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Abstract

The harmful health effect of suspended particulate matter (PM,,) is mostly associated with its mass concentrations and
chemical compositions. Therefore, this study focuses on the determination of the particulate matter (PM, ;) concentrations
and their potentially toxic elements (PTEs) composition from different road networks in Ibadan southwestern, Nigeria. In
addition, human health risk assessment was estimated from the PTE data. The PM,, samples were collected from differ-
ent road networks such as national highway roads (NHR), inner-city major roads (ICR), and remote roads (RRD) in Ibadan,
Nigeria. The sampling was carried out with a high-volume air sampler (model #15000 manufactured by Science Resource,
Walboro, USA) with a PM,, cut-off on a Whatman cellulose filter during the harmattan period. The PM,, concentrations
and PTEs compositions (Al, Ba, Cd, Cu, Fe, La, Mo, Mn, Ni, Pb, V, and Zn) were determined by gravimetry and inductively
coupled plasma-optical emission spectrometry (ICP-OES) methods (VISTA-MPX manufactured by Varian Incorporation),
respectively. The PM,, concentrations in all three road networks were more than 3 folds higher than World Health Organi-
zation (WHO), United State Environmental Protection Agency (USEPA), and United Kingdom Environmental Protection
Agency (UKEPA) standards (50 pg/m3) for 24 h. The maximum average contents of Ba, Cd, Cu, La, Mn, Pb, and V, were
observed at NHR, while that of Al, Fe, Mo, and Zn, were found at ICR. The principal component analysis (PCA) showed that
PC1 (Ba, Cd, Cu, La, Mo, Pb, and V) and PC4 (Zn) were characterised by elemental markers of both exhaust emission and
non-exhaust emissions, while PC2 (Mn) and PC3 (Al, Fe) were characterised by crustal elements. The Enrichment factor
(EF) analysis classified all the PTEs as moderately to very highly enriched, especially in NHR and ICR, except Al, Fe, and to
some extent Mn. Both the maximum and average hazard quotient (HQ) levels of Cd, Cu, Mn, Pb, and Zn were < 1, which
was within the permissible level. Also, the carcinogenic risk (CR) was also within the permissible limit.

Keywords Exhaust emission - Non-exhaust emission - Particulate matter concentration

1 Introduction

Airborne Particulate matter (PM) is a complex mixture of primary and secondary aerosols mainly classified based
on their sizes (diameter) into fine and coarse fractions. The fine fraction with an aerodynamic diameter of less than
2.5 ym is termed PM, 5 and the coarse fraction with an aerodynamic diameter between 2.5 and 10 um is termed PM,,
[1]. PM, 5 can penetrate into the lungs and the blood streams and affect human health. While PM,, can pass through
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the nose and throat and cause irritations, nausea, and aggravate underlying health issues like asthma, especially in
sensitive groups such elderly and children [2]. Natural and anthropogenic sources can pollute air quality. The natural
sources include dust generated from volcanic eruption, windblown dust, and sea-salt spray [3]. Large volumes of
particulate matter (PM) are also emitted into the atmosphere from different anthropogenic sources such as indus-
trial and traffic-related product combustion, fugitive dust from construction projects, and waste incineration [4, 5].
However, traffic-related activity is one of the major causes of PM pollution in urban environments throughout the
world including Nigeria. A link between air pollution and the severity of respiratory and cardiovascular diseases has
been established from epidemiological and toxicological studies [6, 7]. This is due to an increase in vehicles, ineffi-
cient transportation, and poor urban planning. Several emissions from traffic-related activities including organic like
organic carbon (OC) and polycyclic aromatic hydrocarbon (PAH) and inorganic (potentially toxic elements) substances,
were caused by road wear, maintenance, and non-exhaust emissions from vehicle-related fluids, tires, and brake
wear [8]. Particulate matter (PM), which is created during the burning of fuel, has been linked to more than 800,000
fatalities in urban areas around the world [9]. According to reports, non-exhaust emissions contribute primarily to
PM,,, and exhaust-related emissions contribute to PM, 5 [10, 11].

