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Abstract: People may spend a significant amount of their daily time in cars and thus be exposed to
chemicals present in car dust. Various chemicals are emitted from during car use, contaminating
the car dust. In this study, we compiled published and unpublished data on the occurrence of
phthalates, flame retardants (FRs), polycyclic aromatic hydrocarbons (PAHs), and polychlorinated
biphenyls (PCBs) in Saudi car dust. Phthalates, a class of chemical commonly used as plasticizers in
different car parts, were the major pollutants found in car dust, with a median value of ∑phthalates
1,279,000 ng/g. Among other chemicals, organophosphate flame retardants (OPFRs) were found
to be between 1500–90,500 ng/g, which indicates their use as alternative FRs in the car industry.
The daily exposure to Saudi drivers (regular and taxi drivers) was below the respective reference
dose (RfD) values of the individual chemicals. However, the estimated incremental lifetime cancer
risk (ILCR) values due to chronic exposure to these chemicals was >1 × 10−5 for taxi drivers for
phthalates and PAHs, indicating that the long-term exposure to these chemicals is a cause of concern
for drivers who spend considerable time in cars. The study has some limitations, due to the small
number of samples, lack of updated RfD values, and missing cancer slope factors for many studied
chemicals. Despite these limitations, this study indicates the possible range of exposure to drivers
from chemicals in car dust and warrants further extensive studies to confirm these patterns.

Keywords: flame retardants; phthalates; PAHs; PCBs; car dust; human exposure

1. Introduction

Several classes of chemicals, such as plasticizers and flame retardants (FRs), are used in
the textiles, plastic, and rubber of vehicles to provide longevity, fulfil fire safety regulations,
and prevent corrosion [1–3]. These chemicals are released from these products over time
and distributed into the surroundings, such as the car interiors [1–5]. Regarding cars’ safety
features, the consumer thinks about airbags, crumple zones, and seat belts [1]. However,
most drivers and passengers are unaware of the hidden hazards that may pose a health risk
unrelated to accidents [1,6]. Chemicals used in the floor coverings, electrical and electronic
parts, seat cushions, and plastic parts to provide fire safety and longevity are released from
these parts and accumulate in dust [1,4,5,7,8]. Drivers and passengers are exposed to this
contaminated dust via inhalation, involuntary ingestion, and dermal contact [6].

According to the US Environmental Protection Agency (US EPA), indoor pollution is
among the top five environmental risks to public health [9]. In Saudi Arabia, besides homes
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and offices, people spend a lot of time in cars for driving to work and leisure activities.
There are domestic and commercial drivers, e.g., taxi drivers, who spend up to 10 h per day
behind the wheel. During working hours, these drivers are exposed to contaminated dust,
which affects their health because car dust contains many chemicals, e.g., FRs, phthalates,
polycyclic aromatic hydrocarbons (PAHs), and PCBs [3–5,7,8,10,11]. In addition to being
used as additives in polymers, some chemicals, e.g., PAHs, enter cars from the ambient
environment during cross ventilation and due to dust tracked in from the outside on
shoes [11]. A previous study reported cars as significant contributors to human indoor
chemical exposure. Some chemicals were found to be five- to ten-fold higher in car interiors
than in homes and offices [1]. The study reported that exposure to some chemicals during
a 90 min drive was equivalent to exposure from eight hours of office work [1]. A high-level
of exposure to these chemicals during driving presents health concerns. Many studies have
shown that these chemicals are associated with health effects, such as endocrine disruption,
reproductive health, and possibly carcinogenicity [12–15].

In this study, previously published data on phthalates, organophosphate flame retar-
dants (OPFRs), polybrominated diphenyl ethers (PBDEs), new brominated FRs (BFRs), and
PAHs were compiled [5,11,16], together with unpublished data on PCBs, are discussed in
detail to study the levels and profiles of these chemicals in car dust in Jeddah, Saudi Arabia.
In previous studies, the data on these chemicals were briefly mentioned but not discussed
in detail. The compiled contaminant data were used to estimate the long-term exposure to
drivers via car dust ingestion, dermal contact, and air inhalation and determine potential
health risks through comparison with the estimated intake reference dose values.

2. Materials and Methods

Table 1 lists the chemicals and references for the publications included in the study.
Data were compiled for phthalates, FRs, and PAHs from our earlier published stud-
ies [5,11,16], and new unpublished data on PCBs (CBs: 101, 118, 153, 138, 187, 180, 170)
were also included.

Table 1. Names and abbreviations of chemicals included and references to the published data compiled for this study.

Chemicals Abbreviations

Brominated flame retardants (BFRs) [16]

Polybrominated diphenyl ethers (PBDEs)Congeners (28, 47, 99,
100, 153, 154, 183, and 209)

BDE 28, BDE 47, BDE 99, BDE 100, BDE 153, BDE 154, BDE 183,
BDE 209

Decabromodiphenylethane DBDPE

1,2-bis(2,4,6-tribromophenoxy) ethane BTBPE

Bis(2-ethylhexyl)-3,4,5,6-tetrabromophthalate TBPH

2-ethylhexyl-2,3,4,5-tetrabromobenzoate TBB

Organophosphate flame retardants (OPFRs) [16]

Tris-(2-chloroethyl)-phosphate TCEP

Tris-(1,3-dichloro-isopropyl)-phosphate TDCPP

Tris-(1-chloro-2-propyl)-phosphate TCPP

Triphenyl phosphate TPhP

Tris(2-ethylhexyl) phosphate TEHP

Tri-n-butyl phosphate TnBP

Tris(2-butoxyethyl) phosphate TBEP

2-ethylhexyl-diphenyl phosphate EHDPP

Phthalates [5]

Dimethyl phthalate DMP

Diethyl phthalate DEP
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Table 1. Cont.

Chemicals Abbreviations

Benzyl butyl phthalate BzBP

Di-n-butyl phthalate DBP

Di-isobutyl phthalate DIBP

Bis(2-ethylhexyl) phthalate DEHP

Di-n-hexyl phthalate DNHP

Dicyclohexyl phthalate DCHP

Di-n-octyl phthalate DNOP

Polycyclic aromatic hydrocarbons (PAHs) [11]

Acenaphthene Ace

Acenaphthylene Acy

Anthracene Ant

Benz(a)anthracene BaA

Benzo(a)pyrene BaP

Benzo(b)fluoranthene BbF

Benzo(g,h,i)perylene BghiP

Benzo(k)fluoranthene BkF

Chrysene Chr

Dibenz (a, h) anthracene DahA

Fluoranthene Flu

Indeno(1,2,3-cd) pyrene IcdP

Naphthalene Naph

Phenanthrene Phe

Pyrene Pyr

Polychlorinated biphenyls (PCBs)

PCBs (101, 118, 153, 138, 187, 180, 170) CB101, CB118, CB153, CB153, CB138, CB187, CB180, CB170

2.1. Sampling and Instrumentation

Details about sampling and instrumentation are provided elsewhere [5,11,16]. In
brief, dust samples were collected from the inside of cars (taxis and regular cars) (n = 15)
from Jeddah, KSA. A vacuum cleaner was used to collect dust from vehicles. The car’s
interior (dashboard, seats, and trunk) was vacuumed, excluding the floor, and before each
sample, the vacuum cleaner was cleaned thoroughly to avoid any cross-contamination. To
achieve homogenized samples, a 250 µm mesh was used to sieve all samples. The samples
were extracted using solid-phase extraction, and gas chromatography-mass spectrometry
(GCMS) was used for the quantitative analysis. Detailed instrumentation methods for
BFRs, OPFRs, PAHs, phthalates, and PCBs are described elsewhere [5,11,16].

