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The metal composition of road-deposited dust along the Abu Dhabi-Liwa
Highway was investigated to provide insight into the contamination profile and
levels of road dust. The average concentrations of metals decreased in the order Al
(28668 + 4631 mg/kg)> Fe (21461 + 2594 mg/kg) > Mn (711.8 + 76.3 mg/kg) > Zn
(210.6 + 51.6 mg/kg) > Cu (94.9 + 15.8 mg/kg) > Pb (83.6 + 5.3 mg/kg) > Cd (75.1 +
1.6 mg/kg) > Co (62.6 + 6.4mg/kg) > As (4.7 + 29mg/kg) > Ni (0.10 +
0.19 mg/kg) > Cr (0.08 + 0.06 mg/kg). The spatial variations of metals suggest
different sources and contributing factors for these metals, with most dust metals
having mixed traffic and non-traffic origins. The contamination factor (CF) and
enrichment factor (EF) showed identically the same order, Cd> Pb> As> Zn> Co>
Cu> Mn> Ni> Cr, whereas the geoaccumulation index (lge0) follows a slightly
different ranking, Cd> Pb> Zn> Co> As> Cu> Mn> Ni> Cr. Based on EF and CF
levels, roadway dusts are enriched in all metals, except for Ni and Cr. Similarly, the
average lyeo values show differing rates of pollution for all metals except for Mn, Ni,
and Cr. All pollution indicators suggest extreme pollution with Cd. The pollution
loading index values showed sites 1-10 are generally polluted, while sampling sites
from 11 to 19 are unpolluted with decreasing pollution loadings. Dusts collected
from both sides of highway were higher in metal content than those obtained from
the central reservation area. This may be due to the prevailing southeast wind
direction, resuspension of road dust, and farmlands, among others. Soils bordering
the highway showed high metal contents with potential consequences on the
agricultural products.
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1 Introduction

Concern over the contributions of roadside dust to public health
is escalating worldwide, and the United Arab Emirates (UAE) is no
exception (Al-Taani et al., 2019b; Nazzal et al., 2021a; Maloukh et al.,
2023). The road network system in the UAE has significantly
increased from 4080 km in 2008 to about 18255km in 2020.
This coincided with a growing number of vehicular fleets. As
such, residents are increasingly exposed to vehicle exhaust and
non-exhaust emissions, especially those living in the vicinity of
highways and the road users (Al-Taani et al., 2019a; Nazzal et al,
2021b).

High metal contents (and enrichment) were reported in road
dust in many parts of the world, especially in urbanized areas, and
have primarily been attributed to the traffic-related emissions (Al-
Taani et al., 2019a). Vehicular emissions include complex mixtures
of metals that accumulate in roadside dust and soil (Al-Taani et al.,
2019a). These metals can originate from tires, brakes, fuel, and
engine oil, among others. In addition, numerous other metals have
been introduced into the environment due to the recent
development of automotive products and technologies. The
elemental composition of roadside dust may also be derived from
diverse geogenic sources (Al-Taani et al., 2018; El-Radaideh and Al-
Taani, 2018).

Metals in urban road deposited dust can provide information
about the local environment and the regional sources (Cai and Li,
2019). The background levels of metals in ambient air in the UAE
are likely elevated as the country is influenced by multiple emission
sources (Al-Taani et al.,, 2019a). In addition to the local sources of
metals, such as industrial activities and the transportation sector, the
UAE is affected by wind-blown dust enriched in metals that
originates from the Arabian Gulf region, especially when the
north-westerly winds become predominant (Al-Taani et al,
2019b; Nazzal et al., 2019). The Arabian Gulf is home to one of
the world’s largest oil and gas reserves, with refineries and
petrochemical industries that emit substantial amounts of metals
into the atmosphere (Al-Taani et al., 2014; Batayneh et al., 2014;
Nazzal et al., 2021a). Airborne metals can be transported from the
emission sources in the Arabian Gulf region to the UAE (Al-Taani
et al, 2019b). These atmospheric metals may be subjected to
deposition and accumulation in roadside soil and dust. The
impact of long-range atmospheric transport of metals will
probably intensify due to climate change as the climate models
consistently project that the region is prone to increasing aridity and
drought frequency, with implications for severe and extended
episodes of dust storms (Al-Taani et al., 2015b). Metals emitted
into the atmosphere by human activities may deposit in the vicinity
of the emission area but can also be deposited “en route” during their
long-range transport (Petersen, 1999; Al-Taani et al., 2015b).
Despite many efforts made to regulate and control exhaust
vehicular-emitted metals, legislation relevant to non-exhaust
pollution sources is lacking.

This study provides a detailed analysis of metal content in dusts
and soils collected from the Abu Dhabi-Liwa Highway and assesses
the level and profiles of contamination. About 123 km of the
highway were sampled to unveil any spatial variations in metal
content and assess their potential sources and contributing factors to
the observed levels of metal contents in road dust. Heavy metals in
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soils bordering the highway were assessed for the long-term impact
of vehicular emissions.

2 Materials and methods
2.1 Road dust sampling and analysis

The study area is located between Abu Dhabi and Liwa and is
characterized by prevailing arid conditions. The area is covered
by aeolian dunes of the Holocene and Pleistocene eras that
dominate the surface geology. It contains an extensive sand
and gravel plain with a thick blanket of aeolian dunes. The
majority of Abu Dhabi Emirate soils are sandy, sandy
calcareous, gypsiferous, saline, saline gypsiferous, and hardpan
soils. Sandy desert soils (Entisols) are dominant, followed by
Aridisols and Inceptisols to a relatively lesser extent (Shahid and
Abdelfattah, 2008). The Liwa area hosts a large shallow
groundwater aquifer that has been overused for irrigation.

