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Particulate matter (PM) pollution from industrial activities is a growing environmental and public health
concern, particularly in sub-Saharan Africa; where metal recycling factories (MRFs) are expanding due to
increasing urbanization and metal waste generation. However, data on the chemical composition of PM
and associated health risks in this region, especially in countries like Nigeria, remain limited. The present
study investigates the chemical composition-including water-soluble inorganic ions, sugars, and
potentially toxic elements (PTEs), and evaluates the health risks of PM, s and PMjg collected during wet
and dry seasons from an industrial hub in Nigeria dominated by MRFs. The average concentrations of
PM,s (27 + 8 ng m—3) and PMy (109 + 38 ug m~>) in the dry season exceeded the WHO Air Quality
Guidelines (15 pug m™> for PM,s; 45 pg m™> for PMyg), highlighting severe seasonal air quality issues.
Major water-soluble ions included SO4%~, CI~, NO3~, Na*, Ca?*, and K*, with NH4*, C,0,42~, and Mg?*
present in smaller amounts. The elevated ion concentrations point to anthropogenic sources, primarily
MREFs. Principal component analysis (PCA) identified crustal materials and anthropogenic emissions (from
MRFs and cement factories) as major contributors to PM-bound elements. Trace metals such as Cr, Cu,
Mo, Ni, Pb, and Zn showed high enrichment, with MRF activities being the dominant source. Health risk
assessments using hazard quotient (HQ) and hazard index (HI) indicated non-carcinogenic risks were
within acceptable limits (<1.0) for most metals in both children and adults. Carcinogenic risks were also
below the permissible range (1 x 107® to 1 x 10~%). However, Pb posed a near-threshold risk in children,
with HQ (0.81) and HI (0.84), suggesting the need for regulatory attention to prevent potential lead
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DOI: 10.1039/d5ea000452 toxicity in this area. Stricter regulations and monitoring of MRF activities are crucial to mitigate PM

rsc.li/esatmospheres pollution and associated health risks, ensuring a safer and healthier environment for communities in Nigeria.

Environmental significance

This study addresses the air quality and public health challenges posed by metal recycling factories (MRFs) in Nigeria focusing on the chemical composition of
coarse (PM;,) and fine (PM, s) particulate matter. The study identifies MRFs as a major contributor to potentially toxic element emissions, with elevated levels of
elements such as Zn, Cr, and Pb, posing localized risks. Although the non-carcinogenic and carcinogenic health risks of these elements were within permissible
limits, Pb approached thresholds of concern for children living near MRFs, highlighting a potential future health risk if left unattended. The presence of
levoglucosan also suggests the contribution of regional biomass burning. These findings highlight the need for activity-specific interventions and monitoring
from local environmental agencies in mitigating MRF emissions and reducing exposure to harmful emissions. A recommendation could include the imple-
mentation of dust control measures, such as regular surface watering near MRFs. This research thus assists the government in improving actionable strategies
to reduce local pollution practices to promote cleaner and safer air quality in the region.
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The emission of inhalable particulate matter (PM, 5 and PM;)
into the atmosphere is a global concern because it poses a great
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from different sources, such as combustion from vehicular
emissions; city heating plants, industrial processes, construc-
tion activities, quarry activities, as well as natural processes.*™
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The chemical composition of PM is influenced by its sources
and includes a range of inorganic compounds, such as heavy
metals. It also includes organic compounds like sugars, poly-
cyclic aromatic hydrocarbons (PAHs), and polychlorinated
biphenyls (PCBs), which are potentially harmful to humans.® It
has been established that the smaller the particle size, the
farther distance it can travel in both the environment (trans-
porting to far distances) and within human beings (penetrating
the skin and respiratory tract). As a result, the lifespan of
particles in the atmosphere, their deposition rates, and their
chemical composition are influenced by the size of the particles.
Particulate matter serves as an important indicator of air
quality. It significantly affects human health and contributes to
atmospheric chemistry, weather patterns, and climate
dynamics.*® Epidemiological studies have linked exposure to
particulate matter containing heavy metals and organic
compounds like PAHs and PCBs to various health issues. These
health issues include respiratory disorders such as cough,
asthma, bronchitis, and rhinitis, as well as other problems like
renal failure and infertility.*™**

Nigeria, the most populous nation in Africa, continues to
witness population growth and consequently an increase in
urbanization. The urban centers experience accelerated air
pollution because of the attendant problems associated with
urbanization. This includes a notable increase in industries,
vehicular traffic, and open burning of refuse. These activities
are major contributors to air pollution in Nigeria and across
sub-Saharan Africa.**>™® In the last 2 decades, the smelting
industry has been one of the fastest-growing industries in
Nigeria. Exposure to their emissions has been linked to various
health problems, including allergy, asthma, and cardiovascular
and cardio-pulmonary diseases. Long-term exposure can also
increase the risk of developing different types of cancer.**** The
industry mainly utilizes 100% scrap metals of different types for
the production of iron/steel. In addition, nitrate and sulfate
salts are mixed with quartz aggregate to reduce the veining of
the metal casting prepared with a foundry mixture.” The
industrial process is carried out in an electric-arc furnace.***
This process generates emissions that are rich in non-sea salt
sulfate and nitrate, black carbon, organic carbon, silica, PAH,
PCB, and some potentially toxic elements (Pb, Zn, Ni, Cr, Cd,
Cu, and Mn) in addition to Fe.>*?* These potentially toxic
elements are usually part of the components of the scrap metals
that are volatilized during the batch process because of their
low melting points.>” Metal recycling factories (MRFs) are highly
active in Nigeria, but research on their impact is limited.
Specifically, there is a lack of studies conducted in the nearby
communities where these factories are located. Most of the
previous works in Nigeria focused on the mass concentrations
of PM and their elemental compositions,'**** with no attention
geared towards the attendant human health risk assessment. In
other climes, researchers recently focused on the assessment of
pollution caused by the smelting industry on human health in
China,"*® and Bangladesh.” Their studies indicated that there
is a probabilistic higher impact of potentially toxic elements
(PTEs) on human health in the vicinities of MRFs than in areas
with other industrial activities, such as coal fires, and areas
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where there are no human activities (natural existence). Also,
due to poor urban planning, the factories are situated very close
to residential areas. The constant exposure to the pollutants
poses a major public health concern to the residents in this
area. Therefore, this is among the first studies in Nigeria to
research the health risk assessment of the PTEs in particulate
matter on humans in the vicinity of MRFs.

The objectives of this study are to; (1) determine the mass
concentration of PM, 5 and PM;,in both wet and dry seasons,
(2) investigate their chemical constituents such as their water-
soluble ions, carbohydrates, and metals, and (3) assess the
potential human health risk, including the non-carcinogenic
and carcinogenic health effects of the particles.

2 Materials and methods
2.1 Site description

Particulate matter sampling was done at Likosi/Ogijo town,
southwestern Nigeria. Likosi/Ogijo is a community with
approximately 150, 000 inhabitants and 50 km? in size. The
study area is about 5 km west of Ikorodu and 50 km north of the
coastal city of Lagos, which is the commercial hub of Nigeria
and one of the most populated cities in the country. The choice
fell on this area because the community accommodates the
largest colony of metal recycling factories (MRFs) in Nigeria,
numbering about 15 big plants within a 1 km stretch. The metal
recycling factories (MRFs) are located in this community
because of the area's major gas pipelines. These pipelines
provide a convenient source of fuel for the industries to
generate electricity for their smelting processes. In addition,
other manufacturing industries such as cement and petro-
chemical companies are situated in this area, hence, the choice
of this location (Fig. 1). The sampling station was located
between 2 big plants; about 150 m south of one plant and 100 m
north of the second plant (6°44'42.8"N, 3°31'36.4"E).

