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lic aromatic hydrocarbons around
a scrap iron and steel recycling industry and the
associated health risk assessment

Olusola Adedayo Adesina, *a Oluwatomi Atinuke Fakayode,*a Mufliah Gbemisola
Omofoyewa,*a Khairia Mohammed Al-Ahmary,*b Saedah R. Al-Mhyawi,*c

Ibtehaj F. Alshdoukhi*d and Sarah Bader alotaibi*e

The recycling of iron and steel is among the booming sectors in the Sub-Saharan countries of Africa.

However, these industries generate different air pollutants due to inadequate control devices and a lack

of monitoring by government control agencies. In this study, the levels of ambient air concentration and

distribution of PAHs around a steel and iron scrap melting industry were investigated. Health indices

including the incremental lifetime cancer risk (ILCR) and hazard quotient (HQ) were utilized to access the

potential health effects of human exposure to PAHs in the ambient air surrounding this facility. The PAHs

in the ambient air were collected using passive samplers in accordance with the procedures outlined in

the South Pacific Regional Project's Annex 3. The quantification of PAHs was done using GC-MS. The

results showed that the
P

PAHs ranged from 49.6 to 530.1 pg m−3 in the dry season and 27.5 to 498.6

pg m−3 in the wet season. The
P

carcinogenic PAHs ranged from 2.5 to 115.7 pg m−3 in the dry season

and 1.7 to 28.6 pg m−3 in the wet season. The average ILCR for the wet season was 1.5 × 10−5 for

children and 1.33 × 10−5 for adults, while for the dry season, the mean ILCR values were 2.7 × 10−5 for

adults and 2.4 × 10−5 for children. Additionally, there was a considerable noncarcinogenic risk shown by

the calculated hazard quotient, which was several times greater than that of the permissible limit of 1.

The analysis quantified the concentrations of PAHs in the vicinity of the scrap iron and steel company

and recommended the use of modern air control devices to control air emissions.
Introduction

The ambient air quality is of global concern as nine out of ten
people around the world breathe polluted air.1 Additionally,
millions of untimely deaths are recorded yearly from air
pollution-related diseases.1,2 It is even more concerning in
countries of Africa, where there is no proper inventory on the
various sources of air pollution in the environment. A study3 has
shown that the cases of premature deaths caused by air pollu-
tion exceed the cases recorded from malaria and HIV/AIDS.
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The iron and steel smelting industries are one of the contrib-
utors to air pollution in Africa, which are less investigated. These
industries have been expanding in the country due to the avail-
ability of scrap metals and the growing demand for iron rods.4

Nigeria consumes 6.8 million metric tons of steel each year, and
the precise amount of scrap metal generated in the country is still
unknown due to inadequate data collection and management.5

In order to reduce environmental pollution caused by the
littering of the scrap metals, recycling becomes inevitable.6

Scrap metal recycling plants have been established in different
parts of the country to reduce environmental degradation and
for the value addition of these products. However, no proper
monitoring is being done to regulate the activities of these
industries in the country. Heavy smoke is usually seen getting
emitted into the ambient air during the production hours of
these industries, creating concerns regarding air pollution. The
basic techniques and processes of iron and steel smelting
involve raw molding, high-temperature melting, and casting.7

However, these processes are associated with the generation of
a signicant amount of air contaminants due to inadequate
control devices in their production processes.8

PAHs are emitted from both natural and anthropogenic
sources and a majority of the PAHs released into the
RSC Adv., 2025, 15, 46761–46774 | 46761
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environment are basically from these sources.9 There has been
an increase in awareness of these pollutants due to their
carcinogenic potential, toxicity, and teratogenic properties.9,10

PAHs are emitted into the air as by-products of incomplete
combustion processes, the burning of bio-organic matter,
automobile exhaust emissions, and industrial emissions.11–14

Few studies are available on ambient air contamination from
activities related to scrap iron and steel recycling, especially in
Sub-Saharan Africa, where there is air contamination associated
with heavy metals and particulate matter.15–18 Few studies are
available on the emission of PAHs from scrap iron and steel
recycle plants, which encouraged this investigation.

Additionally, there are no regulations and guidelines in place
in the country for regulating the ambient air emission of PAHs
from these industries. Hence, this study focuses on the deter-
mination of ambient concentration levels and the distribution
of PAHs around a scrap iron and steel recycling facility. This
study also determined the risk associated with human exposure
to PAHs around the vicinity using some health indices.
Materials and methods
Study area

This research was conducted in the area surrounding a metal
recycling plant situated along the Osogbo–Ikirun Highway,
Fig. 1 Map of sampling locations (source:
webmap=6aa1b2a1bb7e4606adbd539528dcb1db).