Nineteen sites were sampled for road dust alongside the Abu
Dhabi-Liwa Highway in February 2021 (Figure 1). It is a relatively
busy highway with high traffic loads. The length of the area sampled
is about 123 km, and the majority of samples were obtained from the
accumulated dust near the road’s edge and trapped by the road
concrete pavement. In sites where pavements are absent, dust was
carefully collected from the top few centimeters of roadside soil. In
some selected locations, soil adjacent to the highway was collected
and analyzed.

The sampling sites were chosen from both sides of the highway
and central reservation area to investigate the potential impacts of the
prevailing wind direction and the spatial variability. Sampling sites
were selected based on accessibility, intersections, topography,
susceptibility to wind impact, and proximity to farmlands and
trees/shrubs that act as windbreaks. These sites are located at
varying distances (from 0 to 50 m) off the highway. Samples were
obtained by gently sweeping with a polyethylene brush, kept in
plastic bags, and transported to the laboratory after labeling. Sample
locations were positioned with a portable GPS meter. All samples
were air-dried and sieved through a 2-mm sieve to allow for the
removal of plants, debris, and other objects. Then, 200 mg of the
sample was acid-digested in 6 mL HNO;, 2 ml HCI, and 2 ml HF and
heated at 150°C for about 40 min. The digested mixture was filtered
through Whatman filter paper No. 42, where the filtered digest was
then transferred to a 50-ml plastic volumetric flask and filled up to
the mark with deionized water. The metal composition of dusts and
soils was measured by Agilent 700 series ICP-OES. A certified
reference material (CRM) (IAEA soil-7) was used for validation.
Detection limits and accuracy details are tabulated in Table 1. All
samples were run in duplicate, and values were averaged. Analytical
blanks were run simultaneously, and concentrations were measured
using standard solutions prepared in the same acid matrix (to
double-check for any contaminations during digestion and
analysis). The accuracy was assessed by analyzing NIST 1646, a
standard reference material.

Dusts were analyzed for anions and cations as follows: 0.8 g
sample was added to 8 ml of Milli-Q water, and the mixture was
shaken, sonicated for 50 min, centrifuged, and filtered through a
0.45-pum disc syringe filter. The Thermo ICS-5000" (Waltham,
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Location map of the roadside dust sampling sites obtained along the Abu Dhabi-Liwa Highway.

TABLE 1 Detection limits and accuracy details for heavy metal analysis.

Detection limit (ug/L)

Accuracy (in terms of % recovery)

Cd 0.2 95.2-105.1
Cr 0.5 93.2-103.5
Mn 0.1 94.2-104.3
Ni 0.9 92.1-108-2
Pb 1.9 93.8-103.8
Zn 0.3 94.4-102.9
As 3.7 95.8-103.9
Al 2.8 93.4-108.1
Fe 1.1 93.2-106.3

MA, United States) ion chromatography system was used
throughout this work. Instrument control and data acquisition
were performed using Chromeleon” software. The ICS-5000*
system, coupled with two different eluent pumping systems,
and detectors, used for the
simultaneous separation of anions and cations. A 25-pl sample

suppressors, columns, was
loop was used for all the work.
Anionic (SO, and NO;) separation was performed on a

Thermo™ IonPac™ AS17 column (250 mm, 4 mm ID) used
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with a Thermo AG17 guard column (50, 4 mm ID), coupled to
a Thermo ERS AERS 500- 2 mm suppressor. Hydroxide eluent
gradients were generated online using the Thermo EGC-KOH
Potassium Hydroxide Eluent Generator Cartridge. Isocratic flow
was used throughout the analysis. For the cationic (Ca, Mg, Na,
and K) determination, analysis was performed on a Dionex™
TonPac™ CS12 column (250, 4 mm ID), preceded by a Dionex
CG12 guard column (50, 4 mm ID), in series with a Thermo ERS
AERS 500- 2mm suppressor. Methanesulfonic acid eluent
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TABLE 2 Basic statistics of the metal contents of road dust obtained from the Abu Dhabi-Liwa Highway (mg/kg).

As cd Cu Ni Pb Zn Co Cr Mn Fe Al
Mean 473 75.14 94.94 0.1 83.63 210.63 62.58 0.08 711.67 21461 28668
Min 0.14 73.27 50.97 0.001 7161 115.9 47.37 0.01 540.56 17004 21969
Max 8.24 80.49 113.85 0.79 92.62 279.15 70.47 027 923.95 25368 37135
Stand dev 2.86 1.62 15.83 0.19 5.28 51.62 635 0.06 76.25 2594 4631
Median 512 74.84 97.98 0.06 84.36 231.37 64.28 0.07 717.86 21921 27504
CV (%) 58.6 22 16.7 104.7 63 245 10.1 75 10.7 12.1 16.2
Kurt -1.56 6.06 2.09 8.81 0.35 -1.05 0.09 5.21 343 -128 -0.7
Skew -0.167 2.1 -135 273 -0.36 -045 -0.87 19 0.54 -0.04 0.63
Upper continental crust
L5 ‘ 0.098 ‘ 55 20 20 71 25 35 700 44900 80290
gradients were generated online using the Thermo EGC-MSA
Methanesulfonic Acid Eluent Generator Cartridge. Eluents used 1200
were pre-filtered through 0.45-um nylon membrane filters
(Phenomenex, Sydney, Australia). 1000 N
800
2.2 Metal pollution indices ® 600
E
The enrichment factors (EF) help distinguish crustal and natural 400
s .. . Zn
sources of metals from those of anthropogenic origin (El-Radaideh ]/I\T/T_l__j I I [ 11
et al., 2014). The EF of metals in road dust was estimated relative to 200 |/T/ 1 ! | [ 1\T\; | /}/ *\f }\1/ f— -
their abundance in the upper continental crust (Yardley, 1986) H%‘M‘[a T T T 1]