2.2. Health Risk Assessment Methodology
2.2.1. Exposure Assessment via Dust Ingestion

The estimated daily intake (EDI) of contaminants from dust ingestion was estimated
from Equation (1).

Estimated daily intake (ng/kg BW/day) = (Cn × IR/BW) × Ftime (1)
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where Cn indicates the concentrations of chemicals in the dust (ng/g), IR is the dust
ingestion rate (200 mg/day for drivers), BW is body weight (70 kg body weight was
considered for the adult drivers), and Ftime is the fraction of time taxi drivers spend in the
car (10 h, which is approximately 42% of one day). The outdoor environment of Saudi
Arabia is dry, dusty, and hot most of the year. As a result, air conditioning (AC) is used
inside cars throughout the year. AC use increases the airflow inside the vehicles and,
consequently, increases the chance for drivers to be exposed to dust from inside the car.
Therefore, we used a higher intake of dust for our calculations, i.e., 200 mg/day [11]. Most
of the taxi services in Jeddah are run by foreign taxi drivers who live without their families
and drive even longer shifts; therefore, we estimated a ten-hour working day. With the lack
of knowledge on these chemicals’ bioaccessibility, we assumed 100% bioaccessibility for
the EDI.

2.2.2. Incremental Lifetime Cancer Risk (ILCR)

Long-term exposure to some of these chemicals is linked with carcinogenic risk.
Therefore, in this study, incremental lifetime cancer risk (ILCR) was calculated using
http://www.popstoolkit.com/tools/HHRA/Carcinogen.aspx (accessed on 10 March 2021)
from Health Canada [17]. ILCR is one way of estimating the long-term exposure risk
associated with exposure to chemicals. Equations (2)–(5) were used to calculate the ILCR.

Inhalation dose =
Cn × Pair × IRA × AFinh × Dhours × Ddays × Dweeks × Dyears

BW × 365 × LE × 10 9̂ (2)

Ingestion dose =
Cn × IRD × AFGIT × Dhours × Ddays × Dweeks × Dyears

BW × 365 × LE × 16
(3)

Dermal dose =
Cn × SAH × SLH × AFskin × EF × Dhours × Ddays × Dweeks × Dyears

BW × 365 × LE
(4)

ILCR = (Ingestion dose × SF Oral) + (Inhalation dose × SF Inhalation) + (Dermal dose × SF Dermal) (5)

In the above equations, Cn represents the concentration (mg/kg) of the chemical in
the dust. Pair is the concentration of particles in the air; 0.76 µg/m3 was used, which
is recommended by US EPA [18] for typical conditions. IRA is the inhalation rate in
m3/h, which was 0.658 for adults, and IRD is the ingestion rate of dust, which was
considered 0.0002 kg/day for the drivers [17]. AFGIT, AFInh, and AFSkin are the absorption
factors for the gastrointestinal tract, lungs, and skin, respectively. For this preliminary risk
assessment [17], the value of 1 was used for AFGIT and AFInh, while for AFSkin, dermal
absorption values from the literature were used, i.e., 0.02 for phthalates, 0.2 for PAHs,
0.001 for FRs, and 2 for PCBs [17–21]. SAH and SLH represent the exposed surface area
(cm2) of the body and dust loading (kg/cm2/event) to the exposed area, respectively. We
considered only the exposed hand area, i.e., 890 cm2, for taxi drivers, because this part of the
body is most likely the most exposed to chemicals via contaminated dust [17,19]. According
to Health Canada [17], hands have ten times greater loading of contaminated dust than
other parts of the body; therefore, 0.0001 g/cm2/event was used for the calculations. This
is because drivers touch surfaces of the cars with bare hands and then unknowingly touch
their hands to their face; this hand-to-face behavior contributes greatly to the loading of
contaminated dust to the body. EF represents the exposure frequency; we considered 1 h
for these calculations. DHours is the hours of exposure per day, which was set at 10 h. DDays,
DWeeks, and DYears are the number of working days in a week (6 days), the number of
working weeks in a year (48 weeks), and the number of years of exposure (25 years) for
drivers, respectively. BW represents body weight, which was considered to be 70 kg. LE

http://www.popstoolkit.com/tools/HHRA/Carcinogen.aspx
http://www.popstoolkit.com/tools/HHRA/Carcinogen.aspx
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represents life expectancy, i.e., the number of years an average person is likely to live; we
used 75 years in our study. SF represents the cancer slope factor for the chemicals, an upper
bound on the increased cancer risk from a lifetime exposure to an agent; the SF is expressed
as mg/kg/day. SF varies for each chemical and exposure route, e.g., inhalation, ingestion,
and dermal contact. However, in the literature, SF values for many of these chemicals are
not available for each exposure route. Therefore, when SF for separate exposure routes was
not available, SF for ingestion was used for the ILCR.

3. Results and Discussion
3.1. The Presence of Different Chemical Groups in Car Dust

We compiled published and unpublished data on the occurrence of phthalates [5],
polycyclic aromatic hydrocarbons [11], flame retardants [16], and PCBs in Saudi car dust.
Phthalates were the major contaminants found in all car dust samples, followed by OPFRs,
PAHs, BFRs, and PCBs (Table 2 and Figure 1). PCBs contributed the least to the chemical
profile, which is why its contribution is not visible in Figure 1. The levels and profiles of
each group of chemicals are discussed in detail below.

Table 2. Descriptive statistics of analyzed chemicals in Saudi car dust (n = 15). All values are given in
ng/g of dust.