46762 | RSC Adv., 2025, 15, 46761–46774
approximately 3.5 km from Osogbo, the capital of Osun State,
Nigeria. Fig. 1 displays the map indicating the sampling sites
around the plant's location. Thirteen sampling points were
chosen based on the predominant wind direction and most
importantly, the sampling points were in the vicinity of resi-
dential buildings around the perimeter of the recycling plant,
allowing for the determination of human exposure to these
pollutants. The sampling was done for two seasons (wet and
dry) in 2023.
Sampling

The sampling was done using a modied technique in Annex 3
of South Pacic Regional Project for Passive Air Sampling.19,20

The passive sampler consisted of two stainless-steel bowl sizes
(30 cm and 24 cm) and polyurethane lters (PUF). The PUF
lters were congured with a 14-cm diameter, thickness of
1.35 cm, a 365-cm2 surface area, and a density of 0.030 g cm−3.
Before deployment, the PUF disks were washed with distilled
water and then rinsed in a Soxhlet extractor with acetone and
petroleum ether for a whole day.21

On deployment, each sampler was placed on an iron rod (2
m) above the ground. The sampling was done for 28 days and
then the samples were transported to the laboratory for anal-
ysis. The PAHs were extracted from the PUF discs in a Soxhlet
ArcGIS, https://www.arcgis.com/apps/mapviewer/index.html?

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 LOD, LOQ, recovery and RSD values (pg m−3) of PAHs

Target compound LOD LOQ Recoveries (%) RSD

Nap 0.2 0.32 91 9.1
Acy 0.21 0.32 95 8.9
Acen 0.12 0.21 92 8.2
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extractor using dichloromethane (Sigma-Aldrich). The
temperature for extraction was set at 60 °C for seven hours.14

The extract was rened in open glass columns using liquid–
solid adsorption chromatography with alumina and silica
(200–400 mesh, Zico-Tech) as adsorbents. The extracts were
concentrated using rotary evaporator (Intex Co., Ltd).
Fln 0.1 0.19 87 7.8
Phe 0.12 0.24 86 7.6
Ant 0.14 0.23 95 8.9
Flt 0.14 0.31 95 8.2
Pyr 0.18 0.21 95 9.2
BaA 0.19 0.25 93 8.6
CHR 0.16 0.31 92 9.1
Bbf 0.21 0.31 95 9.2
B 0.12 0.29 94 8.4
Bap 0.15 0.31 90 8.2
Icp 0.13 0.27 92 9.1
DHa 0.15 0.23 94 9.2
Bgp 0.12 0.31 94 9.2
PAHs analysis

PAHs were quantied using a GC-MS/MS 4000/3800 gas chro-
matograph (Agilent Technologies, Pato Alto, CA) with a xed
stationary-phase thickness, a chosen ion monitoring mode and
a 1 m column (dimension of 60 m × 0.32 mm). Nitrogen was
employed as the carrier gas. The GC was operated in a splitless
mode at a temperature of 250 °C. The initial column tempera-
ture was 70 °C, at 10 °C min−1 to 260 °C. It was increased to
300 °C min−1 for 8 min. The solvent delay was 7 min, and
a dwell time of 0.1 s was used for each m/z value. The MS
transfer line was maintained at 250 °C, and quantication was
based on calibration with the standard analyte using the mass
spectrometer in the selective ion monitoring (SIM) mode. Ade-
sina et al.14 have reported on the GC-MS condition that was
utilized. Using the proper mathematical ratios, the PAH
compounds were subjected to source identication and diag-
nosis. The quantication of the constituent PAHs was done
using external standard methods (PAH mix, Sigma Aldrich, 10
mg ml−1).
QA/QC

The samples were collected in duplicates, and the eld and lab
blanks were processed alongside the samples. No blank
corrections were required since PAH levels in the eld blanks
were below the detection threshold for all the targeted PAH
compounds. Each sample was spiked with 20 ng of
phenanthrene-d10 as a recovery standard (RS) before extraction,
yielding PAH recoveries between 85% and 93%. The limit of
detection (LOD), limit of quantication (LOQ), recovery (%),
and relative standard deviation (RSD, %) were calculated to
ensure the integrity of the data. The LOD and LOQ values for the
PAHs were determined based on the ratio value of the signal-to-
noise baseline (S/N)22. The values for the limit of detection
(LOD), limit of quantication (LOQ), recovery (%), and relative
standard deviation (RSD, %) are shown in Table 1.
Data analysis

The air volume captured by each PUF disk was determined
using the Global Atmospheric Passive Sampling (GAPS) network
model.20,23 The input data included deployment duration,
surrounding temperature, and a sampling rate of 4 m3 per
day.20,24 Descriptive and inferential statistics were employed to
examine the collected data. The principal component analysis
(PCA) and hierarchical clustering (HCA) were used to analyze
the patterns in the data obtained, while spatial distribution was
done using the geostatistical interpolation technique to create
a continuous map using the ordinary Kriging algorithm.
© 2025 The Author(s). Published by the Royal Society of Chemistry
Risk assessment
Toxicity equivalent (TEQ) for PAHs

The possible toxicity of the PAHs found in the samples was
estimated using the toxicity equivalency factor (TEF). The TEFs
for each polycyclic aromatic hydrocarbon (PAH) were calculated
by multiplying the corresponding concentration of the PAH by
its TEF.
Hazard quotient and incremental lifetime cancer risk

The hazard quotient and incremental lifetime cancer risk
(ILCR) were calculated using eqn (i) and (ii), respectively:14,25

ILCRInh ¼ C � IR� ED� EF� IUR

AT� BW
(i)

HQ ¼ C � IR� ED� EF

AT� BW�RfD
(ii)

