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Abstract Atmospheric levels of benzene, toluene, ethylben-
zene, and xylenes (BTEX) were measured in an urban site
located in Nuevo Leon, Mexico, during summer and autumn
2013. A total of 60 samples were collected using carbon-
packed cartridges at 0900, 1200, and 1500 h and then ana-
lyzed using gas chromatography with flame ionization detec-
tor. Meterological parameters and criteria air pollutants were
measured and correlated with BTEX by a principal compo-
nent analysis (PCA). The relative abundance of BTEX follow-
ed the order: benzene > toluene > ethylbenzene > p-xylene
with mean concentrations of 55.24 pg m >, 22.24 ug m >,
6.94 pg m >, and 4.17 ug m >, respectively, during summer.
Mean concentrations during autumn were 21.079 pg m > for
benzene, 3.648 pg m > for toluene, 2.521 pg m > for ethyl-
benzene, and 2.115 ug m > for p-xylene. All measured BTEX
showed clear diurnal and seasonal patterns. The highest mean
levels for benzene were obtained during the midday. Toluene,
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ethylbenzene, and p-xylene showed the highest levels during
afternoon period. BTEX levels were higher when wind blew
from NE and ESE during summer and from ESE during
autumn. The municipalities of Apodaca and Guadalupe are
located in these directions where important industries, high
traffic volume, many oil and gas service stations, and the
biggest airport in this region are found. These sources could
contribute to the BTEX concentrations measured during the
sampling period.
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Introduction

Volatile organic compounds (VOCs) play a critical role in
atmospheric photochemical reactions and multiphase process-
es (Calvert et al. 2002; Wang et al. 2010a, b). VOCs can
undergo reactions initiated by hydroxyl radicals (OH) to form
peroxy radicals (RO,), which react rapidly with nitric oxide
(NO) to form nitrogen dioxide (NO,), an essential step in the
formation of ground level ozone (Os) (Calvert et al. 2002).
This pollutant is the main oxidant in the troposphere and is
related to adverse effects on human health, vegetation, and
materials (Ceron Breton et al. 2010a, b). VOCs are organic
compounds with boiling points between 50 and 150 °C.
Within this group, there is a subgroup commonly called
BTEX which includes benzene, toluene, ethylbenzene, and
xylenes. Anthropogenic activities are responsible for most of
the VOC emissions in and around heavily populated urban
areas (Li et al. 2007; Wang et al. 2009; Apel et al. 2010). In
cities like Mexico City and Los Angeles, approximately 45 %
of the total VOC emissions result from gasoline-related emis-
sions, including a substantial portion of aromatic compounds
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such as benzene and toluene (Brown et al. 2007). These
compounds are known to be toxic, genotoxic, and carcino-
genic and play an important role in tropospheric chemistry due
to their active participation in photochemical reactions. They
are ozone precursors (Lu et al. 2006; Katsoyiannis et al. 2006;
Hoque et al. 2008) and have multiple and diverse sources in
urban areas (motor vehicle exhaust, incomplete combustion of
fossil fuels and biomass, oil, and gas service stations, cooking
and heating processes, household products, and other indus-
trial and human activities). In Mexico, there is little informa-
tion about BTEX levels in ambient air. Most of the studies
have been focused on Mexico City (Arriaga et al. 1997; Bravo
et al. 2002; Mugica et al. 2002; Cerdn- Breton et al. 2013a).
Here, we focus on San Nicolas de Garza, one of the 12
municipalities of the metropolitan area of Monterrey
(MAM), which is the third largest city in Mexico and one of
the country’s most important urban and industrial centers.
MAM is characterized by the presence of important education
and research centers, business activities, and industrial settle-
ments. In this work, we present BTEX measurements obtained
in San Nicolas de los Garza during summer and autumn 2013.
The purpose of this field campaign was to characterize the
BTEX present in the ambient air and identify the relationships
among the measured variables using a principal component
analysis (PCA) analysis (including criteria air pollutant con-
centrations and meteorological parameters), in order to infer
the sources that could contribute to the BTEX observations.

Materials and methods
Observation site

The observation site is located near the urban center of
Monterrey, Nuevo Leon, Mexico, inside the Chemistry
School (Postgraduate Division building) of the Autonomous
University of Nuevo Leon (25°43’30” N; 100° 18" 48" W), at
500 masl. A detailed map of the site is presented in Fig. 1. This
municipality is located at the northeast of the MAM and has a
semiarid warm climate (Bsh) according to the Képpen climat-
ic classification modified by Garcia (Garcia 1990). Frontal
systems coming from the north are common in this area. The
specific observation site is located within an industrial, resi-
dential, educational, and commercial area where there also are
several avenues with high vehicular traffic volume.

Sampling method

A total of 60 samples were collected from July 3 to November
14, 2013, half during the summer season and half during
autumn. Benzene (B), ethyl benzene (Ebz), toluene (T), and
p-xylene (X) were determined in all ambient air samples.
Samples were collected using glass tubes containing 22601
Anasorb CSC (SKC) with the following features: length of
70 mm, inner diameter of 4.0 mm, and outer diameter of 6 mm
packed in two sections with 100 and 500 mg of active carbon,

| SAMPLING SITE 3
25°4330°N, 100°18'48"W [

g

METROPOLITAN AREA OF
MONTERREY (MAM)

Fig. 1 Location of the sampling site and the SIMAT air quality northeast station
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separated by a glass wool section (Method INSHT MTA/MA-
030/A92) (INSHT 1992; Ceron et al. 2013b). The down-
stream end of the glass tube was connected to a calibrated
flow meter. Ambient air was passed through the glass tubes at
a flow rate of 200 ml min™" at 1.5-h intervals. Samples with a
sampling volume lower than 5 | were discarded. Sampling
was carried out using a Universal XR pump model PCXR4
(SKC), at three sampling periods (local time): B1 (morning,
from 0900 to 1030 h), B2 (midday, from 1200 to 1330 h), and
B3 (afternoon, from 1500 to 1630 h). Prior to the main study,
several pilot experiments were conducted to evaluate the
suitability of the sampling procedure described here. These
pilot experiments included the determination of appropriate
sampling times. In addition, desorption efficiency (DE) was
calculated for each glass tubes lot and for each analyte, and
tubes with ED lower than 75 % were discarded. After the
exposure time, the adsorption tubes were labeled and capped
tightly with PTFE caps and transferred to the laboratory in
cold boxes. This procedure was applied to both clean and
sample tubes for storage prior to use or analysis. Field blanks
were transported to the field along with samplers and stored in
the laboratory during the sampling period. Samples were
analyzed within 3 weeks after sample collection.