Chemical
Group Analytes Detection

Frequency (%) Mean ± STD Median
(Mini-Max)

PBDEs BDE 47 87 21 ± 50 10 (LOQ-200)

BDE 100 53 7 ± 17 2 (LOQ-700

BDE 99 93 40 ± 100 8 (LOQ-400)

BDE 154 20 3 ± 6 2 (LOQ-25)

BDE 153 33 6 ± 9 2 (LOQ-30)

BDE 183 7 3 ± 5 2 (LOQ-20)

BDE 209 100 5900 ± 11,650 200 (15–35,500)

Emerging BFRs BTBPE 73 10 ± 20 3 (LOQ-70)

TBB 100 760 ± 2300 12 (3–8700)

TBPH 93 200 ± 550 32 (LOQ-2150)

DBDPE 100 850 ± 1500 275 (45–6020)

OPFRs TCEP 100 7,020 ± 13,850 1200 (30–52,300)

TDCPP 100 8,850 ± 13,500 2700
(100–45,600)

TCPP 100 16,250 ± 28,700 1650
(100–92,000)

TEHP 80 195 ± 205 150 (<LOQ-850)

TnBP 100 540 ± 1670 60 (20–6550)

TBEP 47 1650 ± 4000 50
(<LOQ-12,500)

EHDPP 100 1050 ± 2300 180 (60–9000)

TPhP 100 786 ± 1100 470 (40–4150)

PAHs Naph 80 60 ± 50 60 (<LOQ-135)

Ace 100 110 ± 45 95 (65–220)

Acy 67 25 ± 30 20 (<LOQ-120)

Fln 93 495 ± 520 210 (<LOQ-1520)
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Table 2. Cont.

Chemical
Group Analytes Detection

Frequency (%) Mean ± STD Median
(Mini-Max)

Ant 73 65 ± 45 55 (15–175)

Phe 100 280 ± 200 220 (35–580)

Flu 100 395 ± 380 215 (65–1480)

Pyr 100 410 ± 315 235 (85–520)

BaA 100 75 ± 60 60 (25–280)

Chr 100 125 ± 75 115 (25–250)

BbF 80 340 ± 385 275 (<LOQ-1570)

BkF 67 80 ± 100 40 (<LOQ-370)

BaP 87 145 ± 115 145 (<LOQ-460)

IcdP 73 65 ± 60 40 (<LOQ-175)

BghiP 53 85 ± 90 80 (<LOQ-250)

DahA 20 7 ± 15 5 (<LOQ-45)

Phthalates DMP 40 1700 500 (110–10,500)

DEP 100 2600 1600 (690–8700)

DIBP 100 119,000 18,900
(4400–831,000)

DBP 100 46,000 19,400
(4290–356,000)

BzBP 66 1700 600 (260–12,600)

DEHP 100 1,170,000 1,250,000 (62,600–
2,446,000)

DNOP 100 47,800 19,000
(3570–319,000)

PCBs CB 118 53 2 ± 2 2 (<LOQ-6)

CB 153 40 1 ± 2 <0.2 (<LOQ-8)

CB 180 33 1 ± 1 <0.2 (<LOQ-3)

3.1.1. Levels and Profiles of Phthalates and PCBs

Phthalates were the most significant class of chemicals found in the car dust samples
(Table 2, Figures 1 and 2). The levels of phthalates were multifold higher than other types
of compounds and ranged between 85,600–3,330,000 ng/g of dust. The levels of phthalates
found in these samples indicate high use of these chemicals as plasticizers in different car
materials, e.g., large quantities of phthalates are added in compounded polyvinyl chloride
(PVC) for molded use. The addition of phthalates in various parts of cars enhances the
ability of automobile components to withstand high temperatures and makes them more
resistant to degradation [1,2]. PVC coatings and components in vehicles also help prevent
corrosion from water and weather elements. Flexible vinyl is also used in cars and trucks
to make them lighter and more fuel-efficient.
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DEHP is the preferred phthalate in a variety of PVC products, and it can be up to
30–45% by weight in most flexible PVC applications in cars [22]. DEHP was the primary
phthalate found in all dust samples (Figure 2; Figure S1). DEHP contributed more than 80%
of the total phthalate load in all but four dust samples, averaging an 83% contribution in
the ∑phthalates profile (Figure S1). Phthalates, including DEHP, are additives in polymers
like PVC, and with time, DEHP is released from the product due to volatilization. The
volatilization process of phthalates from the treated product increases with high ambient
temperature. DEHP is a medium category volatility plasticizer, and the volatilization
increases 10,000-fold when temperature increases from 20 to 100 ◦C [1]. The outdoor
temperature is generally high in Jeddah, KSA, reaching up to 45 ◦C in summer. In a parked
car, the indoor temperature can reach 60 ◦C, which increases the volatilization of phthalates,
including DEHP, from the treated materials [1]. Therefore, the high concentrations of
DEHP in the studied car dust is not surprising. DIBP, DBP, and DOP were other important
phthalates that contributed on average >3% to the total phthalate load.

PCB 118, 153, and 180 (Figure S2) were the major PCB congeners found in the car
dust samples, though most of the detected PCBs were present in less than 50% of car dust
samples. PCBs have been regulated since 1977 and banned globally due to the health
effects associated with their exposure, but they are still present in the environment in
declining levels. However, PCBs are persistent in the environment, and they bind with soil
and sediments [8,10,23]. Therefore, they are still found in environmental samples at low
concentrations, and studies have shown their levels are declining [8,10,23]. The low levels
of PCBs in the present study indicate no recent use or exposure via recycling.

To the best of our knowledge, only two other studies have reported the presence of
PCBs in car dust [8,10]. Concentrations of all PCB congeners in the present study were
similar to those found in car dust samples from Kuwait and Pakistan, while they were
much lower than those reported in Nigerian car dust [8,10].

3.1.2. Levels and Profiles of FRs

The commercial production and use of Penta-BDE and Octa-BDE mixtures have
been regulated since 2009 due to the widespread presence of these chemicals in different
environmental media and their documented toxic properties [24–26]. Due to fire safety
regulations, textiles, upholstery, plastic, and rubber materials are treated with FRs, and
PBDEs were used widely in the past. FRs added to consumer products are released
into the surrounding environments, as shown by their occurrence in car dust and other
environmental compartments [4,10,16,24–26]. Due to the restriction and global banning of
PBDEs, the use of emerging BFRs and OPFRs as alternatives has increased, e.g., DBDPE for
Deca-BDE, BTBPE for Octa-BDE, and Firemaster 550 (a mixture of TBB, TBPH, and TPhP)
for Penta-BDE [4,10,16,26]. Recent studies have shown the occurrence of these replacement
FRs in the environment [25,26], including in the Arctic, as well as possible impacts on
human health, creating a growing cause of concern [27–31].