The concentration of the PAHs (mg m−3) is represented by C
in this study. The inhalation rate (IhR) of 20 m3 per day for
adults and 9.6 m3 per day for children was used. The exposure
duration (20 years) was used because the industry was estab-
lished 20 years ago. The exposure frequency was represented by
EF as 365 days per year. The average exposure time was repre-
sented by AT in days. The people in the area are thought to be
exposed to the emissions every day, or 365 days a year, with a life
expectancy of 70 years, or 25 550 days. The inhalation risk, or
IUR, is a risk factor for cancer; the WHO reports it to be
8.7 × 10−2 and the USEPA reports it to be 6 × 10−4. The weight
at birth (WB) was set to 70 kg, or 30 kg for children. The
reference dosage concentration (RfC) used for the PAHs was
2 × 10−3 mg m−3.
Results and discussion

Air samples collected from the area surrounding the scrap
iron recycling plant were tested for 16 priority PAHs identied
RSC Adv., 2025, 15, 46761–46774 | 46763
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by the EPA. The 16 priority PAHs are recognized as toxic,
potentially carcinogenic, and ubiquitous in the environment,
making them a signicant concern for human and ecological
health. These PAHs are acenaphthene (Ace), acenaphthalene
(Acy), uorene (Fln), anthracene (Ant), benz[a]anthracene
(BaA), benzo[a]pyrene (BaP), benzo[b]uoranthene (BbF),
benzo[ghi]perylene (BgP), benzo[k]uoranthene (BkF), chrys-
ene (CHR), dibenz[a,h]anthracene (DhA), indeno[1,2,3 cd]
pyrene (IcP), pyrene (Pyr), phenanthrene (Phe), uoranthene
(Flt), naphthalene (Naph). The concentration of PAHs at
various locations is presented in Table 2 and Table 3. The
highest concentration of Naph was observed in the dry
season, ranging from 0 to 406.7 pg m−3, with an average
concentration of 38.0 pg m−3. Other compounds with elevated
levels include Fln, Ace, and Acy, with mean concentrations of
22.7, 19.7, and 11.5 pg m−3, respectively. This can be attrib-
uted to their low molecular weight, which makes them more
easily produced during combustion processes.19,20 During the
wet season, Nap and Fln were the most prevalent compounds
in the air around the recycling plant, with concentrations of
40.3 pg m−3 and 42.04 pg m−3, respectively. However, the
lowest PAH concentrations observed for the dry season were
Bkf, DhA, and Icp with mean concentrations of 1.14, 1.7, and
1.96 pg m−3, respectively, while the lowest concentrations
observed for the wet season are CHR and BgP. Because these
compounds are high-molecular-weight PAHs, they are usually
in the particulate phase and easily deposited onto the ground
due to the inuence of gravitational forces. This could be the
reason for the low concentration of these compounds in the
ambient air around the vicinity of the factory. There was
a distinction between the

P
PAHs at the sampling locations

between the wet and dry seasons (Fig. 2). The highest
P

PAHs
of 530.1 pg m−3 were observed at Sampling Point K in the dry
season, while the highest concentration of 498.6 pg m−3 was
observed at Sampling Point G in the wet season. These
observations are connected to variations in the predominant
wind direction of this season. Although there are no data
available for PAH emission into ambient air from scraped iron
and steel recycling in Sub-Saharan Africa, the summation of
PAHs observed in this study is higher than the results of
Khaparde et al.26 for integrated iron and steel plant emissions
in India but lower than the observations of Liu et al.9 on PAHs
emitted from e-waste dismantling processes in Southern
China.

The carcinogenic PAHs are (benz[a]anthracene (BaA),
benzo[a]pyrene (BaP), benzo[k]uoranthene (BkF), chrysene
(CHR), benzo[b]uoranthene (BbF), dibenz[a,h]anthracene
(DhA), and indeno[1,2,3 cd]pyrene (IcP)). Among these PAHs,
Bap is the most carcinogenic and it is an indicator of PAH
contamination. During the dry season, the Bap concentrations
ranged from 0 to 11.4 pg m−3, with an average concentration of
3.30 pg m−3. In the wet season, the concentration varied from
0 to 12.1 pg m−3, with a mean of 1.89 pg m−3. Fig. 3 illustrates
the total carcinogenic PAHs at different sampling points,
showing that the carcinogenic PAH levels were generally
higher in the dry season than in the wet season. This differ-
ence could be largely attributed to wind speed and direction.
© 2025 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra05266a


T
ab

le
3

C
o
n
ce

n
tr
at
io
n
o
f
P
A
H
s
in

th
e
w
e
t
se
as
o
n
(p
g
m

−3
)

