Beyond the Haze: A Scientific Evaluation of Black Soot Particles and Their Threat to Human Health in Port Harcourt, Nigeria.

ABSTRACT
Port Harcourt is a metropolitan city in Nigeria and has experienced the hike of release of black soot (PM2.5 and PM10.0) in the recent years due the operations of illegal crude oil refining, gas flaring, and industrial emissions other oil exploration activities. There have been frantic efforts by the government and other concerned bodies overtime to curb the hazards. Therefore, this study seeks to ascertain the current status of the concentration of black soot particulates in Port Harcourt, with a focus on the chemical composition and associated health risks to the local population. The Met One Aerocet 531S Particle Counter and High-Volume Air Samplers were employed to quantify particulate concentrations in different locations while subsequent laboratory analyses identified the presence of heavy metals and polycyclic aromatic hydrocarbons (PAHs) within the soot samples. The results shows that values ofthe concentrations of particulate matter (PM2.5 and PM10) in the sample locations ranged from 17.60µg/m³ to 46.23µg/m³ and 100.25µg/m³ to 282.32µg/m3 which exceeds the World health Organization (WHO) safe limits of 25 µg/m³ for PM2.5 and 50 µg/m³ for PM10 (WHO, 2006). Notably, specific areas near industrial zones and illegal oil refining sites exhibited PM10 levels that were three times higher than the safe limits. The analysis of polycyclic aromatic hydrocarbons (PAHs) reveals the presence of Benzo(b)fluoranthene, Benzo(k)Flouranthene, Benzo(a)Pyrene, Indeno(1,2,3-c,d)pyrene and Dibenz(a,h)anthracene, with concentrations varying across different locations. However, the incremental lifetime cancer risk (ILCR) for both children and adults did not exceed the acceptable risk level of 1 in 1,000,000 mg/kg (10-6).  The study concludes with a call for more regulatory measures to control emissions from industrial and vehicular sources, alongside public awareness campaigns to educate the community about the dangers of black soot pollution.	Comment by Hlayiseka Yingwani: Check the use of upper caps
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1.0.  INTRODUCTION
Soot sometimes called black soot or black carbon (BC), is a fine black or brown powder that can be slightly sticky and most strongly light absorbing component of particulate matter (PM), which is formed by the incomplete combustion of fossil fuels, biofuels, and biomass (U.S. EPA, 2011b).  In pollution terms, soot is a common word for a type of particle pollution known as PM2.5—particulate matter with a diameter of 2.5 micrometers or less. These tiny particles in soot (PM2.5) pose unique health challenges, when inhaled, penetrate deep into bronchiolar tissue, producing oxidative stress, pulmonary inflammation, and potentially deoxyribonucleic acid damage (Niranjan & Thakur, 2017; Whyte et al., 2020;). 
Soot is released into the air as either very minute particles or liquid droplets has adverse impacts on ecosystems, visibility impairment, agricultural production, materials soiling and degradation (EPA, 2012). A primary component of soot is black carbon which absorbs light more than any other particle matter. For example, black carbon may absorb a million times more energy than the same mass’s carbon dioxide (CO2). Because of this energy absorption and interaction with clouds, black carbon is a significant source of concern for climate change. It is linked to rising temperatures, ice, and snow melting, especially in sensitive areas.
In recent years, Port Harcourt, Nigeria’s oil-rich city in the Niger Delta, has encountered a slew of environmental degradation, which constitutes a source of tension among different stakeholders (government, oil industries, community members, and civil societies). However, the most devastating of these is soot pollution (black carbon), affecting the city and its environs. Port Harcourt, one of the cities in Nigeria, is the heart of oil and gas exploration in the region that is significantly affected by the immense oil exploration and production operations as well as the high population growth rate (Olowoporoku et al., 2021; Yakubu, 2017; Whyte et al., 2020). 
Similarly, the usage of biomass fuels such as firewood, indiscriminate burning of plants and garbage, traffic and industrial pollutants, and gas flaring have all contributed to the air pollution in this region (Godson, 2011; Omisakin, 2022; Whyte et al., 2020). 
 Also, illicit (or artisanal) refineries built up in the bushes, has expanded in recent years in the oil-rich Niger Delta region environs (Ihesinachi et al., 2019, Ede & Edokpa, 2017). This contributes in spreading soot pollution – the impure carbon particles produced by the incomplete combustion of hydrocarbons. 
This study aims to provide a comprehensive analysis of the current level of black soot pollution in Port Harcourt city of Rivers State, Nigeria and thereby evaluating the potential health risk, as well as offering insights into the effectiveness of any measures taken to address this issue and the impact on public health over time.