The data on Saudi car dust shows that, except for BDE 209 and DBDPE, median levels
were low for PBDEs and new BFRs, (Table 2, Figure 2 and Figure S3). The relatively high
levels of BDE 209 and DBDPE compared with other BFRs are probably due to their higher
production volumes and more extensive use than other BFRs in different car materials [4,16].
However, a few car dust samples showed high TBB and TBPH (Figure S3). In the same
dust samples, TPhP levels were also increased, which indicates the use of Firemaster 550 as
a possible source of these chemicals. Compared to BFRs, OPFRs in these car dust samples
were more frequent and present at higher concentrations, especially chlorinated OPFRs
(Table 2). TDCPP, TCPP, and TCEP were present in the car dust samples, with median
levels of 2700, 1650, and 1200 ng/g, respectively (Table 2, Figure S4). Similar results have
been reported in car dust samples from other countries [4]. Abdallah et al. [4] indicated
that in some countries OPFRs are already preferred over other FRs for polypropylene and
acrylonitrile butadiene styrene in instrument panels, textiles, polyurethane foam in the
interior upholstery, and numerous electronics used inside of cars [4]. Studies have reported
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that chlorinated PFRs are more stable and resistant to biodegradation, which might also
explain their higher occurrence [4,16,32].

3.1.3. PAHs

The presence of PAHs, as found in Saudi car dust, was reported in other indoor
microenvironments, namely household floor dust and AC filter dust, where a greater focus
was given to other microenvironments [11]. BbF, Pyr, Phe, Flu, and Fln were the main PAHs
detected in car dust, with median levels >200 ng/g of dust (Table 2, Figure 2and Figure S5).
BaP, the PAH with the highest carcinogenic potency, was present at a median concentration
of 145 ng/g of dust. Studies have linked high molecular weight PAHs with an increased
risk of carcinogenicity [33]. In the literature, the BaP equivalent (BaPE) is reported as an
index to evaluate the toxicity of PAHs in each environment using Equation (6) [11]:

BaPE = BaA × 0.06 + (Bbf + BkF) × 0.07 + BaP + DahA × 0.6 + IcdP × 0.08 (6)

The BaPE for the Saudi car dust samples ranged between 5 and 630 ng/g, with a
median value of 180 ng/g—double the BaPE found in Kuwaiti car dust [11]. This higher
BaPE value indicated a higher carcinogenic risk from PAHs to Saudi drivers than Kuwaiti
drivers. PAHs are categorized according to their aromatic rings, i.e., two to six aromatic
rings. The considerable contribution of PAHs in Saudi car dust came from those with three
(36%), four (30%), and five (25%) rings, while PAHs with six rings contributed much less
(4%) (Figure 3). The low molecular weight PAHs are more volatile, which explains their
relatively lower contribution in the PAH profile (2–3 aromatic rings) (~40%) than high
molecular weight PAHs (4–6 aromatic rings) (~60%). The compositional pattern indicated
that car dust is an important source of human exposure to low and high molecular weight
PAHs (Figure 3). Therefore, settled dust is an important exposure source of toxic PAHs
via involuntary dust ingestion and dermal contact. The source apportionment diagnostic
ratios BghiP/BaP (1.18), BFs/BghiP (1.82), IcdP/(IcdP + BghiP) (0.31), BaA/(BaA + Chr)
(0.51), Flu/(Flu + Pyr) (0.49), and Phe/Ant (4.45) indicated both petrogenic and pyrogenic
pollution were the main primary sources for the occurrence of these PAHs in car dust
samples [11]. The city of Jeddah is densely populated with high per capita petroleum-based
energy consumption [11]. Therefore, the production and combustion of many petroleum
products might significantly contribute to the release of PAHs into the ambient environment.
Thus, the PAH levels in car dust are probably due to contaminated outdoor air during cross
ventilation and dust tracked in with shoes.

3.2. Human Risk Assessment

As stated above, several studies have reported that exposure to many of the analyzed
chemicals in car dust are linked to various health effects. The most prominent compound
in the study—DEHP—is an endocrine disruptor and has reported carcinogenic proper-
ties [34]. Rowdhwal and Chen [35] reviewed the toxicity of DEHP and discussed the
health implications linked to its exposure, e.g., testicular, ovarian, endometrial, neuro-,
cardio-, and hepatotoxicity. Exposure to phthalates and their metabolites has been shown
to cause potential health implications for the liver and kidneys, which lead to low BMI,
increased organ weight, and endocrine disruption as well as teratogenic, developmental,
and reproductive outcomes [36]. Like phthalates, exposure to OPFRs has also been linked
to several health effects. Several studies are available in the literature that show that OPFRs
are endocrine disruptive and exhibit carcinogenic properties [14,37,38]. PBDEs are found
in human samples (serum, milk, fat, hair, etc.), and various health problems are associated
with exposure to these chemicals and their metabolites, such as neurobehavioral and repro-
ductive disorder, thyroid hormone disruption, etc. [39–42]. Based on the limited evidence
of carcinogenicity in humans and animals, the International Agency for Research on Cancer
(IARC) and the US EPA have classified PBDEs as a Group 3 and Group D carcinogen
(not classifiable as to its carcinogenicity to humans), respectively [40]. Data on the health
implication of new BFRs is lacking in the literature, and only a few studies are available
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that are focused on the toxicity of these chemicals [26,43]. A range of various health effects
is associated with exposure to PCBs, especially in occupational settings. Chronic exposure
to PCBs has been linked to cardiovascular, gastrointestinal, neurological, musculoskeletal,
carcinogenic, reproductive, and hepatic effects as well as endocrine disruption [44]. PAHs
are classified as probable carcinogens (Group 1, 2A, and 2B) to humans by the IARC [45],
and some PAHs are also mutagens and teratogens and therefore pose a serious threat to
the health and the well-being of humans [15]. Exposure to a mixture of PAHs is associated
with a series of health issues, e.g., increased risk of lung, skin, bladder, and gastrointestinal
cancers. Exposure to individual PAHs is not well studied in humans, with most of the
studies focused on the exposure to mixtures of PAHs in humans [15].
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Various exposure scenarios using the fifth percentile (low-end exposure), mean, me-
dian, and 95th percentile (high-end exposure) concentrations were calculated for daily
exposure via dust ingestion for taxi drivers and regular drivers (Table S1). Low-end expo-
sure using fifth percentile was used for those drivers exposed to fewer chemicals from their
cars, as they spend less time on car seats and also keep their vehicles clean with regular
car service. While, high-end exposure using 95th percentile was more relevant to those
drivers who spend a lot of time driving and also do not regularly clean their cars. For both
taxi and regular drivers, the estimated exposure levels (Table S1) for most of the chemicals
were multifold lower than their reference dose (RfD). However, calculated exposure to BaP
for taxi drivers was more than the virtually safe amount (Table S1). Many of these RfD
values are based on old toxicological studies, which need to be updated to understand
the current exposure threat from these chemicals. The estimated exposure dose is less
than the corresponding RfD for daily exposure from cars. However, if exposure pathways,
i.e., indoor household dust, indoor and outdoor air, and food intake, are included, total
exposure might be a cause of concern. Phthalates contributed most to the daily expo-
sure (~99%), primarily via dust ingestion; among phthalates, DEHP was the paramount
contributor (Figure 4, Table S1). All other chemical groups contributed only 1% of the
exposure load (Figure 4). Although many of the individual chemicals were below RfD
values, they might have similar health effects. The synergetic impact on overall health from
such complex mixtures is not well studied. Therefore, it is crucial to monitor chemicals in
indoor environments, particularly phthalates, which are reported at high levels in different
environmental media.
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Figure 4. Chemical profile (%) of daily exposure from car dust based on median values (ng/kg
BW/day).