Analytical method

Samples were extracted with 1 ml of CS, for each section of
the sample tubes and shaken for 30 s to assure maximum
desorption. Extracted samples were analyzed using a TRACE
GC Ultra gas chromatograph (Thermo Scientific) and one
flame ionization detector (FID; Thermo Scientific
Technologies, Inc) (Method INSHT MTA/MA-030/A92)
(INSHT 1992). The analytical column used was a capillary
column (57 m, 0.32 mm i.d., 0.25-um film thickness). The
oven temperature program was initially set to 40 °C for 4 min,
then increased at a rate of 5 °C min~ ' up to 100 °C, and finally
maintained for 10 min at 100 °C. The FID temperature was set
to 250 °C using a hydrogen/air flame with constant flows of
35 and 350 ml min ™" for ultra-pure hydrogen and extra-dried
air, respectively. The ultra-pure nitrogen carrier (99.999 %)
gas flow rate was 1 ml min~' (INSHT 1992). Four BTEX
were investigated: benzene (B), p-xylene (X), ethylbenzene
(Ebz), and toluene (T). Five-point calibration was performed
using 99.98 % Sigma-Aldrich analytical reagents at a concen-
tration of 2 ppm for each BTEX. The established calibration
curves for the four investigated BTEX were found to have R-
square values of 0.999. Method detection limits (MDL) for
each compound were calculated by multiplying the standard
deviation obtained from seven replicate measurements of the
first level of calibration by 3.14 (Student’s ¢ test). The analyt-
ical results showed that the MDLs for B, Ebz, X, and T were
0.0517, 0.0566, 0.0600, and 0.025 pg m >, respectively. The

amount of BTEX in blank samples was below the limit of
detection for all compounds studied.

Monitoring of meteorological parameters and criteria air
pollutants

Wind conditions (speed and direction), relative humidity,
temperature, and barometric pressure were monitored from
July 3 to November 14 using a Davis Vantage Pro II portable
meteorological station located at the BTEX observation site.
Wind frequency statistics were determined using WRPLOT
software (Lakes Environmental). Criteria air pollutant (Os,
NO, NO,, NO,, CO, and SO,) concentrations measured by
API Teledyne automatic analyzers were obtained from the
Integrated System of Environmental Monitoring of the
MAM (SIMAT) Northeast Station, located 5 km away at 25°
44" 42" N, 100° 15" 17" W, 500 masl. The BTEX and criteria
pollutant sites are essentially colocated in terms of meteoro-
logical characteristics and air masses being sampled, pollution
sources, population density, traffic volume, and topography.
Figure 1 shows both locations.

Correlation and PCA

Pearson correlation analysis was applied to all data collected
at the sampling site. To assess the relationships between
BTEX concentrations, meteorological parameters, and criteria
air pollutants, a factor analysis (principal component analysis)
was applied using XLSTAT software (Statistics Package for
Microsoft Excell).

Results and discussion
Diurnal and seasonal variation

Diurnal variation and descriptive statistics for the summer and
autumn seasons can be observed in Fig. 2. During the summer
period, T, Ebz, and X showed similar diurnal patterns related
to the prevailing ESE and ENE winds (see Meteorological
influence). The highest concentrations occurred during the
afternoon (B3), decreasing during the midday (B2), and
reaching the lowest values during the mornings (B1). B ex-
hibited maximum concentrations during the midday (B2),
decreasing during the afternoon (B3), and reaching the lowest
values during the mornings (B1). During autumn, all BTEX
components presented different diurnal behavior, probably
due to variable wind conditions occurring during this season
and transporting air masses from different sources located in
diverse directions (see Meteorological influence). BTEX con-
centrations during summer were higher than those during
autumn, presumably due to seasonal differences in wind,
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Fig. 2 Diurnal variation and
descriptive statistics for measured
BTEX during the summer and

140 1 .

autumn sampling periods. B1

(0900-1030 h), B2 (1200— 120 +

1330 h), and B3 (1500-1630 h) .
100 +

temperature (higher during summer), and relative humidity
(higher during autumn). The relative abundance of BTEX
exhibited the following order during both sampling periods:
B > T > Ebz > X. During summer, the mean concentration
levels were 55.24, 22.24, 6.94, and 4.17 pg m >, respectively.
During autumn, the respective mean concentrations were
21.079, 3.648,2.521, and 2.115 ug m °.