The geology of the study area is mainly dominated by Tertiary
to Recent Coastal Plain Sands, which typifies the sedimentary
basin of southwestern Nigeria. It is composed of a repetitive
succession of clay and sandy horizons. The clay horizon appears
mostly reddish-brown and, in some places, dirty-white, while the
sandy horizon ranges from very fine to coarse and gravelly in
texture. Minor peat and ferruginous sandstone layer occurrences
have also been reported in the area.*

The study area experiences warm temperatures throughout
the year, ranging from 23.0 °C to 33.0 °C. The annual rainfall
varies greatly, with lows of around 10 mm in the dry season
(January) and highs of up to 350 mm in the wet season (July).
The precipitation frequency is about 100 events annually,
mainly between April and October.*® The wind direction is
typically southerly, and the wind speed ranges from 2 to 7 km
h™"'. The metrological information was collected from the
nearby weather station in Sagamu (Table 1).

2.2 Sample collection

The sample was collected with a Gent stack filter unit (SFU)
sampler, manufactured by the Institute of Nuclear Sciences,
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Fig. 1 Location of the study area.
Table 1 Metrological data
Weekly average Weekly average =~ Weekly average Weekly

Sample stations  Collection date Collection time temperature (°C)  humidity (%) wind speed (km h™")  wind direction
Wet season October3-10, 2020 6:00 am-6:00 am 30 90 3 Southeast
Dry season October21-27, 2021 6.00:am -6:00 am 32 78 5 Southeast

Gent University, Belgium. The sampler is a low-volume sampler
with a flow rate of 16-18 Lmin . The sampler can collect fine
(PM,5) and coarse (PM;,) fractions of particulate matter. In-
depth descriptions of the sampler have been documented
elsewhere.*** The samples were collected using pre-weighed
Whatman Nuclepore filters that had been conditioned at
a steady temperature and humidity. The filters were condi-
tioned for 24 hours at approximately 25 °C and 50% humidity,
following the method used by Obioh et al. and Ezeh et al.*>* The
exposed filters underwent triplicate measurements with
a digital micro-weighing balance (Sartorius, Gottingen, Ger-
many) with 0.001 mg reading resolution. The balance was
calibrated using the automated isoCAL function to maintain
accuracy. The selection of nucleopore filter is based on their low
intrinsic trace element blank, making them suitable for trace
metal analysis, as reported in the literature.*® It is also on the
basis of their non-hygroscopic properties and chemical
stability, which can improve the analytical quality of the anal-
yses.® The first filter in the stack has 0.8 mm pores for the PM;,
fractions, while the second filter has 0.4 mm for the PM, 5
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fractions. Sample collection was performed at the ground level
with an inlet height of 1.7 m, equivalent to an individual's
average nose height. The sampling time was 24 hours (starting
from 6:00 to 6:00 the next day) for a week in the wet season
(October 2020) and a week in the dry season (March 2021).

2.3 Laboratory analysis

The samples collected were examined for their content of water-
soluble ions, carbohydrates, and metals. For ion analysis, 25%
of the PM;, and PM, ; filters were extracted with 30 ml of Milli-Q
water (>18 M Q cm). The extraction process involved a sequence
of 15 minutes of shaking, 15 minutes in an ultrasonic bath, and
another 15 minutes of shaking. Before measuring the ions, the
sample extracts were passed through a 0.45 pm one-way syringe
filter to eliminate any insoluble impurities. The ion measure-
ment was conducted using a standard ion chromatography
method (ICS3000, DIONEX, USA) equipped with automatic
eluent generation, utilizing KOH for anions and methane-
sulfonic acid (MSA) for cations such as Na*, NH,", K*, Mg*",
Ca>", as well as anions including Cl~, NO;~, SO,>~, and C,0,”".

© 2026 The Author(s). Published by the Royal Society of Chemistry
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This methodology has been detailed in the work of Fomba
et al.>® The sugar analysis was also done on filter extracts using
the IC, and details have been reported elsewhere.** For the
metal analysis, about 0.25 cm?* Nucleporefoil was cut and placed
on a 3 cm Total reflection X-ray fluorescence spectroscopy
(TXRF) sampler carrier disc. The sample was spiked with
a Gallium internal standard and allowed to dry on a hot plate,
and the sample carrier with the sample was thereafter analyzed
using TXRF (Picofox S2, Bruker, Germany). This study detected
and discussed 12 elements, including Ca, Cr, Cu, Fe, K, Mn, Mo,
Ni, Pb, Sr, Ti, and Zn. The details of the metal analytical
methods have been reported by Fomba et al.** Although theo-
retically, TXRF can analyze elements from Al to Bi but for this
study, the undiscussed elements were not detected. The
elemental detection limit has been described in former
studies.**** The Quality assurance and quality control proce-
dures were conducted using standard protocols reported in
numerous literature.>**¢All measurements were accompanied
by blank measurements of both batch samples and field blanks,
which were subtracted from the analytical values to obtain the
values above background concentrations. Also, the instruments
were calibrated to ensure a good identification of the specific
compound, such as Na*, SO,>~, NH,", Ca®", and other water-
soluble ions, during the ion chromatography analysis, with
a similar procedure applied to trace metals, sugar, and organic
carbon analysis.

2.4 Health risk assessment

The study estimated the health risk of air pollution for some
selected metals (Cr, Cu, Fe, Mn, Ni, Pb, and Zn) for both chil-
dren and adults by employing the USDOE?” and USEPA*
models. These elements were selected for the assessment
because of their known and established health effects. The
models proposed the risk for both non-carcinogenic and
carcinogenic impacts of PTEs, as reported in the following
subsection.

2.5 Non-carcinogenic risk

A quantitative assessment of the non-carcinogenic risks asso-

ciated with PTEs in particulate matter (PM;, and PM, 5) was

conducted, focusing on three primary exposure pathways:

ingestion, inhalation, and dermal contact. This evaluation

utilized hazard quotients (HQs) for each metal analyzed. The

calculations were derived from the specified equations below:
For chronic daily intake (CDI) for the three pathways:

C x IngR x EF x ED P
Dl = 1 1
CDliee BW x Ape 0 @
C x InhR x EF x ED
CDlih = —5EF S BW x AT )
A x AF x AB EF x ED
DIy = SX 5AX B\XN - :de 225100 (3)
CDI
HQ = o5 (4)
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The definitions of each term can be found in Table 2. Addi-
tionally, Table S1 provides the reference dose (RfD) values (mg
kg~" day ') for the specified potentially toxic elements
(PTEs).** The hazard index (HI) is calculated as the cumulative
sum of the hazard quotients (HQ) and is utilized to evaluate the
overall non-carcinogenic risk associated with the measured
PTEs. The formula for HI is as follows:

HI = SHQ = SCDI/RfD (5)

Values for both the Hazard Quotient (HQ) and Hazard Index
(HI) that are less than 1 indicate a level of non-carcinogenic risk
that is considered acceptable. In contrast, if either the HQ or HI
exceeds 1, it indicates a potential health risk due to surpassing
the acceptable limits for non-carcinogenic exposure. The terms
used in eqn (4) and (5) are detailed in Table 2.

