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Human Health Risk Assessment of Iron in 
Petroleum-Polluted Soil Amended with Agro-Wastes


Abstract
[bookmark: _GoBack]This study evaluated the health risk of Iron (Fe) in petroleum-polluted soil amended with cocoa pod husk (CPH), potato peels (PP) and fluted pumpkin husk (FPH). The soil was collected from the Gokana Local Government Area of Rivers State, Nigeria. Two kilograms (2 kg) of the polluted soil were weighed into 48 transparent plastic buckets in triplicate into three groups and 250, 500 and 1000 mg/kg treatments and a Control group. The soil was amended with CPH, PP, and FPH of the three treatment concentrations and monitored for 150 days. Iron levels were measured using an atomic absorption spectrophotometer (AAS). The percentage (%) reduction of Fe, average daily dose (ADD) (via ingestion, dermal contact, and inhalation), and hazard quotient (via ingestion) related to Fe consumption were calculated. Results showed that CPH had the best remediating properties, reducing Fe concentration from 91.174 ± 0.003 mg/kg at day 0 to 62.59 ± 0.070, 54.674 ± 0.004 and 54.847 ± 0.001 mg/kg with remediation percentages of 31.35%, 39.84% and 40.03% respectively at day 150 across 250, 500 and 1000 mg/kg substrate concentrations, compared to PP, FPH, and the control. FPH exhibited the least bioremediation capability with the highest Fe concentrations of 87.463 ± 0.001, 84.241 ± 0.003 and 80.789 ± 0.003 mg/kg, and the lowest percentage reductions of 4.07%, 7.60%, and 11.39% across 250, 500, and 500 mg/kg, respectively. The results also show that CPH, PP and FPH significantly reduced HQ and ADD for Fe in adults and children via ingestion, inhalation and dermal contact compared to the control. However, CPH treatment had the most effective amendment across all exposure routes.
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1. INTRODUCTION 
Crude oil is an important part of primary fossil fuels and is a complex mixture of hydrocarbons that occur in the earth in liquid form used to produce many petroleum products that can cause pollution to the environment, especially soil and water [1]. Petroleum is one of the components of crude oil obtained from beneath the seabed and ground, and it contains hydrocarbons, sulfur, nitrogen, and oxygenated organic compounds [2]. Pollution of the environment refers to the introduction of foreign substances into the environment whether naturally occurring or artificial that alter the physical, chemical and biological properties of air, soil and water, thereby creating health hazards or damaging all living organisms. Contamination of the soil environment by hydrocarbons (mostly petroleum hydrocarbons) is becoming prevalent across the globe. This is likely due to the heavy dependence on petroleum as a primary source of energy worldwide. The estimated amount of natural crude oil seepage was 600,000 metric tons per year, with a range of uncertainty of 200,000 metric tons per year [3]. The incidence of environmental pollution in the Niger Delta area of southern Nigeria and other oil-producing regions worldwide has been linked to frequent oil spills, primarily caused by oil well blowouts, tanker accidents, bunkering, pipeline ruptures, and sabotage. Disasters arising from such incidents result in the discharge of crude oil into the environment, affecting the soil, air and water bodies. Pollution of soil with petroleum derivatives is often observed in municipal soils surrounding industrial plants and in areas where petroleum and natural gas are extracted and processed. Nigerian crude oil is known to contain approximately 0.003–42.31 mg/kg of transition metals (V, Cr, Mn, Fe, Co, Ni, and Cu) [4], some of which cannot be removed entirely during the crude refining process. Once petroleum hydrocarbons enters an environment, they initiate a series of processes such as blockage of the supply of water, nutrients, oxygen, and light which affects soil fertility, plant growth, and germination and other biotic and abiotic elements, thus, threatening the human health and that of the organisms that are dependent on the soil [5; 6]. 