Descriptive statistics and diurnal variation for criteria air
pollutants and meteorological parameters are shown in Figs. 3
and 4 for summer and autumn, respectively. NO,, NOy, Os,
PM10, PM, s, SO,, and RH showed higher levels during
autumn, while NO and temperature were higher during sum-
mer. During summer season, NO,, PM, s, T, and SO, showed
a similar behavior with the highest levels during the afternoon
(B3), decreasing during midday (B2), and showing the lowest
values during the morning (B1). NO,, PM10, and RH during
summer showed the same diurnal pattern with the highest
values during the morning period (B1) and the lowest levels

Fig. 3 Descriptive statistics and
diurnal variation for criteria air
pollutants and meteorological

parameters during summer season 100 +
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during the afternoon period (B3). NO concentrations were
higher during B2 period, decreasing during the afternoon
period (B3), and with the lowest levels during the morning
period (B1). The highest levels of O; were found during the
mornings (B1). During autumn, NO, NO,, and RH had the
same pattern with the highest levels during the mornings (B1)
and the lowest values during the afternoons (B3). PM10 and
SO, showed the highest concentrations during the midday
period (B2) and the lowest values of concentration during
the morning period (B1). PM, s, temperature, and O3 showed
similar behavior with the lowest levels during the mornings,
increasing during the midday, and registering the highest
values during the afternoons.

All BTEX measurements were made only during week-
days and therefore were not possible to analyze the weekday/
weekend effect. For criteria pollutants, a strong weekday/
weekend signal was not evident except for an unexplained
increase on November 9—10 (not shown) and a weekday when

Criteria Air Pollutants and Meteorological parameters :
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Fig. 4 Descriptive statistics and
diurnal variation for criteria air
pollutants and meteorological
parameters during autumn season
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all criteria pollutants registered high values in comparison
with the rest of weekdays of the period. This specific day
was a holiday (November 1) which corresponds to an annual
Mexican celebration called “Los Santos Difuntos.”

Meteorological influence

Wind speed, wind direction, and meteorological influences for
each air pollution sample during summer and autumn can be
observed in Table 1. The wind conditions are used to identify
the probable sources of the measured BTEX compounds.
Prevailing winds during the whole period were from ESE
and ENE. During summer, BTEX levels were generally
higher when winds blew from ESE. During this season, wind
conditions were 50 % from ESE and 50 % from ENE during
the Bl period with wind speed values from 3.51 to
12.5 km h™!, 70 % from ESE and 30 % from ENE during
the B2 period with wind speed ranging from 3.73 to
1138 kmh™", and 90 % from ESE during the B3 period with
speed values from 6.45 to 11.51 km h™'. During autumn, wind
conditions were variable and had the following characteristics:
40 % from ENE, 30 % from ESE, 20 % from NNW, 10 %
from WSW during the Bl period (wind speed, 0.556—
13.13 km hfl), 40 % from ENE, 30 % from ESE, 20 % from
NNE, 10 % from NNW during the B2 period (2.37-
11.92 km hﬁl), 60 % from ESE, 20 % from ENE, 10 % from
NNW, and 10 % from NNE during the B3 period (3.57-
12.71 kmh™).

On July 11, 2013 (Table 1), there was a peak for BTEX
compounds during the B3 period (B 137.52 ug m >, T
97.18 pg m >, Ebz 14.32 ug m >, and X 15.15 pg m>), with
prevailing winds from ESE (wind speed 10.67 m s ). These
wind conditions probably promoted pollutant transport from
upwind sources. For the midday period (B2), B and T con-
centrations were higher when air masses came from the ENE,
whereas Ebz and X levels were higher with ESE winds.
During the summer afternoons, BTEX levels were generally
higher when winds blew from ESE where the Guadalupe

NO ppb |NO2 ppb | NOx ppb | O3 ppb |SO2 ppb | PM10

B1|BZ|B3 Bl|BZ|B3 B1|BZ|B3 Bl|BZ|B3 B1|B2|B3 Bl|BZ|B3 Bl|BZ|B3 B1|BZ|B3 31|Bz|B3

PM2.5 RH % TeC

pg/m3 | ug/m3

municipality is located. Anthropogenic sources are located
throughout the MAM, as is typical of a large urban and
industrial center; however, industrial activities and roads with
high vehicular traffic are concentrated in the northeast and
southeast zones. On the morning of October 30, an air pollu-
tion episode occurred, with BTEX levels reaching the highest
values of the autumn period (B 29.86 pugm >, T 4.35 ugm °,
and Ebz 3.64 ug m ") (see Table 1). Prevailing winds on this
day were ENE. During the B1 period on this day, the highest
BTEX concentrations occurred with ENE winds. During B2
period, high BTEX concentrations occurred on November 1
with ENE winds (B 27.45 pg m >, T 11.99 ug m >, Ebz
6.20 pg m >, and X 3.05 pug m*). On October 24 and
November 14, high levels of afternoon (B3) BTEX were
found when winds blew from the ESE and ENE, respectively.

Toluene to benzene ratio

The toluene to benzene (T/B) ratio has been commonly used
as an indicator of traffic emissions. B and T are constituents of
gasoline and are emitted into the atmosphere by motor vehicle
exhaust. The T content of gasoline and motor vehicle exhaust
is three to four times higher than the B content (Pekey and
Yilma 2011). T/B values lower than 2—-3 are characteristic of
vehicular emissions in many urban areas worldwide (Elbir
et al. 2007; Mugica et al. 2003; Rad et al. 2014), whereas
values higher than 3 may indicate that BTEX levels could be
associated with industrial facilities and area sources (evapora-
tive emissions, painting, cooking processes, among others).
During summer, this ratio was between 0.108 and 0.835,
being higher during the afternoon sampling period. For the
autumn period, this ratio was between 0.012 and 0.383. These
values are in agreement with typical values of vehicular emis-
sions reported for other urban areas, suggesting that this site
was under the influence of mobile sources. The seasonal
differences in T/B may be due to transport. In summer, winds
were typically ESE. Winds were more variable in autumn,
suggesting transport from sources in different directions. In
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Table 1 Meteorological conditions and BTEX concentrations for each air pollution sample during summer and autumn

SP Summer 2013 Autumn 2013
Date WD/MWS (kmh™')  BTEXC (ug m ) Date WD/MWS (kmh™")  BTEXC (ug m )
B T Ebz X B T Ebz X