Generally, PM;,and PM, < carry high concentrations of potentially toxic elements (PTEs) such as Pb, Zn, As, Cu, Cd,
and Hg. It was established that as the particle size decreases the more the toxic metal will be absorbed. Therefore,
PM, ; tends to have a higher concentration of toxic metals than PM, . It was reported by Mohanral [12] that 70-90%
of heavy metals are contained by PM,,. Consequently, According to studies by Hu [13], Pandey [14], and Xie [15],
PTEs associated with inhalable particles have been linked to an increase in a number of disorders, including lung
or cardiopulmonary damage. Similar to this, activities associated with traffic produce a range of pollutants such as
PTEs that have a substantial impact on public health and the environment [4, 16, 17]. Certain PTEs like Ba, Zn, Cu,
Mn, and Sb have been used as markers for non-exhaust emissions together with organic markers such as PAHs, and
n-alkanes [18-20]. But they are unique from one region to the other based on traffic density and pattern, vehicle
types and characteristics, driving pattern, and rock and soil in the area [21-23]. For instance, Jandacka [24] worked
on the particulate matter in the vicinity of urban roads in Zilina, Slovakia in order to identify the sources of the par-
ticles and to determine the abundance of their constituent metals. It was observed from their study that the non-
combustion emission which was associated with some metals such as Na, Fe, Mn, Ni, Zn, Mo, Sb, Cd, and Pb were
the major contributor, followed by combustion emissions from vehicles which were associated Mg, Ca, and Ba. Also,
a similar study was carried out by Tian [25] in Beijing, China in order to characterise the toxicity of PM. The finding
suggests that the chemical substances (PAH and trace elements) were higher near the road than those off-road and
attributed this to differing physicochemical characteristics. Most of these investigations emphasised particle con-
centrations and their chemical constituents without paying attention to the human health risk index arising from
the PTEs in the atmosphere. Hence, this study assesses the human health risk associated with the potentially toxic
elements in PM,q in the study area.

The study area, Ibadan, is one of Nigeria’s biggest cities and also one of the fast-growing cities in sub-Saharan Africa
with a total population greater than 3.7 million people according to the 2006 National Census [26]. This growth has
increased the concentration of commercial and industrial activities in the urban center and often lead to traffic lock
jam, which is becoming a typical scenario especially, during the rush hours of working days [27, 28]. Though there are
numerous sources of air pollution in Ibadan, (such as open-air burning of waste and biomass [29], industrial activities
[30, 31]), and domestic cooking fires [32], traffic-related activities are significant contributors to the pollution of the
environment. This is due to rising road congestion, the prevalence of old cars, poor vehicle maintenance, and the
use of low-quality fuels [33]. The majority of buses and trucks burn diesel fuel with a high sulfur content (5000 ppm
S) as SO,, which contributes to the level of pollution in the environment [32]. Consequently, roadway emissions
significantly affect human health, especially for the significant numbers of people who got exposed to congested
highways. In Ibadan, 49% of daily travels were made on foot or on a motorcycle. Another big issue concerns groups of
people who spend their days on crowded highways and roadside areas, such as traffic cops and street merchants [27].

Therefore, the main objectives of this investigation were to (1) determine the concentrations of the particulate matter
(PM;,), (2) determine the concentrations of the potentially toxic elements (PTEs) in the PM,, (3) assess the enrichment
factor (EF) of the PTEs in PM,, (4) carry out preliminary human health risk associated with the PTEs.
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2 Methodology
2.1 Sampling site

The study area is located within the Ibadan metropolis, southwestern Nigeria. Ibadan is well-known for its hilly and
undulating topography, which also contains plains, valleys, and rivers. The hills, which make up less than 20% of the total
surface area and range in elevation from 180 to 210 m above sea level, are the most noticeable features [34]. However,
the plains are the most abundant in the study area. According to the work of Okunlola [35], Olayinka [34]; Tijani [36],
quartzites, banded gneisses, augen gneisses, and migmatites are the dominant rock groups in the research area. These
rocks have intrusions from pegmatite, quartz vein, aplite, and dioritic dykes. Amphibolites and pegmatites are minor
rocks with significant covering. However, most of the areas are covered by regolith.