Heavy metal-contaminated soil from industrial waste, electronic waste and other sources poses a serious threat to both humans and animals in the environment if not properly remediated to an innocuous level. Environmental pollution by heavy metals which are released into the environment through various anthropogenic activities such as mining, energy and fuel production, electroplating, wastewater sludge treatment and agriculture is one of the world major environmental problems. Heavy metals as well as trace metals refer to a large group of elements that are both industrially and biologically important. Heavy metals are naturally present in soils as natural components; however, their presence in the environment has accelerated due to human activities [7].
Soil contamination by heavy metals is consequently the most critical environmental problem as it poses significant impacts to human health as well as the ecosystems. The contaminants can infiltrate deeply into the groundwater layer, polluting both the groundwater and surface water. Heavy metals in the soil subsequently enter the human food web through plants. They pose a risk to the ecosystem as they tend to bioaccumulate and can be transferred from one food chain to another. Heavy metals are found in various food chains with detrimental effects on microorganisms, plants, animals and humans alike [8]. Plants and other living things depend on certain HMs such as iron, copper and zinc. However, if these metals in soil are high, they might be dangerous, as could those that are thought to be inconsequential, like lead and cadmium [9]
Iron is an abundant and essential element for almost all living organisms as it participates in a wide variety of metabolic processes, including oxygen transport, deoxyribonucleic acid (DNA) synthesis, and electron transport. However, since iron is one of the most reactive elements, when unabsorbed it can turn toxic via the formation of reactive oxygen species (ROS), generated through the Fenton and Haber-Weiss reaction [10; 11]. Of the ROS, one of the most reactive species known is the highly reactive hydroxyl ion (OH) that reacts with any molecule within the immediate environment, resulting in a cascade of reactions in which lipids, proteins, also when in contact with oxygen iron forms oxides, which are highly insoluble, and thus is not readily available for uptake by organisms [12], hence resulting in the damage of the DNA. As iron can form free radicals, its concentration in body tissues must be tightly regulated because it can lead to tissue damage in excessive amounts. Disorders of iron metabolism are among the most common diseases of humans and encompass a broad spectrum of diseases with diverse clinical manifestations, ranging from anaemia to iron overload, and possibly to neurodegenerative diseases. Iron-induced oxidative damage in the intestine after oral iron supplementation may be responsible for these adverse gastrointestinal side effects. Supplementation of 100 mg Fe/d to mildly anaemic women resulted in an increase in oxidative stress [13; 14], and a 40% increase in free radical production in the faeces of healthy human volunteers who consumed iron supplements was seen [15].
Bioremediation is a method that utilizes living organisms and microorganisms to reduce and convert toxins and environmental contaminants into less harmful substances [16]. When bioremediation is compared with chemical and physical remediation techniques, it is environmentally friendly and reduces cost [17]. Phytoremediation is a set of techniques that utilize various plants to clean up contaminated air, soil and wastewater from multiple pollutants through different biological processes. This mechanism has a low cost due to the use of solar energy from plants [16]. Plants can react well to various environmental conditions and can alter ecological conditions to some degree [18]. Anatomical, genetic and physiological characteristics of plants are crucial factors in determining the capacity of plant species to remediate contaminated soil and wastewater from pollutants [19].
The South-South region of the country especially the Ogoni axis has been greatly impacted by crude oil (petroleum) spillage which has adversely affected the environment especially the soil, thus resulting in serious health challenges to the indigenes and residents of these areas who depend greatly on the farm produce obtained from the soil in this region. Hence, this study aimed to evaluate the health implications for the human population exposed to iron in petroleum-polluted soil amended with cocoa pod husk, potato peels and fluted pumpkin husk.
2. MATERIALS AND METHODS