2.6 Carcinogenic risk assessment

The carcinogenic risk (CR) was assessed based on the proba-
bility of developing cancer throughout a person's lifetime. The
CR was determined for three distinct pathways as outlined
below:*?%3

CRypy = C x IFS x RBA x CSFo 106 ©)
ATnc
IRSa IRSc
IFS = (EF x EDa x BWa) + (EF x EDc x BWC) (7)
C x DFSx ABSdx CSFo .
CRaor = AT x GIABS x 10 (8)
AFa
DFs = | EF x ED:« A
S < X a X SAa x BWa)
AFc
EF x ED A
+( x EDc x S CXBWC) 9)
EF ED IUR x 1
CRyy = C x X x TUR x 1000 (10)

AT x PF

The total carcinogenic risk (TCR) can be expressed using the
following equation:

TCR = CRjpe + CRger + CRinn (11)
Details regarding the parameters and the specific factor
values used for risk assessment are provided in Tables 2 and S1.

2.7 Statistical analysis

Statistical analysis of chemical composition data involved
calculating descriptive statistics and performing one-way anal-
ysis of variance (ANOVA) using SPSS to identify differences in
composition levels across the PM samples. Correlation analysis
and principal component analysis (PCA) with Varimax rotation
and Kaiser Normalization were also applied to assess relation-
ships between chemical sources and variables in the PM.
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Table 2 Definitions of parameters and values of the variables for estimating human exposure to soil and sediment

Symbols Units Definition value Value Ref.

CDI mg kg~" day " Chronic daily dose through ingestion, inhalation, — USDOE?*’

and dermal contact with substrate particles

C mg kg ™" Concentration of heavy metals in substrate —

IngR mg day ! Soil and sediment ingestion rate for the receptor resident 200 (child) USDOE?*’
100 (adult)

InhR m?® day ! Soil inhalation rate for receptor resident 7.63 (child) USDOE?*’
20 (adult)

EF day year Exposure frequency 350 (resident) USDOE?*’
75 (recreations)*

ED year Exposure duration 30 (resident, recreation) USDOE?*’
6 child (resident)

BW kg Average body weight 42.4 (child) USDOE?*’
70.8 (adult)

ATy D Average time for non-carcinogenic effects ED x 365 USDOE?’
(resident and recreation)

PEF m’® kg™* Soil to air particulate emission factor 1.36 x 10° USDOE?*’

SA cm? event ™! Skin surface area available for exposure 2800 (child) USDOE*”
5700 (adult)

AF mg cm™> Soil to skin adherence factor 0.2 (child) USDOE*”
0.07 (adult)

ABSd Unitless Dermal absorption factor 0.03 (As); 0.001 USDOE?’
(other heavy metals)

RfDjng mg kg ' day ! Chronic oral reference dose Table S1 Table S1

RfCipnp mg m—3 Chronic inhalation reference concentration Table S1 Table S1

RfDger mg kg™* day™* Chronic dermal reference dose, = RfDingxABSgi Table S1 Table S1

GIABS Gastrointestinal absorption factor Table S1 Table S1

CSFo Oral slope factor Table S1 Table S1

IUR Inhalation unit risk Table S1 Table S1

3 Results and discussion
3.1 PM, s and PM,, concentration

Fig. 2 provides an overview of the daily mass concentrations of
PM, s and PM,,, as well as the percentage ratios of PM, 5 to
PM,, during the wet and dry seasons. In the wet season, PM, 5
concentrations ranged from 5 to 16 ug m >, while PMy, levels

fluctuated between 16 and 76 ug m™>. In contrast, the dry
season saw PM, s concentrations between 12 and 36 pg m™>,
with PM;, concentrations ranging from 42 to 158 ug m >, The
average mass concentrations for PM, 5 were 11 + 4 pug m >
during the wet season and 27 + 8 pg m™2 in the dry season. For
PM,,, the averages were recorded at 46 + 26 ug m™> in the wet

season and 109 + 38 ug m ™ in the dry season. The aerosol mass

PM1o, PM2.s Concentrations and PM2.s/PMio Ratio
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Fig. 2 Daily mass concentration of PM and the ratios of the size fractions (PM; s/PMyq).
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showed considerable variability, with PM,; reaching
a minimum of 5 ug m ™ in the wet season and PM;, peaking at
158 g m ™ in the dry season. Fig. 2 depicts the time series data
for the mass concentrations of PM, 5 and PM;, throughout both
seasons. The highest daily concentration of PM, ;5 was observed
on March 24, 2021, which was a dry day (no precipitation) with
moderate wind speed, and the lowest daily concentration was
observed on October 6, 2020, was also a day with low wind speed
but high precipitation.

Likewise, the highest and the lowest daily concentrations of
PM,, in the dry season were observed on March 24, 2021 (dry
season) and October 5, 2020 (wet season), respectively. The
average daily PM, s levels did not surpass the 24 hours air
quality guideline (AQG) limit set by the World Health Organi-
zation (WHO) during the wet season. In contrast, during the dry
season, PM, 5 levels exceeded the WHO AQG on more than 33%
of the sampling days.PM;, exceeded the WHO AQG on most
days in the wet and dry seasons. The average PM, 5/PM,, ratios
in the wet and dry seasons were 27% and 25% respectively. The
minimum value was observed on October 8, 2020 and October 9,
2020 (19%) in the wet season, while the maximum PM, 5/PM;,
ratio of 44% was also obtained in the wet season (October 5,
2020). This result suggests a dominance of coarse-mode parti-
cles over fine-mode particles. The high ratio observed on
October 5, 2020, and the generally higher values during the wet
season are attributed to low wind speeds. These conditions,
combined with wet surfaces, reduce the resuspension of coarse-
mode dust particles from roads. Thus, one can conclude that
precipitation washes off the coarse mode particles strongly than
the fine mode particles and suppresses the coarse mode frac-
tion of the particles, via washout and prevention of road dust
resuspension.

The PM concentrations observed in this study were analyzed
in relation to findings from previous research conducted in
Nigeria and other global locations (Table 3). It was noted that the
average PM, ; levels during the wet (11 pg m®) and dry (27 pg
m~?) seasons were lower than those documented in Ile-Ife,
Nigeria,” and other regions. Additionally, the average PM;,
concentration during the wet season (46 ug m %) was found to be
lower than the values reported by Owoade et al.,” yet comparable
to those recorded in Dushanbe, Tajikistan (Table 3).***
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In the dry season, PM,, levels were also lower than those
reported in Ile-Ife and Ikorodu,"?* Nigeria, as well as in
Chengdu, China.* Conversely, the PM;, concentrations in this
study exceeded those found in Taiwan,*»** Zhuzhou, China,**
and Seoul, South Korea.** The high concentrations were mainly
due to the fugitive dust resuspension from the soil by vehicular
movement, coupled with the industrial emission of aerosol
particles from the MRFs in the study area. This assertion was
also corroborated by Owoade et al.,” and Olatunji et al.,> who
found similar high concentrations when they sampled at other
industrial sites in Nigeria.

