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Abstract
The BTEX compounds (benzene, toluene, ethylbenzene, and xylenes) and formaldehyde (FA) have harmful impacts on human 
health and are also important precursors of tropospheric ozone and secondary organic aerosols (SOA). Thus, the objective of 
this study was to perform a human health risk assessment considering the lifetime carcinogenic (LCR) and non-carcinogenic 
(as hazard quotient (HQ)) risks for 3 different age groups associated with exposure to BTEX and FA by inhalation using a 
probabilistic approach with Monte Carlo simulation, as well as to evaluate the contributions of these compounds to ozone 
formation potential (OFP) and SOA formation potential (SOAFP), at seven sites in the city of Salvador, Bahia, Brazil, during 
the dry and rainy periods. The HQ values associated with BTEX and FA compounds were below the limit set by the USEPA 
(HQ = 1) for all groups in both periods. The LCR values for benzene and FA at the 95th percentile considering 3 evaluated 
groups were 2.49 × 10−6, 3.56 × 10−6, 9.16 × 10−6 and 1.83 × 10−5, 2.53 × 10−5, 6.55 × 10−5 in the dry period and 2.83 × 10−6, 
3.94 × 10−6, 1.01 × 10−5 and 7.97 × 10−6, 1.02 × 10−5, 2.40 × 10−5 in the rainy period, respectively, being all values above the 
acceptable limit by the USEPA (1.0 × 10−6). For all 3 groups of the population, the LCR values for benzene and FA were 
higher during the rainy period and dry period, respectively, following the same pattern as the concentrations. FA, xylenes, 
and toluene accounted for up to 97.0% of total OFP, whereas toluene, benzene, and xylenes contributed up to 88.5% of total 
SOAFP. The results obtained showed the need to adopt measures to reduce BTEX and FA emissions in order to minimize 
the impacts on health of the exposed population and on air quality.

Keywords  BTEX and formaldehyde · Carcinogenic and non-carcinogenic risks · Monte Carlo simulation · Ozone 
formation potential · SOA formation potential · Urban areas

Introduction

Air pollution is one of the main problems in large urban 
centers. The rapid growth of urbanization with the increase 
in the circulating vehicular fleet and industrial activities in 
urban areas is related to the demand for fuel consumption, 
which often associated with unfavorable weather conditions 
and contribute to the degradation of air quality (Cruz et al. 

2019; Masih et al. 2017). Previous studies have shown that 
many adverse effects on human health, such as cardiovas-
cular and respiratory diseases, some types of cancer, and 
mortality risks, are associated with air pollution (Bourdrel 
et al. 2017; Kim et al. 2018; Lefler et al. 2019; Lelieveld 
et al. 2015). According to the World Health Organization 
(WHO), about 99% of the world’s population lives in areas 
where concentrations of air pollutants exceed their air qual-
ity guidelines, and 7 million people die each year from ambi-
ent air pollution and household air pollution (WHO 2022).

Volatile organic compounds (VOCs) comprise an 
important group of air pollutants (alkanes, alkenes, alco-
hols, ketones, aldehydes, carboxylic acids, and aromat-
ics) emitted into the atmosphere by biogenic sources and 
mainly by anthropogenic sources such as7 million people 
die each year from ambient air pollution and household 
air pollution. vehicle fleet, gas stations, oil refining and 
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storage, solvent evaporation, waste biodecomposition in 
landfills and composting sites, as well as industrial emis-
sions (Cruz et al. 2017, 2020a; Shinohara et al. 2019; Tohid 
et al. 2019). Among these emission sources, vehicular fleet 
is the most important in urban centers (Hanif et al. 2021).

Among the VOCs that have attracted great interest for 
air quality assessment are the BTEX compounds (benzene, 
toluene, ethylbenzene, and the ortho-, meta-, and para-
xylene isomers), as they are the most prevalent VOCs in 
urban and industrial areas (Shuai et al. 2018). Another 
prominent species is formaldehyde (FA), the most abun-
dant carbonyl compound in the atmosphere (Santana et al. 
2017). These compounds are considered by the United 
States Environmental Protection Agency (USEPA) as air 
toxics and have been included among the 187 hazardous 
air pollutants (HAP), since they are known or suspected 
to cause cancer and other serious health effects (USEPA 
2021). According to the International Agency for Research 
on Cancer (IARC), benzene and formaldehyde are classi-
fied as carcinogenic to humans (Group 1), ethylbenzene as 
a probable carcinogen to humans (Group 2B), while tolu-
ene and xylenes are included in Group 3, non-carcinogenic 
to humans (IARC 2018).

Benzene can cause neurological, endocrine, reproductive 
disorders and some hematological diseases such as aplas-
tic anemia, acute myeloid leukemia, and myelodysplastic 
syndrome. In addition, it is also associated with myocar-
dial infarction, nasopharyngeal cancer, and respiratory dis-
eases (Bolden et al. 2015; Snyder 2012). The World Health 
Organization has estimated that exposure of populations 
to benzene concentrations of 1.7 μg m−3 can cause 1 case 
of leukemia per 100,000 populations (WHO 2000). Tolu-
ene can affect the reproductive and central nervous sys-
tems causing premature birth, birth defects, and dementia 
(Filley et al. 2004; WHO 2000). Ethylbenzene and xylenes 
can lead to harmful effects on the immune, respiratory, and 
neurological systems (Bolden et al. 2015). Formaldehyde 
is associated with the likelihood of nasopharyngeal cancer 
in humans, in addition to effects such as eye and respiratory 
tract irritation, fatigue, migraine, and nausea (NTP 2011).

BTEX and FA compounds are pollutants of interest not 
only because of their adverse effects on human health, but 
also because of their importance in atmospheric chemistry. 
These compounds are involved in photochemical reactions 
in the troposphere, leading to the formation of photochemi-
cal oxidants such as ozone (O3) and peroxyacetyl nitrate 
(PAN), as well as secondary organic aerosols (SOA) (Bauri 
et al. 2016; Garg and Gupta 2019; Hajizadeh et al. 2018). 
Ozone is phytotoxic, can negatively impact human health, 
and is related to the formation of photochemical smog, a 
major air pollution problem in urban areas (Bauri et al. 
2016). SOA are responsible for human health damage, 
contribute to the increase in the amount of atmospheric 

particulate matter, decreased visibility, and act as cloud 
condensation nuclei (CCN) causing changes in the Earth’s 
radiation balance (Kalbande et al. 2022; Nault et al. 2021; 
Sartelet et al. 2018).

Health risk assessment (HRA) is a tool used to deter-
mine the impacts caused by exposure to pollutants such 
as BTEX and FA on human health and can help in defin-
ing public policies to address environmental problems 
(Du et al. 2014; Masih et al. 2016). The HRA can be esti-
mated by both deterministic and probabilistic methods 
(Rajasekhar et al. 2020). Deterministic methods use point 
estimates, where a single numerical value is chosen for 
each variable in the risk equation, representing a central 
tendency or upper bound estimate of variability (USEPA 
2001). Probabilistic methods, on the other hand, have been 
used in some studies to estimate the variability and uncer-
tainties associated with HRA, using random variable distri-
butions instead of fixed values (Cruz et al. 2022; Dehghani 
et al. 2018; Mojarrad et al. 2020; Rajasekhar et al. 2020; 
Rostami et al. 2021).