To study the potential long-term cancer risk of exposure of Saudi taxi and regular
drivers to car dust, the ILCR was calculated for the different analytes. The probabilistic
chronic exposure assessment was highest via dust ingestion, followed by dermal contact,
and inhalation (Table 3). The US EPA recommended safe limit for long-term cancer risk
is below 1 × 10−5 [46]. For most of the studied chemicals, the estimated ILCR was below
1 × 10−5, which indicates a limited carcinogenic risk to Saudi drivers from those chemicals.
However, for some substances, namely ΣPAHs and Σphthalates, the estimated ILCR was
>1 × 10−5 for Saudi taxi drivers. This indicates that taxi drivers, which spend a substantial
amount of time in car seats, have a potential cancer risk from long-term exposure to these
chemicals from cars. As shown by Figure 5, phthalates and PAHs are the two major
groups of chemicals that could pose long-term health risks due to carcinogenicity to Saudi
drivers from car dust. Figure 5 shows that ∑phthalates and ∑PAHs contribute 55% and
44%, respectively, to the ILCR profile compared to just 1% from the other three classes
of chemicals. Although OPFR levels are much higher in analyzed car dust than those
of the PAHs, chronic exposure to PAHs via car dust exposure is of greater concern due
to the higher carcinogenicity associated with them. One of the noteworthy points about
ILCR calculations is the choice of used cancer slope factor; it can significantly affect the
estimated risk assessments and, as a result, risk management decisions [47]. Cancer slope
factors vary significantly in different jurisdictions, e.g., the cancer slope factor (per mg/kg
BW/day) used for BaP is 7.3 (USA, New Zealand), 2.3 (Canada), 0.46 (WHO Drinking-
water Quality), and 9.03 (California) [47]. This study employed the oral cancer slope factor
for BaP (ΣPAHs) recommended by Health Canada (i.e., 2.3 mg PAH/kg BW/day). If the
cancer slope factor of California (9.03 mg kg BW/day) were used, the risk estimation would
have increased significantly.

The ILCR calculated for ∑phthalates (using both median and maximum concentra-
tions), ∑PAHs (using maximum levels), and ∑all chemicals via car indoor dust exposure for
taxi drivers were >1 × 10−5, signifying that the carcinogenic risk from long-term exposure
is a cause of concern for their health [46]. Lee et al. [48] reported a positive correlation be-
tween oxidative stress and high levels of DEHP metabolites in urine samples from Riyadh,
Saudi Arabia. They suggested that indoor dust was one of the main exposure pathways.
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Limited to no information is available on the production and use of DEHP in Saudi Arabia,
which is a cause of concern. According to EU REACH legislation, DEHP is a Category 1B
reprotoxic substance (The European Chemicals Agency), and its use is highly regulated.
The calculated ILCR assessment in this study showed that taxi drivers in the studied area
get exposed to chemicals via car dust. This exposure is significant to the extent that it might
impact their health.

Table 3. The potential cancer risk assessment for taxi and regular drivers via dust exposure. Bold values are considered as
cause of concern.

Chemical Class Exposure Group Stat Ingestion Dose Inhalation Dose Dermal Dose ILCR

ΣPAHs Taxi driver Median 1.5 × 10−06 5.9 × 10−11 2.1 × 10−06 8.2 × 10−06

Max 3.9 × 10−06 1.6 × 10−10 5.5 × 10−06 2.2 × 10−05

Regular driver Median 2.9 × 10−07 1.2 × 10−11 4.2 × 10−07 1.7 × 10−06

Max 7.7 × 10−07 3.1 × 10−11 1.1 × 10−06 4.3 × 10−06

ΣPhthalates Taxi driver Median 6.5 × 10−04 2.6 × 10−08 9.3 × 10−05 1.0 × 10−05

Max 1.6 × 10−03 6.5 × 10−08 2.3 × 10−04 2.6 × 10−05

Regular driver Median 1.3 × 10−04 5.2 × 10−09 1.9 × 10−05 2.1 × 10−06

Max 3.4 × 10−04 1.3 × 10−08 4.6 × 10−05 5.2 × 10−06

ΣOPFRs Taxi driver Median 5.3 × 10−06 2.1 × 10−10 7.6 × 10−07 1.2 × 10−07

Max 4.6 × 10−05 1.8 × 10−09 6.6 × 10−06 1.1 × 10−06

Regular driver Median 1.1 × 10−06 4.3 × 10−11 1.5 × 10−07 2.4 × 10−08

Max 9.2 × 10−06 3.7 × 10−10 1.3 × 10−06 2.1 × 10−07

ΣBFRs Taxi driver Median 4.1 × 10−07 1.6 × 10−11 2.9 × 10−09 2.9 × 10−10

Max 1.6 × 10−05 6.4 × 10−10 1.1 × 10−07 1.1 × 10−08

Regular driver Median 8.1 × 10−08 3.3 × 10−12 5.8 × 10−10 5.7 × 10−11

Max 3.2 × 10−06 1.3 × 10−10 2.3 × 10−08 2.2 × 10−09

ΣPCBs Taxi driver Median 1.5 × 10−09 6.1 × 10−14 2.2 × 10−08 5.1 × 10−08

Max 4.1 × 10−09 1.6 × 10−13 5.8 × 10−08 1.4 × 10−07

Regular driver Median 3.1 × 10−10 1.2 × 10−14 4.4 × 10−09 1.0 × 10−08

Max 8.1 × 10−10 3.3 × 10−14 1.2 × 10−08 2.7 × 10−08

ΣChemicals Taxi driver Median - - - 2.3 × 10−05

Max - - - 4.9 × 10−05

Regular driver Median - - - 3.8 × 10−06

Max - - - 9.8 × 10−06
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4. Conclusions