(Table 2) using the following equation:

_ (M/Al) sample

EF = ———+~———,
(M/Al) crust

(1)

where the M/Al sample is the ratio of the metal (M) content to Al
in dust samples and M/AI crust is their relative ratio in the upper
crust (Table 1). Al was used as the normalization reference element
because it is abundant in the continental crust. Samples were
classified as minimal enrichment (EF<2), moderate enrichment
(2<EF<5), significant enrichment (5<EF<20), very high
enrichment (20<EF<40), and extremely high enrichment (EF>40)
(Yongming et al., 2006).

The geo-accumulation index (Ig,) is also used to assess the
intensity of metal contamination in road dust. Iy, was estimated
using the following equation (Mueller et al., 1993):

Cn
Igeo = log2 ———

s 2
1.5Bn @

where Cn is the concentration of n-metal in dusts and Bn is the
geochemical background concentration of n-metal. Here, 1.5 is the
correction factor of the background matrix. The I, index consists of
seven classes (Mueller et al., 1993): unpolluted (Ig.,<0), unpolluted to
moderately polluted (0<Ig,<1), moderately polluted (1<Ig,<2),
moderately to heavily polluted (2<Ig,<3), heavily polluted
(3<Igeo=4), heavily to extremely polluted (4<I,e,<5), or extremely
polluted (Igeo>5) (Mueller et al., 1993).
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FIGURE 2
Spatial distribution of Mn, Zn, and Cu in dusts collected from the
Abu Dhabi-Liwa Highway.

The contamination level of road sweepings for metals is further
assessed by the contamination factor (CF), which enables the
determination of the degree of metal pollution in dusts (Hakanson,
1980). The CF is the concentration of metal divided by the baseline or
background value (Hakanson, 1980). Samples were classified as low
contamination (CF°1), moderate contamination (1<CF3), considerable
contamination (3<CF<6), and very high contamination (CF6) [20].
The average abundance in the upper continental crust was used as the
background values for I, and CF.

Dust samples were also evaluated by the pollution load index
(PLI) of metals using the following equation (Tomlinson et al,
1980):

PLI = (CF1xCF2 ........ x CFn)"", (3)

where CF is the calculated contamination factor and n is the
number of metals. Based on Tomlinson et al. (1980) the PLI is
classified as contaminated (PLI>1), at baseline level (PLI = 1), or not
contaminated (PLI<1).
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FIGURE 3
Spatial distribution of As, Ni and Cr content in dusts collected
from the Abu Dhabi-Liwa Highway.
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FIGURE 4
Spatial distribution of Al, Fe, Cd, Pb and Co in dusts collected
from the Abu Dhabi-Liwa Highway.

3 Results and discussion

The concentrations of As, Cd, Cu, Ni, Pb, Zn, Co, Cr, Mn, Fe and
Al, along with Ca, Mg, Na, K, CI, SO,4, and NOj; in Abu Dhabi-Liwa
Highway dusts are summarized in Tables 2, 7 and are presented in
Figures 2-4. Overall, the variability of metal contents in road-
deposited dust suggests different sources and contributing factors
for these metals. The largest variations were observed for Ni by a
factor of 791 (difference between the highest and lowest values),
although Ni concentration is consistently below 0.8 mg/kg for all
dust samples. As and Cr showed relatively large variations by factors
59 and 22, respectively. Cu, Zn, Mn, and Al varied by factor 2,
whereas the lowest variations (by factor 1) were reported for Cd, Pb,
Co, and Fe.

Based on
dust

abundance, the metal composition of

roadside decreased in the following order:
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Al>Fe>Mn>Zn>Cu>Pb>Cd>Co>As>Ni>Cr (Table 2). A high
amount of Mn was detected in all samples, irrespective of the
sampling site, ranging between 540.6 and 923.9 mg/kg with an
average of 711.4 mg/kg (Table 2; Figure 2). A similar finding
was reported in roadside dust collected from the Abu Dhabi-Al
Ain highway (Al-Taani et al., 2019a), where Mn was the most
abundant heavy metal.