In recent years, several studies have been conducted to 
determine BTEX and FA concentrations in the air of Brazil-
ian cities (Alvim et al. 2017; Carvalho et al. 2020; Coelho 
et al. 2021; Cruz et al. 2020b; Dantas et al. 2022; Galvão 
et al. 2016; Nogueira et al. 2017; Paralovo et al. 2016, 2019; 
Santana 2019; Santana et al. 2017; Santiago et al. 2021; 
Siqueira et al. 2017). However, studies focusing on HRA 
based on deterministic methods, contribution to ozone 
formation potential (OFP), and SOA formation potential 
(SOAFP) associated with exposure to BTEX and FA com-
pounds are still scarce in these cities. Furthermore, to the 
best of our knowledge, no study has been found to date in 
Brazil on the assessment of health risks using probabilistic 
methods associated with BTEX and FA compounds.

The current Brazilian environmental legislation estab-
lishing national outdoor air quality standards (CONAMA 
2018) does not define standards for BTEX and FA com-
pounds, which consequently contributes to a lack of infor-
mation regarding HRA, OFP, and SOAFP associated with 
BTEX and FA compounds in Brazilian cities, thereby 
hindering regulatory actions aimed at protecting human 
health and the environment. Thus, the objective of this 
study was to evaluate the human health risks consider-
ing the lifetime carcinogenic (LCR) and non-carcinogenic 
(expressed as hazard quotient (HQ)) risks associated 
with exposure to BTEX and FA compounds by inhala-
tion, through a probabilistic approach using Monte Carlo 
simulation, and considering three groups of the resident 
population with different age ranges. Additionally, the 
contribution of these compounds to the OFP and SOAFP 
was also evaluated at 7 sites in the city of Salvador, state 
of Bahia, Brazil, during two different periods of the year 
(rainy and dry).
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Material and methods

Study area and data collection

The city of Salvador (12°58′16″ S and 38°30′39″ W), capi-
tal of the state of Bahia, in northeastern Brazil, has about 3 
million inhabitants in a peninsular area of 361 km2 and an 
estimated vehicular fleet of 1,058,322 vehicles until Sep-
tember 2022 (DETRAN 2022), representing an increase of 
more 60% compared to the year 2010 (648,323 vehicles). 
This city has a humid tropical climate, and the topographic 
distribution is characterized by low altitudes associated 
with little thermal variation, allowing the penetration of 
trade winds (SE, E, and NE) into the city, which favors 
a good dispersion of air pollutants. This town receives 
little influence from industrial emissions and constitutes 
an urban center mainly impacted by vehicular emissions.

The data of BTEX and FA concentrations at different 
sites in the city of Salvador used in this study to assess 
human health risks associated with exposure to BTEX 
and FA compounds and their contribution to OFP and 
SOAFP were previously reported by the authors of this 
study (Santana et al. 2017; Cruz et al. 2020b). BTEX and 
FA compounds were sampled at 7 selected sites consid-
ering traffic density (Fig. 1) during two distinct periods 
(dry and rainy). For sampling BTEX compounds were 
used Radiello® passive diffusive samplers patented by 

Fondazione Salvatore Maugeri (Padova, Italy). The sam-
plers consist of a stainless steel cylinder (100 mesh and 
5.8 mm diameter) containing activated charcoal as adsor-
bent inserted in a cylindrical diffusive body (Cruz et al. 
2020b), while for FA, sampling was employed a passive 
sampler based on gas molecular diffusion through static 
air layer containing fiberglass filters impregnated with 
30 mmol L−1 2,4-dinitrophenylhydrazine (DNPH) + 1 mol 
L−1 glycerol solution developed by Santana et al. (2017).

Analysis and quality control

The BTEX compounds were extracted using chemical des-
orption with carbon disulfide (CS2) in ultrasonic bath for 
10 min and determined by gas chromatography with flame 
ionization detection. The analysis conditions were as follows: 
capillary column HP – 5 (30 m, 0.32 mm, 0.25 μm), helium 
as carrier gas at a flow rate of 1.5 mL min−1, and nitrogen 
as make-up gas, injector with division of flow (split) in the 
ratio 1:20 at 250 °C, and temperature program (40 °C for 
3 min, increased to 140 °C at a rate of 8 °C min−1, increased 
to 220 °C at a rate of 20 °C min−1, and then held for 4.5 min).

Calibration curves for BTEX compounds based on the 
external standardization method were constructed from dilu-
tion in methanol of a standard solution (UST HC BTEX 
MIX 2000 μg mL−1, Sigma-Aldrich). These curves were 
composed of seven points, with a linear dynamic range 

Fig. 1   Location of the seven sites evaluated in the city of Salvador, Bahia, Brazil
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between 0.7 and 20  μg  mL−1. The regression equation 
for each calibration curve was calculated using the linear 
regression method, and values of R2 > 0.9990 were obtained 
demonstrating excellent linearity for all analytes. The val-
ues of limit of detection (LOD) and limit of quantification 
(LOQ) were determined by statistical analysis of the data, 
and the values ranged from 0.21 to 0.40 μg mL−1 and 0.77 to 
1.40 μg mL−1, respectively, with relative standard deviations 
(RSD) less than 5%.

The FA fixed as hydrazone in the filters of the passive 
samplers was extracted with acetonitrile (ACN) for further 
quantification by high-performance liquid chromatography 
(HPLC) with ultraviolet (UV) detection. The analysis con-
ditions were as follows: separation column Zorbax ODS 5 
um, 4.6 × 250 mm, the mobile phase 60% ACN/H2O, and 
flow rate of 1.5 mL min−1. The calibration curves were con-
structed from dilution in acetonitrile of 1.0 μg mL−1 Alde-
hyde/Ketone-DNPH (Sigma-Aldrich) standard solution, with 
a linear dynamic range between 5.0 and 90 μg L−1. Calibra-
tion results demonstrated excellent linearity (R2 > 0.9995), 
and the values of LOD and LOQ were 1.62 and 3.78 μg L−1, 
respectively.

Health risk assessment

Health risk assessment (HRA) is used to estimate the poten-
tial adverse human health effects of toxic compounds (Garg 
and Gupta 2019). The standard HRA method developed by 
USEPA assesses human health effects resulting from pro-
longed exposure by inhalation, ingestion, or dermal absorp-
tion to toxic substances in different environmental matrices 
(USEPA 2009, 2016). This method based on a toxicological 
approach is the most widely used and also the most com-
prehensive (USEPA 2016), as it considers many factors 
which can affect exposure, such as duration and frequency 
of exposure, inhalation rate, body weight, average life span 
of the target population, and pollutant concentration (Cruz 
et al. 2020a).

However, uncertainties are associated with HRA due 
to the use of point values for estimating risks, as values 
assigned to exposure variables (such as inhalation rates 
between individuals), and daily variations in pollutant con-
centrations depending on location. Therefore, probabilistic 
risk assessment (PRA) uses models to represent the likeli-
hood of different risk levels in a population (i.e., variability) 
or to characterize uncertainty in the risk estimates (Cruz 
et al. 2022; Du et al. 2014; USEPA 2001). The most widely 
used technique for PRA is Monte Carlo simulation (MCS), 
in which probability distributions are assigned to each 
parameter in the input model of the risk equation. Then, for 
each parameter, random values are chosen within the ranges 
determined for each type of distribution to achieve the output 
model. This process can be repeated thousands of times to 

obtain the output distribution (USEPA 2001). Thus, PRA 
has been used in some studies to determine carcinogenic and 
non-carcinogenic risks associated with exposure to BTEX 
and FA compounds (Baghani et al. 2019; Du et al. 2014; 
Ghaffari et al. 2021; Golkhorshidi et al. 2019; Rajasekhar 
et al. 2020; Yaghmaien et al. 2019).