PA
H
s

A
St
d

B
St
d

C
St
d

D
St
d

E
St
d

F
St
d

G
St
d

H
St
d

I
St
d

J
St
d

K
St
d

L
St
d

M
St
d

N
ap

13
.3

0.
07

23
.3

1
0

0
35

0
10

20
0.
08

20
1

26
.7

1
23

.3
0.
09

6.
7

0.
08

6.
7

0.
09

6.
7

0.
06

13
.3

0.
07

13
.3

0.
06

A
cy

0.
6

0.
03

0
0

0
0

0.
5

0.
02

0
0

0
0

0
0

0
0

2.
1

0.
06

2.
4

0.
04

2.
4

0.
03

2.
1

0.
04

1.
3

0.
03

A
ce

2.
5

0.
04

0
0

0
0

0
0

2.
5

0.
05

3.
5

0.
03

5
0.
04

2.
5

0.
03

3
0.
06

3
0.
05

4
0.
04

3
0.
05

4.
5

0.
05

Fl
n

5
0.
05

5
0.
04

3.
2

0.
04

51
.4

1.
4

5.
5

0.
06

4.
5

0.
05

45
0

8
5.
9

0.
04

3.
7

0.
04

3.
2

0
3.
2

0.
05

3.
2

0.
06

2.
7

0.
05

Ph
e

0
0

0
0

1.
4

0.
02

0.
2

0.
01

0
0

0.
3

0.
02

0.
5

0.
02

0.
5

0.
03

3.
4

0.
05

16
.6

0.
09

19
0.
08

18
.8

0.
08

18
.3

0.
08

Py
r

0.
9

0.
03

0.
9

0.
03

10
.4

0.
05

0.
1

0.
01

0.
5

0.
03

0.
2

0.
01

0.
3

0.
02

0.
3

0.
01

12
.2

0.
09

12
.4

0.
06

12
.4

0.
06

13
.2

0.
06

0.
3

0.
01

Fl
t

0
0

0.
2

0.
01

9.
7

0.
05

0.
3

0.
01

1.
2

0.
04

13
.4

0.
09

13
.5

0.
07

13
.5

0.
06

0.
2

0.
01

0.
3

0.
01

0.
2

0.
01

0.
4

0.
02

0.
3

0.
01

A
n
t

0
0

25
.8

1
0

0
0

0
0.
8

0.
03

0.
5

0.
03

0.
5

0.
02

0
0

1.
7

0.
06

0.
7

0.
03

2.
4

0.
03

1.
7

0.
04

1
0.
05

B
[k
]F

12
.2

0.
06

0.
4

0.
02

8.
8

0.
06

0
0

0.
2

0.
01

0.
2

0.
01

0.
1

0.
01

0.
1

0.
01

0.
5

0.
02

0.
8

0.
04

0.
3

0.
01

0.
5

0.
02

9.
7

0.
05

B
[a
]P

0.
4

0.
02

0.
4

0.
02

0.
8

0.
02

8.
8

0.
04

12
.1

0.
06

0.
3

0.
02

0.
1

0.
01

0.
1

0.
01

0
0

0.
6

0.
02

0
0

0
0

0.
7

0.
04

C
H
R

0.
3

0.
01

0.
3

0.
01

0.
1

0.
01

0.
5

0.
02

0.
5

0.
02

0
0

0
0

0
0

0.
8

0.
04

0.
3

0.
01

0.
8

0.
03

0.
6

0.
03

0.
1

0.
01

B
[a
]A

0.
4

0.
02

0.
1

0.
01

0
N
D

9.
1

0.
04

0.
1

0.
01

11
.7

0.
08

12
0.
06

12
0.
05

1.
1

0.
05

0
0

0.
6

0.
03

0.
7

0.
03

0
N
D

Ic
P

0
0

0
0

0.
7

0.
03

12
0.
05

0.
3

0.
02

0
0

0
0

0
0

0.
6

0.
03

0.
8

0.
04

0.
3

0.
02

0.
5

0.
02

0.
8

0.
04

B
[b
]F

11
.2

0.
05

11
.2

0.
05

0.
4

0.
02

0.
2

0.
01

0
0

11
.5

0.
08

16
.6

0.
08

16
.6

0.
06

0.
1

0.
01

0
0

0.
1

0.
01

0.
4

0.
02

0
N
D

D
h
A

0.
4

0.
02

10
.9

0.
05

0.
4

0.
02

0.
3

0.
02

12
0.
07

0
0

0
0

0
0

0.
1

0.
01

0.
3

0.
02

0.
2

0.
01

0
0

0.
5

0.
03

B
gP

0.
1

0.
01

0.
1

0.
01

0.
1

0.
01

0.
2

0.
01

0
0

0
0

0
0

0
0

0.
1

0.
01

0.
7

0.
04

0.
3

0.
01

0.
3

0.
01

0.
3

0.
02

P
ca
rc

24
.9

0.
18

23
.3

0.
16

11
.2

0.
16

30
.9

0.
18

25
.2

0.
19

23
.7

0.
19

28
.8

0.
16

28
.8

0.
13

3.
2

0.
16

2.
8

0.
13

2.
3

0.
11

2.
7

0.
12

11
.8

0.
17

P
PA

H
s

47
.3

0.
41

78
.6

2.
25

36
0.
33

43
3.
6

11
.6
4

55
.7

0.
48

66
.1

1.
42

52
5.
3

9.
33

74
.8

0.
39

36
.3

0.
62

48
.8

0.
54

52
.9

0.
48

58
.7

0.
55

53
.8

0.
53

D
ry

PA
H

ra
ti
o

So
ur
ce

ty
pe

V
al
ue

ra
n
ge

T
h
is

st
ud

y

Fl
u/
(F
lu

+
Py

r)
Pe

tr
og

en
ic

<0
.4
0

0.
04

–0
.4

(2
)

