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Abstract

Samples of road dust (RD) from petrol stations (n=20) located in Rzeszéw (Podkarpackie, Poland) were analysed to find
potential markers of traffic-related pollution. The level (ng/g) of: Mo, U, As, Hg, Th, Pb, Ni, Cu, Cr, Be, Sr, Zr, Zn, Mn and
Fe were measured using field portable X-ray spectroscopy (FP-XRF) as a direct, rapid and ‘white analytical technique’. Our
research demonstrated for the first time the utility of using FP-XRF for environmental toxicological assessment of RD from
petrol stations. The qualitative and quantitative composition of the dust samples tested provides valuable research material
for creating and updating regulations and finding pollution hotspots such as petrol stations. It was possible to find potential
markers of traffic-related pollution (e.g., Zr and Fe forms of disk brakes or brake pads). Certain elements of the study give
ambiguous signals related to fuel distribution and road traffic. They can come from various sources of environmental con-
tamination. The adoption of evidence-based policies to minimise pollution, conserve the environment, and protect the well-
being of people living or working near gas stations is anticipated to be aided by these findings for policymakers, regulatory
authorities, and stakeholders. Incorporating toxicological risk assessment framework, this study pioneers the investigation
of human exposure to hazardous elements in RD, an in-depth evaluation of both carcinogenic and non-carcinogenic health
risks associated with such exposure including lifetime average daily dose. Our findings contribute novel insights into the
environmental toxicology of urban areas, emphasising the need for tailored interventions to mitigate these risks.

Keywords FP-XRF - Petrol station dust - Environmental toxicology - Environmental pollution - Hazardous elements

Abbreviations RD Road dust

EPA The environmental protection agency WAC ‘White analytical technique’

FP-XRF Field portable X-ray fluorescence

HI Hazard index

HQ Hazard quotient Introduction

ICP-MS Inductively coupled plasma mass spectrometry

LADD Lifetime average daily dose The identification of sources of toxic elements is very
NDT Niton data transfer software important for the prevention of pollution and the protec-
PGE Pt group elements tion of human health and environmental studies. Road dust

(RD) has become a major source of environmental pollu-
tion, particularly in large cities. Reports on the composition
of RD in certain locations have highlighted the presence
of toxic metal(loid) concentrations, which are often con-
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lack of evaluation of RD from petrol stations (Alsubaie et al.
2019). Urban RD, which consists of a complex mixture of
particles from various sources, poses a significant threat to
both the environment and human health. Despite growing
concern about RD pollution, there remains a dearth of sci-
entific investigations focused specifically on the elemental
composition of RD at petrol stations (Rybak et al. 2022).
To date, there have been no studies on hazardous elements
in RD collected from petrol stations. This is a significant
gap in the research, as petrol stations are known to be a
potential source of pollution due to the handling and storage
of petroleum products. The lack of research on this topic
raises concerns about the possible impact of toxic elements
on the environment, the health of petrol station workers and
customers, as well as the equipment used to deliver fuel
(Olowoyo et al. 2022). A possible scenario is the release of
toxic elements into the environment through accidental spills
or leaks from storage tanks or pipelines. Another scenario
could involve the transfer of toxic elements from fuel pumps
to the hands of workers and customers at the petrol station,
leading to potential health risks. The most significant hypo-
thetical scenario proposes that RD from cars, transported
during refuelling, can lead to exposure to toxic elements.
This exposure occurs through inhalation, not only during
the refuelling process, but also during cleaning activities
(Hilpert et al. 2019). This scenario highlights the potential
risks associated with exposure to toxic elements for both
petrol station employees and drivers, who may accidentally
track dust containing these elements to their homes or other
locations. Exposure to hazardous elements can have signifi-
cant negative effects on human health, including respiratory
and neurological problems, developmental delays, and can-
cer (Zamanian et al. 2018). Increasing industrial activities,
the number of vehicles on the roads and the population in
large cities cause air pollution in the urban environment and
ultimately affect human health (Safiur Rahman et al. 2019;
Rahman et al. 2021b). In recent decades, human activities
have led to pollution from RD and roadside soil containing
metal (oid) in urban areas (Rahman et al. 2021c). Moreover,
in industrial areas, increased human activities generate high
emissions of metals that contaminate the environment and
eventually affect human health (Rahman et al. 2021a).
Thus, it is important to investigate the levels of toxic ele-
ments in the RD from petrol stations, as this information
could be used to improve regulations and safety measures
related to refuelling and cleaning. Despite the importance of
investigating the levels of toxic elements in RD from petrol
stations, this area of research has been largely overlooked.
Therefore, this study is a crucial first step to filling this
knowledge gap and providing valuable information to con-
sumers, petrol station operators, and environmental toxi-
cologists. The study will involve collecting and analysing
samples of RD (n =20) from most petrol stations in the city
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of Rzesz6w (Podkarpackie, Poland) to determine the levels
of hazardous elements (Mo, U, As, Hg, Th, Pb, Ni, Cu, Cr,
Be, Sr, Zr, Zn, Mn, Fe). By conducting such studies, we can
better understand the sources and transport of toxic elements
in the environment and develop strategies to minimise their
impact. This information can also inform regulations and
policies to protect human health and the environment. Petrol
stations, which serve as major hubs for vehicular activities,
are expected to exhibit elevated levels of various pollut-
ants in the surrounding environment. Elemental analysis of
RD at petrol stations will enable identification of pollution
hotspots, highlighting areas of elevated contamination that
require immediate attention and remediation. Therefore, it
is imperative to investigate the concentration of toxic ele-
ments in RD collected from petrol stations and fill the cur-
rent research gap (Li et al. 2017).