3.2 Ionic components

3.2.1 Coarse fractions. The results of water-soluble ions of
PM,,are presented in Table 4. It was observed that the most
notable ions in order of their abundance were chloride (Cl™) >
nitrate (NO; ™) > sulfate (SO,>") >sodium (Na*) > calcium (Ca*) >
potassium (K) > ammonium (NH,") > oxalate (C,0,>7) >
magnesium (Mg®*) based on their average concentrations.
There is significant variation between the major ions and minor
ions in both the dry and wet seasons. The values range from 66
ng m > (the lowest, observed for K*) to 374 ng m ™ (the highest,
observed for SO,>7) among the major ions (Cl~, SO,>~, NO; ™,
Na®, Ca**, and K"), in PM,, in the dry season. The minor ions,
NH,", C,0,°>", and Mg>", had average concentrations ranging
from 18 ng m > (NH,") to 29 ng m 3 (C,0,>") in the wet season,
and from 51 ng m~? (Mg”") to 91 ng m > (NH,") in the dry
season. The major ions, especially the S0,>”, NO;~, Na',
Ca”*and K" were sourced from primary emission from indus-
trial combustion by the MRF plants. It was established that
sulfate and or nitrate salts, such as sodium sulfate, sodium
nitrate, calcium sulfate, calcium nitrate, potassium sulfate, and
potassium nitrate, are employed as the sand additive of the
foundry mix during iron and steel production.?” The sources of
the Cl~ and the minor ions such as NH,*, C,0,>", and Mg**
were attributed to industrial combustion and sea salt
aerosol.*”**

3.2.2 Fine fractions. Similarly, the results of the concen-
trations of the water-soluble ions in PM, ;5 in both the wet and
dry seasons are presented in Table 4. In terms of their average
concentrations, the ions decrease in the following order: CI™ >

Table 3 Comparison of average concentrations PM, s and PMyq in pg/mzof this study with previous works

Places PM, 5 PM,, Ref.

Ogijo, Nigeria (wet season) 11 46 This study
Ogijo, Nigeria (dry season) 27 109 This study
Chengdu, China — 174 Cheng, et al.*
Dushanbe, Tajikistan — 45 Fomba et al.,***
Ife, Nigeria 223 381 Owoade et al.™®
Lagos, Nigeria 142 2805 Owoade et al., 2009(ref. 23)
Taiwan 51 91 Chu et al.*?
Changhua county, Taiwan 34 52 Hsu, et al.™®
Zhuzhou, Hunan province, China 114 62 Zhang et al.**
Seoul, South Korea — 88 Lim et al.*
Milan, Italy 38 113 Zoran et al.*®

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 4 The statistical summary of soluble-ions, carbohydrates, and metals of PM, 5 and PM;q in both the wet and dry seasons in the study area.

All concentrations are measured in ng m—3¢

Coarse (PM;g)

Fine (PM,5)

Wet season Dry season Wet season Dry season
Mean + Std  Range Mean £ std  Range Mean + Std  Range Mean + std  Range P value
Ions Chloride 254 £ 96 139-405 1176 £ 392 599-1891 14+ 6 3-20 104 + 115 26-351 HHE
Nitrate 241 + 73 142-337 690 + 367 292-1188 35+ 24 17-81 41 £ 26 12-92 HorE
Sulfate 374 £ 79 268-456 600 + 319 234-1216 55 + 21 29-90 71 £ 35 37-135 **
Oxalate 29 12 11-49 81+ 44 28-157 3+1 0-4 8+£3 4-15 ok
Sodium 135 £ 45 98-228 330 £ 131 197-580 18.6 £ 5.4 9-27 34+ 25 17-87 K
Ammonium 18 £ 11 4-30 95 + 75 11-224 19.4 £5.3 11-24 14+ 4 8-20 ok
Potassium 66 + 19 37-93 127 + 61 45-204 18 +£ 10 5-35 32 + 28 7-87 **
Magnesium 21+6 15-34 51 £ 26 24-99 1.7 £ 1.6 0.4-4.1 1.7 £ 2.2 0.5-6.5 o
Calcium 112 +£ 15 95-133 189 + 101 63-345 10 + 13 1-35 7+5 2-17 *x
Sugar  Levoglucosan 19 + 12 6-39 126 £+ 99 28-306 3+2 0-5 5+4 0-13 HoEE
Mannosan 191 + 47 103-241 212 £ 29 179-265 453 £ 61 349-520 389 £ 34 348-447 HxE
Metals K 101 +£ 17 80-131 190 + 66 115-311 61 + 11 48-80 74 =16 53-102 ok
Ca 150 + 40 113-234 272 £ 113 155-468 92 + 48 59-201 109 + 28 74-140 **
Ti 5.2 2.6 1.9-8.7 34.7 £ 18.6 4.8-57.7 1.1 £ 1.6 BDL-4.0 4.2 +3.1 BDL-9.4 ok
Cr 2.8 £1.0 1.9-4.6 6.2 £ 2.7 3.2-11.5 2.3 +£0.5 1.5-3.1 2.6 £0.8 1.9-4.0 ok
Mn 3.3+1.2 1.8-5.7 30.9 £ 16.2 11.9-60.0 BDL BDL 1.7 £ 1.4 BDL-3.8 ok
Fe 77 £ 26 53-126 733 £ 406 221-1377 20+ 8 10-34 54 + 23 19-76 **
Ni 2.1 £0.7 1.3-3.3 41+21 2.9-8.8 1.7 £ 0.5 1.1-2.4 1.8 £ 0.3 1.6-2.3 ok
Cu 4.6 +£1.6 2.7-7.3 13.8 £ 7.7 6.8-27.9 1.6 £ 0.4 1.1-2.1 2.0 £ 0.7 1.4-3.3 wox
Zn 243 £ 123 70-383 2411 4+ 1216  1422-4810 23 £ 17 6-55 174 + 161 48-509 HoHE
Sr 1.8 £ 1.5 BDL-3.6 3.9+2.0 2.2-8.0 2.2 +0.8 0.6-3.0 2.5+ 0.9 BDL-3.3 *
Mo 53 £ 32 0-91 116 + 107 35-291 2.8+73 BDL-19.3 13.2 +12.7 BDL-27.2  ***
Pb 643 £ 335 342-1356 1649 £+ 1288  469-3806 35+ 17 12-55 89 £ 52 14-162 Hxx

“ BDL = Below Detection Limit, Levels of significance: ***p < 0.001, **p < 0.01, *p < 0.05, ns—not significant.