C
om

bu
st
io
n
so
ur
ce

>0
.5
0

0.
4–
0.
95

(9
)

T
ra
ffi
c
em

is
si
on

0.
4–
0.
5

0.
4–
0.
5
(2
)

A
n
t/
(A
n
t
+
Ph

e)
Pe

tr
og

en
ic

<0
.1
0

0.
06

–0
.1

(1
)

Py
ro
ge
n
ic

>0
.1
0

0.
1–
1.
0
(1
2)

B
aA

/(
B
aA

+
C
h
r)

Pe
tr
og

en
ic

<0
.2
0

0.
05

–0
.2

(2
)

C
om

bu
st
io
n

>0
.3
5

0.
35

–0
.9
3
(1
3)

M
ix
ed

pe
tr
og

en
ic

an
d
co
m
bu

st
io
n

0.
2–
0.
35

W
et

PA
H

ra
ti
o

So
ur
ce

ty
pe

V
al
ue

ra
n
ge

T
h
is

st
ud

y

Fl
u/
(F
lu

+
Py

r)
Pe

tr
og

en
ic

<0
.4
0

0.
01

–0
.4

(5
)

C
om

bu
st
io
n
so
ur
ce

>0
.5
0

0.
5–
1.
0
(8
)

T
ra
ffi
c
em

is
si
on

0.
4–
0.
5

A
n
t/
(A
n
t
+
Ph

e)
Pe

tr
og

en
ic

<0
.1
0

0.
04

–0
.1

(2
)

Py
ro
ge
n
ic

>0
.1
0

0.
1–
1.
0
(1
3)

B
aA

/(
B
aA

+
C
h
r)

Pe
tr
og

en
ic

<0
.2
0

0.
1–
0.
2
(3
)

C
om

bu
st
io
n

>0
.3
5

0.
35

– 0
.9

(9
)

M
ix
ed

pe
tr
og

en
ic

an
d
co
m
bu

st
io
n

0.
2–
0.
35

0.
2–
0.
35

(1
)

© 2025 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2025, 15, 46761–46774 | 46765

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

7 
N

ov
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 3

/1
1/

20
26

 9
:1

1:
49

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra05266a


Fig. 2 PAH Summation at Sampling Locations.

Fig. 3 Carcinogenic PAHs Summation at Sampling Locations.

Fig. 4 Distribution of PAHs Based on the Number of Rings for the Wet Season.
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Fig. 5 Distribution of PAHs Based on the Number of Rings for the Dry Season.

Fig. 6 Distribution of PAHs based on the molecular Weight for the dry season.

Fig. 7 Distribution of PAHs based on the molecular weight for the wet season.
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Additionally, hydrological conditions can cause variability in
PAH levels in the ambient air samples in this season. Precip-
itation during the wet season can remove PAHs from the air,
leading to decreased concentrations.

Fig. 4 and 5 present the distribution of PAHs according to
their ring structures during the dry and wet seasons, respec-
tively. The 2-ring PAHs include Nap, while the 3-ring PAHs
consist of Ace, Anth, Acy, Phen, and Flu. The 4-ring PAHs
comprise BaA, Flt, Chr, and Pyr, while the 5-ring PAHs include
BaP, BbF, DahA and BkF. The 6-ring PAHs are BgP and IcP.
The 3-ring PAHs dominated in both seasons, ranging from 6%
to 90% during the dry season and 11% to 91% during the wet
season. This indicates that the emissions near the scrap iron
Fig. 8 Spatial distribution of PAHs: (a) dry season and (b) wet season.

Fig. 9 Wind rose diagram for (a) dry season and (b) wet season.

46768 | RSC Adv., 2025, 15, 46761–46774
recycling facility are primarily present in the gaseous phase.
On the other hand, the 6-ring PAHs were the least prevalent in
both seasons, likely due to their heavy nature, which limited
their dispersion. PAHs can also be classied by their molec-
ular weight: low-molecular-weight (LMW) PAHs consist of 2-
and 3-ring compounds, middle-molecular-weight (MMW)
PAHs include 4-ring compounds, and high molecular weight
(HMW) PAHs consist of 5- and 6-ring compounds.27,28 Fig. 6
and 7 depict the distribution of PAHs based on their molec-
ular weight for both the dry and wet seasons. It was observed
that the low-molecular-weight PAHs were the most dominant
for both seasons, conrming that the PAHs emitted around
this facility were in the gaseous phase.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Temporal and spatial evaluation

Sampling was done between May and October for the wet
season and between November and April for the dry season. As
shown in Fig. 2 and 3, it was observed that the summation of
PAH concentrations at different sampling points were higher
during the dry season than in the wet season. This may be due
to the hydrological conditions of the wet season, where the
PAHs formed in the ambient air were easily precipitated and
washed down by rainfall leading to lower PAH concentrations at
some sampling locations in the wet season compared to the dry
Fig. 10 Principal component analysis for (a) dry season and (b) wet seas

