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ABSTRACT

The occurrence, concentrations, and distribution profiles of chlorinated organophosphate esters (Cl-
OPEs) were investigated in seventy-one car and road dust samples collected from Basrah, southern Iraq.
In addition, estimated daily intakes (EDIs) via dust ingestion were assessed for toddlers, regular adults,
and taxi drivers. In car dust samples, the concentrations of =3CI-OPEs ranged from 4120 to 73200 ng/g
(median 11700 ng/g) with tris (1,3-dichloroisopropyl) phosphate (TDCIPP) the predominant compound.
In road dust samples, the concentrations of =3CI-OPEs ranged from 269 to 3400 ng/g (median 373 ng/g)
and 114—526 ng/g (median 222 ng/g) in urban and rural areas, respectively, with tris (2-chloroisopropyl)
phosphate (TCIPP), predominant. Concentrations of CI-OPEs in urban road dust are significantly higher
(P < 0.05) than those in rural road dust, suggesting commercial and industrial activity, population
density, and heavy traffic may influence the concentrations. The different compositional profiles of Cl-
OPEs in car and road dust may be attributed to the physicochemical properties of CI-OPEs and the
pathways through which they can be released into indoor and outdoor environments. EDI values of Cl-
OPEs for the Iraqi population via car dust ingestion were in the order: toddlers > taxi drivers > regular
adults, exceeding those via road dust by factors of 27 and 40 from urban and rural dust, respectively. For
people who work as taxi drivers, EDIs were seven times higher than those of regular adults, implying that
people - such as professional drivers - who spend a substantial amount of time in their vehicles may be
exposed to hazardous levels of CI-OPEs. Despite the study showing that the EDIs through dust ingestion
for the three population groups were well below the reference dose (RfD) levels, further studies are
recommended to assess other pathways, such as inhalation, dietary sources, and dermal absorption.
© 2024 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
4.0/).

1. Introduction

as flame retardants. The principal CI-OPEs are tris(2-chloroethyl)
phosphate (TCEP), tris(2-chloroisopropyl) phosphate (TCIPP) and

Organophosphate esters (OPEs) are a class of manufactured
chemicals whose use has increased rapidly due to the bans and
restrictions of legacy flame retardants (i.e., polybrominated
diphenyl ethers and hexabromocyclododecane). They are generally
classified into halogenated (Chlorinated; CI-OPEs) and non-
halogenated compounds. CI-OPEs are a group of alkyl phosphates
that contain both phosphorus and chlorine and are primarily used
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tris(1,3-dichloroisopropyl) phosphate (TDCIPP) [1,2]. CI-OPEs are
commonly employed in flexible and rigid polyurethane foams,
rubber, and polyester resins, that are mainly applied in various
products such as building materials, furniture, electronics, and
vehicle parts [3,4]. In 2011, the global production of CI-OPEs was
estimated to be180,000 metric tonnes, which was increased by
2017 to about 220,000 metric tonnes [5].

Since they are not chemically bound to the original substance,
OPEs can release from the products into the environment via vol-
atilisation, abrasion, and direct contact [6,7]. As a result of these
processes and their expanding use, CI-OPEs have been detected in
various environmental and biological samples such as air [8,9],
indoor and outdoor dust [10—14], water [15], sediments [16], and
soil [17]. Furthermore, the presence of these compounds has been
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identified in the Arctic, indicating their potential for long-range
transport [8]. Additionally, biomonitoring research has revealed
the existence of CI-OPEs in various human biological samples,
including urine [18], blood [19], and hair [20], indicating their
bioaccumulation [21].