Mn in roadway dust links to traffic emissions (Straffelini et al.,
2015), where Mn is employed in fuel additives, anticorrosion, and
other automobile applications (inner panels, heater, and radiator
tubes) (Candeias et al., 2020). Apeagyei et al. (2011) found metal
concentrations in brake pads in the following order:
Mn>Zn>Pb>Cr>Cd. Previous studies in this region (from Saudi
Arabia, Iran, Kuwait, and the UAE) reported significant amounts of
Mn in roadside dust (Table 3) and have been attributed to traffic
emissions and crustal sources. The EF values of Mn ranged from
2.14 to 3.80 (Table 4), indicating moderate anthropogenic
enrichment caused partly by vehicular non-exhaust emissions.
Natural sources include atmospheric deposition (Al-Taani et al.,
2015a) and weathering of granitic rocks, which may influence Mn
content along with Fe, Al, Mg, and Na (Romao et al, 2013). In
sampling site 8, road dusts were trapped between the road edge and
pavement with high loads, where a peak in the Mn level (as well as
Zn, Cr, As, and Cd) was measured. In addition to motor emissions,
the application of manure in farms bordering Site 8 and the
resuspension of agricultural soil irrigated with sewage water,
which is the primary source of irrigation water, are contributing
factors to Mn (as well as Zn, Cr, and Cd) (El-Radaideh and Al-Taani,
2018). This is consistent with the relatively high Aslevels observed in
this site, which are linked to the resuspension of agricultural soils
with phosphate fertilizers.

Zn is the second-most abundant heavy metal in road-deposited
dust, with concentrations in the range of 115.9-279.1 mg/kg and an
average of 210.6 mg/kg (Figure 2; Table 2). Road dust is significantly
enriched in Zn, with enrichment values ranging between 5.2 and
12.8 (Table 4). Similarly, elevated levels of Zn were observed in the
neighboring countries with similar traffic flow and an arid climate
(frequent dust storms), where 292.92 mg/kg was observed in road
dusts in Iran, 241.06 mg/kg in Iraq, 137-181 mg/kg in Oman, and
about 487.52 mg/kg were reported from one of the busiest highways
in Jeddah, Saudi Arabia (Table 3). Traffic-related materials are an
important source of Zn, including tire rubber, brake wear, engine oil
additives, and fuel combustion (Sternbeck et al., 2002). Zn is the
most abundant metal measured in tires (Apeagyei et al, 2011).
Relatively higher concentrations were recorded in sampling
locations 4, 8, and 13 (among others) due to road junctions and
high traffic volumes, indicating brake and tire wears (Al-Taani et al,,
2019a). Resuspended agricultural soils following extensive use of
manure and sewage water are an important source of Zn, especially
in location 8.

The highway starts at a low-speed traffic zone. The smooth
traffic flow with lower velocity and no breaking next to sample 1 is a
major factor contributing to the relatively low levels of traffic-related
metals observed in this location, particularly Zn, Cd, Ni, and Cr (and
partly Mn), as these metals are associated with brake and tire wear,
and corrosion of vehicle’s metallic parts (Al-Taani et al., 2015a).

The Abu Dhabi-Liwa Highway is frequently used by heavy
trucks, where tire wear generally increases with increasing
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TABLE 3 Heavy metal concentrations (mg/kg) in road dusts reported from different cities in the region.

Country City As (@] Ni Pb Zn Cr Mn Reference

UAE Abu Dhabi-Liwa Highway 4.60 75.14 0.10 83.63 210.63 0.08 711.67 Present study

UAE Abu Dhabi-Al Ain Highway 0.23 0.48 0.3 50.05 173.01 - 1158.5 Al-Taani et al. (2019a)
Kuwait Kuwait 27.3 - 26 16.9 53 284 184.1 Al-Awadhi and Aldhafiri (2016)
Oman Muscat 14-54 - 6.5-9.0 17.6-19.4 137-181 1.5-2.7 - Al-Shidi et al. (2020)
Jordan Agaba - 1.9-2.9 51-115 93-212 103-160 - - Al-Khashman (2007)
Iran Bandar Abbas 8.28 0.42 65.97 59.85 292.92 73.51 458.75 Heidari et al. (2021)
Saudi Jeddah 21.55 7.46 51.29 140.7 487.52 65.43 550.61 Shabbaj et al. (2017)
Iraq Kurdistan - - 76.36 157.79 241.06 78.75 - Amjadian et al. (2018)
Bahrain Bahrain - 1.5 12 742 67 9.6 - Madany et al. (1994)
Pakistan Islamabad - 5 23 104 116 - - Faiz et al. (2009)

TABLE 4 Summary of the contamination factor (CF) and pollution load index (PLI) for heavy metals in road dust collected from the Abu Dhabi-Liwa Highway.

Mean 1.02 0.002 2.97 4.18 766.74 0.005 315 1.73 250 0.92
Min 077 0.000 1.63 358 747.62 0.000 0.09 0.93 1.89 0.54
Max 1.32 0.008 393 463 821.30 0.016 549 2.07 2.82 1.37
Median 1.03 0.002 326 422 763.66 0.003 341 1.78 257 0.94
STDEV 0.11 0.002 0.73 026 16.52 0.005 1.85 029 025 025
Igeo
Mean -0.57 -9.75 0.94 1.48 9.00 -9.48 0.62 0.18 0.73
Min -0.96 ~12.09 0.12 1.26 8.96 ~14.78 -4.01 ~0.69 034
Max -0.18 -7.61 1.39 1.63 9.10 -6.51 1.87 0.46 091
Median -0.55 -9.50 112 1.49 8.99 -8.97 1.19 025 0.78
STDEV 0.15 1.07 039 0.09 0.03 2.32 1.48 0.28 0.15
EF
Mean 2.90 0.006 839 11.96 2195.60 0.014 8.96 5.02 7.23
Min 2.14 0.001 523 8.83 1644.34 0.000 026 2.14 438
Max 3.80 0.018 12.83 15.39 2732.33 0.051 17.18 7.43 10.30
Median 291 0.005 8.18 11.63 2263.00 0.008 8.24 535 7.20
STDEV 0.46 0.004 213 1.79 319.62 0.015 549 1.37 1.59
vehicle weight. This is likely to elevate the non-exhaust traffic- Cu contents varied between 50.97 and 113.85 mg/kg, with a

