.04 5.25E-12
1-Methylcyclopentene 1.49 £0.04 0.64 +£0.02 8.96E-11
2-Methylpentane 1.49 +0.04 1.77 £ 0.04 3.84E-12
p-Xylene 1.40£0.13 1.59+0.14 1.43E-11
Ethylbenzene 1.15+0.03 1.20 +0.03 7.00E—-12
3-Methylpentane 1.12+0.03 1.17 £ 0.03 5.20E-12
1,1-Dimethylcyclopropane 1.00 £ 0.02 1.49 £0.03 _
Trans-2-pentene 0.95+0.02 1.21£0.03 6.70E-11
Trans-3-methyl-2-pentene 0.93 +£0.03 - 8.85E-11
1,2,4-Trimethylbenzene 0.88 £ 0.03 - 3.25E-11
2-Methyl-2-butene 0.87 +0.02 1.27+0.03 8.60E—11
Cyclohexane 0.87 +0.03 0.78 +0.02 7.02E-12
Heptane 0.82 +0.03 0.77 £0.03 6.81E-12
Benzene 0.81 +£0.02 1.09 £ 0.03 1.22E-12
Methylcyclohexane 0.77 £ 0.03 0.65 +0.02 9.64E—12
3-Methylhexane 0.68 +0.02 0.62 +0.02 7.17E-12
m-Xylene 0.65 +0.03 0.66 = 0.03 2.31E-11
o-Xylene 0.63 +£0.01 0.77 £0.02 1.36E-11
Trans-2-butene 0.63 £0.02 1.06 £0.03 6.32E-11
Isoprene 0.62 +0.01 0.76 £ 0.02 9.96E-11
Cis-2-pentene 0.60 +0.01 0.75 +£0.02 6.50E-11
1-Ethyl-4-methylbenzene 0.58 £0.02 0.85+0.03 1.18E-11
1-Pentene 0.54+0.01 0.86 +0.01 3.14E-11
Cis-2-butene 0.52+0.01 0.95 +0.02 5.58E-11
Cyclopentane 0.51+0.01 0.49 +0.01 5.02E-12
2-Methylhexane 0.49 +£0.02 0.51+£0.02 6.89E—-12
1,3-Butadiene 0.45+0.01 0.72 £ 0.02 6.59E-11
Octane 0.42 +£0.02 0.36 +£0.02 8.16E-12
2,3-Dimethylbutane 0.41+0.01 0.37+0.01 5.79E-12
1-Hexene 0.41+0.01 0.27 +0.01 3.70E—-11
Cyclopentene 0.40+0.01 0.62 +0.01 6.70E—-11
2-Methyl-1-pentene 0.40+0.01 0.22 +0.01 6.30E—-11
Nonane 0.36+0.11 0.324+0.10 9.75E-12
1,3,5-Trimethylbenzene 0.34 +0.01 0.62 £ 0.02 5.67E-11
2-Methyleptane 0.33+£0.01 0.29 +0.01 8.31E-12
1-Ethyl-3-methylbenzene 0.30+0.01 0.38 +0.01 1.86E-11
Cis-1,2-dimethyl-cyclopentane 0.30+0.01 0.12+0.01 6.82E—12
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Table 1 (continued)