Due to their potential negative health effects, human exposure
to Cl-OPEs has raised wide concern. Numerous studies have shown
various toxicological properties of CI-OPEs, such as mutagenic,
carcinogenic and neurotoxic, and they can accumulate in liver and
testis, thereby inducing tumours [22—24]. Human exposure to such
chemicals can take place via ingestion, inhalation, and dermal
contact. Among these human exposure pathways, dust ingestion
has been identified as a major route [24,25]. Investigations into a
range of OPEs in dust samples collected from indoor and outdoor
environments have identified CI-OPEs as the dominant chemicals
[3,14,26]. For indoor dust, concentrations of Cl-OPEs in car dust
exceeded those detected in other microenvironments, such as of-
fices, homes, and schools [14,27—29]. According to one US study
[30], concentrations of some organic pollutants, including poly-
brominated diphenyl ethers (PBDEs) in cars were five to ten times
higher than those found in offices and homes. The same study
announced that exposure to those pollutants for a 90-min drive was
equal to 8 h of office work. It has recently been reported that the
physical and chemical characteristics and environmental behav-
iours of PBDEs and OPEs, are similar [31]. Furthermore, homes and
offices are typically designed and maintained at much more mod-
erate and stable temperatures, while cars have windows sur-
rounding the interior, resulting in much higher solar exposure,
leading to higher in-vehicle temperatures on occasions with
concomitant elevated emissions of more volatile chemicals [30].
This implies that people who spend a large amount of time in their
vehicles, such as professional drivers, may be exposed to elevated
levels of CI-OPEs emitted from vehicle components [14].

With respect to outdoor dust, previous studies have reported
considerable concentrations of CI-OPEs in the outdoor environ-
ment, such as road and street dust [32]. It has been concluded that
vehicles play a significant role in the distribution of CI-OPEs in the
outdoor environment, and that their concentrations in road dust
are directly related to traffic density [33]. Out of 14 OPEs, the three
Cl-OPEs in road dust were found to be predominant, with their
concentrations significantly higher in urban than rural roads
[26,34,35]. Of note, road dust significantly contributes to the
transportation of pollutants from air to other environmental ma-
terials such as groundwater and surface water and may enter the
atmosphere by wind or volatilisation [3,36].

To the best of our knowledge, no information is available on the
production and use of CI-OPEs in Iraq. However, our previous study,
which was the first report on OPEs in house dust from Iraq [37],
revealed elevated concentrations of OPEs with Cl-OPEs the most
abundant compounds. In addition, another study that estimated
daily intakes (EDIs) of TCIPP via dermal absorptions reported that
EDI values for taxi drivers exceeded those for regular adults and
toddlers by factors of 6.8 and 1.7, respectively [38]. Nevertheless,
there is a large gap in our knowledge about human exposure via
inadvertent car and road dust ingestion. Given the extensive use of
CI-OPEs in automobiles, it is anticipated that there will be significant
consumption of these chemicals in densely populated urban areas
with heavy traffic. Therefore, the main aims of the current study
were: (1) to evaluate the levels and distribution profiles of CI-OPEs in
car dust and road dust from urban and rural areas in Basrah, Iraq; (2)
to estimate daily intake of CI-OPEs via car and outdoor dust ingestion
to assess health risks associated with CI-OPEs; (3) to compare these
estimates with those previously reported from homes to estimate
total daily intake of CI-OPEs; and (4) to compare the levels and
patterns of CI-OPEs in Iraqi dust with those from other counties.
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2. Materials and methods
2.1. Chemicals

Standards of our target Cl-OPEs (tris(2-chloroethyl) phosphate
(TCEP), tris(2-chloroisopropyl) phosphate (TCIPP), and tris(1,3-
dichloroisopropyl) phosphate (TDCIPP) (Table S1) and internal
standard (d;-TCEP) were purchased from Wellington laboratories
(Canada). Triamyl phosphate (TAP) and indoor dust SRM 2585 were
obtained from TCI Europe (Belgium) and US National Institute of
Standards and Technology (USA), respectively. All solvents (HPLC
grade), were purchased from Fisher Scientific (UK).

2.2. Sample collection and analysis method

In total, 71 indoor (cars) and outdoor (roads from urban and
rural areas) dust samples were collected from Basrah (Basra) be-
tween October 2021 and July 2022. Basrah is an industrial city and
the second-largest province in Iraq, considered the commercial
capital. Car dust samples (n = 24) were collected using a vacuum
cleaner (MODEX VC1040-100W) with a nylon sampling sock ac-
cording to a previously reported standard method [10]. Addition-
ally, from 23 urban and 24 rural areas, dust samples were collected
from roads using a brush (Fig. 1). After sampling, socks were closed
with twist ties, placed in plastic bags, and stored at —20 °C. The
average age of cars was 8 years, ranging between 2 and 27 years. To
the best of our knowledge, at the time of sampling, all cars in Iraq
were imported from abroad. According to the country of manu-
facture, cars were classified into four groups: Chinese (n = 5),
Japanese (n = 5), Korean (n = 10), and American (n = 4).