related emissions of metals (Zn, Cr, Cd, and Co) because of mean concentration of 94.94 mg/kg (Figure 2; Table 2). The
increased brake, tire, and road wear (Simons, 2016). The road  variations of Cu levels showed no trends. The EF values in Cu in
surface roughness is another important parameter (as observed  roadway dust ranged from about 2.1 to 7.3 (Table 4), indicating
in this highway from sample site 11 onwards) as it influences = moderately to significantly enriched dust. Cu has been widely
the tire wear or friction between the tire and asphalt associated with brake wear, tire tread wear, dust emissions
with subsequent increases in the road surface loads  (Loganathan et al, 2013), and corrosion of metallic parts (Al-
(Amato et al., 2011). Taani et al., 2015a). These potential sources are relevant for the
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fine size fractions (Gietl et al., 2010), similar to those collected in this
study.

Ni and Cr were the least abundant in dust and soil samples
among the metal elements investigated. Ni ranged from 0.001 to
0.328 mg/kg with a mean amount of 0.01 mg/kg, whereas Cr varied
between 0.08 and 0.268 mg/kg averaging 0.012 mg/kg (Table 2). The
average enrichment index values indicate that Ni and Cr are derived
from crustal materials or natural processes (EF<0.05) (Table 4). Low
levels of Ni were also reported in the Abu Dhabi-Al Ain Highway
dusts at 0.3 mg/kg (Table 3). However, significant concentrations of
Ni were measured along major highways in the neighboring
countries, with values above 50 mg/kg in Jordan, Iran, Saudi
Arabia, and Iraq, 23 mg/kg in Pakistan, and 12 mg/kg in Bahrain
(Table 3) and linked to vehicular-related emissions.

Road-deposited dust appeared to be variable in As, with a
distinct decreasing trend (Figure 3). As values ranged from
0.14 to 8.24 mg/kg with an average value of 4.73 mg/kg (Table 2;
Figure 3). Elevated levels of As were reported from roadside dust in
major cities in middle eastern countries, for example, 27.3 mg/kg
was found in the city of Kuwait, 8.28 mg/kg in Bandar Abbas (Iran),
21.55 mg/kg in Jeddah (Saudi), and up to 5.4 mg/kg in Muscat
(Oman). The As enrichment levels in this study, ranging from
0.26 to 17.18 (Table 4), indicate that only a few sites are
predominated by natural sources, whereas the vast majority of As
content is attributed to anthropogenic activities. Sampling sites from
1 to 16 are significantly enriched in As, with a spatially decreasing
intensity of enrichment toward site 19. The low As content at site
19 exhibited crustal sources with almost non-existent agricultural
activities in the vicinity of dust sampling locations. The As rich dust
in the study area originates mainly from resuspended agricultural
soil as roadside dust samples obtained from sites 2-15 were
surrounded by farmlands and cropping areas with excessive use
of agrochemicals (fertilizers and pesticides) and biosolids. The UAE
is one of the largest consumers of fertilizers, with a consumption rate
of 643.4 kg/hectare of arable land in 2020 compared to the world
average of 180.1 kg/hectare (Economy, 2020). Arsenic is associated
with pesticide application, organic manure, and phosphatic
fertilizers (Candeias et al., 2020) commonly used in these farms.
In addition to agricultural sources of As in this area, As is originated
from motor-related non-exhaust emissions as the elemental As is
employed in manufacturing Pb alloys (in Pb-acid batteries) and Cu
(Office of Air Quality Planning And Standard, 1998; Agency for
Toxic Substances and Disease Registry ATSDR, 2007).

The concentrations of Al and Fe (along with Cd, Pb, and Cu)
varied with no distinct trends (Figures 2, 4). Fe and Al ranged from
17005 to 25368 mg/kg and 21969-37135mg/kg, respectively
(Table 2). A significant amount of Fe and Al is related to crustal
sources, especially in arid regions (Shahid and Abdelfattah, 2008;
Yusuf et al., 2011; Al-Rousan et al., 2016). This is supported by the
EF values of Fe (1.1-1.7), which suggest a deficiency due to minimal
enrichment and dominant contributions from natural sources for
this metal. In addition, Fe and Al originate from the atmospheric
deposition of mineral dust and soil sources where dust storms are
frequent in this extremely dry region (Al-Taani et al., 2015a).

Highly elevated levels of Cd have been observed, ranging from
73.3 to 80.5 mg/kg, with an average of 75.14 mg/kg (Figure 4;
Table 2). The EF values of Cd indicate that road dust samples
from the Abu Dhabi-Liwa Highway were extremely highly enriched
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in Cd (Table 4). Cd (and Pb and Zn) in roadside soils and urban soils
are linked to traffic activities (Wiseman et al.,, 2012; El-Radaideh
etal., 2017; Padoan et al., 2017; Yan et al., 2018; Nazzal et al., 2021a).
High concentrations of Cd have also been reported in Jeddah
(7.46 mg/kg), Aqaba (up to 2.9 mg/kg), and Islamabad (5 mg/kg)
(Table 2).