VOCs 2008 (ppbv) 2006 (ppbv) OH rate constant®
Decane 0.28 £0.01 0.26 +0.01 1.10E-11
Styrene 0.27 +0.01 0.14 +0.01 5.80E-11
1,2,3-Trimethylbenzene 0.25+0.01 0.37 £0.02 3.27E-11
2,3-Dimethylpentane 0.23+£0.01 0.15+0.01 7.15E-12
1,3-Dimethylcyclopentane 0.21+0.01 0.16 £ 0.01 6.82E—12
1-Ethyl-2-methylbenzene 0.20+0.01 0.24 +0.01 1.19E-11
1,3-Dimethylciclohexane 0.19+0.01 0.15+0.01 1.19E-11
Trans-1,2-dimethylcyclopentane 0.19+0.01 0.16 £ 0.01 6.82E—12
3-Methylheptane 0.18 £0.01 0.14 +0.01 8.59E-12
Propylbenzene 0.17+0.01 0.19+0.01 5.80E—12
Ethylcyclohexane 0.17+0.01 0.13+0.01 1.20E—-11
Undecane 0.15+0.02 0.19 +0.02 1.23E-11
Indane 0.15+0.01 0.11 +£0.01 _
Ethylcyclopentane 0.15+0.01 0.12+0.01 7.27E-12
1,1,3-Trimethylcyclohexane 0.14+0.01 0.10 £ 0.01 8.70E—12
1-Ethyl-3-methyl-cyclopentane 0.13+0.01 - 8.40E-12
2,4-Dimethylpentane 0.11+£0.01 0.10+0.01 4.77E-12
1-Methyl-3-propylbenzene 0.11+£0.01 - 1.86E-11
Limonene 0.09 +0.01 0.05+0.01 1.63E-10
1,4-Dimethylcyclohexane 0.08 +£0.01 - 1.19E-11
Methylcyclopentane - 1.35+0.04 5.68E—12
2-Hexene - 0.35+0.01 6.60E—11
Naphthalene - 0.28 £0.01 2.30E-11
3,3-Dimethyl-1-butene - 0.27 +0.01 2.80E-11
Dodecane - 0.13+0.01 1.32E-11
2,2,4-Trimethylpentane - 0.07 +£0.01 3.38E-12
VOCs total 91.0 £0.03 81.8+0.03

#Rate coefficient for the compound-OH reaction (em® molecule ! s71)

(Blake and Rowland 1995; Hsieh and Tsai 2003; Qin et al.
2007; Wang et al. 2015; Tiwari et al. 2010; Johansson et al.
2014).

Main ozone-forming VOCs in 2008

The modelling procedure used is detailed in the work of
Orlando et al. (2010). Hourly emissions of CO, NO, and
VOCs were adjusted to fit ozone experimental and modelled
values. The average initial concentrations of NO,, CO and
VOCs for the studied period are presented in Table 3.
Parameters such as mixing layer height and NO, and O; dry
deposition rates were adjusted to fit experimental CO, NO,
and O3 concentrations and modelled values. CO was chosen
for this first adjustment due to its low reactivity and for being
emitted directly from the sources. It is important to point out
that emission data obtained for the model are averaged values.
Real emission values vary considerably during the day, mainly
according to the number of vehicles in the SPMA, which is

affected by rush hours, driving conditions and meteorological
conditions. Figure 4 shows the results of simulated and exper-
imental CO values after the aforementioned adjustments were
performed.

After the CO adjustment, NO, was also adjusted using
hourly emission values. At this step, an adjustment in its
hourly concentration had to be made in order to reproduce
observed measurements (daily average emission value was
kept constant). Moreover, a small adjustment in the depo-
sition rates of this pollutant was also necessary. Figure 4
shows the comparison between simulated and experimental
NO, and O3 values. The adjustment of ozone experimental
and modelled values was performed using VOC hourly
emission values.

Ozone concentrations are not measured at Cerqueira César
monitoring station. We used the CETESB stations Pinheiros
and Parque D. Pedro II was used for our comparisons.
Pinheiros station, located 4 km from Cerqueira César station,
was chosen because it is also located in west Sao Paulo, in an
area characterized by similar land use (two- to three-storey
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Table 2 Fifteen more abundant VOCs (ppbv) in seven world megacities

Sao Paulo®

Sdo Paulo®

Mexico City®

Taiwan®

Dallas®

Jinan®

Yokohama®

Houston"

i-Pentane

Ethene

Ethane

n-Butane

Propane

Toluene

1-Butene

n-Pentane

Propene

m + p-Xylenes
i-Butane

2 + 3-Methylpentane
1,1-Dimethylcyclopropane
Methylcyclopentane
Hexane

2 + 3-Methyl-1 + 2-butene
Ethyne

Benzene

n-Heptane

i-Butene
Isopropylbenzene
Nonane
2-Methylheptane
1,2,4-Trimethylbenzene
1,3,5-Trimethylbenzene
0-Xylene
Ethylbenzene