Prior to analysis, dust samples were passed through a 250 um
mesh testing sieve [39]. Information regarding sample extraction,
and sample purification were according to the methods previously
described [38]. Briefly, in a 10 mL glass centrifuge tube, an accu-
rately weighed aliquot of dust sample (typically 75 mg) was spiked
with 50 ng of dq,-TCEP as an internal standard. Dust samples were
extracted with 2 mL of n-hexane: acetone (3:1 v/v), (vortexed for
2 min, sonicated for 5 min, and centrifuged at 3500 rev/min for
5 min). This extraction process was repeated three times, and after
each cycle, the supernatant was separated. The combined extracts
were evaporated gently to incipient dryness and resolubilized in
1 mL of n-hexane. The sample extract was purified using the solid-
phase extraction (SPE) technique. The extract was fractionated into
two fractions using Florisil cartridges. Fraction 1 was achieved by
eluting with 8 mL of n-hexane with fraction 2 (containing our
target compounds) eluted with 10 mL of ethyl acetate. Fraction 2
was evaporated gently to incipient dryness and resolubilized in
100 puL of isooctane containing TAP as a recovery determination
standard. Identification and quantification of CI-OPEs were con-
ducted at the University of Birmingham, UK, using a gas chro-
matograph (GC; Trace 1310 Gas Chromatograph) connected to an
ISQ quadruple mass spectrometer (MS), both provided by Thermo
Fisher Scientific, USA. The MS was operated in El-selected ion
monitoring (SIM) mode, with two characteristic ions monitored for
each analyte [40]. Helium was employed at a flow rate of 1.5 mL
min-1 as a carrier gas. Figs. S1—S4 show the GC-MS instrumental
methods.

2.3. Quality assurance and quality control

For every set of 12 dust samples, an aliquot of SRM 2585 was
subjected to analysis. In total, six replicates of SRM 2585 were
examined. The results obtained for SRM 2585 were consistent with
several values reported in recent literature [13,37,41—44]. Table S2
lists CI-OPE concentrations detected in SRM-2585 in this study
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Fig. 1. Location of the study area and dust sampling sites.

compared with certified values and several recently published
values. Method blanks (n = 11) and field blanks (n = 6) were
conducted. Very low concentrations of TCEP and TCIPP were
detected in the blanks. When the concentration of the target
compounds ranged from 5.0 % to 11 % of the minimum concen-
tration observed in that batch, the results were adjusted for blanks
by subtracting the mean blank values from the raw data of CI-OPEs
detected in the dust samples. The limit of detection (LOD) and limit
of quantification (LOQ) were measured as the amount of a target
compound that produced signal-to-noise ratios of 3 and 10,
respectively. When a target compound was detected in a blank
sample, the LOQ was replaced with the Minimum Reported Value
(MRV) for that particular compound. The MRV is calculated as the
average concentration plus three times the standard deviation of
the concentrations observed in the blank sample. Table S3 shows
the limits of detection, limits of quantification, and MRV values
detected in this study. The mean recoveries of the internal standard
(d12-TCEP) in dust samples were 78.5 + 19 %.

2.4. Estimated daily intakes and health risk assessment

The estimated daily intake (EDI) of CI-OPEs through dust
ingestion was calculated for various population groups based on
two recently revised dust ingestion exposure scenarios provided by
the United States Environmental Protection Agency (USEPA) [45].
The average “typical” exposure scenario was calculated using the
average dust ingestion rate (20 and 50 mg/day for adults and tod-
dlers, respectively) and the median concentrations of the pollutants
detected in dust. The high-exposure scenario was estimated using a
high dust ingestion rate (60 and 100 mg/day for adults and tod-
dlers, respectively) and the 95th percentile of the concentration
detected in dust [43,45]. For the Iraqi population, there are no
available data on time-activity patterns and body weight. Thus, our
exposure estimates are based pro-rata on typical activity patterns
reported previously (the fraction of time spent in a car = 0.041 for
regular adults and toddlers and = 0.279 for taxi-drivers, and the
fraction of time spent outdoors = 0.047) assuming 100 % absorption
of intake [27,45,46]. To calculate the daily exposure to pollutants via
dust ingestion:

EDI = (C x IR x FT)/BW
Where EDI is the estimated daily intake via dust ingestion.