For this purpose, the elemental analysis of RD samples
was performed using field portable X-ray fluorescence (FP-
XRF) in direct mode. The main advantage of using an FP-
XRF analyser is its ability to provide rapid, direct, and non-
destructive elemental analysis of environmental samples. It
allows the determination of multiple elements in a single
measurement, making it a cost-effective and efficient tech-
nique for large-scale environmental studies. Additionally,
FP-XRF analysers require minimal sample preparation and
do not generate waste compared to traditional laboratory-
based techniques such as inductively coupled plasma mass
spectrometry (ICP-MS) (Parsons et al. 2013). Furthermore,
the difficult, tedious, time-consuming, expensive, and envi-
ronmentally burdensome step of sample digestion was omit-
ted, as the direct in situ analysis mode was used. In general,
the use of the FP-XRF methodology for the elemental analy-
sis of RD samples from petrol stations provides a fast, reli-
able, ‘white’ and cost-effective method to obtain information
on the composition of potentially hazardous materials in the
environment. The FP-XRF technique aligns with the princi-
ples of white analytical chemistry (WAC), making it a ‘white
analytical technique’. WAC, an extension of green analytical
chemistry, considers ecological factors alongside analytical
(red) and practical (blue) criteria to ensure method qual-
ity. Analogous to the RGB colour model where red, green,
and blue light combine to produce white, the white analyti-
cal method embodies harmony among its analytical, eco-
logical, and practical characteristics (Kobylarz et al. 2023).
This information is crucial to assessing the potential risk to
human health and the environment and developing effective
strategies to mitigate this risk. This study aims to elucidate
the importance of performing a hazardous elements analysis
of RD in petrol stations using FP-XRF for the first time from
an environmental and human health point of view. Using
FP-XRF as a ‘white’ analytical technique, we can assess
the presence and concentrations of hazardous elements
within the dust of the petrol station, thus contributing to a



Hazardous Elements in Road Dust from Petrol Stations in Rzeszéw (Podkarpackie, Poland):...

comprehensive understanding of associated risks and pos-
sible mitigation strategies without using classical methods
(ICP-MS, ICP-OES, AAS).

The idea of the conducted research is presented schemati-
cally in the form of five main stages (A-E) as a workflow
in Fig. 1.

Materials and Methods
Samples Collection and Storage

To collect the samples, clear zip-lock bags were held close
to the ground and a sufficient amount of RD was collected
using a hand brush. Dust was collected directly along the
fuel dispenser (dust usually accumulates in areas sheltered
from the wind, along the distributor threshold). The selec-
tion of the sampling area location (in front of the distribu-
tor threshold) was dictated by practical considerations, an
important environmental exposure, and based on an inter-
view with petrol station employees (where they find dust the
most and most often during cleaning). This location is very
useful, as it gives exposure to both the station’s customers
(one-time/accidental exposure) and the people working there
(occupational/continuous exposure). The brush was gently
wiped on the bag to remove any loose particles. Samples
were collected during the day to avoid moisture accumula-
tion due to dew formation. The sampling process was car-
ried out consistently at all petrol stations (n=20) to ensure
uniformity in the collected samples. After the samples were
collected, they were immediately sealed and labelled with
the appropriate station number and location information
from the Global Positioning System. The localisation of the
collected samples summarised on the map—Fig. 2. More
details about the investigated samples are summarised in
Table S1 (see Supplementary Information 1; SI1). Samples
were stored in cardboard packaging to protect them from
external contamination and ensure their integrity until they
were analysed in the laboratory. Before XRF measurement,
the samples were transferred to polyethylene XRF sample
cups with a depth of 20 mm. For smaller samples, quartz
wool was added to ensure full contact with the polyester
film at a minimum depth of 10 mm. As was mentioned in
the introduction, Fig. 1 illustrates the process of: A) collec-
tion of RD samples, B) storing of samples, C) preparation
of XRF sample cups, D) measurement by the FP-XRF tech-
nique and E) toxicological risk assessment.

Measurement of Investigated Elements by FP-XRF
Spectrometer

The determination of hazardous elements (Mo, U, As, Hg,
Th, Pb, Ni, Cu, Cr, Be, Sr, Zr, Zn, Mn, and Fe) was made

by applying the FP-XRF spectrometer (Niton XL3t 950 He
GOLDD + portable XRF spectrometer, Thermo Scientific).
A methodological approach was used based on param-
eters from our previously published articles by Milan and
Jurowski (2024) and Frydrych and Jurowski (2023). The
instrument was placed nose-up on a shielded laboratory test
stand and remotely activated by a laptop via a USB connec-
tion. Samples were placed centrally on the 8 mm (50 mm?)
X-ray beam, with the polyester film facing downward, and
counted for 90 s (3 x 30 s) in a low-density standardless soil
mode (40 pA and 50 kVp). The measurements were repeated
at three different locations toward the perimeter of each sam-
ple surface. The measured spectra obtained were quantified
by coefficients of fundamental parameters to determine
the concentrations of hazardous elements in pg/g, with a
measurement error of 26 (95% confidence). Results were
downloaded to the laptop via Niton data transfer software
(NDT). The use of an FP- XRF spectrometer in low-density
soil mode was appropriate for the measurement of trace ele-
ments in the samples of RD samples. Additionally, this tech-
nique allows for the measurement of samples in situ, which
is important for field environmental studies. The calibration
was verified throughout the measurements by analysis of
Niton reference materials: multielement reference samples
(NIT-500-705, QC Standard) 1) 180-694A, SAAR-L2 Soil,
Low Metals, PP (QC Standard), 2) 180-647, SiO, (99.995%
PP), 3) 180-706 pp, USGS SdAR-M2 (Control Sample), 4)
180-661, RCRApp 05092201 (1000Ba, 500Ag, As, Cd, Cr,
Pb, Se). The measured levels of the reference samples were
within 5% of the specified values, ensuring the precision of
the results obtained from the RD samples.