The high concentrations of DEHP in car dust are a cause of concern for drivers,
especially those who spend long hours behind the wheel. The levels of OPFRs and new
BFRs were higher than the regulated and banned PBDEs. PCBs were detected in low
concentrations in some dust samples. The daily exposure to all individual chemicals
was below RfD values, indicating no risk of health effects from acute exposure for the
individual chemicals. However, chronic exposure to phthalates and PAHs was of great
concern due to their carcinogenicity. The estimated ILCRs for both ∑phthalates and ∑PAHs
were above 1 × 10−5 for Saudi taxi drivers. This signifies that long-term exposure to these
chemicals can negatively impact drivers’ health. Large-scale studies based on dust samples
from more cars are needed to understand the clear picture of these chemicals in car dust.
Another significant problem is the lack of updated toxicological studies on the studied
chemicals. Thus, no RfD or cancer slope factors are available for many of the studied
chemicals; this makes it challenging to estimate the risk accurately. Updated RfDs, cancer
slope factors, and better data on the bioavailability of chemicals are required for improving
risk assessments. However, even with these limitations, this study indicates that drivers
are exposed to various chemicals from car dust and warrants further extensive studies of
different types of cars and other vehicles such as trucks and busses.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/ijerph18094803/s1, Figure S1: Profile of phthalates in each car dust sample, Figure S2: Profile of
PCB congeners in each car dust sample, Figure S3: Profile of BFRs in each car dust sample, Figure S4:
Profile of OPFRs in each car dust sample, Figure S5: Profile of PAHs in each car dust sample, Table S1:
The estimated daily exposure (mean, median, 25th percentile, maximum) of taxi and regular drivers
via car dust compared to reference dose values (RfD) from the literature.

https://www.mdpi.com/article/10.3390/ijerph18094803/s1
https://www.mdpi.com/article/10.3390/ijerph18094803/s1


Int. J. Environ. Res. Public Health 2021, 18, 4803 14 of 16

Author Contributions: Conceptualization: N.A., M.W.K., H.M.S.A.A., M.I.R., S.C., A.S.S., C.A.d.W.
and G.M.; Sampling: N.A., H.M.S.A.A., M.I.R. and S.C.; Sample analysis: N.A., M.W.K., H.M.S.A.A.,
M.I.R., S.C. and A.S.S.; Investigation: N.A., M.W.K., H.M.S.A.A., M.I.R., S.C., A.S.S., C.A.d.W.
and G.M.; Resources: N.A., H.M.S.A.A., M.I.R., S.C. and A.S.S.; Statistical analysis: N.A., M.W.K.,
H.M.S.A.A., M.I.R., S.C. and A.S.S.; Writing—Review and Editing: N.A., M.W.K., H.M.S.A.A.,
M.I.R., S.C., A.S.S., C.A.d.W. and G.M.; Project administration: N.A., M.W.K., H.M.S.A.A. and
M.I.R.; Funding Acquisition: N.A. All authors have read and agreed to the published version of
the manuscript.

Funding: The Deputyship funded this research for Research and Innovation, Ministry of Education
in Saudi Arabia (Project number 933).

Data Availability Statement: All of the data are presented in the article and associated Supplemen-
tary Materials.

Acknowledgments: The authors extend their appreciation to the Deputyship for Research and
Innovation, Ministry of Education in Saudi Arabia, who funded this research work through Project
number 933. We are grateful to all the volunteers who participated in the study.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Gearhart, J.; Posselt, H.; Dempsey, D.; Costner, P.; Griffith, C.; Juska, C. Toxic at Any Speed: Chemicals in Cars and the Need for Safe

Alternatives, a Report; Ecology Center: Ann Arbor, Michigan, USA, 2006.
2. Besis, A.; Christia, C.; Poma, G.; Covaci, A.; Samara, C. Legacy and novel brominated flame retardants in interior car dust–

Implications for human exposure. Environ. Pollut. 2017, 230, 871–881. [CrossRef]
3. Stuart, H.; Ibarra, C.; Abdallah, M.A.E.; Boon, R.; Neels, H.; Covaci, A. Concentrations of brominated flame retardants in dust

from United Kingdom cars, homes, and offices: Causes of variability and implications for human exposure. Environ. Int. 2008,
34, 1170–1175. [CrossRef] [PubMed]

4. Abdallah, M.A.E.; Covaci, A. Organophosphate flame retardants in indoor dust from Egypt: Implications for human exposure.
Environ. Sci. Technol. 2014, 48, 4782–4789. [CrossRef]

5. Albar, H.M.S.A.; Ali, N.; Shahzad, K.; Ismail, I.M.I.; Rashid, M.I.; Wang, W.; Ali, L.N.; Eqani, S.A.M.A.S. Phthalate esters in settled
dust of different indoor microenvironments, source of non-dietary human exposure. Microchem. J. 2017, 132, 227–232. [CrossRef]

6. Yoshida, T.; Matsunaga, I. A case study on identification of airborne organic compounds and time courses of their concentrations
in the cabin of a new car for private use. Environ. Int. 2006, 32, 58–79. [CrossRef] [PubMed]

7. Kalachova, K.; Hradkova, P.; Lankova, D.; Hajslova, J.; Pulkrabova, J. Occurrence of brominated flame retardants in household
and car dust from the Czech Republic. Sci. Total Environ. 2012, 441, 182–193. [CrossRef] [PubMed]

8. Harrad, S.; Abdallah, M.A.E.; Oluseyi, T. Polybrominated diphenyl ethers and polychlorinated biphenyls in dust from cars,
homes, and offices in Lagos, Nigeria. Chemosphere 2016, 146, 346–353. [CrossRef] [PubMed]

9. U.S. Environmental Protection Agency. Indoor Air Quality Home Page. Available online: www.epa.gov/iaq/ (accessed on 15
March 2021).

10. Ali, N.; Ali, L.; Mehdi, T.; Dirtu, A.C.; Al-Shammari, F.; Neels, H.; Covaci, A. Levels and profiles of organochlorines and flame
retardants in car and house dust from Kuwait and Pakistan: Implication for human exposure via dust ingestion. Environ. Int.
2013, 55, 62–70. [CrossRef]

11. Ali, N.; Ismail, I.M.I.; Khoder, M.; Shamy, M.; Alghamdi, M.; Costa, M.; Ali, L.N.; Wang, W.; Eqani, S.A.M.A.S. Polycyclic
aromatic hydrocarbons (PAHs) in indoor dust samples from Cities of Jeddah and Kuwait: Levels, sources, and non-dietary
human exposure. Sci. Total Environ. 2016, 573, 1607–1614. [CrossRef]

12. Costa, L.G.; Giordano, G.; Tagliaferri, S.; Caglieri, A.; Mutti, A. Polybrominated diphenyl ether (PBDE) flame retardants:
Environmental contamination, human body burden and potential adverse health effects. Acta Biomed. 2008, 79, 172–183.