S0, > NO;~ > Na* > K" > NH," > C,0,>” > Ca" > Mg>". The
lowest average value of the ions was 3.0 ng m ™, which was
observed for C,04> while the highest value of 55 ng m > was
found for SO,>~in PM, ;5 in the wet season. However, in the dry
season, the lowest average concentration was observed for Mg>*
(1.7 ng m~?), and the highest value was found for Cl~ (104 ng
m ) in PM, 5. The sources of these ions, such as Cl~ were
attributed to industrial combustion and sea salt aerosol, while
the oxidation of SO, and NOy emitted from MFR will form SO,*>~
and NO; in the atmosphere, respectively.***

3.3 The interrelationship between ionic species

3.3.1 Coarse fraction. A strong positive correlation among
the three major anionic species (Cl~, NO;~, and SO,>”) was
observed in this study, especially in PM;, and across the
seasons. For example, a strong positive correlation exists
between SO,>~ and Cl~ (* = 0.81), SO,>~ and NO; ™~ (* = 0.86),
and C1~ and NO;~ (** = 0.87) (Table S2). The correlation coef-
ficient (r) was positively strong between Cl~ and NO; (0.67),
Cl and SO,>(0.72), and SO,> and NO; . This implied that they
may have had a common origin, which could be attributed to
anthropogenic emissions of their salts from the MRFs in the
study area.

Similarly, strong positive correlation also exists among Na'-
Ca*-Mg>" (r* = 0.72-0.92),K" - Mg*>-Ca>" (¥ = 0.80-0.92),
Mg>*-Ca*" (r* = 0.92) (Table S2) in PM,, in both wet and dry
seasons. This also implied that the elements had a common

10 | Environ. Sci.: Atmos., 2026, 6, 104-118

origin or were similarly affected by precipitation and weather
conditions. Furthermore, the strong positive correlations
between the anionic and cationic species presented in Table S2
indicate the similarity in the sources of SO, and K'-Na'-
Mg>*-Ca®*, in PMy, across the seasons, as also observed else-
where.*®*° It was established that sulfate or nitrate salts, such as
sodium sulfate, sodium nitrate, calcium sulfate, calcium
nitrate, potassium sulfate, and potassium nitrate, are employed
as the sand additive of the foundry mix during iron and steel
production.” Thus, the observed correlation between these ions
is likely linked to emissions emanating from these activities.

3.3.2 Fine fraction. Also, a strong positive correlation exists
among anionic species (Cl~, NO; ™, and SO,>") in PM, 5 (Table
S2). Similarly, the correlation coefficient between the cations
and anions in PM,s was strong for only Mg>* and NO;~
(¥ = 0.83), Na" and ClI~ (©* = 0.93), and Ca*’and NO;~
(r* = 0.68), and generally weak for other ions (Table S2). This
suggests the MgCl, and NaCl particles are in the fine mode.

The strong relationship/association suggested that salt
mixtures of nitrate and sulfate were significantly emitted into
the atmosphere in the study area through industrial processes
from the MRF plants.

3.4 Sugar

3.4.1 Coarse fraction. The major carbohydrate substances
observed in the PM were Levoglucosan and Mannosan. Their
peak concentrations were 305 ng m > (Levoglucosan) and 447

© 2026 The Author(s). Published by the Royal Society of Chemistry
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ng m *® (Mannosan) during the dry season on March 22, 2021.
In contrast, the minimum values of 6.3 ng m > (Levoglucosan)
and 179 ng m~* (Mannosan) were recorded during the wet
season on October 4, 2020 (Table 4). Similarly, the disparity in
the average concentrations in the wet season (19 ng m~*) and
the dry season (126 ng m>) shows a significant variation in the
budget of this substance in both seasons. Both Levoglucosan
and Mannosan have been established to be major biomarkers
for tracking biomass burning in the atmosphere.****>* There-
fore, the very high concentrations of Levoglucosan and Man-
nosan, especially in the dry season, were attributed to the
anthropogenic activity of wood burning through outdoor
cooking by the locals, a practice that is common in the study
area. Viana et al.,”® reported an average Levoglucosan concen-
tration of 129 ng m* in PM;, during episodic bush burning in
Valencia (Eastern Spain). This value was similar to the average
value observed in this study during the dry season, which was
attributed to biomass burning. Stevens et al.>* compared Levo-
glucosan and Mannosan ratios in sediments and corresponding
aerosols from recent Australian fires, highlighting the use of
these compounds as tracers for biomass burning emissions.
High concentrations of K, a tracer for biomass/wood burning,
were observed in this study. K' showed strong correlations with
levoglucosan, with 7 values of 0.98 in the dry season and 0.68 in
the wet season. This suggests that they have a common origin,
which is ascribed to their emission from biomass burning. In
addition, the positively strong correlation between Levogluco-
san and Oxalate (©* = 0.93) is also an indication of its origin
from the same source (wood burning) as suggested by Viana
et al.,.”” Levoglucosan showed strong positive correlations with
NO; ™ (¥ = 0.87), Ca®" (¥ = 0.72), and SO,>~ (©* = 0.84). These
correlations suggest that biomass burning likely contributed to
the levels of these species, in addition to emissions from metal
recycling facilities (MRFs).

3.4.2 Fine fraction. The concentrations of Levoglucosan were
below 5.5 ng m™ in the wet season and 13 ng m* in the dry
season (Table 4). The highest value was reported in the dry season.
The highest value of Mannosan 520 ng m “was reported during
the wet season. Simoneit et al.** and Schkolnik et al*® reported
higher Levoglucosan values than those found in this study. Their
observed high concentrations were attributed to wood burning,
similar to the source identified in this study. The lower Levoglu-
cosan concentrations in the wet season and fine mode likely result
from reduced biomass burning activities and fewer coarse particles
in the atmosphere for the compound to adhere to. This reduction
in coarse particles limits Levoglucosan's contribution to the coarse
mode fraction. Levoglucosan in this study was predominantly
found in the coarse mode and at higher concentrations during the
dry season. The higher coarse mode fraction during the dry season
provided surfaces for Levoglucosan to condense onto. This,
combined with reduced atmospheric washout, contributed to the
increased levoglucosan levels in the dry season.

3.5 Metals

3.5.1 Metals distribution. Twelve (12) metals

measured in both PM, s and PM,, across the wet and dry

were

© 2026 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Environmental Science: Atmospheres

seasons, in October 2020 and March 2021, respectively. The
statistical summary (average, standard deviation, minimum,
and maximum values) of the metals, which include Ca, Cr, Cu,
Fe, K, Mn, Mo, Ni, Pb Rb, Sr, Ti, and Zn, is presented in Table 4.

3.5.1.1 Coarse mode (PMy,). All the major elements, such as
Ca, Fe, and K, that are often reported to have crustal signatures,
showed high concentrations across the wet and dry seasons for
the coarse particles.

The highest concentrations of Ca (234 and 468 ng m®), Fe
(126 and 1377 ng m—*), and K (131 and 311 ng m ) in both wet
and dry seasons were observed on October 4, 2020 (wet season)
and March 22, 2021 (dry season) (Table 4). These days corre-
spond to the periods with the highest PM concentrations. The
difference between the minimum and maximum values showed
that there is significant variation of these metals across the
seasons. There is a significant difference between the average
concentrations of Ca (272 4+ 113 ng m ™), Fe (733 & 406 ng m >),
and K (190 & 66 ng m?) in the dry season than their respective
values in the wet season (Ca-150 + 40, Fe-77 £ 26, and K-101 £+
17 ng m™>) in PMy,.