These concentrations of Cd are attributable to multiple human
sources. Heavy trucks and high speeds along this highway contribute
to increased brake wear, where Cd is used as plating in brake pads to
prevent corrosion (Planning, Implementing, and Evaluating Health
Promotion Programs, 2008). In addition, Cd is released from diesel
fuel (a large number of diesel-fueled tracks use this highway) and
vehicle paints (Wahab et al., 2020). In addition, Cd inputs are
attributed to resuspended agricultural soil irrigated with sewage
water, the use of phosphate fertilizers, and manure (Alloway and
Steinnes, 1999; Luo et al, 2009). The peak in Cd observed in
sampling location 8 is in close proximity to a rest area for truck
drivers. In this area, oil and diesel leakages were found where drivers
tend to do some emergency repairs, check-ups, and oil changes. This
part of the highway is characterized by congestion and low speed
with frequent braking, which is likely to add more Cd (and other
heavy metals) to the highway sweepings. High road dust loadings
were observed in this area as dust was trapped between the road edge
and pavement.

Similar to Cd, all sampling sites detected a substantial amount of
Pb content in dust samples. Pb varied between 71.61 mg/kg and
92.62 mg/kg (with a mean value of 83.63 mg/kg) (Figure 4; Table 2).
Elevated levels of Pb were measured in road dust deposition in major
cities of this region, where 93-212 mg/kg was reported in Aqaba
(Jordan), 140.7 mg/kg in Jeddah (Saudi), 157.79 mg/kg in Kurdistan
(Iraq), 742 mg/kg in Bahrain, 104 mg/kg in Islamabad (Pakistan),
16.9 mg/kg in Kuwait, and 50.05 mg/kg along the Abu Dhabi-Al
Ain road (UAE) (Table 3), with motor-related activities as the
primary contributors. The higher values observed in the present
study for Pb suggest anthropogenic sources. Moderate to significant
levels of enrichment for Pb were obtained for road sweepings
ranging from 8.83 to 15.40 (Table 4).

A high content of Pb was found in the dust sampling site 1. This
location was chosen in the low-speed traffic zone near a residential
area and a temporary truck parking station, where the diesel-
powered trucks remain idle while parking with subsequent higher
tailpipe emissions of Pb (Al-Taani et al., 2019a). In the vicinity of site
7, a gas station is located, where a relatively high content of Pb was
also noticed. Before approaching the gas station, drivers often reduce
speeds with minor traffic jams and stop-start maneuvers, causing
increases in Zn, Co, and Cu levels.

Pb is used for vehicle wheel balancing, paints, and road surfaces,
which may erode, abrade, and accumulate in urban streets (Zafra-
Mejia et al., 2011; Zhang et al., 2016; Adamiec, 2017). In addition, Pb
(and Cu) is associated with the use of lubricants, and Pb oxide is
employed as a component of brake friction materials (Adamiec,
2017). Although Pb was phased out as a gasoline additive in the
UAE, it may be observed that Pb is a persistent environmental
element (Root, 2000).

Significant amounts of Co for roadway sweepings ranging from
47.4 t0 70.5 mg/kg were measured (Figure 4; Table 2). In the absence
of other human activities, these high levels suggest a strong
from traffic-related ~emissions,

anthropogenic  contribution

frontiersin.org


https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2023.1157101

Al-Taani et al.

especially brake wear (Amato et al., 2011; Hulskotte et al., 2014).
This is evident from the high values of the enrichment index
(Table 4), which indicate that road dust is extremely highly
enriched in Co. In location 5, road cracks were apparent and
higher concentrations of Co were observed. The petroleum-based
binding material of asphalt is a potential source of Co (Health
Canada, 2017; J. G. Speight, 2016). From location 11 onwards, the
highway speed is reduced to 120 km/h, with more road junctions
and changes in road conditions as cracks and erosion of asphalt
become more frequent, especially at the outer edges of the highway.
These are potential contributors to the observed levels of Co, Zn, and
partly Cu in dust.

The weight of vehicles is a contributing factor to the metal
composition of the dust on the Abu Dhabi-Liwa Highway. Heavy
trucks produce larger amounts of non-exhaust emissions as a result
of increased brake, tire, and road wear (Simons, 2016). All the metals
considered in this study (except arsenic) have been implicated in
these non-exhaust emission sources.

A summary of the statistics of metal pollution indices for road
dusts is tabulated in Table 4. The CF, I4, and EF demonstrated
generally similar rankings for metals with few exceptions. CF and
EF showed identically the same order, Cd> Pb> As> Zn> Co>
Cu> Mn> Ni> Cr, whereas the I, values revealed minor
differences with a descending order of Cd> Pb> Zn> Co> As>
Cu> Mn> Ni> Cr (Table 4). Based on EF levels, roadway dusts are
enriched in all metals, except for Ni and Cr. This is consistent
with CF values, which indicate metal contamination in road
deposited dusts, except for Ni and Cr. Similarly, the average
Ieo values show differing rates of pollution for all metals except
for Mn, Ni, and Cr (Table 4).

The mean CF values show Cd has the highest average CF value of
766.7, whereas the minimum averages were found for Ni and Cr at
0.005 and 0.002, respectively (Table 4), suggesting low/no
contamination. The mean CF values of Cd, Pb, As, Zn, Co, Cu, and
Mn were above 1, indicating varying degrees of metal pollution relative
to the background crust. Roadside dust is moderately contaminated
with Mn, Zn, Cu, and Co (1<CF<3). The mean CF values of Cd, Pb, and
As (CF>3) indicate the persistent elevation of these metals in road dusts,
with considerable contamination for Pb and As (3<CF<6) and very
high contamination levels for Cd (CF6) (Table 4).