2.1 Study Area
The study was conducted in Gokana and Obio/Akpor Local Government Areas (LGAs) of Rivers State, Nigeria (see Figure 1). This study area was strategically selected to facilitate a comparative analysis of bioremediation evaluation between the petroleum-polluted and unpolluted (control) soil at the University of Port Harcourt Agricultural Farm. The petroleum-polluted site was located in Botem, a community within the Gokana Local Government Area, which is part of the Ogoni region of Rivers State. This area is historically recognized for its extensive oil exploration and production activities, making it one of the epicenters of crude oil pollution in the Niger Delta [20]. The selected site offered ideal conditions for studying the effectiveness of agro-waste-based bioremediation due to the aged and heavily polluted soil environment. Geographically, Gokana LGA is located approximately between latitudes 4°38′N and 4°44′N, and longitudes 7°11′E and 7°20′E. The site falls within the tropical rainforest region and is characterized by high humidity, seasonal rainfall and relatively stable temperatures throughout the year. The extensive degradation of farmlands due to hydrocarbon pollution has significantly impacted the environment and local socioeconomic conditions, particularly agriculture and public health [20]. The control site was located at the University of Port Harcourt (UPH) Agricultural Farm, situated in Obio/Akpor Local Government Area, which served as an unpolluted environment for baseline comparisons. This location lies between latitudes 4°52′N and 4°57′N, and longitudes 6°57′E and 7°08′E. The soil has no known history of petroleum contamination and therefore represents natural background conditions suitable for assessing changes in biological and chemical parameters during the bioremediation process. The spatial distribution of the study locations is presented in Figure 1 as shown below. The petroleum-polluted site is marked with a red pin in Botem (Gokana LGA), while the control site is marked by a blue pin at the University of Port Harcourt (UPH) Agricultural Farm (Obio/Akpor LGA).
2.2 Collection and Preparation of Soil Sample
The petroleum-polluted soil was obtained from Gokana Local Government Area (LGA) of Rivers State, while the unpolluted soil was collected from the University of Port Harcourt Agricultural Farm located in the Abuja Campus of University of Port Harcourt. Both soil types were transported to the Greenhouse of the Department of Plant Science and Biotechnology, University of Port Harcourt in clean-labeled containers and air-dried at room temperature to standardize moisture content. After drying, the soil samples were homogenized thoroughly to ensure uniformity, and 2 kg of the composite weighed into clean labeled containers for the bioremediation process.
2.3 Collection and Preparation of Substrates
The cocoa pod husk, fluted pumpkin husk and potato peels were respectively sourced from a cocoa farm in Akamkpa LGA of Cross River State, fluted pumpkin seed sellers in Oil Mill Market, Obio-Akpor LGA of Rivers State, and potato sellers in Rumuokoro Market, Obio-Akpor LGA of Rivers State. The substrates were washed thoroughly with distilled water and allowed to drain properly to remove surface moisture before use. Five kilograms (5 kg) of each substrate was independently weighed into 20 L of plastic buckets with 5 L of distilled water and 5 kg of brown sugar added to it, then fermented at room temperature for two months. The fermentation was done in a 1:1:1 ratio of the substrate, distilled water, and brown sugar to enhance microbial activity. The process was conducted at room temperature, with pH levels constantly regulated to ensure optimum microbial growth throughout the fermentation period.
2.4 Experimental Design
The soil was collected from Gokana Local Government Area of Rivers State, Nigeria. Two kilograms (2 kg) of the polluted soil were weighed into 48 transparent plastic buckets in triplicate of 3 groups and 250, 500 and 1000 mg/kg treatments and Control group. The soil was amended with CPH, PP and CPH. After two months of fermentation, prepared substrates were applied to the petroleum-polluted soils according to the treatment dosage levels in Table 1. Soil samples were then collected at 30-day intervals for 5 months and taken to the lab for analysis.
 Table 1: Experimental Design
	Group
	Treatment
	Dosage (mg/kg)