Bl  03/07  ESE/5.5. 30.5 167 38 0.9 22/10  NNW/I3.1 239 ND 13 ND
B2 ESE/9.6 452 138 23 ND NNW/10.2 126 ND 16 ND
B3 ES/10.4 34.6 118 34 0.1 NNW/6.9 193 1.7 16 ND
Bl 0507 ENE/A43 473 165 76 1.8 24/10  ENE/44 212 24 44 47
B2 ESE/9.9 38.3 320 126 5.1 ESE/11.9 194 ND 20 ND
B3 ESE/10.0 933 492 165 120 ESE/12.7 269 35 1.6 2.0
B1 0907 ENE/.S5 75.9 361 136 85 28/10  ESE/4.2 282 13 1.8 ND
B2 ESE/9.4 447 220 119 47 ESE/7.1 236 02 2.6 ND
B3 ESE/10.4 61.1 288 130 75 ESE/8.8 169 23 1.7 ND
Bl  11/07 ENE/A3S5 28.5 6.2 3.1 ND  30/10 ENE2.8 298 4.3 3.6 ND
B2 ESE/11.0 389 134 36 ND NNE/2.3 293 34 55 0.2
B3 ESE/10.7 1375 971 143 151 ESE/6.3 180 ND 1.3 ND
B1 1507  ESE/63 449 48 3.7 ND  01/11  WSW/0.5 333 ND 43 13
B2 ESE/11.4 40.8 46 74 6.6 ENE/4.4 274 119 6.2 3.0
B3 ESE/10.6 43.8 42 7.9 8.4 ESE/4.6 247 ND 4.1 ND
B1 17007  ESEN9.S5 79.0 262 6.0 2.7 05/11  NNW/4.1 155 ND 15 ND
B2 ENE/9.7 89.6 373 59 0.6 ENE/2.5 128 ND 1.9 ND
B3 ESE/11.1 31.6 132 49 13 ESE/8.9 161  ND 13 ND
B1  18/07 ENE/75 339 148 45 0.8 08/11  ENE/2.5 183 ND 133 ND
B2 ESE/10.5 52.0 205 46 0.7 ENE/5.1 126  ND 1.9 ND
B3 SE/6.5 29.6 137 38 1.0 ENE/4.9 160 ND 1.8 ND
B1  22/07 ENE/55. 43.0 8.9 3.6 ND 11/11  ENE/5.6 149 ND 29 ND
B2 ENE/3.7 1104 454 83 5.0 ESE/7.1 199 09 23 ND
B3 ESE/11.5 50.5 182 62 32 ESE/6.4 212 23 2.6 ND
B1  23/07 ESE/A46 44.1 112 41 0.1 1211 ESE/N2.7 184 1.7 1.8 ND
B2 ESE/7.3 87.7 215 62 2.8 NNE/4.2 227 45 23 ND
B3 ESE/11.3 414 129 42 0.6 NNE/4.5 235 33 1.8 ND
Bl  26/07 ESE/125 544 266 6.1 53 14/11  ESE/53 205 34 2.1 ND
B2 ENE/4.5 512 194 69 6.1 ENE/2.7 237 74 2.5 0.5
B3 ESE/8.1 51.9 188 6.8 6.3 ENE/3.5 205 7.8 2.7 ND

Individual samples discussed in the text are highlighted in bold

SP sampling period, MWS mean wind speed, BTEXC BTEX concentrations, WD wind direction, ND non detected

addition, relative humidity (RH) was much higher during
autumn, and its correlation with T was negative and higher
than during summer. Higher RH levels could have a washout
effect on T concentrations and cause a drop in the T/B ratios
during this period.

p-Xylene to ethylbenzene ratio
The p-xylene to ethylbenzene (X/Ebz) ratio is commonly used
as an indicator of the photochemical age of air masses. A value

of'3.6:1 of this ratio has been established as a typical emission
relation for these species (Keymeulen et al. 2001; Lee et al.

@ Springer

2002). This ratio is related to the atmospheric residence time
of these pollutants: High values indicate aged air masses (old
emissions), and low values indicate fresh air masses (recent
emissions). Kuntasal et al. (2005) used a value of 3.8 for this
ratio. Fresh gasoline emissions provide values between 3.8
and 4.4 for this ratio. In this study, the combined summer and
autumn period registered low values for this ratio, indicating
that most of the air masses correspond to “fresh emissions.” A
mean value of 0.4849 for this ratio was obtained for summer
(B1 0.4437, B2 0.570, B3 0.440). During autumn, the mean
value was 0.7529 (B1 0.777, B2 0.207, B3 1.249). Taken
together, T/B and X/Ebz ratios, it can be suggested that these
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fresh emissions correspond to vehicular emission from mobile
sources. The values for this ratio in the site under study are
similar to those observed in other cities around the world such
as Guangzhou in China (0.21) (Wang et al. 2003), Izmir in
Turkey (0.45) (Muezzinoglu et al. 2001), Seoul in Korea
(0.30) (Na and Kim 2001), and Valparaiso in Chile (0.33)
(Toro et al. 2014).

Ozone photochemical sensitivity

The ozone photochemical sensitivity can be determined from
an empirical approach based on the mean ambient mixing
ratio of VOCs (in part per billion carbon) and NO, (in parts
per billion by volume) (Geng et al. 2008; Jiménez and
Baldasano 2004). According to EPA’s empirical kinetic
modeling approach (EKMA) (Whitten et al. 1985), maximum
afternoon ozone levels are dependent on the morning concen-
trations and mixing ratios of VOC and NO,. The morning
VOC to NOy ratio can provide a useful starting point for
evaluating the relative effectiveness of cost-efficient ozone
precursor control strategies. A VOC to NOy ratio of 8 to 1 is
often cited as an approximate decision point for determining
the relative benefits of NO, vs VOCs controls. At low VOC to
NO, ratios (<about 4 to 1), an area is considered to be VOC-
limited. VOC reductions will be most effective in reducing
ozone, and NO, controls may lead to ozone increases. At high
VOC to NOy ratios (>about 15 to 1), an area is considered
NO, limited, and VOC controls may be ineffective. When
VOC to NOy ratios are at intermediate levels (4 to 15), a
combination of VOC and NO, reductions may be warranted.
VOC to NOy ratios for the sampling site under study were
2.58 and 0.41 for summer and autumn seasons, respectively.
According to these results, this site is in an ozone formation
regime that is VOC-limited (Kang et al. 2004; Martilli et al.
2002; Neftel et al. 2002).