This research was carried out on a segment of national highway roads (NHR), inner-city major roads (ICR), and remote
roads (RRD) in Ibadan, Southwestern Nigeria for their PM,, assessments. The NHR is the inter-state Highway and was
monitored at the intersection between the south (Iwo Road) and the north (Ojoo Road) roads. This six-lane highway
(3 northbound, 3 southbound) supports over 10,000 vehicles per hour [37] during the study. Around 15% of the daily
traffic on this highway was made up of heavy-duty diesel trucks, with most of the remaining vehicles being light-duty
gasoline passenger cars and buses. Two other major inner-city roads (Beere and Mokola) were monitored (Fig. 1). These
areas are ideal for such a study, because various parks, busy junctions, and road constructions represent point sources
for atmospheric pollution. Mobile air monitoring sampler was located in each of the locations. The sampler was placed
between 60 and 100 m away from the road, depending on the predominant upwind direction for seven days each, during
the Dry season. However, two remote roads (RRD) area (with a low settlement, low traffic, and other minimal activities)
was also monitored for the same periods. The samples were collected for 4-6 h. A total of forty-two (42) samples were
collected from all the locations. 14 samples were collected from each of the three different road networks (NHR, ICR, RRD).

Fig. 1 lllustration map of the
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fic and infrastructure network
in the sampling region
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2.2 Sample collection

The particulate matter (PM,,) was collected with a high-volume air sampler (HAS) model #15000 manufactured by Sci-
ence Resource, Walboro, USA with a flow rate of 630 I/m with a cellulose filter. The filters were equilibrated at 25 °C and
50% relative humidity (RH) before and after their insertion into the sampler. The concentration of PM, , was determined
gravimetrically. The detail of the working principle, set-up, and filter has been reported [27].

2.3 Meteorological information capturing

The Nigerian Airport Authority’s meteorological unit, which is based in Samonda, Ibadan, Nigeria, provided information
on pertinent meteorological factors like temperature, RH, precipitation, wind direction, and wind speed. The information
received covered the time frame depicted in Table 1 for the investigation.

2.4 Determination of metal concentration

According to EPA's 1999 proposal, elemental analysis of the filters entailed hot acid digestion of the filters. In a Pyrex tube
containing 5 cm? of the sample material, 5 ml of HNO, (Merck Suprapur 65%), 2 ml of HCl (Merck Suprapur 36%), and
10 ml of ultra-pure water were added. The tube was then held still for 2 h at 95 °C on a heating plate. A Whatman n° 41
(WH1441-110) filter was used to filter the extracted solution, which was then diluted to 50 ml with ultrapure water and
stored in clean plastic bottles in the refrigerator for analysis. The same procedure was used to process filter and reagent
blanks. Less than 8% of the sample’s average metal concentration was found in the blanks for Ca, Mg, K, Na, Mo, Mn, Fe,
Zn, Cu, Co, Ni, Al, and Pb. Inductively coupled plasma optical emission spectroscopy (CP-OES) VISTA-MPX manufactured
by Varian Incorporation was employed for the determination of the PTEs.

3 Result and discussion
3.1 PM,, concentration

The statistical summary of the result of PM,, concentration is presented in Table 2 and Fig. 2. The average concentration
of PM,, at NHR, ICR, and RRD were 260, 134, and 120 ug/m3, respectively. These values were in multiple folds higher than
WHO, USEPA, and the UKEPA, which have set their standard at 50 ug/m3 for 24 h. However, the minimum PM concentra-
tion of PM at RRD (27 ug/m3) was lower than this standard for some of the days, due to low vehicular movement and
low wind speed.

There is a significant variation of PM concentrations on the basis of their minimum and maximum values at NHR
(101-375 pg/m3), ICR (62-298), and (27-196). Therefore, high PM concentrations were observed at NHR, and ICR, while
the minimum value was found at RRD. These areas correspond to a high average traffic density of about 3000 vehicles per
hour (vph) according to Etim [37]. Similarly, during the sampling period, intense road construction was very prominent.
The lowest PM concentration that was observed at RRD had relatively low traffic density (< 200 vph) [37]. This investiga-
tion was consistent with the findings of some research work in the study area [38] and elsewhere in Nigeria [39]. The
studies found a positive correlation between traffic volume and PM concentration. They also opined the fact that the
daily peak period of PM,, concentrations is arguable during the daytime/afternoon when the traffic volume normally
reaches its highest points. Therefore, the PM concentration at NHR and ICR stations contributed most to the budget of the
particles in the areas, which is attributed to high traffic volume. Because vehicular movement generates air turbulence,