Also, from the one-way ANOVA results, statistically signifi-
cant differences (p < 0.001, p < 0.01) were revealed in the
concentrations of all the metals, particularly between PM, 5 and
PM,, during the dry season, except for Sr (P < 0.05) (Table 4),
were observed. Additionally, significant differences were
observed between coarse and fine particles in both wet and dry
seasons, as well as between fine particles in the wet and dry
seasons. These findings suggest that metal concentrations vary
substantially depending on particle size and season. These
metals have been reported in Nigeria,***° with a similar soil type
to be a major component of the soil in the study area; hence,
their preponderance in the coarse mode fraction is explicable.
Therefore, their presence in the atmosphere is mostly a result of
the fugitive soil dust that is resuspended by wind and vehicular
movement into the atmosphere.

However, their occurrence in the study area could also be
a result of emissions from the MRF, which may be responsible
for Fe and K. The values of these metals for the PM;, observed
in this study were comparable with other studies in Nigeria,*>**
Tanzania,***® and Brazil®” with similar soil types, where they
also reported high values of Ca. This assertion was supported by
previous work in a similar environment in Nigeria.’ The find-
ings suggest that K and Fe were among the major elements
associated with emission during metallurgical production.
These metallurgical factories emit Fe and other substances
from their furnaces, this assertion was supported by previous
work in a similar environment in Nigeria.'>**** The respective
average concentrations of Mn, Rb, Sr, and Ti in both wet and dry
seasons are 3.3 and 31, 0.5 and 0.8, 1.8 and 3.9, 5.2 and 35, all
expressed in ng m>. Therefore, they decrease in the following
descending order: Mn > Ti > Sr > Rb. The highest concentrations
of Mn, Ti, Sr, and Rb in both the wet (5.7 ngm >, 8.7 ngm >, 3.6
ng m?, and 0.9 ng m?) are lower than their corresponding
values in the dry (60 ng m 3,58 ng m ™3, 8.0 ng m 3, and 1.8 ng
m ) seasons. These metals were also attributed to their crustal
contributions from the local soil resuspension.
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The most notable trace metals in this study were Pb and Zn;
these metals have high concentrations in these size fractions,
and they are predominantly from anthropogenic emissions
from combustion processes.*® Their respective mean concen-
trations for both the wet season (643 and 243 ng m™~°) and dry
season (1649 and 2411 ng m*) were higher in comparison to
the reported concentrations of other studies in China,** Mex-
ico,* Tajikistan,*** and Brazil.>” However, the high values of
these metals agreed with previous work in a similar environ-
ment in Nigeria,'>** where the mean Pb concentrations were
also high (between 2.4-5.3 ug m>). The elevated concentrations
were linked to the metallurgical production of iron and steel, as
industrial emissions from metal recycling facilities in the study
area play a significant role. This phenomenon is associated with
the alloying materials and residual paints from the scrap
metals, which tend to become volatile during the smelting
process.

In addition to the anthropogenic Pb and Zn, the presence of
Cr, Cu, Mo, and Ni in both seasons in this fraction were asso-
ciated with the activities of the MRFs. These metals (Cr, Cu, Mo,
and Ni) have also been reported to be tracers for the ferrous
metal industryemissions.”>*® They were observed in wet (2.8,
4.6, 53.0, and 2.1 ng m >, respectively) and dry (6.2, 13.8, 116,
and 4.1 ng m >, respectively) seasons.

3.5.1.2 Fine mode (PM; 5). Similarly, the average concentra-
tions of Fe (20 ng m ), Ca (92 ng m*), and K (61 ng m ™) in the
wet season were lower than their corresponding values of 54 ng
m 3,109 ng m?, and 74 ng m 3, respectively, in the dry season
(Table 4). Other metals, according to their abundance, were Zn >
Pb > Mo > Ti > Cr > Sr > Cu > Ni > Mn > Rb, and varied across the
seasons. There is significant variation between wet and dry
seasons of Zn, Pb, and Mo (23-174 ng m >, 35-89 ng m ", 2.8-
13 ng m >, respectively), while there is a low significant differ-
ence in both seasons in the average concentrations of Ti, Cr, Sr,
Ni,and Rb (1.1-4.2 ngm™>,2.3-2.6 ngm >, 2.2-2.5ngm" >, 1.7-
1.8 ng m %, and 0.3-0.4 ng m?, respectively). All these metals
in this fraction were mainly a result of combustion processes
from the manufacturing industries in the study area, as re-
ported by other studies in similar regions.****%"

3.5.2 Determination of trace metal sources. The sources of
the trace metals in this study were assessed by using the
correlation coefficient and principal component analysis (PCA).

3.5.2.1 Correlation analysis

3.5.2.1.1 Coarse particles. The correlation analysis result of
the PM;, elements is presented in Table S3. All the major
elements in PM;,, such as K, Ca, and Fe, had a strong positive
correlation with one another (r = 0.88-0.96) and with all the
trace metals, with their regression coefficient ‘¥’ ranging from
0.53 (K-Rb) to 0.97 (Fe-Ti). This suggests that they have
a common origin, which could be mostly attributed to crustal
sources. Similarly, there is a very strong positive correlation
among all the trace metals with strong regression coefficients
from 0.57 (Sr-Ti) to 0.96 (Pb-Mo). This implies that these metals
likely had similar origins, which could be geogenic, mixed with
anthropogenic.

3.5.2.1.2 Fine fraction. Meanwhile, the metals in PM, 5 in
Table S3 revealed that K could have a common source with Cu,
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Mn, Fe, and Zn (r = 0.58-0.82), Fe a similar origin with Cu, Zn,
and Pb (0.73-0.75). Only significant correlation exists between
Mn and Zn-Fe-Cu-Rb-Pb (r = 0.57-0.92), Mn-Cu (0.76), and
Mn-Pb (0.85), while also Zn-Cu (0.75), Zn-Rb (0.64), Zn-Pb
(0.79), and Pb-Rb (0.63) had strong positive correlations among
the trace metals. These signify that they have a common origin,
and they are mostly attributed to anthropogenic origin from
combustion processes in MRF plants.

3.5.2.2 PCA analysis. The specific sources of the metals were
further identified through PCA, which was carried out on the
data set of the metals for both PM,;, and PM, s across the
seasons (Table 5). The PCA of metals revealed 3 principal
components for PM;, and 5 for PM, 5 that explained 95.35%
and 86.04% of the total variability in the size fractions,
respectively.

3.5.2.2.1 Coarse fraction (PM;,). PC1 described 46.21% of
the common variance, and it is characterized by high loading of
the typical crustal metals (K, Ca, Fe, Ti, and Mn) and anthro-
pogenic elements (Cr and Zn). Thus, PC1 represents
a combined influence of crustal and anthropogenic sources on
PM,, elemental composition in the study area. The association
of Ca, Fe, K, Mn, and Ti with this factor suggests that these
elements reflect the local soil composition, which is subse-
quently resuspended into the atmosphere. The report of Ezeh
et al* in a similar environment confirmed that the aforemen-
tioned crustal elements were preponderant in their PC1 for
PM,, particle fraction. The source of these elements was also
attributed to crustal sources, such as entrained soil dust from
poorly maintained road networks and unpaved walkways. The
reflection of Cr and Zn in this PC suggests their contribution to
industrial combustion. Similarly, Ezeh et al.,;** Owoade et al.,*
further opined that these elements were inputs from emissions
emanating from industrial activities such as smelting work.
Also, the presence of Fe and Zn was reported by Olatunji et al.,*
in a similar environment. Their reports revealed the presence of
Fe and Zn-rich particles in the coarse mode particulate matter
using scanning electron microscopy coupled with energy
dispersive X-ray (SEM-EDX) technique. It was established that
these particles were also the product of emissions from the MRF
plants.