Reactivity and ozone production by individual VOCs

The reactivity of VOCs is normally evaluated by estimating
the ozone formation potential or OFP (Carter 1994; Carter and
Heo 2012). The OFP is defined as OFP;=MIR;xC;, where
OFP; is calculated from the maximum incremental reactivity
scale (MIR;), according to values obtained from Carter and
Heo 2012 (B 0.69, T 3.88, Ebz 2.93, X 7.61) and the ambient
concentration for each VOC (C;). The obtained values for
OFP of each measured BTEX during summer season
(expressed in g m ) were the following: B 38.11, T 86.29,
Ebz 20.33, and X 31.73, whereas OFP values obtained during
autumn season were the following: B 14.54, T 14.15, Ebz 7.8,
and X 16.09. During summer season, the highest OFP values
were obtained for B and T, whereas during autumn period, X
and B showed the highest values of OFP. Other studies have
reported that X is the largest contributor to ozone formation

potential (Alghamdi et al. 2014). These compounds could
contribute significantly to the formation of ozone in the site
under study. Summer showed higher OFP values than autumn,
indicating that during this period, photochemical activity was
higher.

PCA and Pearson correlation

The T/B ratios and X/Ebz ratios suggest that summer and
autumn BTEX levels at the site under study were influenced
in a dominant way by vehicular traffic emissions (see Toluene
to benzene ratio and p-Xylene to ethylbenzene ratio).
However, PCA analysis can reveal more detailed information
about the behavior of the studied pollutants. While BTEX
ratios are used as markers of fresh, local traffic emissions,
different gasoline formulations can result in different T/B
ratios. These ratios must therefore be used with caution. In
addition, low values for the T/B ratio may indicate the pres-
ence of other benzene sources in this area in addition to motor
vehicle emissions. It is well known that BTEX have multiple
sources. In the MAM study area, road transportation and area
sources (evaporative emissions from solvents, storage tanks,
coatings, fuel marketing, and other miscellaneous sources) are
the dominant sources of VOCs. The MAM Emissions
Inventory for 2005 (SEMARNAT. INE 2008) reported that
48.3 % of the total VOC emissions come from mobile sources,
43.5 % from area sources, and 8.2 % from industrial fixed
sources. Therefore, it is necessary to investigate the relation-
ship among BTEX and other pollutants and meteorological
parameters in order to infer their probable additional sources.
In addition, Pearson correlation matrixes were constructed for
each sampling period (B1, B2, and B3) for the summer and
autumn seasons. Principal component analysis (PCA) was
used to study the variability patterns present in this multivar-
iate data set. A PCA model was developed for air pollutants
(CO, NOy, NO, NO,, SO,, PM10, PM2.5, B, T, Ebz, and X)
and the meteorological parameters (temperature (Temp), baro-
metric pressure (P), relative humidity (RH), wind direction
(WD), and wind speed (WS)). Table 2 shows the PCA load-
ings obtained for the morning (B1), midday (B2), and after-
noon (B3) sampling periods during summer and autumn.
The analysis of the summer data set for the B1 period gave
three principal components (F1, F2, and F3) with eigenvalues
greater than 0.5 expressing about 78.438 % of the total vari-
ance. The loadings for these factors are shown in Table 2. F1
showed high factor loadings among CO, NO,, SO,, and NO,,
which could be associated with combustion sources (vehicular
exhaust). F2 showed high factor loadings between O3 and
temperature, being an evidence of the photochemical activity
during this period. BTEX had a poor correlation with the
combustion tracers but good correlations on each other with
high factor loadings in F3, indicating that they probably had
common sources different from vehicular emissions.
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Table 2 Eigenvalues and factor loadings for the summer and autumn data set during the three sampling periods

Variables B1 sampling period B2 sampling period B3 sampling period
F1 F2 F3 F1 F2 F3 F4 F1 F2 F3 F4
Cco 0.7° 0.5% 0.7% 0.6% 0.6° 0.6°
0.6* 0.5%
NOx 0.9% 0.94 0.7% 0.94
0.94
NO 0.9% 0.8% 0.8%
0.9%
05 0.7% 0.55 0.5% 0.5%
-0.6"
NO, 0.9 0.94 0.8% 0.8* 0.7%
0.84
PM;, 0.8* 0.6° 0.8 0.7% 0.74 0.74 0.5% 0.5%
PM, s 0.54 0.5% 0.8% 0.5% 0.7% 0.5
-0.6* 0.6*
B 0.6% 0.65 0.8% 0.73% 0.6° 0.7°
0.54 -0.74
T 0.7% 0.8 0.75° 0.74 0.7°
Ebz 0.6" 0.78 0.6 0.6" 0.5% 0.7%
0.74
X 0.5% 0.54 0.54 0.5% 0.7°
SO, 0.95 0.54 0.95 0.19% 0.5% 0.7%
0.8* —-0.54 0.6*
WS 0.54 0.9%
WD 0.5% 0.74 0.7 0.74 -0.5%
Tempera-ture 0.95 0.6% 0.74 0.95 0.84
RH 044 0.6° 0.54