13. Kamrin, M.A. Phthalate risks, phthalate regulation, and public health: A review. J. Toxicol. Environ. Health Part B 2009, 12, 157–174.
[CrossRef]

14. Meeker, J.D.; Stapleton, H.M. House dust concentrations of organophosphate flame retardants in relation to hormone levels and
semen quality parameters. Environ. Health Perspect. 2010, 118, 318–323. [CrossRef]

15. Kim, K.H.; Jahan, S.A.; Kabir, E.; Brown, R.J. A review of airborne polycyclic aromatic hydrocarbons (PAHs) and their human
health effects. Environ. Int. 2013, 60, 71–80. [CrossRef]

16. Ali, N.; Eqani, S.A.M.A.S.; Ismail, I.M.I.; Malarvannan, G.; Kadi, M.W.; Albar, H.M.S.; Rehan, M.; Covaci, A. Brominated and
organophosphate flame retardants in indoor dust of Jeddah, Kingdom of Saudi Arabia: Implications for human exposure.
Sci. Total Environ. 2016, 569, 269–277. [CrossRef]

17. Federal Contaminated Site Risk Assessment in Canada, Part I: Guidance on Human Health Preliminary Quantitative Risk Assess
(PQRA). Available online: http://publications.gc.ca/collections/Collection/H46-2-04-367E.pdf (accessed on 10 March 2021).

18. Risk Assessment Forum U.S. Environmental Protection Agency. Guidelines for exposure assessment. Fed. Regist. 1992, 57, 22888–22938.

http://doi.org/10.1016/j.envpol.2017.07.032
http://doi.org/10.1016/j.envint.2008.05.001
http://www.ncbi.nlm.nih.gov/pubmed/18558431
http://doi.org/10.1021/es501078s
http://doi.org/10.1016/j.microc.2017.02.008
http://doi.org/10.1016/j.envint.2005.04.009
http://www.ncbi.nlm.nih.gov/pubmed/15993490
http://doi.org/10.1016/j.scitotenv.2012.09.061
http://www.ncbi.nlm.nih.gov/pubmed/23137984
http://doi.org/10.1016/j.chemosphere.2015.12.045
http://www.ncbi.nlm.nih.gov/pubmed/26735736
www.epa.gov/iaq/
http://doi.org/10.1016/j.envint.2013.02.001
http://doi.org/10.1016/j.scitotenv.2016.09.134
http://doi.org/10.1080/10937400902729226
http://doi.org/10.1289/ehp.0901332
http://doi.org/10.1016/j.envint.2013.07.019
http://doi.org/10.1016/j.scitotenv.2016.06.093
http://publications.gc.ca/collections/Collection/H46-2-04-367E.pdf


Int. J. Environ. Res. Public Health 2021, 18, 4803 15 of 16

19. USEPA (United States Environmental Protection Agency). Risk Assessment Guidance for Superfund: Volume III—Part A, Process for
Conducting Probabilistic Risk Assessment; EPA 540-R-02-002; USEPA: Washington, DC, USA, 2001.

20. United States Environmental Protection Agency Integrated Risk Information System (USEPA IRIS). 2,2′,3,3′,4,4′,5,5′,6,6′-
Decabromodiphenyl Ether (BDE-209) (CASRN1163–19-5); US Environmental Protection Agency: Washington, DC, USA, 2016.

21. Civan, M.Y.; Kara, U.M. Risk assessment of PBDEs and PAHs in house dust in Kocaeli, Turkey: Levels and sources. Environ. Sci.
Pollut. Res. 2016, 23, 23369–23384. [CrossRef] [PubMed]

22. OECD Environmental Health and Safety Publications. Series on Emission Scenario Documents No. 3, Emission Scenario Document on
Plastic Additives, Environment Directorate, Organization for Economic Co-Operation, and Development; OECD Environmental Health
and Safety Publications: Paris, France, 2009.

23. Al-Wabel, M.I.; Usman, A.R.; El-Saeid, M.H.; Al-Turki, A.M.; Hassanin, A.S.; El-Mubarak, A.H. Levels, Sources, and
Risk Assessment of Polychlorinated Biphenyls (PCBs) in Soils from Industrial Areas: A Case Study from Saudi Arabia.
Polycycl. Aromat. Compd. 2018, 38, 420–433. [CrossRef]

24. Brommer, S.; Harrad, S.; Van den Eede, N.; Covaci, A. Concentrations of organophosphate esters and brominated flame retardants
in German indoor dust samples. J. Environ. Monit. 2012, 14, 2482–2487. [CrossRef]

25. Ali, N.; Shahzad, K.; Rashid, M.I.; Shen, H.; Ismail, I.M.I.; Eqani, S.A.M.A.S. Currently used organophosphate and brominated
flame retardants in the environment of China and other developing countries (2000–2016). Environ. Sci. Pollut. Res. 2017,
24, 18721–18741. [CrossRef] [PubMed]

26. Covaci, A.; Harrad, S.; Abdallah, M.A.E.; Ali, N.; Law, R.J.; Herzke, D.; de Wit, C.A. Novel brominated flame retardants: A review
of their analysis, environmental fate and behaviour. Environ. Int. 2011, 37, 532–556. [CrossRef]

27. Chen, T.; Yu, D.; Yang, L.; Sui, S.; Lv, S.; Bai, Y.; Sun, W.; Wang, Y.; Chen, L.; Sun, Z.; et al. Thyroid function and decabromodiphenyl
ethane (DBDPE) exposure in Chinese adults from a DBDPE manufacturing area. Environ. Int. 2019, 133, 105179. [CrossRef]
[PubMed]

28. Castorina, R.; Butt, C.; Stapleton, H.M.; Avery, D.; Harley, K.G.; Holland, N.; Eskenazi, B.; Bradman, A. Flame retardants and
their metabolites in the homes and urine of pregnant women residing in California (the CHAMACOS cohort). Chemosphere 2017,
179, 159–166. [CrossRef]

29. Chen, T.; Huang, M.; Li, J.; Li, J.; Shi, Z. Polybrominated diphenyl ethers and novel brominated flame retardants in human milk
from the general population in Beijing, China: Occurrence, temporal trends, nursing infants’ exposure and risk assessment.
Sci. Total Environ. 2019, 689, 278–286. [CrossRef] [PubMed]

30. Ali, N.; Mehdi, T.; Malik, R.N.; Eqani, S.A.; Kamal, A.; Dirtu, A.C.; Neels, H.; Covaci, A. Levels and profile of several classes of
organic contaminants in matched indoor dust and serum samples from occupational settings of Pakistan. Environ. Pollut. 2014,
193, 269–276. [CrossRef]

31. Vorkamp, K.; Balmer, J.; Hung, H.; Letcher, R.J.; Rigét, F.F.; de Wit, C.A. Current-use halogenated and organophosphorous flame
retardants: A review of their presence in Arctic ecosystems. Emerg. Contam. 2019, 5, 179–200. [CrossRef]

32. Takahashi, S.; Abe, K.; Kera, Y. Microbial degradation of persistent organophosphorus flame retardants. In Environmental
Biotechnology-New Approaches and Prospective Applications; Petre, M., Ed.; In-Tech: Rijeka, Croatia, 2013; pp. 91–122.