In the present study, PRA was used to estimate the health 
risks of three population groups in different age ranges (0–5, 
6–19, and 20–70 years, corresponding to G1, G2, and G3, 
respectively) in urban areas of the city of Salvador (state 
of Bahia, Brazil) due to exposure to BTEX and FA com-
pounds by inhalation. The indicators used include the carci-
nogenic risk estimated as lifetime cancer risk (LCR), which 
is defined as the highest probability of cancer incidence by 
a continuous lifetime exposure to a specific compound, and 
the non-carcinogenic risk (expressed as hazard quotient 
(HQ)), according to the USEPA method (USEPA 2016). 
Crystal Ball software (version 11.1.2.4) was used to calcu-
late the probability distributions of the risks, and a total of 
10,000 repetitions were carried out to ensure the reliabil-
ity of the Monte Carlo simulation (MCS) results, thereby 
obtaining a statistical data set comprising average, standard 
deviation, minimum, maximum, and percentiles. Thus, the 
MCS technique was performed to obtain the uncertainties 
and variability of each input parameter associated with the 
risk estimates and sensitivity analysis.

Table 1 shows the parameters and distribution models 
used in this study to perform Monte Carlo simulations to 
quantify the uncertainties of the parameters used in the HRA 
associated with the LCR and HQ values for BTEX and FA 
compounds, considering the three groups with different age 
ranges (G1, G2, and G3).

Lifetime cancer risk (LCR)

The LCR values associated with inhalation exposure of the 
population of the city of Salvador to benzene and formal-
dehyde, both carcinogens, were calculated considering two 
sampling periods (dry and rainy) and three different age 
groups (G1, G2, and G3) according to Eqs. 1 and 2:

where C is the contaminant concentration in ambient air (mg 
m−3), IR is the human inhalation rate (m3 day−1), ET is the 
daily exposure time (h day−1), ED is the exposure duration 
(year), EF is the exposure frequency (day year−1), BW is the 
body weight (kg), AT is the average lifetime (AT = 70 year 
× 365 day year−1 × 24 h day−1), CDI is chronic daily intake 

(1)CDI =
C(
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m3
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day
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(2)LCR = CDI. SF
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(mg kg−1 day−1), and SF is the carcinogenicity factor or 
slope factor, an estimate of the probability of an individual 
developing cancer as a result of exposure of life to a par-
ticular level of a potential carcinogenic compound. Values 
of SF for benzene and FA are 0.027 and 0.045 mg−1 kg day, 
respectively, according to the Integrated Risk Information 
System (IRIS) (USEPA 2022a).

In accordance with the limits determined by the USEPA, 
LCR values ≥ 1.0 × 10−4 indicate that carcinogenic risks are 
considerable, whereas LCR values ≤ 1.0 × 10−6 are assumed 
to be acceptable. In cases where values are in the range of 
1.0 × 10−6 < LCR < 1.0 × 10−4, carcinogenic risks are prob-
able (USEPA 2016). The WHO considers LCR values in the 
range of 1.0 × 10−5–1.0 × 10−6 as acceptable (WHO 2021a).

Hazard quotient (HQ)

Non-carcinogenic risks, expressed as hazard quotient (HQ), 
associated with exposure to all BTEX compounds as well 
as formaldehyde were calculated according to Eqs. 1 and 3.

For the non-carcinogenic risk assessment, AT = ED yea
r × 365 day year−1 × 24 h day−1 (USEPA 2009). The RfD is 
the reference dose, which is compound-specific, one level 
below that at which adverse health effects are unlikely 
to occur during a lifetime (USEPA 2013). Values of RfD 
for the BTEX and FA compounds were obtained from the 
IRIS database (USEPA 2022b).

(3)HQ =
CDI

RfD

According to the hazard quotient estimation, a value of 
HQ ≤ 1 is considered an acceptable level, i.e., exposure to 
a chemical compound is unlikely to cause adverse human 
health effects, while a value of HQ > 1 is deemed likely to 
result in adverse human health effects (USEPA 2016).

Ozone formation potential (OFP)

Tropospheric O3 is a secondary pollutant formed through com-
plex, nonlinear reactions between VOCs and nitrogen oxides 
(NOx = NO + NO2) in the presence of sunlight (Atkinson 2000; 
Wang et al. 2017). The O3 formation can be determined by 
the properties of the VOCs studied, meteorological conditions, 
and values of the concentration ratio of the precursors (VOCs/
NOx), as they compete for hydroxyl radical (OH•). For high 
values of the VOCs/NOx ratio, the OH• will preferentially 
react with VOCs, while for low values of the ratio, this radical 
will predominantly react with NOx, thus decreasing the avail-
able amount of these oxides, and, consequently, ozone pro-
duction will be limited by the amount and reactivity of VOCs 
(Iqbal et al. 2014; Seinfeld and Pandis 2016).

Scales representing VOCs reactivity were developed 
based on the concept of incremental reactivity (IR), which 
provides the amount of O3 formed per unit of VOC that is 
introduced into a representative atmospheric system (Carter 
1994). Since the IR values are dependent on the environmen-
tal conditions where they are evaluated, i.e., these values 
vary significantly depending on the VOCs/NOx ratio at the 
site under study, the IR values obtained from simulations 
under specific VOCs/NOx ratio conditions are used.

Table 1   Parameters and distribution models used in this study for Monte Carlo simulations to estimate LCR, HQ, and sensitivity analysis for 
BTEX and FA compounds considering groups with different age ranges (G1, G2, G3)

Arithmetic mean ± standard deviation for lognormal distribution; minimum, mean, and maximum value for triangular distribution; minimum and 
maximum value for uniform distribution
* Values used for MCS to estimate LCR
** Values used for MCS to estimate HQ
a USEPA (2011)
b Cruz et al. (2022)

Parameter Unit Distribution model G1 (0–5 years) G2 (6–19 years) G3 (20–70 years)

Concentration (C) mg m−3 Lognormal - - -
Body weight (BW)a kg Lognormal 10.34 ± 4.90 53.4 ± 20.11 70.0 ± 13.6
Average lifetime (AT)a* h Triangular 511,880, 613,200, 

674,520
511,880, 613,200, 

674,520
511,880, 613,200, 674,520

(AT)a** h Triangular 26,280, 35,040, 43,800 96,360, 105,120, 113,880 262,800, 350,400, 438,000
Exposure frequency (EF)a day year−1 Uniform 350, 365 350, 365 350, 365
Exposure duration (ED)a year Uniform 1, 5 8, 13 30, 50
Daily exposure time 

(ET)b
h day−1 Uniform 12, 15 12, 15 12, 15

Inhalation rate (IR)a m3 day−1 Lognormal 5.9 ± 2.55 15.73 ± 3.73 17.32 ± 1.73
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The maximum incremental reactivity (MIR) scale is used 
for scenarios where NOx concentrations are high and VOCs/
NOx ratio values are low. Therefore, VOCs have the greatest 
influence on ozone formation, and NOx concentrations have 
an inhibiting effect, characteristic conditions in large urban 
centers (Carter 1994). MIR is calculated as the amount of 
ozone formed when VOC is added to initiate the reaction 
with NOx and has been widely used for air pollution control 
purposes (Garg and Gupta 2019).

The presence of VOCs in the atmosphere plays an impor-
tant role in the formation of tropospheric ozone through 
its degradation reactions (Atkinson 2000). Studies on the 
behavior of VOCs in the atmosphere use the calculation 
of the OFP in order to estimate the contributions of these 
compounds to tropospheric ozone formation in different 
areas, including urban areas (Mozaffar et al. 2020; Zhan 
et al. 2021).