C is the concentration of contaminants in dust (ng/g).

IR is the dust ingestion rate (g/day).

FT is the fraction of time spent at the microenvironment
(unitless)

BW is the body weight (80 kg for adults and 13.8 kg for toddlers)
[45].

2.5. Statistical analysis

IBM SPSS statistics software (V. 20). and Microsoft Excel 2013
were applied. In order to assess the quantitative levels and pattern
distribution of CI-OPEs in dust samples, the mean, median,
maximum, and minimum were considered. Due to the skewed
nature of the data, all data were log-transformed prior to analysis.
The Pearson correlation method was used to look at potential
correlations between different factors. Where p values were less
than 0.05, results were considered significant.

3. Results and discussion
3.1. Levels and distribution profiles of CI-OPEs in dust samples

With the exception of TDCIPP in road dust from rural areas,
which had a detection frequency of 88 %, the detection frequency of
Cl-OPEs in car dust and outdoor dust samples was 100 %. In car dust,
TDCIPP was predominant, making an average percentage contri-
bution to =3CI-OPEs of 45 %, followed by 29 % and 25 % for TCIPP and
TCEP, respectively. In road dust, TCIPP was most abundant, with
mean contributions of 45 % =3CI-OPEs, and 57 % followed by TDCIPP
of 42 % and 25 %, then TCEP of 13 %, and 19 % in urban and rural
areas, respectively. Fig. 2 shows the average percentage contribu-
tions to =3CI-OPEs of individual CI-OPEs in car dust and road dust
from both urban and rural areas.

Concentrations of our target compounds in car and road dust
samples analysed in this study are summarised in Table 1, with
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Fig. 2. Average percentage contributions of TCEP, TCIPP, and TCDIPP to 33CI-OPEs in
dust from cars and road dust from urban and rural locations.

concentrations in individual samples provided in Table S4. Con-
centrations of 23CI-OPEs ranged from 4120 to 73200 ng/g (average
17720 ng/g), 269—3400 ng/g (average 708 ng/g), and 114—526 ng/g
(average 255 ng/g) in car, urban road and rural road dust, respec-
tively. In general, our results revealed that the average concentra-
tions of TCEP, TCIPP, TDCIPP, and =3CI-OPEs in indoor (car) dust
were 50, 16, 27, and 25-fold higher than those in urban road dust
and 94, 36, 128, and 69-fold higher than those in rural road dust.
It has been reported that the three CI-OPEs represent the most

Table 1
Statistical summary of Cl-OPE concentrations (ng/g) in car dust and road dust from
urban and rural locations.

Dust Samples Parameter TCEP TCIPP TDCIPP >~CI-OPEs
Car Mean 4520 5160 8040 17700
Median 2520 2700 3510 11700
Min 653 784 696 4120
Max 28100 29500 68100 73200
STD 5740 6700 15200 17500
Urban road dust Mean 90.7 317 299 708
Median 65.4 183 109 373
Min 36.1 126 69.1 269
Max 441 1620 3130 3400
STD 84.1 386 651 804
Rural road dust Mean 47.8 145 62.7 255
Median 41.0 123 50.9 222
Min 15.4 61.5 <0.81 114
Max 165 341 212 526
STD 34.5 77.7 50.3 116
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commonly used organophosphate flame-retardants in rigid and
flexible polyurethane materials, which are extensively applied in
vehicles [1]. Moreover, due to its comparatively high cost, TDCIPP is
only employed in applications needing a higher degree of flame
retardancy, such as textiles in vehicle seating [47,48], which may
explain the high average percentage contributions of TDCIPP in car
dust. In addition, as semi volatile organic compounds (SVOCs), Cl-
OPEs emitted from the interior of a vehicle have the potential to
be concentrated due to the limited space. Furthermore, high tem-
peratures in warmer weather, coupled with reduced ventilation,
will increase the concentrations of SVOCs in such limited-space
environments [29]. Moreover, as seen in Table S1, TCEP has a
higher vapour pressure than TCIPP and TDCIPP, suggesting that it
may volatilise more easily from treated materials, and is more
susceptible to thermal degradation and photolysis outdoors [49].
This may explain the high car/road dust ratio for TCEP. On the other
hand, due to its low vapour pressure, TDCIPP may be predomi-
nantly emitted from car interior surfaces through abrasion of fab-
rics or direct contact with dust of fabrics and other TDCIPP-
containing material [50]. Our results are consistent with those
from Saudi Arabia [29], the Netherlands [47], South Africa [51],
Brazil [48], and Colombia [46], in which TDCIPP was the predomi-
nant compound in car dust samples.