Toxicological Risk Assessment of Hazardous
Elements in Road Dust from Petrol Stations
and Health Risk Assessment

A comprehensive risk assessment was carried out to assess
the potential human exposure to elements contained in gas
station RD. The methodology used in this study is consistent
with the model methodology proposed in the work of Faiz
et al. (2012) and Zheng et al. (2015) using the assumptions
of the Environmental Protection Agency (EPA). To deter-
mine the elements that RD from gas stations can expose
people to, a thorough risk assessment was conducted.
The approach taken in this study is in line with the model
approach put forward employing EPA assumptions in the
work of Faiz et al. Our investigations include a thorough
evaluation of health endpoints, both cancer and non-cancer,
in line with this approach. This comprehensive evaluation
takes into account possible exposures that align with the
findings of Faiz et al. It should be mentioned, however, that
the focus of our research is specifically on RD from Rzeszéw
petrol stations. This distinction is crucial because, for
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Fig. 1 Flow chart showing the
overall concept of the research A. Sampling of road dust from petrol
process. A Collection of road stations in Rzeszow (podkarpackie)
dust samples, B Collection of
samples, C Preparation of XRF
sample cups, D Measurement
using the FP-XRF technique,
and E Toxicological risk assess-
ment

B. Road dust storing

closed cardboard box
in dry and dark conditions

C. Preparing XRF sample cups

road dust packed into

sample of road dust in zip-lock polyethylene XRF sample cups

E. Toxicological risk assessment

y D. Measurement by FP-XRF
of hazardous elements in dust
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Fig.2 Map showing sampling locations of road dust from a petrol station

example, latitude can have an impact on the characteristics
and makeup of RD. As a result, our study offers important
insights into the possible dangers of elemental contaminants
from RD, helping to improve knowledge of the material’s
health concerns in a more localised manner. A person can
potentially be exposed to this RD while refuelling (during
a gust of wind, the dust can be suspended in the air and can
be inhaled during refuelling). From the point of view of

- . mg - -1
Ingestion dose: Dy, <E . day) =C(mg-kg™)-

I . . mg _ -1
nhalation dose: D, g -day )| =C(mg-kg ) -

Dermal contact dose: Dyepma (% . day) =C(mg-kg™)-
g

InhR - EF -ED
PEF - AT - BW

SA -SL - ABS - EF-ED

worker exposure, this is also very important, as this dust is
cleaned up by sweeping from this area (sweeping produces
smoke and dust with suspended RD that can be inhaled dur-
ing sweeping).

Non-Carcinogens Dose
The following relationships are used to estimate the non-

cancerous dose of heavy metals for each of the three equa-
tions (Eqs. 1-3) (Faiz et al. 2012):

IngR -EF-ED ¢ (1
BW - AT

107 )

3

.107°
BW - AT
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where:

AT Averaging time: for carcinogens ED X 365 days; for
non-carcinogens 70 X 365=25550 days (Ferreira-Baptista
and De Miguel 2005), BW Average body weight; 15 kg (US
EPA 2015), C Concentration of trace element in RD (expo-
sure point concentration), ED Exposure duration of adult;
24 years (US EPA 2015), EF Exposure frequency (site
specific); 180 day year™' (US EPA 2015), IngR Ingestion
rate; 200 mg day~! (US EPA 2015); InhR Inhalation rate;
7.6 m3 day_1 (US EPA 2015); PEF Particle emission factor;
1.36 x 10° m3 kg~! (US EPA 2015).

Since site-specific biometric factors are not readily avail-
able, the US-EPA has provided the values for these compo-
nents. Doses of non-carcinogens were collected through inges-
tion, inhalation, and skin contact and provided for the current
investigation. The study includes the cumulative dose of non-
carcinogen metals by eating, inhalation, and skin contact.

Carcinogens Dose

The lifetime average daily dose (LADD) for carcinogens
(As, Cd, Co, Cr, Ni, etc.) is used to estimate the cancer risk.
For every exposure path, LADD is computed as a weighted
average using the following equation (Eq. 4) (Faiz et al.
2012):

mg F  CRuig - EDgpitg

0 (585 o () o ()
RfD ingestion RfD inhalation RfD dermal

&)
where D; and RfD stand for element I dose and, respectively,
the corresponding reference dose of the elemet (Ferreira-
Baptista and De Miguel 2005). The non-cancer risk, or
hazard quotient (HQ), is the ratio D;:RfD (Ferreira-Baptista
and De Miguel 2005). The risk of elements from ingestion,
inhalation, and skin contact is estimated using HI. HI places
a safe limit on the noncancerous risk of elemental dose such
that HI> 1 is not recommended. The EPA provided the refer-
ence dose value for ingestion, inhalation, and dermal con-
tact, which was used to compute the HI values (US EPA
2015).