2.0.	MATERIALS AND METHOD
i.	Study locations
Port Harcourt is a metropolitan city and capital of Rivers state, occupying approximately 1811.6 km2 area, with a population of about 1.5 million. It constitutes the state’s main city and has one of the largest seaports in the Niger Delta region, thus being the center of administration, commerce, and industrial activities. It is situated between Latitude 4◦ 45′ N and 4◦ 55′ N, a Longitude 6◦ 55′ E and 7◦ 05′ E (Figure 1) in the state, occupying the entrance of the Bonny River. Its estimated mean altitude is 12 km above average sea level, lying between the Dockyard creek/Bonny River and the Amadi creek (PH Area, FRN, 2007)).
Climatically, Port Harcourt undergoes two distinct seasons viz dry and rainy; nonetheless, the atmosphere sustains adequate moisture throughout the year. The city’s proximity to the South Atlantic explains this trend—nearness of inlands to the Atlantic increases the annual relative precipitation, thus this characteristic assures heavy and persistent rainfall, owing to the strong south-west wind. Wind force reduces as it approaches inland. Mean maximum and minimum temperatures are approximately 34◦ C and 21◦C, respectively—the months of April through October having the highest temperatures (Oguntoyinbo, 1983).	Comment by Hlayiseka Yingwani: Please consider using a different word, unless you can clarify what you mean by adequate
Geographical location and topography of Port Harcourt is such that airborne pollutants travel fast and the farthest, as highlands are practically absent. Studies suggest that periodic plumes of pollutants from industrial discharges, a principal source of air pollution, constitutes a frequent occurrence in the city. Furthermore, occurrence of land breeze, as well as Harmattan, facilitate emission transfer into the city (Ayoade, 2004; Nwankwo & Egbule, 2011).
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Figure 1: Location Map of the Study Area



The study locations were geo-referenced during the study with the aid of a portable GPS Gaming GPSmap 78series (Fig 1). The equipment was used in obtaining the coordinate. The easting and northing are the positions/locations of all sampling points. The coordinate of the study location is shown in Table 1.
Table 1: Study Locations and Coordinates
	SN
	Study Location
	Latitude
	Longitude

	1
	Trans Amadi Layout (Woji) 
	4o49’22.08’’
	7o03’15.51’’

	2
	Aba Road (Rumuola)
	4o50’00.59’’
	7o03’21.01’’

	3
	Iwofe
	4o48’34.40’’
	6o56’20.27’’

	4
	Oil-Mill Market
	4o51’28.34’’
	7o03’53.49’’


ii.	Data collection	
High-Volume Air Sampler equipped with filters, designed to collect air samples over a continuous 8-hour period was used to collect the air samples from the study locations. The Met One Aerocet 531S Particle Counter, which is a portable device capable of detecting and counting particles in the air was used in the measurement of the PM2.5 and PM 10.0. The Particle Counter was mounted on a platform about 1.8 m high to measure the particulate matters within each of the study locations. The sampling techniques for the study were systematic and strategic to ensure that the data collected were representative of the various areas within the city. The sample locations included; Trans Amadi (Woji), Iwofe, Aba-road (Rumuola) and Oilmill (Eleme junction), based on geographic, demographic, and industrial criteria. Each of the mentioned locations represents a stratum with potentially different levels of black soot pollution due to varying sources and activities. The data were was collected for the period of 3 months (June to August 2024). 
The particle counter measured concentrations of different sizes of particulate matter, but the research is narrowed down to PM2.5 and PM10 which represent the black soot. These measurements were taken at regular intervals throughout the day to capture variations in air quality. The data collected provided real-time readings of particulate matter concentrations, which was then recorded and averaged. The result of the measured data of the PM2.5 and Pm PM1010.0 at the study locations are presented in Table 1. The concentration of heavy metals across the four locations were also measured which includes Copper (Cu), Lead (Pb), Nickel (Ni), Chromium (Cr) and Cadmiun (Cd). The result is presented in Table 4.



iii.	Data Analysis
The health risk of the black soot concentration in the study areas were determined using the expression (EPA, 2011):
						(1)
where  is the risk level or hazard quotient for a single pollutant,
  is the concentration of the pollutant,
  is the inhalation rate, 
 is the exposure frequency,
  is the exposure duration, 	Comment by Hlayiseka Yingwani: alignment
 is the body weight,
 and  is the Averaging Time. 
Using the assumptions and recommendations of the World Health Organization (WHO, 2005) and the United States Environmental Protection Agency (EPA, 2011) for inhalation exposure assessment, the values of these parameters are as follows:





 was obtained from the mean concentrations of the pollutants. The risk levels (R) were calculated for PM2.5 and PM10, as well as for the heavy metals and PAHs. The unit of R is milligrams of contaminant per kilogram of body weight per day (mg/kg/day). It measures the amount of a contaminant that enters the body through breathing contaminated air. 