The PLI values of 1 or greater were observed in road dust
collected from sites 1, 2, 3, 4, 6, 8, 9, and 10, suggesting that these
sites are polluted. Lower values for PLI were found at site 11,
generally decreasing toward the last sampling sites.

The average values of I, showed that road-deposited dusts are
uncontaminated with Mn (Igeo = —0.57), Cr (Igeo = —=9.75), and Ni
(Igeo = —9.48); uncontaminated/moderately contaminated with Co
(Igeo = 0.73), Zn (Igeo = 0.94), As (Igeo = 0.62), and Cu (Ige, = 0.18);
moderately contaminated with Pb (Ig, = 1.48); and extremely
contaminated with Cd (Ige, = 9) (Table 4). This is similar to
findings in an earlier study on road dust samples in on the Abu
Dhabi-Al Ain Highway (Al-Taani et al., 2019a).

Except for Ni and Cr, the average enrichment factors in all dust
and soil samples suggest varying enrichment (Table 4). The mean EF
values of less than 1 for Ni and Cr indicate depletion and are
probably related to the use of upper continental crust as background
values, which may not reflect the local reference concentrations. The
average value of EF for Cd (>40) indicates extremely high

Frontiers in Environmental Science

10.3389/fenvs.2023.1157101

enrichment. The mean EF of Co, Zn, Pb, Cu, and As of greater
than 5 categorizes these metals as significantly enriched, whereas the
Mn mean EF value of 2.9 is moderately enriched.

Results revealed that the dust collected both from the right
and left sides of the Abu Dhabi-Liwa Highway was higher in
metal content (as well as dust loads) than that obtained from the
central reservation area (Table 5). This highlights the role of road
dust resuspension, which is largely driven by high speeds and the
flow of vehicles. The maximum speed limit along the Abu Dhabi-
Liwa Highway ranges from 120 to 140 km/h. The central
reservation area is unprotected, and deposited dusts are more
susceptible to turbulence from winds generated by high-speed
traffic flow, where they are pushed into traffic lanes. Dust
particles deposited on the asphalt are resuspended and
uplifted to the roadside area, where they are deposited and
accumulated. Farmland in the vicinity acts as a windbreak that
reduces the wind speed and forces the windblown dust to deposit.
To check whether there are statistically significant differences in
heavy metals among these locations (left, right, and central
reservation), an analysis of variance (ANOVA) test was used,
and the results are summarized in Table 6. The statistical analysis
indicates that the differences in the observed values for As, Cu,
Zn, Cr, and Mn are statistically significant (at p < 0.05), whereas
there are no significant differences in the contents of Cd, Ni, Pb,
and Co (with p-values greater than 0.05) (Table 6). This suggests
that the sampling locations of roadway dusts are important
contributors to the levels and loadings of some heavy metals,
in particular, As, Cu, Zn, Cr, and Mn, and that these metals
exhibit spatial variations.

In addition, the left side dust illustrated greater levels of
metals relative to the right side of the highway, except for Mn
(Table 5). This is linked to prevailing southeast wind direction,
pushing and transporting airborne dusts enriched in metals
further southeast to the left side of the highway, where dust
deposits and accumulates as windbreaks reduce wind velocity.
Mn is largely of crustal origin (with minor contributions from
traffic-related activities, as discussed earlier), which may come
from atmospheric mineral dust deposition (Al-Taani et al,
2015b). The composition and loadings of road dust may vary
with a range of factors, including the prevailing wind direction,
land use, traffic characteristics, topography, the presence of
intersections, bridges, and farmlands (Al-Taani et al., 2019a).

Soil samples were obtained to further elaborate on the role of
road dust and the long-term accumulation of metals in soils. This is
important as farmlands surrounding the highway are vulnerable to
metal accumulation, which is likely to affect agricultural soils and
products. Selected sites were investigated for heavy metals in the soil
next to the highway, and the results are presented in Table 5. The
average contents were 6.4, 74.3, 103.4, 0.07, 86.4, 155.6, 65.6, 0.05,
and 685.8 mg/kg for As, Cd, Cu, Ni, Pb, Zn, Co, Cr, and Mn,
respectively. These values are comparable to those observed for
heavy metals in road dust samples (Table 2), with a few exceptions.
Soils bordering the highway are vulnerable both to vehicular
emissions and to resuspended agricultural soils from intensive
use of agrochemicals and treated wastewater. This is especially
true for As, Cu, Pb, and Co, where relatively elevated averages
were observed in soil samples compared to their respective values in
road dust. Mn and Zn revealed greater levels in roadway sweepings
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TABLE 5 Heavy metal contents in dust collected from roadsides and traffic median, and soil bordering the Abu Dhabi-Liwa Highway.