Table 1. Metrological data of Collection loca-  Average daily tempera- Average daily humid- Average wind speed ~ Wind direction

the study area tion ture (°C) ity (%) (kmph)
NHR 322 725 8 SW
ICR 289 713 7 SW
RRD 306 725 8 SSW
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Table2 PM,, concentrations (ug/m?3) and their PTEs concentrations (ng/m?3) in the different road networks of the study area

NHR ICR RRD
Mean £ Std Range EF Mean + Range EF Mean + Range EF
Std Std

PM 260+85 101-375 - 134+92 62-298 - 120+53 27-196 -
Al 1504+526 977-2840 - 7232+1438 3404-9708 - 4654+2789 1198-8313 -
Ba 6.84+4.50 1.55-17.95 0.59 1.60+0.71 0.56-2.46 0.03 1.16+1.14 0.11-3.48 0.09
cd 43.86+39.41 12.10-119 1080 10.84+£13.17 0.28-41.00 50.75 0.43+0.66 Bld-2.20 1.60
Cu 49.71+£34.90 12.10-121 98 5.33+£3.48 0.32-11.32 2.21 1.16£1.18 Bld-2.72 0.78
Fe 4244+ 3486 1117-11,243 423 5986+2166 1125-8405 1.29 2401568 1187-3281 1.36
La 249+3.27 0.23-12.10 3.67 0.80+£0.45 0.11-1.31 0.31 0.10+0.11 Bld-0.33 0.11
Mo 5.54+3.12 0.10-11.21 286 5711231 1.12-8.63 64.77 0.58+1.04 Bld-2.99 5.58
Mn 309+148 113-580 19 218115 70-389 3.02 210+ 161 85-539 8.56
Pb 48.68+45.13 10.38-142.01 144 20.9+10.84 11.00-42.50 15.11 0.14+0.36 Bdl-1.33 0.20
Vv 57.61+28.17 11.29-112.00 3343 3235+17.27 8.23-53.50 4.11 0.65+0.68 Bdl-2.30 0.14
Zn 289211 54-795 274 313£232 88-910 54.66 49+21 20-89 28.37

PM: particulate matter; NHR: National Highway Road; ICR: Inner-city Road; RRD: Remote Road

Fig.2 Statistical summary of
the PM,, concentrations in

the study area
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which usually stirs the deposition of a coarse fraction such as vehicular wear and roadside soil dust-resuspension into
the immediate atmospheric environment and also generates other forms of combustion processes that are prevalent in
the area, this also is in agreement with the work of Odeshi [27]. Consequently, the area was adjudged non-attainment
status when compared with the global standards.

This result was also compared with the average concentration reported in the study areas and elsewhere in Nigeria
(Fig. 3). The highest average PM,, concentration in this study (260 pg/m?>) was higher than the values reported by Akinlade
[40], and Obioh [41]; at Ibadan (146 pg/m3) and Port Harcourt (192 ug/m3) Nigeria, respectively. However, the average
PM concentration was lower than the value reported by Odeshi [27] (500.00 pg/m3) at Ibadan, llorin (800 pg/m3), Aba
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(926 pg/m?3) and Kano (725 pg/m?®) [28, 41] lle-Ife (381 ug/m?3) [42]. The studies similarly attributed the high PM values to
traffic density, road construction, and vehicular emission, coupled with wind seed and low precipitation.

3.2 Distribution of PTEs in the PM,,

The statistical summary of the PTEs in PM, is presented in Table 2. The maximum average concentration of Ba (6.84 ng/
m?3), Cd (43.86 ng/m?>), Cu (49.71 ng/m?), La (2.49 ng/m?3), Mn (309 ng/m?3), Pb (48.68 ng/m?3), and V (57.61 ng/m?®) were
observed at NHR. While the maximum average concentrations of Al (7,232 ng/m3), Fe (5,986 ng/m3), Mo (5.71), and Zn
(313 ng/m3) were observed at ICR. All these trace elements had their lowest concentration at RRD. Largely, in terms of the
mean concentrations, the metals decrease as follows: Al >Fe >Zn>Mn >V >Cu>Pb>Cd>Ba>Mo > La. Furthermore, there
is a significant variation of Ba, Cd, Cu, La, Mo, Pb, V, and Zn from their lowest and the highest value, but lesser/moderate
variation was observed in the values of the crustal elements (Al, Fe, and Mn) (Table 2). This suggests the heterogene-
ity in the level of anthropogenic activities that emit the particles into the atmospheric environment of the study area.
These PTEs were fundamental indicators for emissions from vehicles’ exhaust systems caused by the burning of fuel and
lubricants, catalytic converters, particle filters, and engine corrosion [43, 44].