In road dust samples, paired t-test results disclosed that con-
centrations of CI-OPEs in urban areas were significantly higher
(p < 0.005) than those in rural areas. As SVOCs, CI-OPEs can un-
dergo long-range atmospheric transport from the source via at-
mospheric particles or in the gaseous phase and can be deposited
directly in terrestrial ecosystems [34]. The highest concentrations
of OPE emissions were detected at intersections and city centre
sites, where traffic is most congested and vehicles frequently stop
and start. In comparison, emissions in village and rural areas were
notably lower [52]. In addition, our previous study that investigated
OPEs in front yard samples revealed that OPE concentrations in
dust from front yards are significantly higher when these are used
for car parking [37]. This implies that vehicles are significant
sources of Cl-OPEs. Furthermore, other studies have indicated that
the abundance of brominated flame retardants (BFRs) in road dust
declined as traffic density decreased [53]. CI-OPEs have the same
environmental behaviour as BFRs [31]. Our findings agree with the
findings of previous studies [26,33,52,54], in which TCIPP was the
most abundant CI-OPE in road and street dust.

With the exception of TCEP and TCIPP in rural areas (p = 0.013,
r = 0.512), no significant correlation was found between our target
pollutants from different environments and between individual
chemicals from the same environment. This indicates different
emission sources of Cl-OPEs in indoor and outdoor environments.

3.2. Comparison of CI-OPEs in car dust based on the country of
manufacture

Although based on a small dataset of cars (Chinese (n = 5),
Japanese (n = 5) Korean (n = 10) and American (n = 4)), we
compare here CI-OPE concentrations in car dust based on the
country of manufacture. Our results reveal dust from American cars
to contain the highest concentrations of =3CI-OPEs, with mean and
median levels of 27000 and 15300 ng/g respectively, while Korean
cars were the least contaminated with =3CI-OPEs, with mean and
median concentrations in dust from such cars being 12000 and
8450 ng/g, respectively. Concentrations of =3Cl-OPEs in dust from
Chinese and Japanese cars were not dissimilar, with mean and
median concentrations of 17200 and 13400 ng/g for Chinese cars
and 22200 and 13400 ng/g for Japanese cars respectively. However,
different distribution profiles appeared depending on the country
of manufacture. For example, as shown in Fig. 3, the highest
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concentrations of TCEP were found in Korean cars, contributing
51 % =3CI-OPEs, while the lowest TCEP concentrations occurred in
dust from American cars at 9 % =3CI-OPEs. Descriptive statistics of
the concentrations of Cl-OPEs in car dust depending on the country
of manufacture are provided in Table S5.

3.3. Comparison of CI-OPE levels with other previous studies

Based on information available, there is a lack of prior studies
documenting the levels of CI-OPEs in car dust and road dust in Iraq,
and minimal data exists on these pollutants in the Middle East
region [27,29,38,55]. Our results revealed that the median con-
centration of =3CI-OPEs in car dust from Basrah, Iraq, exceeded
generally those reported for car dust from: Saudi Arabia [29], Egypt
[27], Pakistan [55], Japan [56], and Greece [48] by factors of 1.6, 18,
43, 1.6, and 1.7, respectively. Conversely, the median =3CI-OPEs
concentration in Iraqi car dust samples was lower than those re-
ported for South Africa [51], the Netherlands [47], Australia [10],
Brazil [48], Kuwait [55], the UK [28], and Colombia [46]. Table S6
lists our data for car dust in the context of the available interna-
tional database, and Fig. 4 illustrates comparisons of the median
levels of those studies.