3.0 RESULTS AND DISCUSSION
i. Particulate Matter
The averages of particulate matter (PM1 – PM10) measurements for the various locations in the study area is presented alongside with WHO (2006) allowable standards in Table 2 
Table 2: Concentration of measured particulate matter at different locations	Comment by Hlayiseka Yingwani: The following was stated in the previous page: “The particle counter measured concentrations of different sizes of particulate matter, but the research is narrowed down to PM2.5 and PM10 which represent the black soot.” However, other PM sizes have been included in Table 2
	Study Location
	Months
	Concentration (µg/m3)

	
	
	PM1
	PM2.5
	PM4
	PM7
	PM10

	Iwofe
	June
	5.25
	18.85
	48.70
	95.85
	130.30

	
	July
	4.20
	21.65
	48.95
	100.95
	150.00

	
	August
	3.30
	30.25
	66.30
	116.85
	151.30

	Woji
	June
	2.25
	31.90
	77.15
	121.55
	150.00

	
	July
	4.25
	24.00
	52.40
	99.80
	128.80

	
	August
	4.30
	17.60
	42.20
	79.15
	100.25	Comment by Hlayiseka Yingwani: What do the bold fonts indicate?

	Aba Road
	June
	6.50
	44.25
	125.30
	213.85
	240.15

	
	July
	5.30
	36.85
	120.75
	295.40
	216.50

	
	August
	5.00
	34.40
	68.75
	120.15
	271.20

	Oil-Mill Market
	June
	7.11
	46.23
	141.21
	235.43
	263.22

	
	July
	6.32
	39.15
	146.34
	254.23
	282.32

	
	August
	6.14
	38.47
	77.15
	172.03
	211.54

	Range
	2.25 – 7.11
	17.60 – 46.23
	42.20 – 146.34
	79.15 – 295.40
	100.25 – 282.32

	WHO
	–
	25.00
	–
	–
	45.00



	Comment by Hlayiseka Yingwani: It would be nice to show limits on the graph
Figure 2: PM2.5 Measured in the Study Area

Figure 3: PM10.0 Measured in the Study Area
The analysis of particulate matter (PM) concentrations across the different study locations and months reveals significant variations; at Iwofe, PM1 concentrations ranged from 3.30 µg/m³ in August to 5.25 µg/m³ in June. PM2.5 levels were highest in August at 30.25 µg/m³, exceeding the WHO guideline of 25.00 µg/m³. PM10 concentrations also showed an upward trend, peaking at 151.30 µg/m³ in August. In Woji, PM1 levels were relatively low, with a minimum of 2.25 µg/m³ in June and a maximum of 4.30 µg/m³ in August. PM2.5 concentrations varied, with the highest value of 31.90 µg/m³ in June, again surpassing the WHO guideline. PM10 levels were highest in June at 150.00 µg/m³ and lowest in August at 100.25 µg/m³. Aba Road exhibited the highest particulate matter concentrations among all locations. PM1 levels peaked at 6.50 µg/m³ in June, while PM2.5 concentrations reached a maximum of 44.25 µg/m³ in June, significantly exceeding the WHO guideline. PM10 levels were particularly high, with a peak of 271.20 µg/m³ in August. Oil Mill also showed elevated particulate matter levels. PM1 concentrations were highest in June at 7.11 µg/m³. PM2.5 levels peaked at 46.23 µg/m³ in June, far exceeding the WHO guideline. PM10 concentrations were highest in July at 282.32 µg/m³.
Furthermore, the spatial distribution of particulate matter in Port Harcourt indicates that certain areas are more affected than others. The study by the Centre for Environment, Human Rights and Development (CEHRD) (2020) found that commercial and industrial zones and areas with heavy vehicular traffic had the highest concentrations of PM2.5 and PM10. This pattern was also observed in the current study, where locations like Oil Mill showed the highest PM2.5 levels in June at 46.23 µg/m³, and PM10 concentrations peaked in July at 282.32 µg/m³. This area appears to be the most polluted among the study locations, with substantial black soot presence likely due to market activities, nearby industrial emissions and illegal refineries. The elevated particulate matter levels across all months emphasize the critical need for effective environmental management strategies to mitigate health risks.
In all the study locations; the concentrations of PM2.5 and PM10 were observed to be higher than the World Health Organization (WHO) guidelines, which set the 24-hour mean limits at 25 µg/m³ for PM2.5 and 50 µg/m³ for PM10 (WHO, 2006).
Previous studies have also highlighted the high levels of particulate matter in Port Harcourt. These findings are consistent with the results of this study, which also recorded elevated levels of particulate matter, particularly in areas with high traffic and industrial activities.
For instance, Yakubu (2018) reported that the average PM2.5 concentrations in Port Harcourt often exceeded the WHO guidelines, with some areas recording levels as high as 159.23 µg/m³ for PM2.5 and 378.39 µg/m³ for PM10. 
In comparison to other cities in Nigeria, the particulate matter levels in Port Harcourt are significantly higher. For example, a study conducted in Lagos, another major city in Nigeria, reported lower average concentrations of PM2.5 and PM10 (Akinfolarin et al., 2017). This disparity highlights the unique pollution challenges faced by Port Harcourt, likely due to its industrial activities and the prevalence of illegal refining operations, which contribute to the high levels of soot and particulate matter in the air.	Comment by Hlayiseka Yingwani: It would be good to show the actual concentration here.
The health implications of these high particulate matter concentrations are profound. According to Obiweluozo et al. (2022), exposure to high levels of PM2.5 and PM10 is associated with respiratory and cardiovascular diseases, as well as increased mortality rates. He specifically noted that children and elderly populations are particularly vulnerable to the adverse health effects of particulate matter pollution. This is corroborated by the findings of this study, which identified significant health risks for residents in heavily polluted areas such as Aba Road.	Comment by Hlayiseka Yingwani: It would be great to add another reference (even 2 more references)
ii. Concentration Polycyclic Aromatic Hydrocarbons (PAHs) 
The measured PAHs for the various location areas are presented in Table 2. The result showed varying levels of both Low Molecular Weight (LML) and High Molecular Weight (HML) PAHs. Table 4 (a) and 4(b) also presents the carcinogenic risk analysis of selected PAHs for children and adults in the study area.  	Comment by Hlayiseka Yingwani: I think this should be Table 3?