In this study, contributions of the BTEX and FA com-
pounds to the OFP at seven evaluated sites in the city of 
Salvador during the dry and rainy periods were estimated 
considering the concentrations in the atmosphere and the 
reactivity values of each compound in agreement with the 
MIR scale (Carter 2010), according to Eq. 4. This estimate 
is based on a scenario in which the production of O3 is cal-
culated under maximum formation condition, allowing veri-
fication of which of the compounds are contributing more 
significantly to ozone formation at the studied sites.

where Ci is the VOCi concentration in the atmosphere (µg 
m−3) and MIRi is the maximum incremental reactivity of 
VOCi.

Secondary organic aerosols formation potential 
(SOAFP)

SOA formed from VOCs are associated with changes in cli-
mate due to their ability to absorb and scatter radiation in the 
atmosphere. The formation of low volatile compounds that 
make up SOA is governed by a complex series of reactions 
of many organic species (Niu et al. 2016). The uncertain-
ties in the reactions mechanisms create difficulties in accu-
rately modeling SOA formation in the atmosphere, so that 
its experimental characterization and theoretical description 
present a substantial challenge (Kroll and Seinfeld 2008; Shi 
et al. 2020). The indirect estimation of SOA is a common 
practice (Li et al. 2020).

Derwent et al. (2010) estimated the propensity of SOA 
formation relative to toluene for 113 organic compounds, 
and their work served as the basis for calculating SOA for-
mation potential (SOAFP) in several studies. The calcula-
tion of SOAFP, associated with the VOC concentration, 

(4)OFP of VOCi = Ci ×MIRi

according to Eq. 5, has been used in some previous studies 
(Huang and Hsieh 2020; Niu et al. 2016; Zhan et al. 2021).

The SOAP (Eq. 6) represents the SOA formation poten-
tial for the VOCs and is obtained by the ratio of the incre-
ment in SOA mass concentration for these compounds to the 
increment in SOA with toluene multiplied by 100. Values 
of SOAP for benzene, toluene, ethylbenzene, m,p-xylene, 
o-xylene, and formaldehyde were 92, 100, 111.6, 78.7, 95.5, 
and 0.7, respectively (Derwent et al. 2010).

Alternatively, Zhang et al. (2017) proposed the FAC 
(fractional aerosol coefficient) method (Eq. 7) in calculat-
ing SOAFP, which was also used in this study.

where Ci (μg m−3) is the concentration of each VOC and 
FAC is defined as the ratio between the concentration of 
SOA formed from a volatile organic compound and its initial 
concentration, where the FAC of toluene is estimated to be 
5.4% (Zhang et al. 2017).

Results and discussion

Concentrations of the BTEX and formaldehyde 
compounds in the city of Salvador

Figure 2 presents the distributions of the concentrations 
of BTEX and formaldehyde in urban areas of the city of 
Salvador in the rainy and dry periods. The average con-
centrations of benzene, toluene, ethylbenzene, and xylenes 
at different sites in the city of Salvador were 2.05 ± 0.82, 
3.18 ± 0.97, 1.00 ± 0.42, and 1.72 ± 0.74 µg  m−3 during 
the rainy period and 1.55 ± 0.99, 2.47 ± 1.49, 0.64 ± 0.25, 
and 1.24 ± 0.54 µg m−3 during the dry period, respectively. 
The formaldehyde concentrations ranged from 2.80 ± 0.21 
to 4.80 ± 0.25 µg  m−3 in the rainy period, while in the 
dry period, the concentrations varied from 4.35 ± 0.34 to 
18.2 ± 1.2 µg m−3. As can be seen from Fig. 2, toluene is the 
compound with the highest concentrations among all BTEX 
compounds in both periods, followed by concentrations of 
benzene, xylenes, and ethylbenzene. In other studies, toluene 
was also the most abundant compound in the atmosphere of 
urban areas (Garg and Gupta 2019; Masih et al. 2016; Rama-
dan et al. 2019; Yousefian et al. 2020; Zhang et al. 2012).

In Brazil, commercial gasoline (type C) is used to supply 
a large part of the vehicle fleet. According to the National 

(5)SOAFP = CixSOAP

(6)
SOAP =

Increment in SOA mass concentration with species; i

Increment in SOA with toluene
x 100

(7)SOAFP =
Ci x SOAP

100
xFAC toluene
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Agency of Petroleum, Natural Gas, and Biofuels (ANP), 
gasoline type C is the second most sold oil derivative in 
the country, behind only diesel oil (ANP 2021). Gasoline 
type C (commonly known as gasohol) is a blend of gasoline 
type A with 25–27% v/v of anhydrous ethyl alcohol used as 
anti-knock additive, containing 35% v/v of aromatic hydro-
carbons (ANP 2013) and an average percentage of BTEX 
of 1.0%, 3.0%, 1.3%, and 5.3%, respectively (Silva et al. 
2009). An important source of BTEX in Brazilian urban 
centers comes from the burning of gasohol by light vehicles, 
which consist mainly of flex-fuel vehicles using gasohol or 
hydrated ethanol (Cruz et al. 2020b). In addition, there is 
also the contribution of heavy vehicles (trucks, buses) that 
use diesel with 10% biodiesel addition, which emit aromatic 
compounds such as benzene and toluene into the atmosphere 
(Ferreira et al. 2008). These facts, together with the process 
of photochemical degradation in the atmosphere that occurs 
more slowly for toluene and benzene, when compared to 
ethylbenzene and xylenes (Finlayson-Pitts and Pitts Jr 2000) 
justify the higher concentrations of toluene and benzene in 
the atmosphere of Salvador.

In Brazilian cities, although the addition of 10% biodiesel 
in the diesel has contributed to improvements in the quality 
of fuels, and consequent decrease in the concentrations of 
some air pollutants, regarding carbonyl compounds such as 
FA, this addition generated an increase in the levels these 
compounds (Guarieiro et al. 2011; Rodrigues et al. 2012; 
Santana et al. 2017). Additionally, the use of oxygenated 
fuels, such as hydrous ethyl alcohol and gasohol, contributes 
to the increase of the formaldehyde emissions to the atmos-
phere of these cities (Cruz et al. 2020a).

Seasonal variations were observed in this study for all 
BTEX compounds, where concentrations were higher during 

the rainy period compared to the dry period. This varia-
tion in concentration levels occurs mainly due to the pho-
tochemical degradation process of these compounds in the 
atmosphere, which is more intense in warmer seasons when 
solar intensity is higher, leading to a decrease of BTEX 
compounds in the atmosphere of the city of Salvador in the 
dry period. Moreover, in the rainy period, calm and stable 
atmospheric conditions prevail, thus hindering the disper-
sion and dilution of pollutants in the atmosphere. Addition-
ally, since BTEX compounds are non-polar organic com-
pounds and are not subject to the washout effect, there is a 
tendency to increase the concentrations of these compounds 
in the rainy season. On the other hand, in the dry period, 
atmospheric instability prevails contributing to the disper-
sion and dilution of the BTEX compounds in the atmos-
phere, thereby favoring a decrease of their concentrations in 
the atmosphere during this period of the year (Omokungbe 
et al. 2020; Paralovo et al. 2019). For FA, the concentra-
tions were higher in the dry period, certainly influenced by 
direct emissions from the vehicular fleet, combined with the 
reduction in precipitation rates and increased photochemical 
oxidation of hydrocarbons due to greater insolation, because 
the dry period coincides with summer in the city of Salvador 
(Santana et al. 2017).