Several reports have shown higher emission rates of Ba and V, which were attributed to fossil fuel emissions [45]. Also,
Ba is used as barium sulfate (BaSO,) in diesel fuel to suppress smoke generation and filler material in brake lining [46, 47].
There are two major vehicle types in this area (NHR) based on the fuel they consumed. Small vehicles (cars and buses) are
the most abundant and operate on gasoline and heavy vehicles (mostly trucks) rely on diesel engines. Therefore, their
contribution from the vehicular exhaust cannot be overemphasized. Zinc (Zn) compounds are added to engine oil to
reduce wear and oxidation [48]. Zinc (Zn) is also sourced from roadside traffic-related activities non-exhaust emissions
such as tire wear [49] and brake wear [45] and oil combustion [11]. There were also reports that the concentrations of
Zn, Pb, and Cu were higher in road dust and surface wear than in background soil in Ibadan [33, 50]. The environmental
effects of Pb are common all over the world as they cause various diseases, especially in sensitive groups such as chil-
dren, elderly people, and pregnant women [51]. But children, in particular, face a greater risk not only because they are
smaller, but also because they have faster metabolic rates. They are less able physically to handle toxic chemicals [51].
Lead (Pb) origin could be possibly linked to their presence in the roadside soil that was resuspended into the atmosphere.
Although, Pb-gasoline had been banned in Nigeria and elsewhere in the world its elevated content in roadside soil was
recently reported by Fashae [52] who attributed their presence to traffic activities in the area. Copper (Cu) compounds
are also used in engine oil to reduce wear and oxidation. Hjortenkrans [53] and Canepari [54] reported that Cu and other
elements were present in the brake. High level of Cu has been reported to cause respiratory diseases [55]. Cadmium (Cd)
compound had been reported to originate from oil combustion, industrial processes, and coal burning [27]. Therefore, Cd
in this study was a result of exhaust emission. However, WHO reported that even at low concentration values if inhaled
can have severe health impacts [56, 57].
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The mean concentrations of these elements were used in the comparison of the average elemental concentration
of other previous research work both in the study area and other regions Table 3). Although, there were few previous
research works in the study area, however, the average concentrations of Cu, Mn, Pb, V, and Zn in this study, especially
at NHR and ICR, were more than two folds higher than the one reported in the study area by Akinlade [40], and lower
than the results of Odeshi et al., 2014 [27] (Table 3). This result is also higher than the similar findings in Lagos (57).
However, Ezeh [58] reported a higher mean concentration of Cd (135 ng/m?) in the Lagos traffic section, which was
higher than the result of this study (43.86 ng/m3). The mean concentration of Mo and La in this study were lower
than 35.85 ng/m?® and 28.08 ng/m?, respectively, reported by Owoade [42]. Equally, the result of the study area was
compared with previous work in Beijing, China [25], Bogota, Colombia [1], Zilina City, Slovakia [24], and Madras, India
(50). Generally, the result of the mean content of Cu, Mn, and Zn of this study was greater than the corresponding
elements in the four cities, except Beijing and Madras, which had a higher value of Zn (677 ng/m3) (Table 3). Mean-
while, the average concentrations of Ba and Mo were lower than the ones reported in the four cities except for Zilina
for Ba (14 ng/m3). The average concentrations of Pb and V were consistent with the work of Tian [25], Ramirez [1],
and Srimuruganandam and Nagendram, [59] (Table 3).