Table 3: PAHs concentration in the Study Area
	PAHs
	Type
	Concentration (mg/kg)

	
	
	Iwofe
	Woji
	Aba Road
	Oil Mill

	
	
	June
	July
	August
	June
	July
	August
	June
	July
	August
	June
	July
	August

	Naphthalene
	LMW
	0.2
	1.1
	0.9
	0.1
	0.3
	0.1
	1.5
	3.4
	3.1
	1.6
	3.7
	3.4

	Acenaphthylene
	LMW
	0.9
	0.5
	0.7
	0.4
	1.2
	0.7
	2.1
	1.5
	1.4
	2.3
	1.6
	1.5

	Acenaphthene
	LMW
	0.1
	0.1
	0.1
	0.1
	0.3
	0.1
	0.1
	0.6
	0.6
	0.1
	0.7
	0.7

	Fluorene
	LMW
	0.3
	0.6
	0.4
	0.6
	0.4
	0.3
	1.6
	3.1
	2.9
	1.8
	3.4
	3.2

	Phenanthrene
	LMW
	0.9
	0.1
	0.1
	0.0
	0.1
	0.1
	1.4
	2.7
	2.4
	1.5
	2.9
	2.6

	Anthracene
	LMW
	1.8
	2.1
	2.3
	2.7
	1.9
	1.7
	2.3
	5.2
	5.6
	2.5
	5.7
	6.1

	Fluoranthene
	HMW
	0.7
	0.7
	0.8
	0.0
	0.0
	0.0
	1.1
	1.3
	1.7
	1.3
	1.4
	1.9

	Pyrene
	HMW
	3.1
	1.2
	1.4
	2.6
	3.1
	2.8
	1.9
	1.4
	1.5
	1.7
	1.5
	1.6

	Benzo(a)anthracene
	HMW
	0.1
	0.0
	0.0
	0.2
	0.1
	0.2
	0.0
	0.7
	0.6
	0.1
	0.3
	0.4

	Chrysene
	HMW
	0.1
	0.0
	0.0
	0.2
	0.3
	0.2
	0.0
	0.0
	0.2
	0.0
	0.0
	0.2

	Benzo(b)fluoranthene
	HMW
	0.1
	0.0
	0.0
	0.2
	0.5
	0.1
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0

	Benzo(k)Flouranthene
	HMW
	2.1
	0.8
	0.9
	1.1
	0.9
	0.7
	1.2
	0.7
	0.8
	1.3
	0.8
	0.9