Location
mg/kg
Left side 568 + 132 | 7430 + 2.47 104.06 = 9.12 | 0.02 +0.03 8508 +580 @ 301.79 + 45.01 66.66 + 7.56 | 0.09 + 0.04 72249 + 83.83
(3.93-7.43) | (71.46-77.14) | (89.28-118.84) | (0.006-0.08) = (80.51-94.23) = (242.89-360.69)  (58.27-75.05) = (0.03-0.15) = (624.10-820.88)
23.3% 3.3% 8.7% 137.1% 6.8% 14.9% 11.3% 46.4% 11.6%
Right side 485+ 170  73.68 + 3.60 101.61 + 826 | 0.03 +0.03 = 8255+ 652 27274 + 33.21 64.61 +7.09  0.08 %005  802.1 + 69.64
(2.90-6.80) = (68.16-76.44) | (85.93-109.45) | (0.004-0.07) = (75.03-90.07) = (216.14-301.04) = (55.87-73.35) = (0.01-0.15) | (721.09-883.11)
35.1% 4.9% 8.1% 97.4% 7.7% 12.2% 11.0% 68.1% 8.7%
Traffic 328 £0.99 | 69.56 + 2.87 89.44 + 6.75 0.01 + 0.01 80.35 + 6.45 94.52 + 28.93 61.53 +7.06 = 0.02+ 001 62643 + 54.87
median (1.96-4.60) = (65.80-73.32) | (75.51-96.41) (0.00-0.02)  (69.83-85.61) = (46.73-118.41)  (54.66-68.40) = (0.01-0.03) | (558.42-694.44)
30.1% 4.1% 7.5% 72.3% 8.0% 30.6% 10.9% 55.9% 8.8%
Soil 6.4 + 0.5 743 + 0.6 103.4 + 8.4 0.07 + 0.06 86.4 + 3 155.6 + 31.2 65.6 + 3.5 0.05 + 0.02 685.8 + 35.6
(6.04-7.75) | (73.8-75.91) (93.8-115.61) (0.04-0.22)  (79.01-89.22) = (113.93-199.66) = (60.47-70.57) = (0.04-0.09) | (619.83-762.98)

% is the coefficient of variation in percentage.

TABLE 6 Statistical analysis (one-way ANOVA) of the heavy metal
concentrations (mg/kg) in roadway dust collected from roadsides (left and
right) and traffic median along the Abu Dhabi Highway.

One-way ANOVA

p-value
As 3.974 0.047
Cu 4714 0.031
Zn 47.629 1.96E-06
Cr 5.258 0.023
Mn 7.797 0.007
cd 3.663 0.057
Ni 0.691 0520
Pb 0.950 0414
Co 0.133 0.876

TABLE 7 Concentrations of major cations and anions in dusts sampled from the
Abu Dhabi-Liwa Highway (g/kg).

Ca K Mg Na CI= NOs~ SO/~
Mean 263.3 17.1 7.3 27.6 3.4 0.4 33
Min 172.9 10.2 2.6 0.5 1.0 0.1 0.9
Max 333.2 23.8 14.3 90.3 6.6 2.2 9.7.6
Stand dev 39.0 42 3.4 24.5 1.5 0.5 2.4
Median 263.1 17.2 6.3 19.7 33 0.3 2.4
Kurt 0.6 -1.0 0.1 1.5 —-0.1 11.2 2.3
Skew -0.5 -0.1 0.8 1.5 0.3 3.2 1.7

than soils (Table 2). These data showed that soils adjacent to the
highway tend to accumulate metals, with implications for the quality
of agricultural products.
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The summary of ionic concentrations (major cations and
anions) in roadside dusts is tabulated in Table 7. Elevated levels
of Ca, K, Mg, Na, Cl, NOs, and SO, were found ranging from
172.9 to 333.2, 10.2-23.8, 2.6-14.3, 0.5-90.3, 1.0-6.6, 0.1-2.2, and
0.9-9.7 g/kg, respectively (Table 7). The Ca content is the largest
component in road dust in all sampling sites. These salts are largely
of geochemical origin (except for nitrate) and have originated from
the weathering of naturally occurring evaporites (halite and
gypsum) and carbonates (limestone and dolomite), atmospheric
deposition, and the surrounding soils.

However, eroded road pavement and asphalt materials are
minor sources of salts as asphalt usually contains Al, Si, K, and
Ca, with smaller amounts of Fe, Mg, and Zn (Gietl et al,, 2010). In
addition, K can be derived from potassium nitrate fertilizers used in
the surrounding farmlands. The consistent appearance of high
nitrate content in road dust suggests anthropogenic sources,
where nitrate was incorporated into the road dust because of
traffic activities. The elevated levels of nitrate were found in
samples from adjoining farms, indicating the contribution of the
surrounding agricultural land to road dust.

4 Conclusion

The concentrations of eleven heavy metals, along with major
cations and anions, were assessed in Abu Dhabi-Liwa Highway
dusts. Metal contents in road-deposited dust appeared to be
variable. Although crustal minerals impact the study area,
most metals are influenced by natural and anthropogenic
sources to varying degrees. The average concentrations of
metal decreased in the order
Al>Fe>Mn>Zn>Cu>Pb>Cd>Co>As>Ni>Cr. The
contamination factor values indicate varying contamination
levels, especially with Pb, As, and Cd. The pollution intensity
increases up to site 10 before decreasing toward the last sampling
site. Based on the geoaccumulation values, dust is broadly
contaminated with Pb and Cd. The enrichment factor suggests
high enrichment for Cd, Co, Zn, Pb, Cu, and As. Soils appear to
be affected by traffic-related emissions of metals. Considerable
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concentrations of Ca, K, Mg, Na, Cl, and SO, indicate a strong
contribution from natural sources. The consistent appearance of
high nitrate content in road dust suggests anthropogenic sources,
especially fertilizers, in the surrounding farmlands.
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