3.3 Elemental relationship and sourcing of the PM

The main influencing factors for the PTEs and any related sources of the PTEs were identified using principal component
analysis (PCA). Table 4 displays the PTE content of PM,, PCA results. The variation was broken down into four major
components, which accounted for 88% variance. Ba, Cd, Cu, La, Mo, Pb, and V were the dominant elements in the first
PC, which made up around 47% of the overall variance. These PTEs are elemental markers for both exhaust (fossil fuel
combustion) and non-exhaust emissions, like brake wear and the rusting of metallic automotive portions, which have
been established in previous sections [45-48]. Therefore, the source of these metals was attributed to anthropogenic
sources from traffic-related activities. The PC2 and PC3 explain similar total variance t14% each) and are composed of Mn;
Al and Fe, respectively. These elements were believed to be crustal elements and generally had very high concentrations
across all the different road networks. Therefore, their contributions were mainly attributed to natural/geogenic sources.
They originated from the entrained soil dust by vehicular movement and wind from unpaved roads and construction
earthy materials. Although PC4 only accounts for around 13% of the total variance, it is substantially positively loaded
with Zn (0.96), which is important in depicting that non-exhaust emission from tire wear has an anthropogenic origin
in the study area.

To further establish the source identification of PTEs, the relationships between the PTEs based on the first three
principal components are illustrated by a loading plot (Fig. 4a) and score plot (Fig. 4b). The first cluster in the loading plot
(Fig. 4a) demonstrated the relationship of the PC1 (Ba, Cd, Cu, La, Mo, Pb, and V) and PC4 (Zn) elements, which were the
most prevalent at NHR and ICR. Their contributions were attributed to both exhaust and non-exhaust emissions. While
the isolation of Mn on one side and Fe on the other side were attributed to geogenic origin. Four groups of samples are
shown in the factor score (Fig. 4b) based on the abundance and sourcing of the various elements. The first and the second
groups were characterised by samples from NHR, which had a relatively very high concentration of all the PTEs, except
Al. while the third and fourth groups were composed of samples mainly from ICR and RRD and were characterised by
relatively high Al and low to moderate concentrations of the other PTEs. Therefore, the contributions of the PTEs were
mainly derived from the NHR and ICR, because of the level of traffic-related activities in the study area.

4 Environmental assessment of PTEs in PM

In order to assign the amount of contamination of the elements using the enrichment factor (EF), the environmental
assessment of the elements in the study region was determined.

To provide information on potential sources of the elements, EFs of the elements in PM,, were calculated by comparing
the concentration of each element in the atmosphere of the study area against the concentration of a reference element
[60]. There is no set rule for selecting the reference element; typically, Si, Al, Fe, or Mn are employed. Al was employed as
the reference for the estimations of the enrichment factor. Aluminum (Al) was a good choice, as evidenced by its more
significant spread in the crust.
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Table 4 Principal component PC1 PC2 PC3 PC4
analysis PTEs
Al -0.39 —-0.49 0.72 -0.05
Ba 0.91 0.29 —-0.08 -0.09
cd 0.93 0.13 -0.15 0.18
Cu 0.76 0.42 0.03 0.19
Fe 0.34 0.23 0.80 0.24
La 0.81 0.30 0.33 -0.02
Mn 0.20 0.94 0.04 0.09
Mo 0.59 0.07 0.42 0.48
Pb 0.89 0.1 0.19 0.00
\Y 0.89 0.01 0.09 0.28
Zn 0.05 0.08 0.09 0.96
Eigen value 5.18 1.55 1.54 1.38
% Variance 47.06 14.11 13.99 12.50
Cumulative % 47.06 61.17 75.16 87.66
Fig.4 PCA loading plot (a) (a) .
Graphic score plot in the Component Plot in Rotated Space
study area (b)
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where B; is the concentration of elements of interest and B, is the concentration of reference element in PM (Al). While
C;is the crustal abundance of the element of interest and C,¢is the crustal abundance of reference element by Rudnick
and Gao [61]. Typically, the enrichment factor was linked to five classes of contamination (Table 5).