Hazard Quotient (HQ). By dividing the non-cancer dose by
the chronic reference exposure level of each metal, we were
able to calculate the non-cancer HQ for both the dermal and
ingestion pathways. Only the metal(oid)s for which chronic
reference dose data were available in the literature (As, Cr,
Cu, Fe, Mo, Ni, Pb, U, Zn, Zr) could have their HQ calcu-
lated (see Supplementary Information SI3). It is described
as (Eq. 6) (Faiz et al. 2012):

Cl{child ) EDadult

E
LADD( — -day ) = C(mg-kg™")— - “4)
(kg ay) (me - ke )AT ( BW chita BW qut )
where:
AT Averaging time: for carcinogens ED X 365 days; for HI = Z HQ ©)

non-carcinogens 70 X 365 =25550 days (Ferreira-Baptista
and De Miguel 2005); BW,,,,, Body weight of adult (US EPA
2015); BW 4, Body weight of child (US EPA 2015); C Con-
centration of trace element in RD (exposure point concen-
tration); CR Contact (absorption) rate, IngR Ingestion CR,
InhR Inhalation CR, Dermal CR =SA X SL x ABS; ED
Exposure duration of adult; 24 years (US EPA 2015); ED ;,;,
Exposure duration (site specific); 6 years (US EPA 2015);
EF Exposure frequency (site specific); 180 day year™' (US
EPA 2015); LADD values were calculated for carcinogens.

Health Risk Assessment

As will be discussed later, health risk assessment can be
performed using the patterns that that are given here.

Hazard Index (HI) HI is a number that considers the com-
bined effect of doses received through ingestion, inhalation,
and dermal contact. It is described as (Eq. 5) (Faiz et al.
2012):
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If HQ or HI< 1, there will be no obvious risk to the
exposed population from exposure to element in RD from
the petrol station. If HQ or HI > 1, the risk will be considered
unacceptable. As HQ or HI increases, the risk also increases.

Results and Discussion

Hazardous Element Profile of Road Dust from Petrol
Stations in Rzeszow (Podkarpackie, Poland)

The level (pg/g) of all hazardous elements investigated (Mo,
U, As, Hg, Th, Pb, Ni, Cu, Cr, Be, Sr, Zr, Zn, Mn and Fe)
in all samples (n=20) is shown in Fig. 3 as the profile of
hazardous elements in RD from petrol stations in Rzeszéw
(Podkarpackie, Poland). Descriptive statistics (presence in
samples, minimum, maximum, mean) are shown in Table 1.

The results showed that all RD samples tested (n=20)
contained Mo, Zr, Sr, U, Th, Pb, As, Hg, Zn, Cu, Ni, Fe,
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Fig.3 Composition of hazardous elements in road dust (RD) from Rzeszéw, Poland’s petrol stations (Podkarpackie, Poland)

Table 1 Descriptive statistics Element Mean (result +error®), ug/g Range (result +error?), pg/g

of hazardous substances

examined in the road dust of Min Max

petrol stations in Rzeszow

(Podkarpackie, Poland) Mo 4.61+0.44 3.57+0.18 10.26 +£2.24
U 5.07+0.81 <LOD 5.07+0.81
As 5.79+1.69 3.97+0.56 6.90+0.63
Hg 7.98+1.53 <LOD 7.98+1.30
Th 11.37+2.79 <LOD 11.37+2.46
Pb 11.52+3.48 3.78+3.05 45.93+2.87
Ni 26.07+6.40 19.63+15.30 3541+12.46
Cu 31.44+2.33 15.91+12.08 100.84 +13.68
Cr 46.61 £16.07 22.94+15.23 94.68+16.10
Ba 79.95+33.18 47.07+4.32 114.16 +27.09
Sr 89.70+2.71 48.19+2.07 141.493 +3.35
Sc 106.5+8.11 <LOD 106.35+8.01
Zr 109.18 +£3.09 40.16+2.11 248.91+4.46
Zn 165.88 +£9.44 33.88+13.62 771.08 +11.79
Mn 181.58 +£36.02 54.57+28.91 336.37+41.23
Ti 2334.56 +79.75 743.54 +£41.98 4015.79+109.45
Fe 9357.41+£117.43 3149.18 +67.05 14,100.69 +150.54
226 (95% confidence)

Mn, Cr, Ti, Sc, and Ba. RD collected from petrol sta- Ba (79.95+33.18 pg/g), Cr (46.61 +16.07 pg/g),
tion distributors in Rzeszéw is characterised by an aver- Cu (31.44 +2.33 pg/g), Ni (26.07 +£6.40 pg/g),
aged elemental composition. Fe (9357.41 £117.43 pg/g), Pb (11.52 +3.48 pg/g), Th (11.37+2.79 pg/g),
Ti (2334.56 +£79.75 pg/g), Mn (181.58 £36.02 pg/g), Hg (7.98 +£1.53 ng/g), As (5.79+£1.69 pg/g), U
Zn (165.88+9.44 ug/g), Zr (109.18 +3.09 pg/g), (5.07+0.81 pg/g) and Mo (4.61 +0.44 pg/g).