With regard to legislations and recommendations, the 
current Brazilian environmental legislation (CONAMA 
2018) that establishes national outdoor air quality standards 
sets no standards for BTEX and FA compounds; therefore, 
it was necessary to use international legislation or guidelines 
to evaluate the data used in this study. For benzene, which is 
classified as a carcinogen for humans by the IARC, the con-
centrations found in the studied areas were below the annual 
mean value of 5.0 μg m−3, established in the European Air 

Fig. 2   Boxplot diagram for 
the distribution of BTEX and 
formaldehyde concentrations 
(μg m−3) in the air in the city 
of Salvador, Brazil, during 
dry and rainy periods. The 
upper and lower bars show the 
maximum and minimum values. 
Lines inside the boxes show 
the median values, and the “x” 
represents the average values
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Quality Directive 2008/50/EC (EU—Directive 2008), as a 
limit value for the concentration of benzene in air, aiming to 
protect human health. However, according to the Ambient 
Air Quality Criteria (AAQCs) established by the Ontario 
Ministry of the Environment for the protection of human 
health (OME 2012), in all the samples analyzed, the concen-
trations were above the annual limit (0.45 μg m−3), whereas 
30% of the samples showed values above the limit set for 
24 h (2.30 μg m−3). Furthermore, in 57% of the samples 
analyzed, the concentrations were above the World Health 
Organization guideline (WHO 2000), which established that 
benzene concentrations of 1.7 μg·m−3 can cause 1 case of 
leukemia per 100,000 inhabitants, thus revealing a risk to 
human health for the population living in the city of Salva-
dor in the studied sites. For formaldehyde, which is also car-
cinogenic and may cause nasopharyngeal cancer in humans, 
a total of 78% of the reported levels exceeded the limit for 
long exposure indicated by the Texas Commission on Envi-
ronmental Quality (TCEQ 2016) of 3.3 μg m−3.

Probabilistic health risk assessment

Figure 3 summarizes the statistical data concerning the LCR 
values for benzene and formaldehyde obtained through the 
probabilistic risk assessment considering the groups with 
different age ranges in the city of Salvador during the 
rainy and dry periods. All the LCR values obtained for 
benzene were higher during the rainy period than in the 
dry period. On the other hand, the LCR values obtained 

for formaldehyde were higher during the dry period when 
compared to those obtained in the rainy period, following 
the same pattern as the concentrations obtained for these 
compounds in the evaluated periods (Fig. 2).

Table 2 presents the LCR values (average, minimum, and 
maximum) and the percentiles (10th–90th) obtained by MCS 
for benzene and formaldehyde in the seven sites evaluated 
in the city of Salvador, considering the different groups of 
exposed population with distinct age ranges (G1, G2, G3). 
It was possible to observe that the average LCR values for 
all groups, except for benzene considering G1 in the dry 
period, were above the acceptable limit set by the USEPA 
(1.0 × 10−6).

The maximum LCR values found for benzene were about 
16, 22, 40 and 13, 17, 33 times above the USEPA accept-
able level of 1 × 10−6 during the rainy and dry periods, 
respectively, for groups G1, G2, and G3, thus revealing a 
significant cancer risk for the population of Salvador due 
to inhalation benzene exposure in all age groups evalu-
ated. Also, according to the highest limit considered by 
the WHO (1.0 × 10−5), the obtained values for groups G1, 
G2, and G3 were about 1.5, 2.2, 4.0 and 1.3, 1.7, 3.3 times 
above the acceptable limit during the rainy and dry periods, 
respectively, also confirming that even with a more restric-
tive limit, there is a risk of cancer associated with benzene 
exposure for the population of this city.

Concerning formaldehyde, the maximum LCR values of 
groups G1, G2, and G3 found were about 40, 50, 71 and 
62, 85, 227 times above the acceptable limit established by 

Fig. 3   Boxplot diagram for 
the LCR values for benzene 
and formaldehyde considering 
groups G1, G2, and G3 in the 
city of Salvador, Brazil, during 
the rainy and dry periods. The 
upper and lower bars show the 
5th and 95th percentiles. Lines 
at the top and bottom of the 
box correspond to the 20th and 
80th percentiles, lines inside the 
boxes show the median values, 
and the “x” represents the aver-
age values
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the USEPA (1.0 × 10−6) during the rainy and dry periods, 
respectively, whereas according to the highest limit set by 
the WHO (1.0 × 10−5), the same risk values were around 4.0, 
5.0, 7.1 and 6.2, 8.5, 22.7 times above the acceptable limit 
during the rainy and dry periods, respectively, for groups 
G1, G2, and G3.

In order to calculate these maximum values in the risk 
models, their respective maximum values were used for all 
input variables. Thus, the maximum risk value corresponds 
to the acute chronic exposure condition, which is less likely 
to occur, and therefore the maximum risks may be over-
estimated (Rajasekhar et al. 2020). According to the risk 
assessment guidelines (USEPA 2001), the value referring 
to the 95th percentile has been adopted as the upper limit 
estimate of potential risk in several previous studies (Cruz 
et al. 2022; Miri et al. 2016; Mohammadi et al. 2020; Mojar-
rad et al. 2020; Tehrani et al. 2020; Zhou et al. 2011) and 
was also used in this study.

Figures 4 and 5 represent the probability distributions 
of LCR for benzene and formaldehyde, respectively, con-
sidering the exposed population groups with different 
age ranges, within a confidence interval of 5 to 95% in 

the seven sites evaluated in the city of Salvador during 
the rainy and dry periods. The LCR values for benzene 
and FA referring to the 95th percentile were 2.83 × 10−6, 
3.94 × 10−6, 1.01 × 10−5 and 7.97 × 10−6, 1.02 × 10−5, 
2.37 × 10−5 during the rainy period and 2.49 × 10−6, 
3.56 × 10−6, 9.16 × 10−6 and 1.83 × 10−5, 2.53 × 10−5, 
6.55 × 10−5 during the dry period, for groups G1, G2, and 
G3, respectively. Hence, all these values are above the 
acceptable limit (1.0 × 10−6) and in the range of probable 
risk limit (1.0 × 10−6–1.0 × 10−4) set by the USEPA. Fur-
thermore, the LCR values obtained for benzene were 2.5 
to 10 times above the acceptable limit, and those for FA 
were 8 to 66 times above this limit. Based on the results 
obtained, it was observed that risks are high considering 
the different age groups in both periods and, therefore, 
indicating all the evaluated groups of the exposed popula-
tion are susceptible to carcinogenic risks throughout the 
year.