	1
	CPH
	250, 500 and 1000

	2
	FPH
	250, 500 and 1000

	3
	PP
	250, 500 and 1000

	4
	Control (Unpolluted and Polluted soil)
	None


Groups 1 to 4 were composed of petroleum-polluted soil, with Group 4 serving as the untreated control. CPH - Cocoa Pod Husk, FPH - Fluted Pumpkin Husk, PP - Potato Peels
2.5 Determination of Iron Concentration
The determination of iron concentration in soil samples was done using the method of [21]. The concentration of iron in the filtrate obtained from the digestion of the soil samples were determined by atomic absorption spectrometry (S4 – 71096/ Solar thermo elemental, China). Hollow cathode lamp for Iron (Fe) was installed and was calibrated using the standard of iron at a wavelength of (λ) = 248.3 nm. The AAS was turned on and the hollow cathode lamp current supplied. The AAS was allowed to warm up for 20 minutes to stabilize the energy sources. The wavelength dial was adjusted until optimum energy gain was obtained. The lamp was aligned properly and a 10cm single-slot burner head installed. The air was turned on, and the flow rate adjusted to give maximum sensitivity for the metal of interest (Fe). The acetylene was turned on and flow rate adjusted to obtain a high sensitivity. The flame was ignited and allowed to stabilize for few minutes, then the blank was aspirated and the instrument zeroed. Aliquot of 2ppm of the standard solution was aspirated and the aspiration adjusted to obtain maximum sensitivity. The burner was vertically and horizontally adjusted to obtain maximum response, then the blank was aspirated again and the instrument re-zeroed. The sample was aspirated and the absorbance recorded. Beer-Lambert's formula was used to calculate the concentrations of Fe present in the soil samples remediated by the different remediating materials.
2.6 Health Risk Evaluation 
Human health risk assessment is a process used to estimate the health effects resulting from exposure to carcinogenic and non-carcinogenic chemicals [22]. In order to indicate whether the substances can cause cancer, the IARC has categorized the carcinogens into five groups: Group 1 (carcinogenic to humans), Group 2A (probably carcinogenic to humans), Group 2B (possibly carcinogenic to humans), Group 3 (not classifiable as carcinogenic to humans), and Group 4 (probably not carcinogenic to humans). As, Cd, Cr, and Pb are categorized as potentially carcinogenic and carcinogenic elements according to the IARC agents' classification, but other heavy metals (Al, Co, Cu, Fe, Ni, and Zn) are considered non-carcinogenic elements. The following equations were used in accordance with the Exposure Factors Handbook to estimate the average daily dose (ADD) (mg/kg/day) {(also known as the chronic daily intake (CDI) or estimated daily intake (EDI)} of heavy metals through ingestion, dermal contact, and inhalation [23]. Average daily doses (ingestion, dermal contact and inhalation) and hazard quotient indices were used to ascertain the possible health implications associated with this study, this was done by computation method.











Where: C is the heavy metals concentration (mg/kg); IngR is the rate of ingestion (mgday-1); SA is the area of the surface of the skin exposed to heavy metal (cm2); AF is the adherence factor  of the skin (mg/cm2day-1); ABS is the dermal absorption factor (mg/cm2); InhR is the rate of inhalation rate (m3day-1); PEF is the particle emission factor (m3/kg); EF is the frequency of exposure (days/year); ED is the duration of exposure (year); BW is the weight of body (kg); AT is the averaging time (days); FE is the Dermal exposure ratio and CF is the conversion factor[23].
Table 2: Standard Values Used in the Computation of Health Risk Indices in Soil [23]
	Parameter
	Value

	
	Adult
	Child

	IngR
	100
	200

	InhR
	20
	20

	EF
	365
	365

	PEF
	1360000000
	1360000000

	FE
	0.61
	0.61

	ABS
	0.001
	0.001

	ED
	55
	6

	AF
	0.07
	0.2

	SA
	5700
	2800

	BW
	70
	15

	Atn
	ED × 365
	ED ×  365

	Atc
	365 × 70
	365 × 70

	CF
	0.000001
	0.000001


2.7 Statistical Analysis
Data obtained was analyzed using IBM SPSS software (version 23). One-way ANOVA was used to determine the statistical significance (at p < 0.05). LSD Post Hoc test was used to ascertain differences between study groups. Microsoft Excel was used for other statistical analyses and calculations.