	Benzo(a)Pyrene
	HMW
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0

	Indeno(1,2,3-c, d) pyrene
	HMW
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0

	Dibenz(a,h)anthracene
	HMW
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0

	Benzo(g,h,i)perylene
	HMW
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0

	Total LMW PAHs
	
	4.2
	4.5
	4.5
	3.9
	4.2
	3.0
	9.0
	16.5
	16.0
	9.8
	18.0
	17.4

	Total HMW PAHs
	
	6.2
	2.7
	3.1
	4.3
	4.9
	4.0
	4.2
	4.1
	4.8
	4.4
	4.1
	5.0

	Total PAHs
	
	10.4
	7.2
	7.6
	8.2
	9.1
	7.0
	13.2
	20.6
	20.8
	14.2
	22.0
	22.4

	LMW/HMW
	
	0.68
	1.67
	1.45
	0.91
	0.86
	0.75
	2.14
	4.02
	3.33
	2.2
	4.4
	3.5

	Mean LMW/HMW
	
	1.27
	0.84
	3.17
	3.39

	Range LMW/HMW
	
	0.68 – 1.67
	0.75 – 0.91
	2.14 – 4.02
	2.23 - 4.44


The analysis of polycyclic aromatic hydrocarbons (PAHs) in Table 3 reveals significant insights into the composition of black soot particulates in Port Harcourt. The study identified various PAHs, including benzo[a]pyrene, benzo[b]fluoranthene, and chrysene, with concentrations varying across different locations. The highest levels of PAHs were recorded at Aba Road, indicating a major pollution hotspot. These findings are consistent with previous studies that have highlighted the presence of high PAH concentrations in urban areas with significant industrial activities and vehicular emissions (Kalagbor et al., 2019). 
The study measured the concentrations of both low molecular weight (LMW) and high molecular weight (HMW) PAHs across four locations: Iwofe, Woji, Aba Road, and Oil Mill, over three months (June, July, and August). The results, as presented in Table 3, indicate significant spatial variations in PAH concentrations.
In Iwofe, the total PAH concentrations ranged from 7.2 mg/kg to 10.4 mg/kg, with a mean LMW/HMW ratio of 1.27. This suggests sources, which typically produce LMW PAHs that were more prevalent in June. Woji exhibited a different pattern, with total LMW PAHs ranging from 3.0 mg/kg in August to 4.2 mg/kg in June and July. The total HMW PAHs were relatively stable, ranging from 4.0 mg/kg in August to 4.9 mg/kg in July. The total PAH concentrations ranged from 7.0 mg/kg to 9.1 mg/kg, with a mean LMW/HMW ratio of 0.84, indicating a higher proportion of HMW PAHs. 	Comment by Hlayiseka Yingwani: I think there should be reference to the sampling period/month?
Aba Road showed significant concentrations of PAHs, with total LMW PAHs peaking at 16.5 mg/kg in July and slightly decreasing to 16.0 mg/kg in August. The total HMW PAHs were lower, ranging from 4.1 mg/kg in July to 4.8 mg/kg in August. This location exhibited the highest PAH concentrations, ranging from 13.2 mg/kg to 20.8 mg/kg, with a mean LMW/HMW ratio of 3.17. The elevated levels of LMW PAHs suggest significant contributions from recent combustion sources.
Oil Mill exhibited the highest concentrations of PAHs. The total LMW PAHs ranged from 9.8 mg/kg in June to 18.0 mg/kg in July and 17.4 mg/kg in August. Total HMW PAHs ranged from 4.1 mg/kg in July to 5.0 mg/kg in August. The total PAH concentrations ranged from 14.2 mg/kg to 22.4 mg/kg, with a mean LMW/HMW ratio of 3.39, similar to Aba Road, indicating substantial soot pollution. The LMW/HMW ratios indicated higher proportions of LMW PAHs in Aba Road and Oil Mill compared to Iwofe and Woji. This suggests that these areas are more polluted with lighter PAHs, which are typically more volatile and can pose different health risks compared to HMW PAHs (Baali & Yahyaoui, 2020).
The high concentrations of PAHs at Aba Road and Oil Mill suggest these areas are hotspots for soot pollution, likely due to heavy traffic and industrial activities (Tang et al., 2024). The findings of this study are consistent with other research on PAH pollution in urban areas. For instance, a study by Adeniji et al. (2017) reported similar PAH concentration ranges in regions with intense industrial activities. Additionally, the health risks associated with PAH exposure, particularly in areas with high soot pollution, have been well-documented in the literature (Agilent, 2021; Tang et al., 2024).
The presence of PAHs in black soot is primarily due to the incomplete combustion of organic materials, such as fossil fuels, biomass, and waste. In Port Harcourt, the illegal refining of crude oil and the burning of waste are major contributors to the high levels of PAHs. The presence of high levels of LMW PAHs, which are more volatile and can travel longer distances, indicates recent and ongoing combustion activities. In contrast, HMW PAHs, which are less volatile and more likely to adsorb onto particulate matter, suggest the accumulation of older soot particles.
The high concentrations of PAHs in black soot particulates have serious health implications. Long-term exposure to PAHs is associated with an increased risk of cancer, respiratory diseases, and cardiovascular problems. Studies have shown that PAHs can cause DNA damage, leading to mutations and cancer development (WHO, 2021). In Port Harcourt metropolis, the elevated levels of PAHs in the air are likely contributing to the high incidence of respiratory ailments and other health issues reported by residents (Oriasi et al., 2022).
Beyond human health, PAHs also have detrimental effects on the environment. They can persist in the environment for long periods, contaminating soil and water bodies. This can lead to bioaccumulation in the food chain, affecting wildlife and potentially entering human food sources. The study’s findings showed the need for stringent pollution control measures to reduce the emission of PAHs and mitigate their impact on both human health and the environment.