© 2025 The Author(s). Published by the Royal Society of Chemistry
season.20,29 Fig. 8a and b shows the concentration distribution
of the PAHs around the recycling plant for the dry and wet
seasons, respectively. The color legend indicates the mean
concentration distribution in the air surrounding the recycling
facility, and a decrease in the intensity of the colour from red to
blue depicts decreasing mean concentrations from to 60 to 4 pg
m−3 around the plant. The location of the recycling plant was
denoted with S. In the wet season, a high-intensity coloration of
red, yellow, and green was found in the southwestern and
western regions of the recycling plant indicating high
on.
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concentrations around these regions, which could be linked to
the predominant wind direction as shown in the wind rose
diagram in Fig. 9a. Additionally, a relatively high concentration
of PAHs observed during this season could be associated with
low mixing heights, inversions and relatively cold temperatures
experienced during this season (Siudek, 2022).30 In contrast, for
the dry season, a high concentration was observed in the
northeastern region of the recycling plant, indicating that the
PAHs emitted were transported toward the northeastern direc-
tion of the plant, which can be linked to the predominant wind
direction (Fig. 9b). Furthermore, the dry season is associated
with a relatively high temperature, relatively deep mixing and
increased dilution, which tend to favor the gas-phase trans-
portation of PAHs (Siudek, 2022).30
Principal component analysis and hierarchical clustering
analysis

Principal component analysis (PCA) and agglomerative hierar-
chical clustering analysis (HCA) (Fig. 10 and 11) are commonly
employed to assess the source contributions of air pollutants,
such as PAH compounds, to the surrounding air. The PCA was
done using the nonlinear iterative least squares algorithm and
the nearest neighbor linking with the Euclidean distance, and
HCA was done using an agglomerative type of clustering.31 In
a PCA score plot, the variables with similar sources are generally
located near to each other, while those with different sources
are positioned farther apart.19,20 The PCA variable plots for the
dry and wet season are shown in Fig. 10a and b. Fig. 10a, which
is the score plot for the dry season, has a cumulative variance of
Fig. 11 Hierarchical tree cluster plot.

46770 | RSC Adv., 2025, 15, 46761–46774
85.93%, with the rst principal component one (PC1)
accounting for 25.83% of the total variance, while factor 2 (F2)
accounts for 60.1% of the total variance. The PCA score plots
and the dendrogram of HCA revealed that the data obtained can
be assigned to two source groups. Most of the PAHs compounds
investigated fell into group 1, indicating that they share the
same source, which was the scrap iron and recycling industry.
The data that fell into group two indicate additional sources
contributing to the ambient PAHs in the area surrounding the
company, such as vehicular emissions and other human activ-
ities. Similar to the dry season, Fig. 10b, which represents
a score plot for the wet season, has a cumulative variance of
85.78% with principal component one (PC1) explaining 35.58%
of the overall variation, and principal component two (PC2)
accounting for 50.2%. Therefore, the variability of the ambient
PAHs around the recycling plant can be explained. Two groups
were observed from the PCA score plot and the dendrogram of
HCA, with most of the data falling into group 1, indicating these
PAHs shared the same source. A few PAH compounds fell into
group 2, revealing that these PAHs likely had a source contri-
bution from other sources around the vicinity of the industry.
Diagnostic ratio analysis

The diagnostic ratio of some selected PAHs isomers is usually
used for source apportionment of PAHs. The method used
establishes a distinction between petrogenic and pyrolytic
sources. The isomer ratios of Flu/(Flu + Pyr), Ant/(Ant + Phe) and
BaA/(BaA + Chr) are commonly used to identify the possible
source categories of PAHs (Wu et al., 2014;32 Kamal et al.,
201633). An Ant/(Ant + Phe) ratio of 0.10 is used to differentiate
between petrogenic (<0.10) and pyrogenic (>0.1) sources. A Flu/
(Flu + Pyr) ratio is used to distinguish petroleum (<0.40) and
(>0.50) combustion sources, while a Flu/(Flu + Pyr) ratio of 0.40–
0.50 indicates petroleum combustion (traffic emission) (Mene-
zes and Cardeal, 201234). A BaA/(BaA + Chr) ratio < 0.20 indicates
petrogenic origins, a ratio of >0.35 is indicative of combustion
origins, while a ratio of 0.20–0.35 suggests mixed origins (Wu
et al., 2014;32 Kamal et al., 201633). Tables 4 and 5 show the
diagnostic ratios for the source identication of the PAHs for
the dry and wet seasons. For the dry season, Flu/(Flu + Pyr)
shows that around 70% of the samples were from combustion
sources, while the remaining 40% were from petrogenic and
traffic sources. The same trend was observed during the wet
season using the same isomeric ratio, where 61% were from
combustion sources and the remaining 39% were from petro-
genic sources. The Ant/(Ant + Phe) ratio revealed that 92% of the
samples were from a pyrogenic source, while the remaining 8%
were from petrogenic sources for the dry season. For the wet
season, the result shows that 85% of the samples were from
a pyrogenic source, while the remaining 15% were from petro-
genic sources. The BaA/(BaA + Chr) values revealed that 84% of
the samples were from combustion sources and 16% were from
petrogenic sources for the dry season. In the wet season, 70%
were from combustion sources, 24% were from petrogenic
sources, while 6% were from mixed petrogenic and combustion
sources. Generally, the diagnostic ratio of PAHs revealed that
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Toxicity equivalent of PAHs for the dry season