For road dust, Table 2 compares our results with the existing
literature. In general, the median concentration of =3CI-OPEs in
urban road dust from Basrah, Iraq, exceeded those from Chengdu
[26], Nanjing [54] and Chongqing [52], in China, and in Patna (In-
dia) [58] by factors ranging between 4 and 10. However, they were
lower than those from New York, USA [11] and Beijing, China [33]
by factors of 1.5 and 1.9, respectively. This implies that big cities
with traffic congestion are much more contaminated with CI-OPEs
compared with smaller cities, suggesting cars and human activities
are the main sources of Cl-OPEs.
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3.4. Estimated daily intakes of CI-OPEs throw dust ingestion

Table 3 lists estimated daily intakes (EDIs) of CI-OPEs via dust
ingestion for regular adults, taxi drivers, and toddlers in the Iraqi
population. These EDIs are based on both mean and high dust
ingestion rates, using median and high (95th percentile) CI-OPE
concentrations in car and road dust samples. The results revealed
that the EDI values of CI-OPEs for the Iraqi population via car dust
ingestion were in the order: toddlers > taxi drivers > regular adults.
Under the assumption of mean dust ingestion rates and median
concentrations in car dust, the EDIs of =3CI-OPEs were found to be
0.831, 0.120, and 1.37 ng/kg bw/day for taxi drivers, regular adults,
and toddlers, respectively. Under the assumption of high dust
ingestion rates and median concentrations, the EDIs of =3CI-OPEs
increased to 3.50, 0.514, and 7.45 ng/kg bw/day for taxi drivers,
regular adults, and toddlers, respectively. Assuming the high dust
intake and 95th percentile CI-OPE concentrations (representing
worst-case scenarios), the EDIs for taxi drivers, regular adults, and
toddlers were found to be 10.5, 1.54, and 14.9 ng/kg bw/day.

For urban and rural road dust, worst-case EDIs of =3CI-OPEs
were 0.089 and 0.017 for adults and 0.834 and 0.162 ng/kg bw/day
for toddlers, respectively. A large number of recent studies have
reported that the EDIs of OPEs via indoor dust ingestion exceed
significantly those arising from ingestion of outdoor dust [12]. Our
results revealed that EDIs of =3CI-OPEs via car dust ingestion
exceed those via ingestion of urban and rural road dust by factors of
27 and 40, respectively. The EDI for adults working as drivers (and
assumed to spend 8 h in their vehicles daily) was 7 times higher
than for regular adults. This implies that long-term exposure to
such compounds may be a source of apprehension for professional
drivers (Fig. S5).

CHINA

TCEP

TDCIPP

KOREA

TDCIPP
25%

23%

52%

JAPAN

34%

USA

TCEP

46%

Fig. 3. Distribution profiles of CI-OPEs in car dust based on the country of manufacture.
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Fig. 4. Comparison of median concentrations of =3CI-OPEs (ng/g) reported in car dust samples from: UK [28]; Brazil [48]; Colombia [46]; Egypt [27]; Netherlands [47]; South Africa
[51]; Australia [10]; Japan [56]; Saudi Arabia [29]; Kuwait [55]; Pakistan [55]; Greece [48]; and Germany [57].

Table 2

Comparison (median concentration (ng/g)) of CI-OPEs in urban road dust samples from Iraq with those from other countries.
City, Country Sampling year No. of samples TCEP TCIPP TDCIPP
Basrah, Iraq (this study) 2022 23 65 183 109
Chengdu, China [26] 2015 8 8.41 21 7.4
Patna, India [58] 2020 16 384 348 19.8
Nanjing, China [54] 2017 8 6.85 81.99 2.77
New York, USA [11] 2018 5 15.9 262 248
Chongqing, China [52] 2016 37 16.4 26.4 6.59
Beijing, China [33] 2014 65 247 384 30.7

Table 3

Estimates of exposure (ng/kg body weight/day) of adults and toddlers of CI-OPEs via car and road dust ingestion in Iraq.