2,2 4-Trimethylpentane
Isoprene
2,3-Dimethylbutane
Cyclopentane
Cyclohexane
Cis-2-Butene

i-Octane

1,3-Butadiene
1-Methylcyclopentene

42
12.2
5.8
4.7
8.8
44
1.6
29
2.8
2.1
23
2.6

1.5

1.5

6.5
6.5
53
3.9
34
3.4
3.0
2.6
2.0
22
1.9
29
1.5
1.3
1.3

19.4
21.6
14
703
158
21
2.1
14.4

33
13.4

12.2

315
4.6
33
1.8

72
9.7

6.8
73
2.1
2.6
5.5

2.6

8.9
10.5

32
29
2.6
2.6
2.5

6.1
2.8
9.5
4.6
8.5
6.0

3.0
2.8
2.1

1.8
24
1.4

1.6
1.1

1.1
1.7
2.0
1.0
1.9
1.0
0.3

1.9
0.5
1.7

2.5
0.5
1.6

42
5.0
24
3.8
2.8
22
1.5
12
0.6
1.9
1.3

12
29
0.7

39
1.4
7.2
49
5.4
0.6
23
1.0
24

0.7

0.2
0.3

0.3
0.2

2 This study (2008)

® This study (2006) in CETESB station Cerqueira Cesar

¢ Blake and Rowland 1995
4 Hsieh and Tsai 2003
°Qin et al. 2007

“Wang et al. 2015

€ Tiwari et al. 2010

" Johansson et al. 2014

commercial and residential buildings and green areas), and
also directly under the influence of emissions form a busy road
nearby, although mainly by light-duty vehicles. Parque Pedro
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IT station (5 km from Cerqueira César station) was used
because it is located in a commercial area close to a bus
terminal, also exposed to buses as Cerqueira César station.



Air Qual Atmos Health (2017) 10:421-435

431

Table 3 Initial VOC,

NO, and CO Compounds Initial concentration
concentrations measured
in 2008 at CETESB VOCs 1.55 ppmC
station Cerqueira César NO, 0.27 ppm
CO 2.04 ppm

After the adjustments of CO, NOy and Oj profiles, simula-
tions were performed decreasing hourly emissions of VOCs
and NO, in 5, 10, 20 and 30 %, independently and simulta-
neously, which are shown in Table 4. The results showed that
a decrease in the emission rates of NO, would not be efficient
for decreasing ozone concentration levels. Instead, a 30 %
decrease would result in an actual increase in ozone levels
by 20 %. This find is similar to what has been reported by
Chiquetto et al. (2015), using the WRF/Chem model for the
same study area. Results from Table 4 also indicate that the
simultaneous decrease in NO, and VOCs also would not be
very efficient, although some decrease in ozone levels may
occur. On the other hand, a decrease of 5 % in VOC emission,
keeping the current NO, levels, would lead to a decrease of
about 6 % on ozone concentrations. In order to decrease ozone
concentrations in 35 %, a decrease of 30 % in VOC emission
would be necessary.

With the output data from the model, an isopleth graph for
ozone was built (Fig. 5). This plot shows that, in the region
corresponding to the SPMA conditions (the dot in the top
area), an increase in VOCs leads to an increase in ozone,

3.0
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151 *
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Table4 Change in ozone levels according to different decreases in the
hourly emission of total VOCs and NOy, for July—August 2008 in
Cerqueira César station

Decrease in emissions Variation in O3 (%)

VOCs NO, VOCs + NO,
5% -6.1 +4.1 -28
10 % ~135 +6.1 -79
20 % ~254 +143 - 125
30 % -348 +204 -19.0

and a decrease in VOCs, a decrease in ozone. In Andrade
et al. (2006), the Eulerian air quality model California
Institute of Technology (CIT) was used to simulate decrease
in VOC concentration, which also indicated a decrease in
ozone concentration.