3. RESULTS

3.1 Concentration (mg/kg) of Iron in Petroleum-Polluted Soil Treated with Cocoa Pod Husk, Potato Peels and Fluted Pumpkin Husk 
The concentration of iron in petroleum-polluted soil amended with Cocoa Pod Husk (CPH), Potato Peels (PP) and Fluted Pumpkin Husk (FPH) showed mean value of 2.115 ± 0.001 mg/kg for the unpolluted soil and a mean value range of 91.174 ± 0.001- 91.174 ± 0.004 for the unpolluted soils illustrated in Table 3. The concentration of iron in the polluted soil was extremely higher (91.174 ± 0.003) than the unpolluted soil.

Table 3: Concentration (mg/kg) of Iron in Petroleum-Polluted Soil Treated with CPH, PP and FPH
	Days
	CPH
	PP
	FPH
	Control

	Baseline

	0U
	2.115 ± 0.001
	2.115 ± 0.003
	2.115 ± 0.004
	91.174 ± 0.004

	0P
	91.174 ± 0.003
	91.174 ± 0.001
	91.174 ± 0.001
	91.174 ± 0.004

	250 mg/kg

	30
	76.790 ± 0.01
	82.251 ± 0.005
	87.463 ± 0.001
	91.051 ± 0.006

	60
	76.052 ± 0.004
	79.163 ± 0.007
	83.049 ± 0.005
	90.893 ± 0.002

	90
	70.520 ± 0.020
	74.036 ± 0.003
	78.492 ± 0.002
	90.710 ± 0.010

	120
	65.724 ± 0.002
	69.639 ± 0.002
	73.322 ± 0.007
	90.522 ± 0.006

	150
	62.59 ± 0.070
	65.281 ± 0.002
	69.037 ± 0.004
	90.471 ± 0.009

	500 mg/kg

	30
	77.522 ± 0.003
	81.096 ± 0.004
	84.241 ± 0.003
	91.051 ± 0.004

	60
	68.648 ± 0.009
	73.103 ± 0.003
	77.324 ± 0.005
	90.893 ± 0.002

	90
	64.711 ± 0.001
	68.364 ± 0.005
	72.996 ± 0.003
	90.710 ± 0.040

	120
	59.758 ± 0.003
	63.976 ± 0.002
	67.420 ± 0.060
	90.522 ± 0.004

	150
	54.674 ± 0.004
	57.301 ± 0.004
	63.869 ± 0.006
	90.471 ± 0.002

	1000 mg/kg

	30
	72.044 ± 0.004
	76.531 ± 0.007
	80.789 ± 0.003
	91.051 ± 0.004

	60
	69.321 ± 0.009
	74.859 ± 0.007
	77.725 ± 0.004
	90.893 ± 0.002

	90
	65.382 ± 0.004
	69.136 ± 0.003
	73.984 ± 0.002
	90.710 ± 0.030

	120
	61.538 ± 0.002
	65.601 ± 0.003
	68.028 ± 0.003
	90.522 ± 0.003

	150
	54.847 ± 0.001
	58.274 ± 0.004
	63.501 ± 0.006
	90.471 ± 0.006


Values are presented as mean ± SD of triplicate determination (N=3). Mean values with the same superscript letters are not statistically significant at p ≤ 0.05. CPH - Cocoa Pod Husk, PP – Potato Peels, FPH – Fluted Pumpkin Husk, 0U = Unpolluted Soil at Day 0, 0P= Polluted Soil at Day.
3.2 Percentage Reduction of Iron in Petroleum-Polluted Soil Treated with Cocoa Pod Husk, Potato Peels and Fluted Pumpkin Husk 
Table 4 shows the result of percentage reduction of iron in petroleum- polluted Soil treated with CPH, PP and FPH; following the day interval. There was a significant different between 30 and 150 days as there was an increase in the iron percentage reduction over time in CPH (15.78%; 31.35%), PP (9.79%; 28.40%) and FPH (4.07%; 24.28%) in all amendments respectively. The control had a percentage reduction of 0.77% on day 150 with no significant differences observed in other sampling days.
Table 4: Percentage Reduction of Iron in Petroleum-Polluted Soil treated with CPH, PP and FPH
	Days
	CPH
	PP
	FPH
	Control