S summer, 4 autumn

Table 3 shows the Pearson correlation matrix for the B1
period during both summer and autumn. A significant positive
correlation was found during summer among CO, NO,, NO,,
SO,, and WD, indicating that these compounds likely had a
common origin (vehicular emissions). O; showed a signifi-
cant negative correlation with NO and WS, indicating that the
air during this period was rich on NO, and that ozone prob-
ably originated via photochemical reaction of NO,. PM10 and
PM2.5 showed a significant positive correlation, indicating
common sources for these particulate pollutants. A good
correlation between NOy and SO, indicates that these pollut-
ants probably originated from common sources that implicate
high temperature combustion processes of sulfur-containing
fossil fuels. All BTEX showed no significant negative corre-
lation with O3 and good correlations among each other indi-
cating that they may originate from common sources. BTEX
did not have good correlations with temperature; this suggests
that evaporative emissions were negligible during the summer
period. However, BTEX did not correlate with either CO or
SO,, indicating that neither vehicular emissions nor industrial
sources contributed to the ambient levels of these compounds
(this finding is not in agreement with the BTEX ratios analy-
sis) and they may have originated from area sources.

@ Springer

During summer for the B2 period, four components
expressed about 89.218 % of the total variance (Table 2). F1
was associated with ozone precursors, and F2 showed high
factor loadings for CO, NO,, NO,, and SO,. These are all
species emitted from combustion sources, i.e., vehicular ex-
haust in urban areas. F3 was associated with particulate matter
with high factor loadings for PM10 and PM2.5. F4 was
associated to B and T indicating that these compounds had
common sources but different from vehicular emissions. It
should be noted that BTEX can be emitted from either vehic-
ular exhaust or solvent use and this can be evaluated using
their correlation with the combustion tracer CO. During sum-
mer (B2), NO,, NO, WD, and SO, showed a significant
positive correlation with CO, evidence that these pollutants
could originate from mobile sources (Table 4). NO, correlated
well with SO, indicating that at least partially, this pollutant
had its origin in industrial sources and from the combustion of
sulfur-containing fossil fuel. During this period, T and B
correlated positively (r=0.732) indicating that they probably
had common sources. A good correlation among temperature
and X indicates that this hydrocarbon could originate from
evaporative emissions, a conjecture supported by the occur-
rence, during this period, of the highest mean ambient



471

Air Qual Atmos Health (2015) 8:469-482

uwmne p uuwns §

500 > J e JuedyIuSIs A[[eonsne)s are pjoq ul pAYSYSIY SHUSIOLFI0I UOHR[ILIO))

VOI0—  GL1'0  y600—  IT'0—  6T0- 0  €00—  I90  S¥0—  TI0 w810 €00— 8000 v€0°0 vS0°0
00T  (990—  (EF0-  (6LO0- $80°0 $9€°0 $h0°0 $60°0 010 910 SL¥0 000 GIL'0- 090 (L10—  (OP0—  emerduwdl
VOL'0—  (TO0—  €9°0—  (FI0—  (STO—  LO0—  (LT'0—  (ETO—  (8Y'0—  FS0—  §9°0—  (L000  S90—  09°0—
00T LTO- S0 OL0— STO0 K00 (TO0— SLT0  E€0—  ¢600—  S90- S0 GLS0—  8F0- 8E0- HI
v8§0  L00  I00—  LOTO-  800—  LOO  STO—  SI0- +v30°0 v10°0 vCE0 v€0°0 v6E0
001 sPS0 OL0  (TE0—  h00- 900 91'0—  (£00-  THO- <850 800 ¢900°0— SLS'0 SIL0 am
wWEO—  (6T0  yEE0-  (ETO-  (0TO-  S90-  09°0—  (9¥0-  FEO0- wWEO 0¥ 0— 000
00T ghI'0- 910 $ST°0 SIT°0 FTO PO 9S0-  (STO- PE0  GPLO—  P10- SIE0 SM
v00 €S0 (E00—  LT00- €970 vE€9'0 v68°0 V060 L100—  S6°0 VS0
00T  SE€E0—  (LI'0—  b00—  (6£0- FT0  61°0- 60 SIT°0- 670 $98°0 IL0 oS
vI00  (900—  (SFO0-  LLI'0O- (100 (9€0-  TTO v90°0 vE0'0  ET°0-
001 SOL0 s19°0 G190 (TE0—  (EI0-  IF0- 8€0—  (SO0-  6¥0—  0€0— X
V820 vLP0  900— €S0 vLS0 v89°0  8E0— 890 v9T0
001 <£8°0 L0 9000  TI'0-  (ITO-  (610—  (ST0-  (STO- <L00 7q9
vST0  yT00—  J0TO  LO0— 900  8E0— 00 w00
001 SLO  (LT0—  SI0-  S00- (10— (T00-  80°0- s20°0 L
vITO0-  #r0 V970 V0TO  T90—  €T0 v6T0
00T  GI€0- 910  8F0-  8E€0-  (ETO0—  (9S0-  (8TO0- q
vSS°0 vLS0 VB8P0 yP00— (bSO v9T0
001 <89°0 S€€°0 <10 $STO SF€0 ) SINd
v09°0 V080  (SS0- v8L'0 v6S°0
00T  8L00-  bI'0- OV0  IT0- (85°0- O
VOL'0  yT00— 880 VIS0
001 <800 <ES°0 $96°0 SCL0 ‘ON
vIE0-  L60 v9S°0
001 <ES°0- $S€0 SLTO ON
vETO0—  6€0-
001 $S€0 S01°0 0
+v85°0
001 $SL0 XON
001 00D
amyeroduwa], HY am SM oS X zqq L q SINd TN “ON ON 0 XON 00 SIqeLIeA

pouad Surpdures 1g

suoseas uwmne pue Jowns Sunnp porod Surjdwes g 0] XL)EW UONE[AII0d UOSIEd] € I[qEL

pringer

As



Air Qual Atmos Health (2015) 8:469-482

478

uwmne p uuwns §

500 > J e JuedyIuSIs A[[eonsne)s are pjoq ul pAYSYSIY SHUSIOLFI0I UOHR[ILIO))