These results are significant due to the general lack of con-
sistent VOC monitoring for this area. Currently, in the SPMA,
there are 28 air quality monitoring stations, in a 7946.84-km®
area, with a population of more than 20 million inhabitants.
However, none of the monitoring stations perform VOC mon-
itoring in a regular basis. VOC regulation and monitoring
(with the appropriate spatial and temporal representativeness)
should be given more attention from policymakers both in the
national and state levels.

In Fig. 6, the positive values of incremental reactivity
are shown for the main 20 VOCs, which are ozone
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Fig. 4 Comparison of the 2008 simulated and experimental a CO, b NO, average concentration values in Cerqueira César station and ¢ simulated and
experimental O; average concentration values in two other monitoring stations
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Fig. 5 Isopleths of ozone (ppbv) for different VOCs (ppmC) and NOy
(ppmv) concentrations, in the campaign performed in 2008

precursors. Formaldehyde presents an ozone formation po-
tential about three times higher than the second compound
studied.

Considering the ozone formation potential (IR) calculated,
the five most important compounds for the winter of 2008
were formaldehyde, cis-2-butene, trans-2-butene, acetalde-
hyde and cis-2-pentene. In this work, only two species of
aldehydes were measured (formaldehyde and acetaldehyde).
However, the actual role of each species in ozone formation is
shown in Table 5, obtained by multiplying its ozone formation
capacity by its concentration in the atmosphere. In this scenar-
io, formaldehyde was responsible for 43 % of the ozone in the
atmosphere, while acetaldehyde accounts for 14 %. Together,
they summed 57 % of ozone in the Sdo Paulo atmosphere. The
next class of compounds were the alkenes, which were re-
sponsible for 32 % of ozone in the atmosphere, followed by
the aromatics with 10 %, and finally the alkadienes with 1 %.
The alkanes, which represented 46 % in mass in the

atmosphere, were responsible for only 0.03 % of the ozone
formation in the atmosphere, due to their low reactivity.
Considering the OH reaction rate with VOC species from
the SAPRC mechanism and their concentration, the main spe-
cies for ozone formation were 1-methylcyclopentene (11 %),
ethane (8 %), acetaldehyde (7 %), trans-3-methyl-2-pentene
(7 %) and 2-methyl-2-butene (6 %).

While urban atmospheres vary considerably in composi-
tion, aldehydes are important in the SPMA (3rd and 4th in
concentration in this study). Moreover, according to the
International Agency for Research on Cancer (IARC)
(2015), formaldehyde is classified as a group 1 compound
(carcinogenic for humans) and acetaldehyde as 2B (possibly
carcinogenic). They are emitted directly to the atmosphere by
biogenic and anthropogenic sources and can also be formed
via photochemical reactions. Harrison (1998) reported that, in
a population of one million people, six could develop leukae-
mia when exposed to a benzene concentration of 0.31 ppbv
during their lives, and at SPMA benzene levels found were
1.09 ppbv in 2006 and 0.81 ppbv in 2008. Benzene is consid-
ered a group 1 compound and therefore carcinogenic to
humans (see IARC 2015). The other monoaromatics are clas-
sified as probably carcinogenic or mutagenic. From the vehic-
ular sources, toluene is the 8th and 7th compound with higher
concentration found in this study in 2006 and 2008 respec-
tively while benzene is the 22nd and 26th.

Conclusions

The 10 most abundant organic compounds measured at the
CETESB station Cerqueira César in 2006 were (in order of
abundance) isopentane, ethene, formaldehyde, ethane, acetal-
dehyde, butane, propane, toluene, 1-butene and pentane. In
2008 were ethene, propane, ethane, formaldehyde, acetalde-
hyde, butane, toluene, isopentane, pentane and propene.