PAHs TEQ A B C D E F G H I J K L M

Nap 0.001 0 0.0067 0 0.0233 0.01 0.0067 0.0133 0.0167 0.0067 0.0033 0.4067 0 0
Acy 0.001 0 0 0.0004 0.0014 0.0003 0 0.117 0.0011 0.0011 0.0011 0 0.0277 0.0003
Ace 0.001 0.0022 0.0583 0.0017 0.0022 0.0011 0.0578 0.005 0.005 0.0022 0.0544 0.0622 0.0033 0.0006
Fln 0.001 0.0776 0.0024 0.05 0.0486 0.0548 0.0005 0 0 0.001 0 0.0548 0.0024 0.0029
Phe 0.001 0.0013 0.0002 0 0.0011 0.0007 0.0216 0 0 0.0005 0.018 0.0016 0 0.0013
Pyr 0.001 0.0114 0.0002 0.0003 0.0007 0.0003 0.0005 0.0101 0.01 0.0002 0.0001 0.0008 0.0001 0.0001
Flt 0.001 0.0126 0.0004 0.0008 0.0004 0.0002 0.0114 0.0005 0.0009 0.0005 0 0 0 0.0002
Ant 0.001 0.0195 0.0016 0.0007 0.0005 0.0005 0.0013 0.0002 0.0002 0.0005 0.0202 0.0015 0.019 0.0009
B[k]F 0.1 0 0.97 0.06 0.1 0.05 0.03 0.04 0.04 0.05 0.02 0.06 0.06 0
B[a]P 1 0.1 0.5 11.4 8.9 10.2 0.2 0 0.1 0.3 10.3 0.4 0.2 0.7
CHR 0.1 1.11 0.09 1.03 1.01 0.99 1.06 1.05 0.95 1.02 0 0.02 0.08 1.02
B[a]A 0.01 0 0.008 0.923 0.006 0.107 0.095 0.005 0.007 0.092 0.008 0.002 0.114 0.104
IcP 0.1 0 0.01 0.07 0.08 0.06 0 0.08 0.09 1.13 0 0.04 0.97 0.02
B[b]F 0.1 0.01 0.07 0 0.05 1.05 0.07 0.98 0.06 0.02 0.05 0.03 0.97 1.03
DhA 1 0.1 0.6 0.4 0.4 0.3 0.3 0.7 8.8 0.5 0.4 0.4 9.1 0.5
BgP 0.01 0.004 0.009 0.003 0 0.003 0.002 0.096 0.091 0.104 0.003 0 0.001 0.11
TTEQ 1.4486 2.3268 13.9399 10.6242 12.8279 1.8568 3.0971 10.1719 3.2287 10.8781 1.4796 11.5475 3.4903

Table 5 Toxicity equivalent of PAHs for the wet season

PAHs TEQ A B C D E F G H I J K L M

Nap 0.001 0.0133 0.0233 0 0.35 0.02 0.02 0.0267 0.0233 0.0067 0.0067 0.0067 0.0133 0.0133
Acy 0.001 0.0006 0 0 0.0005 0 0 0 0 0.0021 0.0024 0.0024 0.0021 0.0013
Ace 0.001 0.0025 0 0 0 0.0025 0.0035 0.005 0.0025 0.003 0.003 0.004 0.003 0.0045
Fln 0.001 0.005 0.005 0.0032 0.0514 0.0055 0.0045 0.45 0.0059 0.0037 0.0032 0.0032 0.0032 0.0027
Phe 0.001 0 0 0.0014 0.0002 0 0.0003 0.0005 0.0005 0.0034 0.0166 0.019 0.0188 0.0183
Pyr 0.001 0.0009 0.0009 0.0104 0.0001 0.0005 0.0002 0.0003 0.0003 0.0122 0.0124 0.0124 0.0132 0.0003
Flt 0.001 0 0.0002 0.0097 0.0003 0.0012 0.0134 0.0135 0.0135 0.0002 0.0003 0.0002 0.0004 0.0003
Ant 0.001 0 0.0258 0 0 0.0008 0.0005 0.0005 0 0.0017 0.0007 0.0024 0.0017 0.001
B[k]F 0.1 1.22 0.04 0.88 0 0.02 0.02 0.01 0.01 0.05 0.08 0.03 0.05 0.97
B[a]P 1 0.4 0.4 0.8 8.8 12.1 0.3 0.1 0.1 0 0.6 0 0 0.7
CHR 0.1 0.03 0.03 0.01 0.05 0.05 0 0 0 0.08 0.03 0.08 0.06 0.01
B[a]A 0.01 0.004 0.001 0 0.091 0.001 0.117 0.12 0.12 0.011 0 0.006 0.007 0
IcP 0.1 0 0 0.07 1.2 0.03 0 0 0 0.06 0.08 0.03 0.05 0.08
B[b]F 0.1 1.12 1.12 0.04 0.02 0 1.15 1.66 1.66 0.01 0 0.01 0.04 0
DhA 1 0.4 10.9 0.4 0.3 12 0 0 0 0.1 0.3 0.2 0 0.5
BgP 0.01 0.001 0.001 0.001 0.002 0 0 0 0 0.001 0.007 0.003 0.003 0.003
TTEQ 3.1973 12.5472 2.2257 10.8655 24.2315 1.6294 2.3865 1.936 0.345 1.1423 0.4093 0.2657 2.3047
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a larger percentage of the samples originated from pyrogenic
and combustion sources, and a lower percentage originated
from petrogenic sources, which indicates that the PAHs were
from the combustion of cast iron with petroleum products. The
results also show that an even smaller percentage of the PAHs
were from vehicular emission. The results of this study are in
line with the ndings of Zhang et al. (2016),35 who concluded
that PAHs were mainly sourced from around the steel industry.
Risk assessment
Toxicity equivalent