The group G3 exhibited the highest LCR values in all 
cases at the 95th percentile. Moreover, considering G3, 
even at the 5th percentile (adopted as the lowest estimate of 
potential risk), all LCR values for benzene and formaldehyde 

Table 2   Probabilistic 
assessment of lifetime cancer 
risk (LCR) for benzene and 
formaldehyde obtained by 
Monte Carlo simulation for 
groups with different age ranges 
(G1, G2, G3) in the city of 
Salvador, Bahia, Brazil, in the 
rainy and dry periods

Rainy period Dry period

G1 G2 G3 G1 G2 G3

LCR for benzene
  Average 1.01E-06 1.75E-06 5.09E-06 8.22E-07 1.39E-06 3.99E-06
  Minimum 2.95E-08 1.30E-07 5.67E-07 1.10E-08 6.17E-08 3.13E-07
  Maximum 1.56E-05 2.17E-05 3.95E-05 1.34E-05 1.68E-05 3.33E-05
  10th 2.34E-07 6.52E-07 2.38E-06 1.58E-07 4.23E-07 1.46E-06
  20th 3.46E-07 8.65E-07 2.96E-06 2.42E-07 5.76E-07 1.96E-06
  30th 4.55E-07 1.05E-06 3.47E-06 3.28E-07 7.25E-07 2.38E-06
  40th 5.80E-07 1.24E-06 3.95E-06 4.25E-07 8.88E-07 2.83E-06
  50th 7.21E-07 1.45E-06 4.50E-06 5.44E-07 1.06E-06 3.31E-06
  60th 8.89E-07 1.68E-06 5.10E-06 6.87E-07 1.28E-06 3.85E-06
  70th 1.13E-06 1.98E-06 5.83E-06 8.85E-07 1.56E-06 4.55E-06
  80th 1.48E-06 2.41E-06 6.81E-06 1.18E-06 1.94E-06 5.54E-06
  90th 2.14E-06 3.20E-06 8.48E-06 1.75E-06 2.75E-06 7.27E-06

LCR for formaldehyde
  Average 3.11E-06 5.19E-06 1.50E-05 6.36E-06 1,08E-05 3.15E-05
  Minimum 1.38E-07 6.37E-07 4.03E-06 1.41E-07 6,56E-07 3.54E-06
  Maximum 4.02E-05 4.99E-05 7.12E-05 6.16E-05 8.52E-05 2.27E-04
  10th 8.59E-07 2.49E-06 9.47E-06 1.41E-06 3.76E-06 1.37E-05
  20th 1.22E-06 3.07E-06 1.09E-05 2.06E-06 5.00E-06 1.74E-05
  30th 1.56E-06 3.57E-06 1.21E-05 2.72E-06 6.22E-06 2.08E-05
  40th 1.94E-06 4.09E-06 1.32E-05 3.45E-06 7.47E-06 2.39E-05
  50th 2.38E-06 4.61E-06 1.42E-05 4.35E-06 8.86E-06 2.73E-05
  60th 2.87E-06 5.19E-06 1.55E-05 5.43E-06 1.04E-05 3.14E-05
  70th 3.52E-06 5.90E-06 1.68E-05 6.98E-06 1.25E-05 3.66E-05
  80th 4.46E-06 6.90E-06 1.86E-05 9.16E-06 1.52E-05 4.30E-05
  90th 6.16E-06 8.58E-06 2.12E-05 1.35E-05 2.02E-05 5.44E-05
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were also above the USEPA acceptable limit in both periods, 
showing that the adult-exposed population group in the city 
of Salvador is more susceptible to developing cancer, due 
to the longer exposure time. For benzene, considering the 

G3 group in the rainy season, the 95th percentile LCR value 
was also above the highest limit considered by the WHO 
(1.0 × 10−5). For formaldehyde, except for G1 in the rainy 
season, all 95th percentile LCR values were above this limit.

Fig. 4   Probability distributions of LCR for benzene considering three 
exposed population groups with different age ranges (G1, G2, and 
G3), during the rainy (a1, a2, a3) and dry periods (b1, b2, b3) in the 

city of Salvador. The base value (base case) corresponds to the deter-
ministic risk value
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Some recent studies performed in different locations have 
used probabilistic risk assessment (PRA) to estimate at the 
95th percentile LCR value associated with inhalation ben-
zene exposure in urban centers. Miri et al. (2016) obtained 

the LCR (95th) value of 5.92 × 10−7 in regions with high 
vehicular traffic, in the city of Tehran (Iran). Mohammadi 
et al. (2020) estimated LCR (95th) values of 2.29 × 10−5 
during winter and 2.0 × 10−5 during summer in Urmia City 

Fig. 5   Probability distributions of LCR for formaldehyde considering 
three groups of the exposed population with different age ranges (G1, 
G2, and G3), during the rainy (a1, a2, a3) and dry periods (b1, b2, 

b3) in the city of Salvador. The base value (base case) corresponds to 
the deterministic risk value
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(Azerbaijan). A similar study was carried out by Alahabadi 
et al. (2021) in Mashhad, the second largest metropolis in 
Iran, in which LCR (95th) values of 3.73 × 10−6 during win-
ter and 4.97 × 10−6 during summer were found.

Other studies also conducted recently using PRA have 
reported 95th percentile LCR values associated with FA 
exposure in urban areas. Delikhoon et al. (2018) estimated 
LCR (95th) values between 9.61 × 10−5 and 1.12 × 10−4 in 
summer and 7.25 × 10−5–1.24 × 10−5 for winter according 
to the age group studied in an urban area in Iran, showing 
that all these values exceeded the limits set by the USEPA 
and WHO. Kanjanasiranont et al. (2017) found LCR value 
(95th) equal to 2.52 × 10−4 in urban atmosphere of Bangkok 
(Thailand). According to Du et al. (2014), FA was associated 
with the highest median cancer risk estimates (> 1 × 10−5) 
evaluated in China. Values of LCR referring to the 95th per-
centile of 2.48 × 10−6 and 2.01 × 10−5, respectively, in health 
centers and industrial environments in Iran were reported by 
Soltanpour et al. (2022).

The LCR values predicted from the deterministic method 
(base case) were found in higher positions than the average 
values obtained by the probabilistic approach, as shown in 
the probability distributions (Figs. 4 and 5), evidencing that 
the deterministic model, which adopts that all variables are 
known constants and does not consider the uncertainties, 
leads to risk values above those closest to reality.

In order to determine the proportion of the population 
free from the carcinogenic risks associated with exposure 
to benzene and formaldehyde, the percentile corresponding 
to the lower risk limit established by the USEPA (1 × 10−6) 
was predicted for each group assessed in the two periods 
(rainy and dry). For benzene, the percentages obtained for 
G1, G2, and G3 were 65.20%, 27.27%, and 0.25% during the 
rainy period and 74.56%, 46.39%, and 2.65% during the dry 

period, respectively. This indicates, e.g., that the G3 group 
has 99.75% (100%—0.25%) and 97.35% (100%—2.65%) 
probability that the LCR value exceeds the limit recom-
mended by the USEPA in the rainy and dry periods, respec-
tively. These values confirm that the oldest age group (G3) 
had the highest percentage of the population susceptible to 
carcinogenic risks in both periods.

Regarding formaldehyde, the USEPA-established limit 
of 1 × 10−6 as acceptable was found in the 13.82% (G1) and 
0.11% (G2) percentiles during the rainy period and 4.84% 
(G1) and 0.09% (G2) during the dry period, indicating that 
the highest percentage of the population is exposed to risk 
values exceeding the acceptable limit. On the other hand, 
the G3 group showed minimum values above the limit estab-
lished as acceptable by the USEPA in both the rainy and 
dry periods. This means that for 100% of the population, 
the LCR values obtained in all percentiles were above the 
acceptable limit, showing that the G3 group was the most 
susceptible to cancer risk compared to the other groups 
evaluated.