Sc (106.35+8.11 pg/g), Sr (89,70 £ 2,71 pg/g),
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Interestingly, a test sample (RD1) contained uranium
(5.07+0.81 pg/g). Only three samples tested (RD4, RDS,
RD14) contained Ba in their composition (the most in
the RD14 sample 114.16 ug/g+27.09). Surprisingly, the
samples RD1, RD2, RD 4, RD6, RD7, RD8 and RD20
contained arsenic (As) in a mean concentration mean
5.79 +1.69 pg/g. These elements are commonly associ-
ated with vehicle emissions, fuel combustion, and tyre and
brake wear. Another research indicated that RD contained
high levels of As, prompting a thorough examination of
the factors that influence it and possible health hazards.
This investigation involved integrating physical and chem-
ical data, mineralogical analysis, multivariate analysis, and
a simulated probabilistic risk assessment model (Rahman
et al. 2022). Furthermore, the presence of heavy metals
(As, Pb, and Hg) indicates the potential contribution of
gasoline and diesel combustion, as well as other anthro-
pogenic activities near the petrol stations. Their presence
underscores the importance of implementing pollution
control measures to mitigate the potential health risks
posed by prolonged exposure to these contaminants.

Toxicological Risk Evaluation of Components Under
Investigation

We test RD samples from gas stations because they con-
tain potentially toxicity substances. The method outlined in
“Toxicological Risk Assessment of Hazardous Elements in
Road Dust from Petrol Stations and Health Risk Assess-
ment” was used to calculate the non-cancer and cancer

Table 2 Dose [mg/(kgeday] for non-cancerous elements in road dust
from petrol station

Elements Ingestion Inhalation Dermal Mean

dose [mg/ dose [mg/ contact dose

(kgeday] kgeday] [mg/kgeday]
Mo 303E-05 847E-16 8.49E — 08 1.01E - 05
U 333E-05 931E-16  9.33E - 08 1.11E - 05
As 3.81E—-05 1.06E — 15 1.07E — 07 1.27E - 05
Hg 525E-05 147E — 15 1.47E - 07 1.75E — 05
Th 7T48E—-05  2.09E — 15 2.09E - 07  2.50E - 05
Pb 757E-05 2.12E-15 2.12E-07  2.53E-05
Ni 1.7IE-04 479E—-15 480E-07 5.73E-05
Cu 207E-04 578E-15 5.79E -07  691E - 05
Cr 3.06E -04  856E—15 8.58E — 07 1.02E — 04
Ba 526E—-04 147E-14 1.47E — 06 1.76E — 04
Sc 6.99E -04 195E-14 1.96E — 06  2.34E — 04
Zr 718E—-04 201E-14 20lE-06 2.40E - 04
Zn 1.09E-03 3.05E—-14 3.05E—-06  3.65E - 04
Mn 1.IE-03 334E-14 334E-06  3.99E - 04
Ti 1.54E-02 429E-13  4.30E-05 5.13E-03
Fe 6.15E — 02 1.72E — 12 1.72E - 04  2.06E - 02

Table 3 Lifetime average daily dose (LADD) [mg/kgeday] for As, Cr,
Ni, Zn, Pb, Cr, Cu

Elements  Ingestion Inhalation Dermal Total

As 135 E-05 376E—-16 3.77TE—-08 1.35E-05
Cr 1.54E-08 430E—-19 431E-11 1.54E-08
Ni 1.58E—-09 442E—-20 443E-12 1.59E-09
Zn 1.LIOE-02 3.09E-13 3.09E-05 1.11E-02
Pb 533E—-05 149E-15 149E-07 5.34E-05
Cr 1.54E-08 430E—-19 431E-11 1.54E-08
Cu 397TE—-04 1.11E—-14 1.11IE-06 3.98E — 04

exposure doses for each element discovered in RD samples.
The results of exposure dose estimates, accounting for oral,
dermal, and inhalation routes, for both cancer and non-
cancer scenarios are shown in Tables 2, 3, 4. The average
concentrations for both were calculated.

Dose calculations are based on certain toxicity stand-
ards. Due to the inaccessibility of site-specific biometric
factors, the values for these factors were taken from the US
EPA (2015). The above expressions were derived to pro-
vide conservative dose estimates so that remedial actions
can be taken to safely impact human health at the gas sta-
tion. Non-carcinogens doses from ingestion, inhalation, and
dermal contact were obtained for the current study and are
given in Table 2. Mean dose resulting from ingestion, inha-
lation and dermal contact of non-carcinogenic metals are
also given in this table. From this data it can be seen that a
maximum dose of 5.79 x 10~ mg/(kg day) and a minimum
dose of 2.07 x 10~ mg/(kg day) were obtained for elements
Cu. Elements Fe and Zn have ingestion dose in 6.15 x 107
and 1.09 x 107 mg/(kg day) range with dose for Ni is
4.80 x 1077 mg/(kg day) of dermal range. For lead, the aver-
age dose is 2.53 x 107> mg/(kg day). Lead was identified in
the study despite the availability of unleaded gasoline. Since
most elements are found in soil, the presence of exposed soil

Table 4 Hazard quotients (HQ) and hazard indexes (HI) for the inges-
tion pathway, per metal (at mean concentrations)

Element  HQ,,, HQ,,, HQ,., HI

Mo 6,06E-04 169E-14 1,70E-06 6,08E —03
Zr 897E+00  251E-10 251E-02  9,00E+00
U IL1IIE-02 3,10E-13 3,10E-13 1,IIE-02
Pb 2,J6E-02 6,05E—-13 6,06E—-05 2,17E—-02
As 127E-02 3,55E-13 3,55E-05 127E-01
Zn 3,64E-03 1,02E-13 1,02E-05 3,65E—-03
Cu 517E-03 144E-13 145E-05 5,18E—03
Ni 256E-04 7,15E-15 7,16E—-07 2,57E—-04
Fe 8 79E+00  246E-10 246E-02 8_81E+00
Cr 1,O2E+00  285E-11 2,8E-11 1,02E+00
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sections close to the sampling location affects the likelihood
of exposure to those elements. The dose of most of the ele-
ments from the three modes lies within the threshold range
of 1072-107%" mg/(kg day) which is considered safe. Inhala-
tion doses are higher (107'2-107'® mg/(kg day). The suspen-
sion of dust in inhaled air seems to be particularly dangerous
taking into account the results obtained and environmental
factors (US EPA 2015).