PC2 explained 37.31% of the total variance and was heavily
loaded with Ni, Cu, Mo, and Pb. They were mainly emitted from
the MRF as described by Owoade et al.,.* This was attributed to
the melting of alloying materials and expended paints from the
scrap metals that will become volatile during the smelting
process.” PC3 describes11.83% of the variance and it is
composed of only Sr. This factor was also sourced from crustal
origin.

3.5.2.2.2 Fine fractions. The PCA result of fine particulate
fraction (PM, 5) is presented in Table 5. The PC1 is anthropo-
genic with 39.20% of the variance and is composed of K, Cu, Ni,
Fe, Zn, Mn, and Pb. This is mainly attributed to anthropogenic
activities from industrial combustion. PC2 is a crustal factor,
accounting for 15.73% of the total variance. It is characterized
by high levels of Ca and Sr, which are thought to primarily
originate from crustal sources. In contrast, the PC3 is an

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 5 Principal component analysis of PM;g and PM, sin the study area

PMy, PM; 5

PC1 PC2 PC3 PC1 PC2 PC3 PC4 PC5
K 0.70 0.37 0.18 0.67 0.56 0.04 0.08 0.24
Ca 0.79 0.39 0.14 0.32 0.56 0.49 —0.07 —0.32
Ti 0.91 0.22 0.21 0.08 0.06 0.94 0.17 0.13
Cr 0.82 0.48 0.16 —0.06 0.09 0.09 —0.02 0.96
Mn 0.87 0.41 0.27 0.97 —0.02 0.06 0.11 —0.05
Fe 0.93 0.28 0.24 0.90 0.04 0.29 —0.08 0.00
Ni 0.36 0.71 0.27 0.38 0.44 -0.10 0.15 0.25
Cu 0.35 0.60 0.34 0.83 0.45 —0.04 —-0.14 —0.13
Zn 0.79 0.49 0.31 0.91 0.10 —0.09 0.33 —0.05
Sr 0.35 0.35 0.86 —-0.17 0.87 0.10 0.12 0.08
Mo 0.23 0.94 0.21 0.17 0.15 0.15 0.94 —0.01
Pb 0.31 0.87 0.31 0.83 —0.28 0.22 0.34 —0.05
Eigen value 5.55 4.48 1.42 4.70 1.89 1.33 1.22 1.19
% Variance 46.21 37.31 11.83 39.20 15.73 11.07 10.15 9.90
Cumulative % 46.21 83.52 95.35 39.20 54.92 65.99 76.14 86.04

anthropogenic factor that explained 11.07% of the total vari-
ance and is predominantly associated with Mo, which is
attributed to industrial emissions. PC4 and PC5 exhibited
nearly identical variances of 10% each. PC4 is also a crustal
factor significantly loaded with Ti, which reflects the composi-
tion of the local soil. PC5 with its high levels of Cr is attributed
to an anthropogenic factor from industrial processes.

3.6 Enrichment factor

Additionally, the crustal enrichment factor (EF) was utilized to
assess the contributions of crustal dust to the elemental
concentrations observed in the study area. Titanium was selected
as the reference element for this analysis. The composition of the
upper continental crust, as outlined by Rudnick and Gao,* was
used to determine the enrichment factors and the crustal
contributions to the elemental concentrations. An EF value
greater than 2 but less than 10 indicates moderate enrichment,
suggesting that the material may derive from other crustal
sources with a composition differing from that of the selected
reference element. Elements exhibiting an EF greater than 10 are
classified as enriched, while those with an EF below 0.70 indicate
depletion relative to the reference composition. Enrichment
factors ranging from 0.70 to 2 are regarded as comparable and
fall within the error margin of the reference source, suggesting
that elements with such factors may have originated from that
source. Fig. 3a and b show the average enrichment factors for
both PM;, and PM, ssize fractions and wet and dry seasons for
the measured metals in the study area. Based on the classifica-
tion above, two major groups of metals were identified in all the
size fractions and seasons, those that were within 2-10 EF values
such as Fe, Ca, K, Sr, and Mn are in the first group, while the
second group consists of Cr, Ni, Cu, Se, Zn, Pb, and Mo, in which
their EF values were greater than 10.

In the PM,, fraction the average EF values of Fe, K, Ca, Sr,
and Mn were 1.8, 2.8, 3.8, 3.7, and 4.7, respectively, for the wet
season, while in the dry season, their corresponding average
were 2.4, 1.0, 1.3, 1.8, and 6.6, respectively (Fig. 3a). Therefore,

© 2026 The Author(s). Published by the Royal Society of Chemistry

the EF values of these aforementioned elements are relatively
low and classified within low to minimal enrichment. This
further confirms the assertion that they were contributed from
crustal origin (fugitive soil dust) by the calculated PCA.
However, their slight value above 2 in some instances also
justifies that there could be a slight contribution from anthro-
pogenic activities such as smelting, work biomass burning, and
cement production that are common in the study area.

These assertions were supported by the previous work of
Owoade et al,” who identified these sets of metals as crustal
elements in similar environments and found their slight contri-
bution from smelting and biomass burning using positive matrix
factorization (PMF). The average EF values of Cr, Ni, Cu, Zn, Pb,
and Mo in the wet season were 70, 95, 262, 3808, 26 257, 31 923,
respectively, and 22, 31, 119, 6104, 11 198, and 9869, respectively,
in the dry season. Consequently, these elements were very strongly
enriched to extremely enriched in PM;, in both wet and dry
seasons. This is a further confirmation that they are pollutants in
the environment and were sourced from anthropogenic activities
such as industrial combustion from MFRs, as revealed by PCA.

A similar trend was also observed in PM, 5 with the average
EF values of the aforementioned crustal elements (Fe, K, Ca, Sr,
and Mn) ranging from 1.2 (Fe) to 10.7 (Sr) in the wet season and
1.7 (Fe) to 6.5 (Sr) in the dry season (Fig. 3b). Similarly, these
elements are largely sourced from entrained soil dust from
poorly maintained road network and unpaved walkway.** Also,
there could be slight contributions of these elements from
anthropogenic activities, especially Sr, for the reason
mentioned earlier. Furthermore, the extremely strong EF values
of Cr, Ni, Cu, Zn, Pb, and Mo during the wet (93-12964) and dry
(63-6052) seasons indicated that they are pollutants and
sourced from the anthropogenic origin, mainly from smelting
work in the environment.

3.7 Health risk assessments

The statistical summary of non-carcinogenic hazard quotient
ingestion (HQjng), inhalation (HQjnp), dermal (HQgermar), and
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hazard index (HI) estimated on the selected elements such as
Cr, Mn, Ni, Cu, Zn, Sr, and Pb in particulate matter in wet and
dry seasons for children and adults are presented in Fig. 4 and
Tables S4, S5, respectively.