	250 mg/kg

	30
	15.78
	9.79
	4.07
	0.13

	60
	16.59
	13.17
	8.91
	0.31

	90
	22.65
	18.80
	13.91
	0.51

	120
	27.91
	23.62
	19.58
	0.72

	150
	31.35
	28.40
	24.28
	0.77

	500 mg/kg

	30
	14.97
	11.05
	7.60
	0.13

	60
	24.71
	19.82
	15.19
	0.31

	90
	29.02
	25.02
	19.94
	0.51

	120
	34.46
	29.83
	26.05
	0.72

	150
	39.84
	37.15
	29.95
	0.77

	1000 mg/kg

	30
	20.98
	16.06
	11.39
	0.13

	60
	23.97
	17.89
	14.75
	0.31

	90
	28.29
	24.17
	18.85
	0.51

	120
	32.50
	28.05
	25.39
	0.72

	150
	40.03
	36.08
	30.35
	0.77


CPH - Cocoa Pod Husk, PP – Potato Peels, FPH – Fluted Pumpkin Husk, 0U = Unpolluted Soil at Day 0, 0P= Polluted Soil at Day.
3.3 Average Daily Dose of Iron via Ingestion in Petroleum-Polluted Soil Treated with CPH, PP and FPH for Adult and Children Population
The results shown in Table 5 showed the average daily dose (ADD) of iron via ingestion for adults and children in petroleum-polluted soil treated with CPH, PP and FPH. At 250, 500 and 1000 mg/kg, the ingestion ADD for adults gradually decreased from 1.30E-04 in polluted soil at day 0 to 7.84E-05 in treated soil with CPH on day 150 at 1000 mg/kg. Children ingestion ADD followed a similar decreasing trend, from about 1.22E-03 in polluted soil at day 0 to 7.31E-04 in treated soil with CPH on day 150 at 1000 mg/kg. The control group maintained consistently high ingestion ADD with little variation of 1.29E-04 to 1.30E-04 for adults and 1.21E-03 to 1.22E-03 for children throughout the remediation period.
Table 5: Average Daily Dose of Iron via Ingestion in Petroleum-Polluted Soil Treated with CPH, PP and FPH for Adult and Children Population
	