The LADD values for carcinogens were calculated
and are given in Table 3. These data show that the mean
LADD ranges between 1.11 x 10> mg/(kg day) for Zn and
5.34 x 107 mg/(kg day). Sources of these elements include
industries that require monitoring and regulation to reduce
the risk to people who come into contact with these exposure
points when refuelling.

Higher HI values are obtained for Fe, Mo, Cu using maxi-
mum and minimum values 8.81 x 10~ mg/(kg day) and
5.18 x 107 mg/(kg day). The HQ (HQ;,. HQ;,;,, HQq,,) and
HI values for lead are: 2.16 x 1072, 6.05 x 10713, 6.06 x 107>
and 2.17 x 1072 (for HI). For all three pathways, the aver-
age metal HQ values decline as follows: ingestion > dermal
contact > inhalation. This ranking agrees with the findings
of other research (Khairy et al. 2011; Du et al. 2013). These
results mean that adults are not exposed to potential non-
cancer health risks from heavy metals in RD when refueling
their vehicles. Similar results were obtained in work related
to contact with RD while at a bus stop (Wei et al. 2015).

Assessment of Hazardous Elements Including
Environmental Toxicology Context

RD, which consists of a heterogeneous mixture of particles
derived from various vehicle emissions, tyre wear, road
abrasion, and atmospheric deposition, has gained consid-
erable attention due to its detrimental impacts on environ-
mental quality and public health. Although previous stud-
ies have investigated the composition and health effects of
RD in general, there is a distinct knowledge gap regarding
the elemental characterisation of RD specifically obtained
from petrol stations. This novel research seeks to address
this gap by evaluating the elemental constituents of petrol
station dust and its potential implications for the environ-
ment and human well-being. So far, no studies have focused
on a detailed elemental description of RD found at petrol
stations; this dust can come from both soil and cars or fuels
and exhaust gases. Degradation of road paints releases large
amounts of glass microbeads into RD, which is then washed
away and carried by the wind into the environment. Dust
microbeads have many characteristics of the best techno-
genic marker of traffic pollution, e.g., microscopic dimen-
sions, low density, high thermal stability, and good weather
resistance (Migaszewski et al. 2021). We suspect that
this dust can pollute the environment and threaten people

(inhalation exposure during refuelling by customers or dur-
ing dust sweeping by employees).