33. DellaValle, C.T.; Deziel, N.C.; Jones, R.R.; Colt, J.S.; De Roos, A.J.; Cerhan, J.R.; Cozen, W.; Severson, R.K.; Flory, A.R.; Morton,
L.M.; et al. Polycyclic aromatic hydrocarbons: Determinants of residential carpet dust levels and risk of non-Hodgkin lymphoma.
Cancer Causes Control 2016, 27, 1–13. [CrossRef]

34. The Agency for Toxic Substances and Disease Registry (ATSDR). Toxicological Profile for Di (2-ethylhexyl) phthalate (DEHP); The
Agency for Toxic Substances and Disease Registry (ATSDR): Atlanta, GA, USA, 2019.

35. Rowdhwal, S.S.S.; Chen, J. Toxic effects of di-2-ethylhexyl phthalate: An overview. BioMed Res. Int. 2018, 2018, 1750368. [CrossRef]
36. Hauser, R.; Calafat, A.M. Phthalates and human health. Occup. Environ. Med. 2005, 62, 806–818. [CrossRef]
37. Andresen, J.A.; Grundmann, A.; Bester, K. Organophosphorus flame retardants and plasticizers in surface waters.

Sci. Total Environ. 2004, 332, 155–166. [CrossRef] [PubMed]
38. Butt, C.M.; Hoffman, K.; Chen, A.; Lorenzo, A.; Congleton, J.; Stapleton, H.M. Regional comparison of organophosphate flame

retardant (PFR) urinary metabolites and tetrabromobenzoic acid (TBBA) in mother-toddler pairs from California and New Jersey.
Environ. Int. 2016, 94, 627–634. [CrossRef]

39. Sahlström, L.M.; Sellström, U.; de Wit, C.A.; Lignell, S.; Darnerud, P.O. Brominated flame retardants in matched serum samples
from Swedish first-time mothers and their toddlers. Environ. Sci. Technol. 2014, 48, 7584–7592. [CrossRef] [PubMed]

40. ATSDR. Public Health Statement Polybrominated Diphenyl Ethers (PBDEs). 2017. Available online: https://www.atsdr.cdc.gov/
ToxProfiles/tp207-c1-b.pdf (accessed on 10 March 2021).

41. Kim, Y.R.; Harden, F.A.; Toms, L.M.; Norman, R.E. Health consequences of exposure to brominated flame retardants: A systematic
review. Chemosphere 2014, 106, 1–19. [CrossRef] [PubMed]

42. Lyche, J.L.; Rosseland, C.; Berge, G.; Polder, A. Human health risk associated with brominated flame-retardants (BFRs). Environ. Int.
2015, 74, 170–180. [CrossRef] [PubMed]

43. Xiong, P.; Yan, X.; Zhu, Q.; Qu, G.; Shi, J.; Liao, C.; Jiang, G. A review of environmental occurrence, fate, and toxicity of novel
brominated flame retardants. Environ. Sci. Technol. 2019, 53, 13551–13569. [CrossRef]

44. ATSDR. ATSDR Case Studies in Environmental Medicine Polychlorinated Biphenyls (PCBs) Toxicity. 2014. Available online:
https://www.atsdr.cdc.gov/csem/pcb/docs/pcb.pdf (accessed on 10 March 2021).

http://doi.org/10.1007/s11356-016-7512-5
http://www.ncbi.nlm.nih.gov/pubmed/27638794
http://doi.org/10.1080/10406638.2016.1224261
http://doi.org/10.1039/c2em30303e
http://doi.org/10.1007/s11356-017-9336-3
http://www.ncbi.nlm.nih.gov/pubmed/28620860
http://doi.org/10.1016/j.envint.2010.11.007
http://doi.org/10.1016/j.envint.2019.105179
http://www.ncbi.nlm.nih.gov/pubmed/31627134
http://doi.org/10.1016/j.chemosphere.2017.03.076
http://doi.org/10.1016/j.scitotenv.2019.06.442
http://www.ncbi.nlm.nih.gov/pubmed/31276995
http://doi.org/10.1016/j.envpol.2014.07.009
http://doi.org/10.1016/j.emcon.2019.05.004
http://doi.org/10.1007/s10552-015-0660-y
http://doi.org/10.1155/2018/1750368
http://doi.org/10.1136/oem.2004.017590
http://doi.org/10.1016/j.scitotenv.2004.04.021
http://www.ncbi.nlm.nih.gov/pubmed/15336899
http://doi.org/10.1016/j.envint.2016.06.029
http://doi.org/10.1021/es501139d
http://www.ncbi.nlm.nih.gov/pubmed/24927135
https://www.atsdr.cdc.gov/ToxProfiles/tp207-c1-b.pdf
https://www.atsdr.cdc.gov/ToxProfiles/tp207-c1-b.pdf
http://doi.org/10.1016/j.chemosphere.2013.12.064
http://www.ncbi.nlm.nih.gov/pubmed/24529398
http://doi.org/10.1016/j.envint.2014.09.006
http://www.ncbi.nlm.nih.gov/pubmed/25454234
http://doi.org/10.1021/acs.est.9b03159
https://www.atsdr.cdc.gov/csem/pcb/docs/pcb.pdf


Int. J. Environ. Res. Public Health 2021, 18, 4803 16 of 16

45. International Agency for Research on Cancer (IARC). Some non-heterocyclic polycyclic aromatic hydrocarbons and some related
exposures. Monogr. Eval. Carcinog. Risks Hum. 2010, 92, 765–771.

46. Lemieux, C.L.; Long, A.S.; Lambert, I.B.; Lundstedt, S.; Tysklind, M.; White, P.A. Cancer risk assessment of polycyclic aromatic
hydrocarbon contaminated soils determined using bioassay-derived levels of benzo [a] pyrene equivalents. Environ. Sci. Technol.
2015, 49, 1797–1805. [CrossRef]

47. Pepper, I.L.; Gerba, C.P.; Brusseau, M.L. Environmental and Pollution Science (Pollution Science Series); Academic Press: Cambridge,
MA, USA, 2012; pp. 212–232.

48. Lee, I.; Alakeel, R.; Kim, S.; Al-Sheikh, Y.A.; Al-Mandeel, H.; Alyousef, A.A.; Kho, Y.; Choi, K. Urinary phthalate metabolites
among children in Saudi Arabia: Occurrences, risks, and their association with oxidative stress markers. Sci. Total Environ. 2019,
654, 1350–1357. [CrossRef]

http://doi.org/10.1021/es504466b
http://doi.org/10.1016/j.scitotenv.2018.11.025

	Introduction 
	Materials and Methods 
	Sampling and Instrumentation 
	Health Risk Assessment Methodology 
	Exposure Assessment via Dust Ingestion 
	Incremental Lifetime Cancer Risk (ILCR) 


	Results and Discussion 
	The Presence of Different Chemical Groups in Car Dust 
	Levels and Profiles of Phthalates and PCBs 
	Levels and Profiles of FRs 
	PAHs 

	Human Risk Assessment 

	Conclusions 
	References