The HQ values (P5%, mean, and P95%) for BTEX and FA 
compounds obtained by the probabilistic model in this study 
(Table 3) were below the USEPA acceptable level (HQ ≤ 1) 
in the dry and rainy periods, thus indicating that non-cancer 
risks to the health of the population due to inhalation expo-
sure to these compounds were not observed considering the 
groups evaluated (G1, G2, and G3) in the city of Salvador 
in both periods. Kumari et al. (2021) used the deterministic 
method to perform the HRA associated with exposure to 
BTEX and FA compounds in Agra, India. HQ values for 
BTEX and FA were also within USEPA acceptable limit. 
Golkhorshidi et al. (2019) carried out an assessment of 
the human health risks associated with exposure to BTEX 
compounds by inhalation using the probabilistic method and 

Table 3   Estimation of the non-carcinogenic risks for BTEX and FA compounds obtained by Monte Carlo simulation for groups with different 
age ranges (G1, G2, G3) during the rainy and dry periods in the city of Salvador, Bahia, Brazil

Compounds G1 G2 G3

P5% Mean P95% P5% Mean P95% P5% Mean P95%

HQ—BTEX and FA (rainy period)
Benzene 2.50E-02 1.59E-01 4.47E-01 2.56E-02 8.67E-02 1.98E-01 2.93E-02 7.68E-02 1.57E-01
Toluene 2.23E-03 1.22E-02 3.40E-02 2.33E-03 6.85E-03 1.46E-02 2.71E-03 6.05E-03 1.13E-02
Ethylbenzene 5.36E-04 3.16E-03 8.88E-03 5.45E-04 1.74E-03 3.90E-03 6.22E-04 1.54E-03 3.03E-03
Xylenes 9.00E-04 5.24E-03 1.45E-02 9.40E-04 2.97E-03 6.52E-03 1.09E-03 2.63E-03 5.11E-03
Formaldehyde 1.20E-03 5.90E-03 1.55E-02 1.31E-03 3.30E-03 6.60E-03 1.61E-03 2.91E-03 4.72E-03
HQ—BTEX and FA (dry period)
Benzene 1.67E-02 1.25E-01 3.83E-01 1.60E-02 6.91E-02 1.76E-01 1.69E-02 6.17E-02 1.47E-01
Toluene 1.34E-03 9.69E-03 2.86E-02 1.35E-03 5.52E-03 1.34E-02 1.49E-03 4.86E-03 1.10E-02
Ethylbenzene 3.67E-04 2.09E-03 5.80E-03 3.83E-04 1.18E-03 2.58E-03 4.26E-04 1.03E-03 1.99E-03
Xylenes 6.88E-04 4.10E-03 1.16E-02 7.02E-04 2.28E-03 5.07E-03 8.21E-04 2.00E-03 3.95E-03
Formaldehyde 1.89E-03 1.22E-02 3.55E-02 1.93E-03 6.91E-03 1.64E-02 2.09E-03 6.12E-03 1.30E-02
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considering three groups of the population with different 
age ranges at four bus terminals in Tehran, Iran, during two 
seasons (winter and summer). The non-carcinogenic risks 
found for BTEX were less than 1 (HQ < 1) in both seasons 
for different age groups, showing that these compounds have 
no adverse human health effect in the four bus terminals.

In this study, the evaluation of the total non-cancer 
risks (HI) considering BTEX compounds was performed 
by summing the HQ values. Values of HI for all groups in 
the two periods studied were also < 1, which indicates that 
combined exposure to BTEX compounds does not cause 
adverse health effects either. Similar results were found in 
previously performed studies (Garg and Gupta 2019; Haji-
zadeh et al. 2018).

A sensitivity analysis was also carried out in this study 
to determine the contributions of the input variables in esti-
mating the LCR values for benzene and formaldehyde com-
pounds. The results obtained are shown in Fig. 6 considering 
the three population groups with different age groups in the 
city of Salvador (G1, G2, and G3).

Results of the sensitivity analysis of LCR considering the 
population groups with different age ranges revealed that 
the concentration (C) was the most significant contributing 
parameter to LCR values for benzene and FA, accounting for 
35.1%, 59.8%, and 80.8% and 27.6%, 50.6%, and 73.4% for 
groups G1, G2, and G3, respectively. As the contributions of 
the concentrations to sensitivity were positive values, there 
was a positive correlation between concentrations and LCR 
values. These results indicate that a decrease in the concen-
trations of benzene and FA contributes to the reduction of 
carcinogenic risks. There was a negative correlation between 
body weight (BW) and LCR values. In general, the variables 
that contributed least to LCR values were IR, ED, ET, AT, 
and EF.

Ozone formation potential (OFP) of BTEX and FA 
compounds

Table 4 shows the values of ozone formation potential 
associated with BTEX and formaldehyde compounds 
obtained from the MIR scale in the city of Salvador dur-
ing the rainy and dry periods. The contribution to ozone 
formation potential showed an opposite tendency when 
comparing BTEX and FA compounds, due to the seasonal 
variation of their respective concentrations. BTEX had a 
higher contribution to O3 formation during the rainy sea-
son, while FA contributed more significantly during the 
dry season. The results obtained indicated OFP average 
values in the order formaldehyde > xylenes > toluene > eth-
ylbenzene > benzene for the two periods studied in urban 
areas of Salvador. Among the BTEX compounds, xylenes 
are the most reactive compounds, thereby justifying their 
higher OFP values, while benzene was the compound 

that showed the lowest contribution to OFP, since it is 
the most stable species in the atmosphere and therefore a 
lower reactivity. The pattern xylenes > toluene > ethylb-
enzene > benzene concerning the contribution of BTEX 
compounds to OFP obtained in this study was also found 
in previous studies (Hajizadeh et al. 2018; Mojarrad et al. 
2020).

Formaldehyde, xylenes, and toluene were the largest 
contributors to OFP in both periods, with significant con-
tribution of FA. The formaldehyde contributed 54.6% to 
total OFP during the rainy period and 77.3% in the dry 
period, whereas xylenes and toluene contributed equally 
19.4% each in the rainy period and 9.9% and 9.8%, respec-
tively, in the dry period (Table  4). These compounds 
together accounted for 93.4% and 97.0% of the ozone 
formed from photochemical reactions in the atmosphere 
of Salvador during the rainy and dry periods, respectively. 
The total OFP values obtained in this study were above the 
acceptable limit of 100 µg m−3 established by the World 
Health Organization (WHO 2021b) for the dry period in 
the sites evaluated in the city of Salvador.

The OFP results for BTEX compounds obtained in this 
study were lower compared to the values obtained in other 
parts of the world (Iran, Malaysia, India) (Garg and Gupta 
2019; Mojarrad et al. 2020; Zulkifli et al. 2022). On the 
other hand, the values found of OFP for FA were similar 
to the values found in Taiyuan, China (Liu et al. 2021). 
Certainly, these differences are related to the concentra-
tions of these compounds obtained in each study, which 
may be related to several factors such as different fuels 
used in each country, size and age of the vehicle fleet, 
sampling period (rainy or dry), presence of industries at 
the sampling site, as well as the meteorological conditions 
(Cerón-Bretón et al. 2015).

Studies conducted in the southeast region of Brazil, 
in Rio de Janeiro by da Silva et al. (2018) and in São 
Paulo by Alvim et al. (2011), showed that the OFP val-
ues obtained due to the contributions of benzene, toluene, 
ethylbenzene, and xylenes were 2.09, 17.47, 5.13, and 
22.28 µg m−3 and BTEX and FA were 2.51, 42.8, 11.5, 
50.6, and 55.1 µg m−3, respectively. According to ANP 
(2021), the southeast region has the largest vehicle fleet of 
the country, which contributes to the higher levels of these 
compounds and values OFP in this region if compared to 
the values obtained in this study. Moreover, although the 
solar radiation intensity values have been high in the city 
of Salvador throughout the year, which contributes to the 
formation of tropospheric ozone, this city has a privileged 
geographical location and receives air masses from the 
Atlantic Ocean most of the time, which makes it possible 
to affirm that the processes of removal of BTEX and FA 
compounds in the troposphere predominated over ozone 
formation.
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SOA formation potential (SOAFP) of BTEX and FA 
compounds

Volatile organic compounds are precursors of SOA in urban 
atmosphere; prominent among these is the group of aromatic 
compounds, which is responsible for most of the SOA forma-
tion in the atmosphere in urban areas (Niu et al. 2016). Each 
VOC plays a specific role in SOA formation, according to the 
concentration and their respective formation potentials.