It is worth paying attention to the presence of Pb in the
range of 3.78 pg/g +3.05-45.930+2.87 pg/g, which may be
characteristic of the dust that comes from the fuel stations.
It should be taken into account that from the 1960s Pb was
removed from gasoline, but removal was completed in 2021
(Angrand et al. 2022). According to the US Environmental
Protection Agency, Pb may be from the lead paint used (eg,
painted fuel pump kerb edges) that has deteriorated in the
form of chips and dust or from previous renovation activities
and has ended up in lead dust or from the past (eg, dust com-
ing from the vicinity of the road as a result of emissions into
the air from vehicles fuelled with leaded petrol) (US EPA
2013). Lead is ingested and inhaled into the body through
sources such as soil, food, lead dust, everyday goods and the
workplace (Charkiewicz and Backstrand 2020). The authors
of this research emphasise that toxic exposure to Pb remains
a significant public health problem in Poland. Because toxic
components such as lead are so detrimental to human health
and even life, it is especially crucial to continuously advance
understanding in this area. The amounts of exposure and
absorption must be established in the case of Pb because the
symptoms of Pb poisoning frequently do not manifest for
several years. Insoluble lead compounds have been associ-
ated with airway inflammation, which can lead to airway
cancer (Khan and Strand 2018). Deficits in childhood neu-
robehavioral and cognitive development are known to be
caused by this element in home dust. According to Potgieter-
Vermaak et al. (2012), exposure to RD poses dangers, since
it contains Pb and Cr. Our studies showed the presence of Cr
in 13 samples (RD1, RD5-RD11 and RD13, RD16, RD20,
RD21 (in the range 22.94 +15.23 pg/g-94.68 +16.10 pg/g
). Lead chromate was commonly used as a pigment on col-
oured road signs until restrictions led to the development of
safer alternatives (Turner and Filella 2023). In this study,
chromium was detected (>5-50 mg/kg) in 81 samples at
concentrations of 20-20,000 mg/kg and most often in yellow
paints, and the concentrations covariate with the concentra-
tions of Pb (Turner and Filella 2023). Li et al. (2015) evalu-
ated the health effects of RD, discovering that children who
lived close to industrial regions had a higher risk of exposure
to Pb, Cr and Cu. Non-carcinogenic health risks were associ-
ated with the presence of higher concentrations of Ba, Pb,
and Cu n RD in high-traffic areas (Liu et al. 2014). Short-
term exposure to Cr has been found to trigger allergic
responses and respiratory discomfort in humans. Lung can-
cer has been associated with exposure to Cr for an extended
period (Wilbur et al. 2012). Publications from the 1990s
indicate the occurrence of respiratory tract cancer in petrol
station employees (Grandjean and Andersen 1991; Lagorio
et al. 1994). Dust curing can cause allergic reactions such as
coughing and sneezing, as well as pulmonary fibrosis
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(Habybabady et al. 2018). Huang et al. found that As is the
hazardous element in their assessment of the risk posed by
the ingestion and inhalation of these substances. The risk of
cancer associated with exposure to this element through RD
was high in children (Xu et al. 2013). As has been linked in
a meta-analysis to conditions such as anemia and leukope-
nia, as well as cardiovascular disease, birth defects, neuro-
logical and cognitive problems, diabetes, ototoxicity, and
peripheral vascular diseases. In the mentioned study, a cor-
relation was also discovered between increased amounts of
arsenic exposure and lung cancers (Kaur et al. 2011). Ele-
mental pollutants of RD can also come from road wear and
urban dust mainly generated by construction emissions),
engine exhaust, brake wear, and tyre wear (Amato et al.
2011). According to Apeagyei et al. (2011), the Zn and Ca
present in the RD samples were probably related to tyre dust.
The results of the measurements carried out on worn brake
pads showed high concentrations of, for example, Fe (mean
28.091 pg/g), Ca (mean 9185 pg/g), and Pb (73 pg/g). The
authors compared dust from urban roads with dust from rural
roads; Fe and Ti were significantly higher in dust from urban
roads (Apeagyei et al. 2011). Industrial activity has a differ-
ent effect on metal concentrations in soil and dust, with the
highest concentrations of Pb (373 mg/kg) and Zn (1022 mg/
kg) found in the refining industry (Gabarrén et al. 2017). An
environmental study conducted in Beijing (China) in 2020
found that the use of pesticides and fertilisers and traffic-
related exhaust fumes were identified as critical sources of
heavy metals in the spring (Men et al. 2020). A study by Luo
et al. (2022) in key cities in northwest China showed that
contamination in Pb dust storms (eg mean 46.2 mg/kg) and
Zn (233.2 mg/kg) was mainly from transport sources. Cd
(5.1 mg/kg) and Pb (146.6 mg/kg) from Jinan RD (China)
may have a potential pathogenic risk (Wang et al. 2023). The
authors of the cited papers propose that the regions and
sources of pollution that contribute to the increase in Pb and
Cd levels should be monitored. Taking into account the data
from the cited literature and our results, it can be assumed
that the tested samples of RD from petrol stations are char-
acteristic of traffic-related pollution, for example, Fe and Zr
from vehicle brake linings (Apeagyei et al. 2011; Migasze-
wski et al. 2021). Taking this as a premise, we decided to
assess whether the Fe:Zr ratio could be singled out as a
potential marker of traffic-related pollution. In our study, Fe:
Zr ratio (Supplementary Information 2, SI2) showed that the
highest ratio in the RD1 sample RD1 (No 1 from Fig. 1; Fe:
Zr=190.3) and the smallest ratio was in the RD7 sample
RD7 (No 7 from Fig. 1; Fe: Zr="78.4). The results are highly
divergent, with no overlap in the range of zones defined in
Fig. 1. It cannot be stated that they are in the same or similar
ratio in individual samples of RD. An attempt was made to
assess the critical assessment of the Fe: Zr ratio to assess the
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hot spots of brake lining contamination and assess the hot
zone and the cold zone of elemental contamination in the
city of Rzeszéw. These zones could not be assessed. There
is no doubt that the investigated petrol stations constitute a
hot spot, but the resulting hot spots do not form distinctive
combinations that could form the basis for defining the rel-
evant exposure zones (no analogies). Therefore, a critical
analysis of the results leads to the conclusion that petrol
stations in Rzeszow constitute hot spots, but characteristic
zones of exposure to hazardous elements cannot be defined.
Research conducted in Xi’an (China) on the analysis of met-
als in RD from petrol stations showed that Mn and Ni come
mainly from natural sources; Cr, Cu, Pb, Cr and Zn come
from traffic poles (Li et al. 2017). FP-XRF elemental analy-
sis of RD at Rzeszéw petrol stations can identify pollution
hotspots, indicating increased areas of pollution areas requir-
ing immediate attention and corrective action in the city
area. Such results were obtained in the work of Li et al.
(2017)—the high concentration of heavy metals is located
on the inner and second ring road of Xi’an, China. Further-
more, the metal content in the south is higher than in the
north. In these studies, Ni, for example, was shown to aver-
age 33.05 mg/kg, Pb 96.63 mg/kg (Li et al. 2017). Another
study refers to the fact that heavy metals in particulate matter
in another part of the world have a significant impact
because particulate matter can penetrate human organs and
systems, causing a number of diseases (Mahmoud et al.
2023). This study assessed dust samples from 20 different
types of roads in a busy area of Doha during the winter of
2016-2017. The study used indicators of heavy metal pol-
lution levels such as Igeo and IPI. Igeo was found to be
moderate to highly polluted, except for Cu. The IPI indicated
a high level of pollution, with Zn being the most abundant
pollutant. Mahmoud et al. (2023) proposes conducting inten-
sive research to investigate the chemical behaviour and
sources of heavy metals in urban dust to enable comprehen-
sive control of particulate matter emissions, which is con-
sistent with our approach.