Table 4(a): Carcinogenic Risk Analysis of Selected PAHs for Children in the Study Location
	PAHs
	

	
	Iwofe
	Woji
	Aba Road
	Oil Mil

	
	June
	July
	August
	June
	July
	August
	June
	July
	August
	June
	July
	August

	Benzo(b)fluoranthene
	
	0.0
	0.0
	
	
	
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0

	Benzo(k)Flouranthene
	
	
	
	
	
	
	
	
	
	
	
	

	Benzo(a)Pyrene
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0

	Indeno(1,2,3-c, d)pyrene
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0

	Dibenz(a,h)anthracene
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0





Table 4(b): Carcinogenic Risk Analysis of Selected PAHs for adults in the Study Location
	S/N
	PAHs
	Carcinogenic Risk

	
	
	Iwofe
	Woji
	Aba Road
	Oil Mill

	
	
	June
	July
	August
	June
	July
	August
	June
	July
	August
	June
	July
	August

	1
	Benzo(b)fluoranthene
	
	0.0
	0.0
	
	
	
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0

	2
	Benzo(k)Flouranthene
	
	
	
	
	
	
	
	
	
	
	
	

	3
	Benzo(a)Pyrene
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0

	4
	Indeno(1,2,3-c,d) pyrene
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0

	5
	Dibenz(a,h)anthracene
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0







The risk analysis of polycyclic aromatic hydrocarbons (PAHs) presented in Tables 4(a) and 4(b) provides a detailed assessment of the carcinogenic risks associated with exposure to black soot particulates in Port Harcourt. The analysis reveals that the concentrations of several PAHs, including Benzo(b)fluoranthene, Benzo(k)Flouranthene, Benzo(a)Pyrene, Indeno(1,2,3-c,d)pyrene and Dibenz(a,h)anthracene, measured across different locations. However, the incremental lifetime cancer risk (ILCR) for both children and adults did not exceed the acceptable risk level of 1 in 1,000,000 (10-6). This indicates that, despite the presence of these PAHs, the risk of developing cancer from lifetime exposure remains within safe limits. For instance, the ILCR for benzo[a]pyrene, a known potent carcinogen, was found to be below the detection limit, suggesting no significant cancer risk for the exposed population.
The findings indicate that the ILCR values for the PAHs studied are within the acceptable risk levels, which is reassuring for public health. This suggests that, although PAHs are present in the environment, their concentrations are not high enough to pose a significant cancer risk over a lifetime of exposure. This aligns with findings from other studies that have reported similar risk levels in urban environments with industrial activities and vehicular emissions (Obiweluozo et al., 2021).
While the carcinogenic risk remains within acceptable limits, the presence of PAHs in black soot particulates still poses potential health concerns. Long-term exposure to PAHs, even at lower concentrations, can contribute to respiratory and cardiovascular issues. Therefore, continuous monitoring and regulation of PAH emissions are essential to ensure that their levels remain within safe limits and to protect public health.

iii. Heavy Metals Concentration
The measured concentration of heavy metals in the study area focused on Copper (Cu), Lead (Pb), Nickel (Ni), Chromium (Cr) and Cadmiun (Cd) across the four locations, is presented in Table 4.	Comment by Hlayiseka Yingwani: Table 5?