Table 4 and 5 show the toxicity equivalent of the PAHs at the
various sampling locations. It was observed that Bap and Dha
had the highest toxicity equivalent for both seasons. This is
greatly concerning as Bap has epigenotoxic, neurotoxic, and
teratogenic tendencies. Studies have also shown that Dha has
carcinogenic tendencies, as well as non-carcinogenic effects,
© 2025 The Author(s). Published by the Royal Society of Chemistry
such as nose, throat, and lungs irritations.14,36 Flt had the lowest
toxicity for the dry season, while Acy had the lowest toxicity for
the wet season. The total toxicity equivalent (TTEQ) is the sum
of the individual TEQs for the PAHs at each sampling location.
During the dry season, TTEQ ranged from 1.45 to 13.94 pg m−3,
with an average value of 6.68 pg m−3. In the wet season, TTEQ
varied from 4.48 to 24.23 pg m−3, with a mean value of 6.68 pg
m−3. This result could be linked to low temperatures, frequent
inversions, a low mixing height, and relatively weaker wind
occurring in this season, which increased the concentration of
the MMW and HMW PAHs with a high toxicity equivalent
(Siudek, 2022).30

Incremental life cancer risks and hazard quotient

The health risk assessments (ILCR and HQ) of human exposure
to the PAHs around the company were carried out at various
sampling points. The results obtained were compared with the
permissible limits of 10−6 and 10−5as stipulated by the USEPA
RSC Adv., 2025, 15, 46761–46774 | 46771
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A B C D E F G H I J K L M

WET 19 19 38 420 577 14 5 5 0 29 0 0 33
19 19 38 421 579 14 5 5 0 29 0 0 33

DRY 5 24 544 425 487 10 0 5 14 491 19 10 33
5 24 545 426 488 10 0 5 14 493 19 10 33
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and WHO, respectively. Table 6 shows the ILCR calculated for
the wet and dry seasons. The average ILCR for the wet season
using the WHO inhalation risk factor was 1.5 × 10−5 for chil-
dren and an average value of 1.33 × 10−5 for adults. On average,
these values exceeded the acceptable limit set by WHO. The
sampling points D and E had ILCR values that exceeded the
WHO allowable limit. However, some sampling points showed
lower ILCR values than others, suggesting a reduced carcino-
genic risk associated with human exposure to PAHs at these
locations. A similar trend was observed during the dry season,
with mean ILCR values of 2.7 × 10−5 for adults and 2.4 × 10−5

for children. However, using the USEPA inhalation risk factor,
the average ILCR for children was 1.03 × 10−7, while for adults,
it was 9.17 × 10−8 during the wet season. In the dry season, the
mean ILCR was 1.8 × 10−7 for children and 1.6 × 10−7 for
adults. The difference in the ILCR for children and adults was
related to differences in their body weight and inhalation rate.
The obtained ILCR values using the USEPA inhalation risk
factor were all lower than the USEPA stipulated permissible
limit. The HQ values (Table 7) obtained at various sampling
locations for both the dry and wet seasons were all greater than
1, indicating a high noncarcinogenic risk associated with
contact with the PAHs around this vicinity.
Conclusion

This study investigated the spatial and temporal distribution of
PAHs around a scrap iron and steel recycling facility. It also
assessed the risk associated with human exposure to ambient
air PAHs in the area surrounding the company. These ndings
indicate that scrap metal and recycling industries contribute to
ambient levels of PAHs around their vicinity. Residences
around the vicinity of the factories were exposed to higher
concentrations of PAHs during the dry season. Although the
limitation of the study includes a lack of access to the source
concentration of PAHs from the factory, the predominant wind
direction and wind speed, which are the meteorological
parameters considered in this study, affected PAH variation
around the factory. The risk analysis showed that the average
incremental lifetime cancer risk (ILCR) exceeded that of the
WHO guideline value of 10−5. This indicates that for every 100
000 individuals exposed to these pollutants, considering the
factors used for this study, there was a statistically likely
expectation of one additional case of cancer. The study recom-
mends that the government environmental monitoring agency
should monitor the processes of these industries by ensuring
strict compliance with environment standards. The government
© 2025 The Author(s). Published by the Royal Society of Chemistry
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should also ensure the usage of state-of-the-art air monitoring
devices for controlling air pollution.
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