Fig. 6 Incremental reactivity
(ppbv of O53/ppbC of VOCs) for
the main 20 ozone precursors in
the Sao Paulo atmosphere in
winter 2008
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Table 5 Role of each VOC

studied in the ozone formation Compounds Conc. x IR* % OFP° Conc. x OH rate” % OFP°

potential (OFP) in the study

performed in winter 2008 Formaldehyde 9.549 42.81 48.3 4.11
Acetaldehyde 3.108 13.93 83.8 7.14
Ethene 2717 12.18 99.6 8.48
Propene 1.129 5.06 72.1 6.14
1-Methylcyclopentene 0.663 297 133.2 11.34
p-Xylene 0.528 2.37 20.0 1.70
1-Butene 0.477 2.14 482 4.10
Trans-2-pentene 0.422 1.89 63.4 540
2-Methyl-2-butene 0.388 1.74 74.7 6.36
Trans-2-butene 0.360 1.62 39.7 3.38
Toluene 0.333 1.49 24.5 2.09
1,2,4-Trimethylbenzene 0316 1.42 28.6 2.44
Cis-2-butene 0.297 1.33 289 2.46
Cis-2-pentene 0.266 1.19 38.8 3.30
m-Xylene 0.245 1.10 15.0 1.28
o-Xylene 0.238 1.07 8.6 0.73
Isoprene 0.180 0.81 61.9 5.27
1-Ethyl-4-methylbenzene 0.140 0.63 6.9 0.59
1,3-Butadiene 0.131 0.59 29.5 2.51
1,3,5-Trimethylbenzene 0.122 0.55 19.3 1.64
1-Pentene 0.110 0.49 16.8 1.43
Styrene 0.102 0.46 15.6 1.33
Trans-3-methyl-pent-2-ene 0.098 0.44 82.6 7.03
Cyclopentene 0.091 0.41 26.6 2.26
1,2,3-Trimethylbenzene 0.090 0.40 8.2 0.70
2-Methyl-1-pentene 0.067 0.30 24.9 2.12
1-Ethyl-3-methylbenzene 0.036 0.16 5.5 0.47
1-Hexene 0.028 0.13 15.1 1.29
1-Ethyl-2-methylbenzene 0.024 0.11 24 0.20
Indane 0.016 0.07 _ -
1-Methyl-3-propylbenzene 0.015 0.07 2.0 0.17
Limonene 0.008 0.04 14.8 1.26
Benzene 0.005 0.02 1.0 0.09
Heptane 0.003 0.01 5.6 0.48
3-Methylhexane 0.002 0.01 4.9 0.42
2-Methylhexane 0.002 0.01 34 0.29

*VOCs in ppb x IR

®VOCs in ppb x VOC-OH rate (10> cm® molecule ' s') multiplied by 10'2

¢ Ozone formation potential (OFP) percentage

Considering the ozone formation potential using the OZIPR
model for the study performed at this site during the winter of
2008, the five most reactive compounds for ozone formation
were formaldehyde, cis-2-butene, trans-2-butene, acetalde-
hyde and cis-2-pentene. However, a clear scenario of each
VOC contribution to ozone formation is attained when the
IR, calculated by the OZIPR model, is multiplied by the com-
pound concentration in the atmosphere. Formaldehyde is re-
sponsible for the formation of 43 % of ozone and 14 % of

acetaldehyde. Other species found in this study that were also
important for ozone formation are ethene, propene and 1-
methylcyclopentene. The next class in importance were the
alkenes, which accounted for 32 % of ozone formation,
followed by the aromatics, responsible for 10 %, and lastly
the alkadiene class with 1 %. Alkanes, which represented
46 % in mass in the atmosphere, were responsible for only
0.03 % for the tropospheric ozone formed, due to their low
reactivity.
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These results are important due to the scarcity of VOC
monitoring in this area. They can be used to point out which
measures could be more efficient when designing air quality
management plans aimed at tropospheric ozone concentration
control, in light of the unique fleet and fuel usage characteris-
tics of the SPMA. Finally, these results also provide an idea of
what kind of impact would be expected in the atmosphere of
other large cities in the world, should they choose to adopt
intensive ethanol fuel usage.
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