V9T0-  FTO0  600—  8E0- v9£0 VIS0 vS0°0 vOTO0 0P 0- vLT0 vC0'0 v10°0 V810 ve00 00—
00T  8LO— (90—  (98°0— $ST°0 sCL0 8T0  FI0— 90— SO€0 80 600 (89°0— P90 STO—  (S€0-  meredwa],
WOI0—  (F00—  (SS0—  HTO- (€00 EVO— VOP0  GTI0—  (LE0—  (IT0—  (€T0-  LIT'0—  810— 80—
001 S€1°0 G0 69°0—  GIL0-  £00- $6€°0 SLV0 CTO—  LT'0—  ¢SS0— 090  0L0-  GITO—  (ETO- HI
Vo0 LOr0- v0TO  LT0- vel'0  IP0—  y6E€0—  GLTO—  J0TO-  9TO0—  LTO  €TO0—  TI0
001 8L°0 OF0 90—  (8TO-  (SE€0—-  (TE0- FTO- 80— $CE0 00 8TO- ) SPL0 am
vLTO0—  600—  yI9°0—  (SE0-  (TFO0-  (TLO0-  GIL0—  (6S0—  LS0- (€00  6S0—  900—
001 900 S0 (SI0-  GPI0-  OTO- $STO-  09°0—  (900— s€90  IL0- $PT0 s19°0 SM
vOE0 600 viS§0  TTO- vL9°0 Vv o VS0 v9S°0 vL0'0 v9S°0 wEo
00'1 CE0  61°0—  (TTO-  (I¥0- 900—  61°0— 880  9T0- $95°0 <89°0 SCL0 oS
vCE0 vLS'0 v100 v60°0 vCE0 VvOL0 v9S°0 vLT0 w90 V620
001 PO ST0—  (61°0— $0T0- $90°0 SO0 (68°0— LSO 8E0—  (600— X
V670 Vv8L'0  L000— viS0 vES0 vSS0 0T 0- vSS'0 velo
00'1 LEO0 00— SO1°0- J00  (6€0—  (LEO-  (SO0—-  GPS0-  O01°0- 7qq
V610 vEED vS9°0 vE€8°0 v80 vEL'O V80 vES0
001 SEL0 90— S00—  GLOO-  GhI0- OI0  FI'0—  (LTO- L
VoI 0- vEED0 wEo W0 TS0- VvOr0 vIT0
00'1 $0T0- FTO 610 (ITO- OT0  8TO—  (19°0— q
viS0 VS0 vL¥0 w0 VIS0 vST0
001 GLL'O S€1°0 SIT0 <L0°0 S€T0 10— ST
vEL'O vE8°0 00— voL'0 vLS0
001 SO0 L1'0- SIP0 (E00—  (LST0— O
v€6°0 v60°0 +v86°0 VvOr 0
00T ¢80°0— sP9°0 <L8°0 $95°0 ‘ON
vO10- v86°0 v69°0
001  TL0- SOv°0 SLTO ON
v900—  yL¥O-
00T $€T0  SIT°0- f0
v6S°0
001 sP9°0 XON
001 00
amyeroduwa], HY am SM oS X zqq L q SINd TN ‘ON ON 0 *XON 00 SIqeLIeA

pouad Surpdures 7g

suoseas uwmne pue Jowns Sunnp porod Surjdwes g 0] XL)EW UONE[AII0d UOSIEd] p I[qEL

pringer

Qs



Air Qual Atmos Health (2015) 8:469-482

479

temperature (28.8 °C). A negative correlation among O with
NO, CO, and Ebz indicates that these last compounds could be
precursors of tropospheric ozone in the site under study. O3 is
produced when primary pollutants such as NO, and VOCs
(including BTEX) interact under the action of sunlight. The
main atmospheric sink process for CO is by reaction with OH,
and this mechanism also makes CO a major precursor to
photochemical ozone (Crutzen 1974). Negative correlations
between B-CO, Ebz-NOx, and X-NO can be evidence of
photochemical activity and secondary pollutant production
from reaction between BTEX and OH radicals.

Four components were found for the summer data set
during B3 period, expressing 88.106 % of the total variance
(Table 2). F1 is associated with photochemical activity with
high factor loadings of O3, PM2.5, B, T, Ebz, X, SO,, and
temperature. F2 included high factor loadings of CO (com-
bustion tracer) and the four BTEX compounds, indicating that
during this period, these VOCs could originate from combus-
tion sources related to vehicular traffic. F3 included the pol-
Iutants CO, O3, NO,, and SO,, and F4 was associated with
particulate matter with high factor loadings of PM10 and
PM2.5. Table 5 shows the Pearson correlation matrix for B3
period during both summer and autumns. During summer
(B3), BTEX components showed significant positive correla-
tions, evidence that these compounds probably originated
from common sources. NO correlated positively in a signifi-
cant way with NO,, indicating that these pollutants also could
have a common origin. NO, and NO, showed a significant
positive correlation with CO, indicating that they probably
had their origin in vehicular sources. NO, NO,, CO, and
BTEX showed a negative significant correlation with Os,
indicating that during this period, all these compounds were
ozone precursors. B, T, Ebz, and X showed moderate corre-
lations with SO, during this period suggesting that at least
partially, industrial sources could influence the BTEX levels
in the study area. Ebz was negatively correlated with relative
humidity, indicating that the washout phenomenon could be
the most important removal process for this compound as
MAM typically receives about 300 mm of rain during the
summer.