The average SOAFP values at the sites evaluated in 
this work during the rainy and dry periods are presented 
in Table 5. Toluene, benzene, and xylenes were the spe-
cies that contributed the most to SOA formation in the two 
periods studied, and together they contributed up to 88.5% 
to SOAFP, being also the compounds showing the highest 
concentration values at the sites evaluated. However, FA was 
the species that exhibited the lowest contribution (Table 5). 
The contribution trend of the VOCs studied to SOAFP was 
toluene > benzene > xylenes > ethylbenzene > formaldehyde. 
Toluene was the compound that was the largest contributor 
to SOA formation in this study, as well as in others con-
ducted previously (Coelho et al. 2021; Huang and Hsieh 

Fig. 6   Results of sensitivity analyses of LCR for benzene (a, b, c) and 
formaldehyde (d, e, f) considering different age groups (G1, G2, G3) 
in the city of Salvador, Bahia, Brazil

◂

Table 4   Ozone formation 
potential (OFP) values for 
BTEX and formaldehyde in the 
city of Salvador, Bahia, Brazil, 
during rainy and dry periods 
and MIR scale

a MIR Maximum incremental reactivity
b OFP = [VOC] × (MIR)
RP rainy period
DP dry period

Compounds MIRa (g O3 
g−1 VOC)

Ozone formation potential – OFPb

(µg m−3)
Contributions 
of BTEX and 
FA to ΣOFP 
(%)

RP DP RP DP

Average Range Average Range

Benzene 0.720 1.50 0.760–2.43 1.11 0.330–2.16 2.2 1.1
Toluene 4.00 13.2 6.80–17.8 9.90 1.96–17.5 19.4 9.8
Ethylbenzene 3.04 2.97 1.40–4.23 1.96 1.28–3.37 4.4 1.9
Xylenes 7.80 13.2 7.57–22.3 9.97 5.38–20.0 19.4 9.9
Formaldehyde 9.46 37.1 26.5–45.4 78.1 41.1–172 54.6 77.3

ΣOFP Range ΣOFP Range
- 68.0 43.0–92.2 101 50.1–215 - -

Table 5   SOA formation 
potential (SOAFP) values for 
BTEX and formaldehyde in the 
city of Salvador, Bahia, Brazil, 
during rainy and dry periods

a SOAFP = [VOC] × (SOAP)
RP rainy period
DP dry period

Compounds SOAPi SOA formation potential – SOAFPa

(µg m−3)
Contributions 
of BTEX 
and FA to 
ΣSOAFP (%)

RP DP RP DP

Average Range Average Range

Benzene 92.0 10.3 5.30–16.8 7.69 2.30–14.9 24.6 25.4
Toluene 100 17.8 9.20–24.0 13.4 2.60–23.6 42.4 44.2
Ethylbenzene 111.6 5.90 2.80–8.70 3.20 2.10–5.50 14.1 10.5
m,p-Xylenes 78.7 4.42 2.20–7.60 3.05 1.10–6.20 10.5 10.1
o-Xylenes 95.5 3.37 2.30–5.50 2.67 2.30–4.20 8.0 8.8
Formaldehyde 0.70 0.150 0.110–0.180 0.310 0.160–0.190 0.4 1.0

ΣSOAP Range ΣSOAP Range
- 41.9 21.9–62.8 30.3 10.6–54.6 - -
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2020; Mozaffar et al. 2020), probably because toluene is one 
of the most abundant aromatic hydrocarbons in the atmos-
phere, in addition to its high SOAP value.

Yuan et al. (2013) reported that aromatic compounds 
accounted for more than 90% of total SOA formation, and 
among these, BTEX compounds were the most prominent 
in SOA production under conditions of low and high NOx 
concentrations. Studies carried out elsewhere in the world 
have showed that among the BTEX compounds, toluene is 
the major contributor to SOA formation in urban atmos-
phere (Huang and Hsieh 2020; Li et al. 2020; Niu et al. 
2016; Mozaffar et al. 2020), as observed in this study. Li 
et al. (2020), in a study conducted in the city of Beijing 
(China), obtained higher SOAFP values for BTEX com-
pounds than those obtained in this work, presenting values 
for benzene, toluene, ethylbenzene, and xylenes of 125, 
240, 80, and 184 µg m−3, respectively.

Only one study has been conducted so far in Brazil to 
assess the contribution of BTEX compounds to SOAFP 
(Coelho et al. 2021). These authors, at two sites in the São 
Paulo metropolitan area (southeastern Brazil), obtained 
average SOAFP values associated with BTEX compounds 
of 12, 40, 14, 12, and 5 µg m−3 in the industrial area and 
8, 28, 12, 11, and 4 µg m−3 in the urban area, respectively. 
These values are consistent, but above the SOAFP values 
obtained in this study, which can be explained by the char-
acteristics of the sites evaluated; the first is an industrial 
area related to petrochemical activities, involving use of 
large amounts of fossil fuels, while the second area is asso-
ciated with intense vehicle traffic, as it represents one of 
the main avenues in the region, connecting several cities 
and therefore having a high flow of vehicles.

Conclusions

In this study, a health risk assessment was conducted for 
three population groups with different ages associated with 
exposure to BTEX and FA compounds, using a probabilistic 
approach with Monte Carlo simulation, for the first time in 
the city of Salvador. The contributions of these compounds 
to ozone formation potential (OFP) and SOA formation 
potential (SOAFP) were also determined in two different 
periods (rainy and dry).

Regarding human health risk assessment, the HQ values 
associated with BTEX and FA compounds were below the 
limit set by the USEPA (HQ = 1) for all exposed popula-
tion groups in the dry and rainy periods. However, the 95th 
percentile LCR values obtained for benzene considering 
different age groups (G1, G2, and G3) were 2.5 to 10 times 
above the acceptable limit by the USEPA (1.0 × 10−6) and 
8 to 66 times above for formaldehyde, thus confirming that 

for all population groups investigated in this study, the car-
cinogenic risks are high.

Formaldehyde, xylenes, and toluene were the compounds 
that most contributed to the OFP values, accounting for up 
to 97.0% of the tropospheric ozone formed considering the 
photochemical reactions of BTEX and FA in the atmosphere 
of the city of Salvador. In addition, ΣOFP exceeded the 
acceptable limit of 100 µg m−3 set by the WHO in the dry 
period, being strongly influenced by the contribution of FA. 
The emission trends observed for the VOCs studied were 
formaldehyde > xylenes > toluene > ethylbenzene > ben-
zene for OFP, and toluene > benzene > xylenes > ethylben-
zene > formaldehyde for SOAFP.

The results obtained in this study showed the need to 
adopt measures to decrease the emissions of BTEX and FA 
compounds into the atmosphere of the city of Salvador, as 
well as a revision of the Brazilian legislation to introduce 
air quality standards for these compounds, in order to reduce 
the impacts on the health of the exposed population and air 
quality. Moreover, these results can contribute to a better 
understanding of the contribution of these compounds to the 
formation of secondary pollutants (O3 and SOA).

Thus, this study can also contribute to stimulate govern-
ments about the need to implement public policies to achieve 
the Sustainable Development Goals (SDGs) contained in 
the United Nations Agenda 2030, linked to goal 11, particu-
larly in its target 11.6 which states the need for measures 
to reduce the negative environmental impact per capita of 
cities, with special attention to air quality, municipal waste 
management, and others.
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