OPE RfD values [59,60] Car dust

Road dust -Urban area Road dust -Rural area

Taxi drivers Regular adults Toddler

Adults Toddler Adults Toddler

Median 95th %ile Median 95th %ile

Median 95th %ile

Median 95th %ile Median 95th %ile Median 95th %ile Median 95th %ile

Mean dust ingestion

TCEP 22000 0.176  0.711 0.026  0.105 0375 1.52

TCIPP 80000 0.188 1.26 0.028 0.185 0401 2.68

TDCIPP 15000 0245 261 0.036 0.384 0521 5.56

>"CI-OPEs — 0.813  3.50 0.120 0.514 1.73 7.45

High dust ingestion

TCEP 22000 0.528 2.13 0.078 0314 0.750 3.03

TCIPP 80000 0.564 3.77 0.083  0.555 0.801 5.36

TDCIPP 15000 0.735 7.83 0.108 1.15 1.04 11.12
S°CI-OPEs — 244 10.50 0359 1.54 3.46 14.90

0.001  0.002 0.011  0.029 0.000 0.001 0.007 0.019
0.002 0.015 0.031 0.220 0.001  0.004 0.021  0.055
0.001  0.012 0.019 0.168 0.001  0.001 0.009 0.020
0.004 0.029 0.064 0417 0.003  0.006 0.038 0.081
0.002  0.006 0.022  0.058 0.001  0.004 0.014  0.037
0.006 0.046 0.062  0.441 0.004 0.011 0.042 0.110
0.004 0.035 0.037 0.336 0.002  0.004 0.017  0.040
0.013  0.086 0.127 0.834 0.008 0.017 0.076  0.162

3.5. Total estimated daily intake of CI-OPEs via dust ingestion

As people spend most of their time in indoor environments
(homes, offices, and cars), this has a significant influence on the
assessment of exposure to chemicals. In the current study, despite
the fact that no data on dust samples from the office was available,
we combine previous data on CI-OPEs in house dust from Basrah

[37], with the data of the current study to calculate the total esti-
mated daily intake of CI-OPEs via dust ingestion. Table S7 shows the
total EDI of TCEP, TCIPP and TDCIPP for both adults and toddlers
using median and high-end exposure scenarios, and Fig. 5 com-
pares the worst-case (high-end exposure) EDI for CI-OPEs from
Iraqi homes reported by a previous study [37] with those from cars
and outdoors from the current study.
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Fig. 5. Estimated daily intakes for adults and toddlers (ng/kg bw/day, under a high-end exposure scenario) for Cl-OPEs via ingestion of dust from Iraqi homes [37] and from car and

road dust (outdoors) (current study).

According to the obtained results, the concentrations of CI-OPEs
in car dust were 2—7 times higher than those found in homes.
However, under worst-case scenarios and as illustrated in Fig. 5,
EDIs of CI-OPEs via home dust ingestion exceed those via car dust
by factors of 6 and 4 for TCEP and 9 and 4 for TCIPP for adults and
toddlers, respectively. In contrast, EDIs of TDCIPP via car dust
ingestion exceeded those via ingestion of house dust by factors of
1.1 and 1.3 for adults and toddlers, respectively. In general, our
results revealed that median exposure to 3CI-OPEs via ingestion of
car and home dust combined was 0.8 and 12.5 ng/day for adults and
toddlers, respectively. For individual CI-OPEs, our results revealed
that EDIs of CI-OPEs via dust ingestion are several orders of
magnitude lower than reference dose values [59,60]. However, to
obtain a comprehensive health risk assessment, exposure via other
pathways such as inhalation, diet, and dermal contact should be
considered.

4. Conclusion

For the first time, the investigation of CI-OPEs in car dust and
road dust in Basrah, Iraq, provided insights into their levels, dis-
tribution pattern, and estimated daily intakes via dust ingestion.
The concentrations of CI-OPEs in car dust samples were an order of
magnitude higher than those from road dust, with TDCIPP being
the most abundant in cars and TCIPP being the most abundant in
roads. Our results revealed that the country of manufacture may
exert an influence on concentrations of Cl-OPEs in car dust, and
further investigation of this is recommended. Generally, the con-
centrations of CI-OPEs in car dust samples from Iraq were either
comparable to or less than those reported in other regions, how-
ever, they were higher than those observed in dust samples from
Egypt and Pakistan. Considerable concentrations of CI-OPEs
appeared in road dust from both urban and rural areas. Concen-
trations of CI-OPEs in urban road dust exceeded significantly those
in rural road dust, suggesting that vehicles and human activities
may represent important sources to the outdoor environment.
Although the estimated exposure levels to our target CI-OPEs for
the Iraqi population through dust ingestion are significantly lower

than health-based limited values, this study does not consider ex-
posures via other pathways. Additional studies are recommended
to evaluate the potential human exposure to CI-OPEs via inhalation,
ingestion from dietary, and dermal contact with products that
contain these chemicals.
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