	
	Table 5: Heavy metals Concentration (mg/kg)

	
	Iwofe
	Woji
	Aba Road
	Oil Mill

	
	June
	July
	August
	June
	July
	August
	June
	July
	August
	June
	July
	August

	Copper, Cu	Comment by Hlayiseka Yingwani: Could use the symbol only
	<0.0001
	0.0008
	0.0007
	<0.0001
	<0.0001
	<0.0001
	0.0087
	0.0021
	0.0068
	0.0094
	0.0023
	0.0073

	Lead, Pb
	<0.0001
	0.0006
	0.0006
	<0.0001
	<0.0001
	<0.0001
	<0.0001
	0.0133
	0.0129
	0.0002
	0.0144
	0.0138

	Nickel, Ni
	<0.0001
	0.0007
	0.0006
	<0.0001
	<0.0001
	<0.0001
	0.0026
	0.0175
	0.0178
	0.0028
	0.0189
	0.0192

	Chromium, Cr
	<0.0001
	0.0011
	0.0009
	<0.0001
	<0.0001
	<0.0001
	0.0007
	0.0112
	0.0116
	0.0008
	0.0121
	0.0125

	Cadmium, Cd
	<0.0001
	0.0005
	0.0004
	<0.0001
	<0.0001
	<0.0001
	0.0025
	0.0097
	0.0113
	0.0027
	0.0105
	0.0122

	Mean ± SD
	<0.0001
	0.00074± 0.00023
	0.00064± 0.00018
	<0.0001
	<0.0001
	<0.0001
	0.00363± 0.00349
	0.01076± 0.00566
	0.01208± 0.00394
	0.00318± 0.00366
	0.01164± 0.00611
	0.01300± 0.00426








Table 6: One-Way Analysis of Variance
	Metal
	
	Sum of Squares
	Df
	Mean Square
	F	Comment by Hlayiseka Yingwani: Any reason why Nickel is not in this table?
	Significance Level

	Copper	Comment by Hlayiseka Yingwani: Consistency in presenting the results (name & / symbol)
	Between-group
	0.0001033692
	3
	3.4456389e-05
	5.5049
	0.0240

	
	Within-group
	0.0000500733
	8
	6.2591667e-06
	
	

	
	Total
	0.0001534425
	11
	
	
	

	Lead 
	Between-group
	0.0003818
	3
	0.0001273
	7.8584
	0.0091

	
	Within-group
	0.0001295
	8
	1.6193e-05
	
	

	
	Total
	0.0005113
	11
	
	
	

	Chromium
	Between-group
	0.0002391
	3
	7.9703e-05
	6.4957
	0.0155

	
	Within-group
	0.0000982
	8
	1.2270e-05
	
	

	
	Total
	0.0003373
	11
	
	
	

	Cadmium
	Between-group
	0.0001564
	3
	0.0000521
	5.5143767
	0.0239

	
	Within-group
	0.0000757
	8
	0.0000095
	
	

	
	Total
	0.0002321
	11
	
	
	





Table 7: Pearson Correlation Matrix for the Heavy Metals in the Air Samples
	
	Copper, Cu
	Lead, Pb
	Nickel, Ni
	Chromium, Cr
	Cadmium, Cd

	Copper, Cu
	1
	 
	 
	 
	 

	Lead, Pb
	0.270
	1
	 
	 
	 

	Nickel, Ni
	0.377
	0.993**
	1
	 
	 