The average enrichment factor (EF) values obtained (Table 2) of PM at NHR were very high to extremely high in Cd,
Cu, Mo, Pb, V, and Zn, significant in Mn, moderate in La and Fe, and low in Ba. Also, it was found from ICR that Cd, Mo, and
Zn EF values were within extremely high enrichment. While Pb was significantly enriched, Cu, Mn, and V had moderate
enrichment, and the enrichment of Ba and La was low at ICR. The result of the EF in this study is consistent with the work
of Ezeh [58], their study also observed extremely high enrichment of Cd, Cu, Zn, and Pb in the city of Lagos. They attrib-
uted the sources of their enrichment to petroleum oil product combustion. Meanwhile, their study also identified low
EF values for Al and Fe among other crustal elements and ascribed their contributions to natural sources from entrained
or resuspension soil dust. At RRD, the EF values of Ba, Cd, Cu, Fe, La, Pb, and V had low enrichment, however, some of
the PTEs (Mo, Mn, and Zn) were moderately enriched. The low enrichment in this region was a result of the remoteness
of the area in terms of low traffic density. The reason for the moderate enrichment in this region could be a result of the
emission from the few vehicles that ply the route. The result was consistent with results obtained in the remote area in
Cape Verde [3].

(1

5 Human health risk assessment

5.1 Health risk assessment

5.1.1 Non-carcinogenic risk

In this study, the non-carcinogenic risk was determined by taking into account inhalation pathway, which is how humans
are exposed to PTEs through PM [62-64, 66, 67]. This was accomplished by calculating the hazard quotients (HQs) for

some selected PTEs and the hazard index (HI) for children, adult males and females exposed in the research area.
For chronic daily intake (CDI) for inhalation pathway:

CDI,,,=(C* IRi* EF* ED x 107°) /(BW*AT) )
HQ = CDI,,,,/RfDyy, (3)
HI = THQ = X(CDI/RfD) 4)

The individual terms in Egs. 2, 3 and 4 and their values are defined in Tables 6 and 7.

The statistical summary of non-carcinogenic (HQ and HI) indices performed on selected elements such as Cd, Mn,
Mo, Cu, Pb, and Zn in PM,, for adult males, females, and children are presented in Table 8. On the basis of average
values of HQ of metals in adult males, females, and children, the elements generally decrease in the following order:

Table 5 Thresholds for

Class ualification EF
soil and sediment quality Q
classification for multi- 1 Unpolluted Ef<2
element indices 2 Moderate enrichment 2<Ef<5
3 Significant enrichment 5<Ef<20
4 Very high enrichment 20<Ef<40
5 Extreme high enrichment Ef>40
Qingjie [65]
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Table 6 Definitions of parameters and values of the variables for estimating human exposure to soil and sediment

Symbols Units Definition value Value
CDlinh mg kg~ day™ Chronic daily dose through inhalation -
@ mg kg™ Concentration of heavy metal in substrate -
InhR m? day™ soil inhalation rate for receptor resident 7.63 (child)
20 (adult)
EF dyr?! Exposure frequency 350 (resident)
75 (recreations)
ED yr Exposure duration 30 (resident, recreation);
6 child (resident)
BW kg Average body weight 42.4 (child)
62.7 (adult males)
54.4 (adult females)
AT, D Average time for non-carcinogenic effects ED X 365 (resident and recreation)
RfDinh mgm™3 Chronic inhalation reference dose concentration Table 7
HQ - Hazard quotient Table 8
HI - Hazard index Table 8
CSFo Oral slope factor Table 7
Tablt_e 7 Reference dose Metal RfDinh CSFo
(RfDinh) values of heavy
metals. Jia [62] cd 0.00001 6.3
Cu 0.0024 /
Mn 0.000005 /
Pb 0.0015 0.0085
Tablg 8 the result of health HQ CR
quotient (HQ) of metals and
health index (HI) of adult male Adult male Adult female Children
and female, and children in
PM,, for non-carcinogenic risk ~ Cd Average 1.5E-05 1.3E-05 3.7E-05 8.48E-06
assessment Min 0 6.6E—06 1.9E-05 0
Max 2.8E-05 2.4E-05 6.8E-05 9.23E-05
Mn Average 1.5E-04 1.3E-04 3.7E-04
Min 5.8E-05 4.9E-05 1.4E-04
Max 2.9E-04 2.5E-04 7.1E-04
Cu Average 1.4E-06 1.2E-06 3.4E-06
Min 6.9E-07 5.9e-07 1.7E-06
Max 2.8E-06 2.4E-06 6.9E-06
Zn Average 1.7E-05 1.4E-05 4.1E-05
Min 9.8E-06 8.4E-06 24E-05
Max 3.3E-05 2.9E-05 8.2E-05
Pb Average 2.7E-04 2.3E-04 6.5E-04 8.49E-07
Min 7.6E-05 6.5E-05 1.9E-04 0
Max 6.2E-04 5.3E-04 1.5E-03 8.58E-06
HI Average 4.6E-04 3.9E-04 1.1E-03
Min 1.6E-04 1.4E-04 3.9E-04
Max 9.9E-04 8.5E-04 2.4E-03
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Cd>Pb>Cu>Mn>Zn>Mo. Both the lowest and the highest HQ values of all the metals were less than the accept-
able permissible HQ values (1), which pose no significant non-carcinogenic risk to humans. But, when considering the
results for the non-carcinogenic risk for the three age groups it was observed that children had a higher potential risk.
Furthermore, the highest average HQ values were observed for Pb (6.5 x 107%) in PM,,. Therefore, Pb contributed more
to the non-carcinogenic risk for all age groups. This result can be explained by the elevated Pb concentrations at this
site, as well as by its high intoxication and respective RfD value. The same trend was observed for the HQ values of the
other metals, though with lesser HQ values (Table 8). Therefore, progressive exposure to PTEs in the study area might
enhance the non-carcinogenic risk.