During the B1 period for autumn, three principal compo-
nents were found, which explained 70.931 % of the total
variance (Table 2). F1 was associated with combustion
sources (vehicular exhaust) with high factor loadings for
CO, NOy, NO, NO,, PM10, PM2.5, Ebz, and SO,. F2 showed
high factor loadings for B and O3, indicating that this com-
pound could act as an ozone precursor during this period.
Finally, F3 suggested that B could originate from evaporative
emissions. Table 3 shows the Pearson correlation matrix for
the B1 period during autumn. CO, NO, NO,, PM10, and SO,
correlated with each other, indicating that this group of pol-
lutants probably had a common origin, i.e., gasoline and fuel
containing sulfur vehicle emissions. Ebz had good

correlations with NO, (#=0.686), NO (#=0.684), NO, (r=
0.578), PM10 (0.532), and SO, (r=0.539) but did not show a
good correlation with CO. This suggests that Ebz might have
source contributions different than vehicle emissions. PM10
and PM2.5 showed an influence of wind speed (»=—0.606 and
r=—0.658) indicating that particulate matter could be associ-
ated with nearby sources (WS for this period ranged from 0.55
to 13.12 km h™"). B correlated significantly with temperature
(r=0.617), indicating that this hydrocarbon could originate
from evaporative emissions. RH was negatively correlated
with all measured air pollutants. This behavior suggest that
high concentrations of water vapor partially remove pollutants
from the atmosphere by means of chemical reaction (acid rain)
or condensation (promoting deposition) (Felipe-Sotelo et al.
20006).

The analysis of the autumn data set for B2 period gave
three principal components, explaining 73.884 % of the
total variance (Table 2). F1 was associated to combustion
tracers (vehicular exhaust) with high factor loadings of
CO, NO4, NO, NO,, PM10, PM2.5, T, Ebz, X, and SO,.
F2 included B and Ebz, and F3 showed high factor
loadings for X, WD, and temperature, indicating that
probably this compound could also originate from evapo-
rative emissions. The following correlations: T-CO (r=
0.530), T-NOy (r=0.844), T-NO (r=0.827), Ebz-NOy (r=
0.555) Ebz-NO (r=0.551), X-NOy (=0.640), X-NO (r=
0.561), X-NO, (r=0.703) and T-PM10 (»=0.659) indicate
that this group of pollutants originated from common
sources (vehicular emissions) (Table 4). CO and B were
negatively correlated with ozone indicating that both
played an important role in the formation of tropospheric
ozone during this period. B-Ebz and T-X showed signif-
icant correlations suggesting that they probably had
sources in common (Table 4). WS showed negative cor-
relation with NO,, NO, PM10, PM2.5, and Ebz, indicat-
ing that all these pollutants may be associated with nearby
sources. Once again, RH played an important role in the
washout of pollutants in the site under study during this
sampling period as MAM typically receives nearly
400 mm of rain during the autumn. During B3 period
for autumn (Table 2), three components were necessary to
explain 72.117 % of the total variance in the data set. F1
was associated with combustion sources (vehicular ex-
haust) with high factor loadings for CO, NO,, NO, NO,,
PM10, PM2.5, Ebz, and SO,. F2 showed high factor
loadings for B, T, RH, and temperature indicating that at
least during this period, these BTEX could originate from
evaporative emissions. F3 showed the highest loadings for
B, wind speed, and wind direction; this could indicate that
probably B could have been transported from regional
sources. The Pearson correlation matrix for the B3 period
during autumn is shown in Table 5. Once again, the
influence of vehicular emissions was evident from the
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high correlations with CO: NO,-CO (=0.695), NO-CO
(r=0.731), NO,-CO (r=0.579), PM10-CO (r=0.5006),
Ebz-CO (0.742), B-CO (#=0.47), and T-CO (r=0.46). In
addition, high correlations between T-NO, T-NO,, Ebz-
NO,, and Ebz-NO, were found. O5 correlated in a mod-
erate way with CO and NO, indicating that these pollut-
ants could act at least partially as ozone precursors during
this period. NO,, PM10, PM2.5, and T showed a moder-
ate influence of the wind conditions (#>—0.5), indicating
that nearby sources could influence their levels during this
period (WS, 3.5-12.72 km h™'; prevailing WD, ESE
(60 %).

Conclusion

B and T showed the highest concentrations in the study site. B
concentrations were higher than those reported in other large
cities, whereas the levels of T, Ebz, and X were similar to
those reported for other cities around the world. All measured
BTEX compounds showed a clear diurnal and seasonal pat-
tern with the highest concentrations during summer. Diurnal
patterns for BTEX were similar during summer but changed
in autumn. The seasonal change in diurnal pattern was due to
meteorology: Summer winds were predominantly ESE, while
autumn winds were more variable. Other meteorological dif-
ferences include lower temperatures and higher relative hu-
midities in autumn. According to the prevailing winds, the
municipalities of Apodaca and Guadalupe (which contain
important industries, high traffic volume, many oil and gas
service stations, and the biggest airport in the region) could
influence BTEX concentrations found in this site during the
sampling period. According to the VOC to NOj ratio analysis,
the study area is VOC-limited. This implies that VOCs are
sparse and NO, is abundant. Calculated OFP values showed
that benzene, toluene, and p-xylene were the BTEX species
that could contribute to the formation of ozone in the study
area, especially during high solar radiation (higher photo-
chemical activity) periods. T/B and X/Ebz ratios showed that
BTEX were influenced by fresh vehicular emissions; howev-
er, BTEX ratios must be used with caution. PCA analysis
confirmed the relative importance of vehicular sources only
for the autumn season. During summer, this analysis sug-
gested that additional sources beyond traffic-related emissions
could influence the levels of BTEX. The ratios, Pearson
correlations, and PCA analysis reported here provide prelim-
inary information about the probable sources of VOCs in the
study area but do not provide conclusive evidence about the
source types and their contributions. A more complete under-
standing of BTEX source identification requires the applica-
tion of a more robust tool such as receptor modeling.
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