	Chromium, Cr
	0.315
	0.998**
	0.996**
	1
	 

	Cadmium, Cd
	0.469
	0.976**
	0.994**
	0.985**
	1


** Correlation is significant at the 0.01 level. (2-tailed)





	
The analysis of heavy metals in black soot particulates, as shown in Table 4, reveals significant concentrations of various toxic metals, including copper (Cu), lead (Pb), nickel (Ni), chromium (Cr), and cadmium (Cd). These metals were detected at different levels across various locations in Port Harcourt, with some areas showing alarmingly high concentrations. For instance, lead concentrations ranged from below detection limits to 0.0144 mg/kg, while cadmium levels varied from below detection limits to 0.0122 mg/kg. Nickel, chromium, and copper also showed notable presence, with nickel concentrations peaking at 0.0192 mg/kg in Oil Mill during August.
The ANOVA analysis reveals substantial spatial variations in the concentrations of all four heavy metals. The p-values for each metal are below 0.05, indicating that the observed differences between locations are statistically significant and unlikely to be due to random chance. The variation in the concentrations of Copper, Lead, Chromium, and Cadmium across different locations was significantly greater than the variation within each individual location.
The correlation analysis results for heavy metals (Cu, Pb, Ni, Cr, and Cd) indicate different significant levels among the studied area metals. Copper (Cu) shows low to moderate positive correlations with various metals. It has a weak correlation with Lead (Pb) at (r = 0.270), a moderate correlation with Nickel (Ni) at (r = 0.377), a moderate correlation with Chromium (Cr) at (r = 0.315), and a slightly higher correlation with Cadmium (Cd) at (r = 0.469). These correlations suggest that Cu concentrations in the area are not strongly associated with the concentrations of the other metals analyzed. Lead (Pb) shows a high correlation with various metals, notably a very strong correlation with Nickel (Ni) at (r = 0.993), statistically significant at the 0.01 level, a very strong correlation with Chromium (Cr) at (r = 0.998), also significant, and a strong correlation with Cadmium (Cd) at (r = 0.976), which is significant as well. 
This suggests a strong interrelationship among Pb, Ni, Cr, and Cd, possibly due to shared sources or similar geochemical behaviors. Nickel (Ni) exhibits a strong correlation with Chromium (Cr) and Cadmium (Cd), with a correlation coefficient of (r = 0.996) (significant) for Cr and (r = 0.994) (significant) for Cd. This supports the theory of common sources or analogous environmental pathways for Ni, Cr, and Cd. Chromium (Cr) exhibits strong correlations with other metals, notably a very high correlation with cadmium (Cd) at (r = 0.985), which is statistically significant. Cadmium (Cd), in turn, is strongly correlated with all other metals except for Cu, especially Pb, Ni, and Cr, suggesting similar environmental dynamics. The consistently high correlations between Pb, Ni, Cr, and Cd point to a likely shared origin or comparable environmental factors influencing their distributions.
The presence of these heavy metals in black soot is primarily attributed to industrial activities, vehicular emissions, and illegal oil refining operations prevalent in the study locations. The high levels of lead and cadmium are particularly concerning due to their well-documented health risks. Lead exposure is known to cause developmental and neurobehavioral effects in children, as well as cardiovascular issues in adults (Goswami & Neog, 2023). Cadmium, on the other hand, is associated with kidney damage and has been identified as a potential human carcinogen, causing lung cancer (WHO, 2007).
The elevated concentrations of heavy metals in the air pose significant health risks to the residents of Port Harcourt metropolis. Long-term exposure to these metals can lead to serious health conditions, including respiratory and cardiovascular diseases, renal damage, and various forms of cancer. For example, studies have shown that inhalation of cadmium can result in chronic obstructive pulmonary disease (COPD) and emphysema (Goswami & Neog, 2023). Similarly, exposure to nickel and chromium compounds has been linked to lung cancer and other respiratory ailments (WHO, 2007).
Moreover, the presence of heavy metals in the environment can have detrimental effects on ecosystems. These metals can persist in the environment, leading to soil and water contamination. This can result in bioaccumulation in the food chain, affecting wildlife and potentially entering human food sources. The study’s findings highlight the need for stringent pollution control measures to reduce the emission of heavy metals and mitigate their impact on both human health and the environment.
5.0.	CONCLUSION
The study on the current level of black soot in Port Harcourt Metropolis reveals significant environmental and health concerns. The findings indicate that black soot is prevalent across various parts of the metropolis, with higher concentrations in certain areas. This widespread presence of soot is primarily attributed to industrial activities, vehicular emissions, and illegal oil refining operations. The analysis of polycyclic aromatic hydrocarbons (PAHs) in black soot particulates across four locations in Port Harcourt—namely Iwofe, Woji, Aba Road, and Oil Mill—has revealed notable spatial and compositional variations. The study identified a range of PAHs, including benzo[a]pyrene, benzo[b]fluoranthene, and chrysene, with consistently elevated concentrations at Aba Road and Oil Mill, underscoring these sites as major pollution hotspots. These pollutants are not only persistent in the environment, affecting soil and water systems, but also pose significant health risks. Long-term exposure to PAHs has been linked to respiratory disorders, cardiovascular diseases, and carcinogenic effects, contributing to public health concerns in the Port Harcourt metropolis.	Comment by Hlayiseka Yingwani: Why bold?
 The study highlights the urgent need for regulatory measures and public awareness campaigns to mitigate the sources of black soot and protect public health. It also highlights the importance of continuous monitoring and research to better understand the long-term impacts of black soot on the environment and human health. It is recommended that the government should implement stricter regulations to control industrial emissions, vehicular pollution, and illegal oil refining activities. This includes regular inspections and enforcement of environmental standards. The elevated concentrations of PM2.5 and PM10 in Port Harcourt pose serious health risks to its residents. The findings of this study align with previous research and show the need for urgent policy interventions to mitigate particulate matter pollution.
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