There are studies relating to cities in Poland, which may
be particularly helpful in interpreting our study, taking
into account environmental, geographical, and legal fac-
tors. The study by Zgtobicki and Telecka (2021) assessed
the level of hazard and cancer risk index for Cd, Cr, Cu,
Ni, Pb and Zn contained in street dust collected in 2013
and 2018 in 62 points located in various parts of a small/
medium-sized city (Lublin, Poland). For example, in rela-
tion to our results, the study confirms that the average
hazard index (HI) for the individual elements included in
the cited study and ours reached very low levels (<0.01).

In our study, observing the correlations between pet-
rol stations in the city centre and the suburbs, it cannot
be said that those in the city centre are more polluted.
The results of individual elements from different stations
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are characterised by different levels of impurities. The
research we propose may be helpful in the analysis of the
current and implementation of new urban pollution control
areas in the context of road transport. This is related to
external and internal guidelines on maintaining an appro-
priate level of cleanliness and taking care of the intervals
to maintain the cleanliness of general accessible places in
petrol stations with RD in the context of environmental
and public health regulations. Identifying and quantify-
ing specific hazardous elements present in petrol station
dust can inform the design and implementation of effective
pollution control measures. By understanding the contri-
bution of various elements to overall levels of pollution,
appropriate mitigation strategies can be devised, such
as better vehicle maintenance practices, emission con-
trol technologies and improved dust control measures, to
reduce environmental contamination and minimise human
health risks.

Conclusions

The elemental analysis by FP-XRF spectroscopy as a
‘white analytical technique’ of RD collected from petrol
stations in Rzeszéw (Podkarpackie, Poland) represents a
significant scientific endeavour with substantial environ-
mental quality and human health implications. The nov-
elty of study lies in its pioneering application of FP-XRF
as a ‘white analytical technique’ for the rapid, direct and
non-destructive analysis of hazardous elements in RD,
setting a new standard for environmental assessments.
The findings of Rzesz6éw provide a critical foundation for
identifying pollution hotspots and determining sources
of traffic-related pollution, particularly potential mark-
ers such as Fe and Zr derived from brake linings. This
information is invaluable for source allocation, exposure,
and health risk assessments, facilitating the formulation
of targeted mitigation strategies.Our studies of hazardous
elements in the dust of petrol stations have allowed the
identification of primary sources that contribute to pol-
lution in the vicinity. Based on our critical research, it
was not possible to determine the hot zone in Rzeszéw
in which pollution in the city centre is higher than in the
suburbs, but it is possible to observe places where the Fe/
Zr ratio is the highest where it can be identified as a poten-
tial marker of traffic-related pollution. Therefore, it can be
suspected that Fe and Zr are potential markers of brake lin-
ing contamination. This knowledge can facilitate targeted
interventions and regulatory measures to mitigate specific
pollutant emissions, thus improving overall environmen-
tal health. These findings are expected to guide policy-
makers, regulatory bodies, and stakeholders in adopting
evidence-based measures to reduce pollution, protect the

environment, and protect the well-being of individuals liv-
ing or working near petrol stations. An important solution
proposed by Isaifan and Baldauf (2020) is to plant more
trees, which can influence the concentration of air pollut-
ants we breathe by directly removing them or avoiding
emissions and secondary formation of pollutants in the
atmosphere. It will be crucial to consider detailed develop-
ment plans and other related documents not only within
the city in our study (Rzeszow, Poland) but also general
guidelines for approving residential and school build-
ings near main roads and petrol stations. Identifying and
determining hazardous elements in petrol stations provides
valuable information to assess possible human exposure.
Understanding the pathways through which these contami-
nants can enter the human body is a future perspective for
evaluating associated health risks and implementing effec-
tive risk management strategies. Undoubtedly, this is a
complex environmental problem; therefore, more research
is needed to solve this problem. Research presents a chal-
lenge because of the large number of variable factors that
can affect the quantitative and qualitative composition of
RD. When it comes to non-cancerous effects, eating is the
primary mode of exposure, followed by skin contact and
breathing in gas station RD. Both carcinogenic and non-
cancer health risks are within the acceptable range.

This study underscores the importance of developing
evidence-based policies and regulatory frameworks to min-
imise environmental pollution and protect public health,
particularly for people residing or working near petrol sta-
tions. Policymakers, regulatory authorities, and stakeholders
are urged to take advantage of these findings to formulate
targeted measures that address identified pollution sources
and hotspots. Moreover, emphasising the need for further
research, our results study recommends expanding the scope
of environmental assessments to include a broader range of
pollutants and employing not only FP-XRF but other port-
able instruments (eg. portable gas chromatographs, portable
Infrared/Raman spectrometers) for a more comprehensive
evaluation of environmental risks. Future studies should also
explore the effectiveness of pollution control technologies
and dust management practices in reducing exposure risks.

Lastly, for the first time we applied and planned environ-
mental studies using FP-XRF as a ‘white analytical tech-
nique’ for direct and rapid toxicological analysis of hazard-
ous elements in RD. Our study details a robust methodology
for sample collection, preparation, and analysis using FP-
XRF, serving as a procedural blueprint for environmental
scientists and researchers undertaking similar assessments.
The streamlined approach ensures high-quality, reliable data
acquisition, crucial for accurate environmental and toxico-
logical evaluations.
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