3.7.1 Non-carcinogenic risk

3.7.1.1 Coarse fraction. Based on the average values, the
HQs decrease in the following order: HQing > HQgerma > HQinn
in both seasons. Similarly, the HQs of the metals generally
decrease in the following order: Pb > Cr > Ni > Cu > Zn > Mn for
PM,, across the seasons. Furthermore, the highest average
HQing, HQinn, and Hgermar values were observed for Pb in wet
(1.18 x 107", 4.35 x 107%, 2.94 x 10™*, respectively) and dry
(3.47 x 107", 1.12 x 1073, and 7.53 x 10~* respectively)
seasons in children (Fig. 4). These HQ values of Pb are in many
folds higher than HQs (HQjng, HQjinn, and HQgermal) values of
Cr, Ni, Cu, and Mn for children (Fig. 4). Likewise, Pb has the
highest average HQs values for all the metals in both wet (1.86 x
10%", 6.57 x 107, 6.59 x 107°) and dry (5.46 x 1072, 1.68 x
10~*, and 1.69 x 10 *) seasons in adults (Fig. 4). Consequently,
Pb emerged as the primary factor influencing non-carcinogenic
risk across various age demographics. This finding can be
attributed to the high concentrations of Pb detected at this
location, along with its significant toxicity and corresponding
reference dose (RfD) values. Overall, the HQ values for all metals
during both the wet and dry seasons were below the permissible
threshold of 1 for non-carcinogenic risk, indicating that there is
no considerable non-carcinogenic risk to human health.
However, the maximum single HQj,, value for Pb (0.82)
observed in the dry season for children, which is very close to 1,
is worrisome (Table S4). Therefore, progressive exposure to
PTEs, especially Pb in the study area, might enhance the non-
carcinogenic and carcinogenic risk. Also, when considering
the results for the non-carcinogenic risk for both children and
adults, it was observed that children had a higher potential risk.

Consequently, the average HI values of the PM;for children
in the wet (1.20 x 10~") and dry (3.56 x 10 ") seasons and for
adults in the respective (1.88 x 10~> and 5.66 x 10~ ?) seasons
were less than 1, which indicated that they may pose no
significant non-carcinogenic risk (Fig. 4). However, the HI value

M4 | Environ. Sci.: Atmos., 2026, 6, 104-118

of 0.83 (Table S4) for children cannot be neglected because
continuous emission of PTEs, especially Pb, may pose a signifi-
cant non-carcinogenic risk in the near future.

3.7.1.2 Fine fraction. A similar trend, such as the order of
abundance of HQing > HQgermat > HQjinn and Pb > Cr > Ni > Cu >
Zn > Mn for PM, 5 across the seasons, was observed in this
fraction, except for their lower values compared to PM;,. Like
PM,,, the average HQs values of Pb were also the highest
compared to other metals in both the wet (6.51 x 107%, 2.37 x
107°,1.60 x 10 ") and dry (1.70 x 102, 600 x 10>, and 4.05 x
107°) season for Children (Fig. 4). The respective average HQs
(HQing, HQinh, and HQqerm) values for adults were 1.02 x 1073,
3.58 x 107%, 3.59 x 10~ ° in wet season and 2.67 x 103, 9.05 x
107%,9.08 x 10* in the dry season (Fig. 4). Also, the HQ values
of all the metals in both wet and dry seasons for the children
and adults were lower than the maximum allowable limit for
non-carcinogenic risk of 1, which poses no significant non-
carcinogenic risk to humans. Similarly, the average HI values
of the PM, 5 for children in the wet (7 x 107%) and dry (2.01 x
107?) seasons and for adults in the respective (1.10 x 10~ and
3.16 x 10~ ) seasons were less than 1, which indicated that they
may pose no significant non-carcinogenic risk (Fig. 4 and Table
S5).

3.7.2 Carcinogenic risk. The carcinogenic risks (CR) values
of Cr, Ni, and Pb for both size fractions (PM;, and PM, 5) in both
seasons (wet and dry seasons) for children are presented in
Fig. 4 and Tables S4, S5. The highest average CR values of these
elements were observed for Pb in the dry season (1.5 x 10~°) for
PM,,, while in PM, 5 the highest average CR value of Pb was also
found in the dry season (7.3 x 1077). It has been established
that CR and total carcinogenic risk (TCR) value in the range of 1
x 107° - x 10~* implies an acceptable total risk; risk values < 1
x 107° indicate no significant health effects, while values that
exceed > 1 x 10~* indicate unacceptable carcinogenic health
risks for humans (Table S4).°-%* Therefore, all the CR values of
the 3 metals were within the acceptable carcinogenic risk.
Similarly, the highest average TCR values for children were 2.4
x 107° (PMy,) and 4.4 x 10 ° (PM,;) observed in the dry

© 2026 The Author(s). Published by the Royal Society of Chemistry
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season. Also, these values were within acceptable limits and
posed no significant carcinogenic risk (Fig. 4).

Similar trends of CR values were observed for Cr, Ni, and Pb
in adults for both size functions and season, but these values
were lower than their corresponding values in children (Fig. 4
and Table S4). Therefore, the range and the average CR values of
Cr, Ni, and Pb pose no significant carcinogenic risk to humans
in the vicinity of the MRFs (Fig. 4). Likewise, the TCR values
were calculated for the adults showed that they were less than
the maximum acceptable limit for carcinogenic risk.

4 Conclusions

This study presented the chemical composition of PM;, and
PM, s in the wet and dry seasons of metal recycling factories
(MRFs) in Nigeria. It also provides the first assessment of
human health risks associated with PM,, and PM, 5 exposure in
the MRF environments in Nigeria. Seasonal trends, source
contributions, contamination level, and health implications of
PM were investigated by evaluating the PM,, and PM, 5, water-
soluble inorganic ions (Cl~, NO;~, and SO,>”, Na*, Ca**, K,
Mg>*, NH,", C,0,>7), sugar (Mannosan and Levoglucosan), and
metals (Ca, Cr, Cu, Fe, K, Mn, Mo, Ni, Pb Rb, Sr, Ti, and Zn)
concentrations. The results show that average PM, 5(27 g m™3)
and PMy, (109 pg m*) concentrations exceed World Health

© 2026 The Author(s). Published by the Royal Society of Chemistry

Organization (WHO) Air Quality Guidelines especially during
the dry season, indicating severe air quality concerns. The
elevated levels of Cl~, NO;™, and SO,>”, Na', Ca**, K" were
mainly attributed to anthropogenic emissions from the MRFs
and biomass burning in the study area. The presence of Levo-
glucosan also suggests the contribution of regional biomass
burning. This study also identifies MRFs as a major contributor
to potentially toxic element (PTE) emissions, with elevated
levels of elements such as Zn, Cr, and Pb, posing localized risks.
The enrichment factors (EFs) of these metals, ranging from 70
to 31000, further confirm significant to extreme enrichment,
indicating a strong anthropogenic influence from the MFRs. In
contrast, metals like Ca, K, Na, and Sr exhibited low EFs, sug-
gesting a predominantly crustal origin. The results of the esti-
mated human health risk of PTEs like Cr, Mn, Ni, Cu, Zn, and
Pb show no non-carcinogenic risk for most of the metals to
children and adults. While most metals pose no significant
health risk, lead (Pb) is a notable exception, with hazard
quotient and index values close to permissible limits, especially
for children. This highlights the need for urgent attention to
mitigate Pb pollution and its potential long-term effects on the
environment and public health. The study's findings will
inform policymakers in enhancing environmental regulations
and inspection procedures to ensure cleaner and safer air for
the nation.
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