Consequently, the HI values of both the size fraction and seasons were less than 1, which indicated that they may pose
no significant non-carcinogenic risk. The highest average (1.1x 1 073) and maximum (2.43 x 1073) HI values were observed
in children. These values were more than 6-60 times greater than the HI values found in adult males and females. Despite
the fact that the HI values fell within acceptable non-carcinogenic risk, Hl for children is higher than both adults, this
indicated that children were more susceptible to the effect of the PTEs.

5.1.2 Carcinogenic risk

The CR was estimated using the formula below:
CR =CD,,, X SF

where SF is the carcinogenic slope factor. The slope factor for of Cd and Pb are 6.3 and 0.0085 per (mg/kg/day) (Table 7),
respectively.

The carcinogenic risk (CR) were estimated for Cd and Pb for the inhalation pathway in the study area (Table 8). For Cd,
the highest average CR value was discovered to be 8.48 x 107, Risk values below 1x 107 suggest no substantial health
impacts, while values above 1x 10 imply unacceptable carcinogenic health hazards for humans. A CR value in the
range of 1x1 0%to1x10™* implies an acceptable total risk (53, 54). Consequently, both the maximum average CR values
observed for Cd in the study area and the highest singular CR value of 9.23 x 1076 (Cd) were within the permissible limit
of carcinogenic risk. The CR values decreased as follows: Cd > Pb. Although the CR results obtained for Cd are higher than
Pb, it does not really pose a major carcinogenic risk due to the fact that the metals are still within the threshold levels for
both adults and children were also within acceptable limits.

6 Conclusion

This investigation revealed that the PM,, concentration is particularly higher in the NHR and ICR and lower in RRD due
to their corresponding level of traffic volume, the former had high volume traffic while the latter had low traffic volume.
However, their average values were all higher than the global standards and their air quality can be adjudged non-
attainment status. The potentially toxic elements (PTEs) such as Ba, Cd, Cu, La, Mn, Mo, Ni, Pb,V, and Zn, were elemental
makers for both non-exhaust emission and emission from road vehicles and their concentrations in the PM, , were high,
especially in NHR and ICR road networks. The principal component analysis (PCA) attributed the sources of the PTEs, from
PC1 (Ba, Cd, Cu, La, Mo, Pb, and V), PC2 (Mn), PC3 (Al, Fe), and PC4 (Zn) to be exhaust emission, non-exhaust emissions
both. While PC2 and PC3 were characterised by crustal elements. The Enrichment factor (EF) analysis classified all the
PTEs as moderately to very highly enriched, especially in NHR and ICR, except Al, Fe, and to some extent Mn. Both the
maximum and average Hazard quotient (HQ) values of Cd, Cu, Mn, Pb, and Zn were less than the acceptable permissible
HQ value (1), which poses no significant non-carcinogenic risk to humans. But the high value of children is worrisome.
Also, the carcinogenic risk (CR) was also within the permissible limit.

This work recommends that an assessment of PM, ; should be carried out in the study area in order to complement
the present study for proper policy on environmentally sound transportation systems and road networking.
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