	CPH
	PP 
	FPH 
	Control

	Days
	Adult
	Child
	Adult
	Child
	Adult
	Child
	Adult
	Child

	Baseline
	

	0U
	3.02E-06
	2.82E-05
	3.02E-06
	2.82E-05
	3.02E-06
	2.82E-05
	1.30E-04
	1.22E-03

	0P
	1.30E-04
	1.22E-03
	1.30E-04
	1.22E-03
	1.30E-04
	1.22E-03
	1.30E-04
	1.22E-03

	250 mg/kg
	

	30
	1.10E-04
	1.02E-03
	1.18E-04
	1.10E-03
	1.25E-04
	1.17E-03
	1.30E-04
	1.21E-03

	60
	1.09E-04
	1.01E-03
	1.13E-04
	1.06E-03
	1.19E-04
	1.11E-03
	1.30E-04
	1.21E-03

	90
	1.01E-04
	9.40E-04
	1.06E-04
	9.87E-04
	1.12E-04
	1.05E-03
	1.30E-04
	1.21E-03

	120
	9.39E-05
	8.76E-04
	9.95E-05
	9.29E-04
	1.05E-04
	9.78E-04
	1.29E-04
	1.21E-03

	150
	8.94E-05
	8.35E-04
	9.33E-05
	8.70E-04
	9.86E-05
	9.20E-04
	1.29E-04
	1.21E-03

	500 mg/kg
	

	30
	1.11E-04
	1.03E-03
	1.16E-04
	1.08E-03
	1.20E-04
	1.12E-03
	1.30E-04
	1.21E-03

	60
	9.81E-05
	9.15E-04
	1.04E-04
	9.75E-04
	1.10E-04
	1.03E-03
	1.30E-04
	1.21E-03

	90
	9.24E-05
	8.63E-04
	9.77E-05
	9.12E-04
	1.04E-04
	9.73E-04
	1.30E-04
	1.21E-03

	120
	8.54E-05
	7.97E-04
	9.14E-05
	8.53E-04
	9.63E-05
	8.99E-04
	1.29E-04
	1.21E-03

	150
	7.81E-05
	7.29E-04
	8.19E-05
	7.64E-04
	9.12E-05
	8.52E-04
	1.29E-04
	1.21E-03

	1000 mg/kg
	

	30
	1.03E-04
	9.61E-04
	1.09E-04
	1.02E-03
	1.15E-04
	1.08E-03
	1.30E-04
	1.21E-03

	60
	9.90E-05
	9.24E-04
	1.07E-04
	9.98E-04
	1.11E-04
	1.04E-03
	1.30E-04
	1.21E-03

	90
	9.34E-05
	8.72E-04
	9.88E-05
	9.22E-04
	1.06E-04
	9.86E-04
	1.30E-04
	1.21E-03

	120
	8.79E-05
	8.21E-04
	9.37E-05
	8.75E-04
	9.72E-05
	9.07E-04
	1.29E-04
	1.21E-03

	150
	7.84E-05
	7.31E-04
	8.32E-05
	7.77E-04
	9.07E-05
	8.47E-04
	1.29E-04
	1.21E-03


CPH - Cocoa Pod Husk, PP – Potato Peels, FPH – Fluted Pumpkin Husk, 0U = Unpolluted Soil at Day 0, 0P= Polluted Soil at Day.
3.4 Average Daily Dose of Iron via Inhalation in Petroleum-Polluted Soil Treated with CPH, PP and FPH for Adult and Children Population
The results presented in Table 6 showed a significant difference between the ADD of adults and children for iron through inhalation in unpolluted soil (1.04E-09; 4.44E-10) and polluted soil (4.47E-08; 1.92E-08) respectively. The bioremediation effects of CPH, PP and FPH for iron were lowest at 250 mg/kg and highest at 1000 mg/kg for adults and children throughout the remediation period. In the control group, no significant difference was observed for both adults and children at 250 mg/kg, 500 mg/kg and 1000 mg/kg from 30 to 150 days.

Table 6: Average Daily Dose of Iron via Inhalation in Petroleum-Polluted Soil Treated with CPH, PP and FPH for Adult and Children Population
	
	CPH
	PP
	FPH 
	Control

	Days
	Adult
	Child
	Adult
	Child
	Adult
	Child
	Adult
	Child

	Baseline

	0U
	4.44E-10
	1.04E-09
	4.44E-10
	1.04E-09
	4.44E-10
	1.04E-09
	1.92E-08
	4.47E-08

	0P
	1.92E-08
	4.47E-08
	1.92E-08
	4.47E-08
	1.92E-08
	4.47E-08
	1.92E-08
	4.47E-08

	250 mg/kg

	30
	1.61E-08
	3.76E-08
	1.73E-08
	4.03E-08
	1.84E-08
	4.29E-08
	1.91E-08
	4.46E-08

	60
	1.60E-08
	3.73E-08
	1.66E-08
	3.88E-08
	1.74E-08
	4.07E-08
	1.91E-08
	4.46E-08

	90
	1.48E-08
	3.46E-08
	1.56E-08
	3.63E-08
	1.65E-08
	3.85E-08
	1.91E-08
	4.45E-08

	120
	1.38E-08
	3.22E-08
	1.46E-08
	3.41E-08
	1.54E-08
	3.59E-08
	1.90E-08
	4.44E-08

	150
	1.31E-08
	3.07E-08
	1.37E-08
	3.20E-08
	1.45E-08
	3.38E-08
	1.90E-08
	4.43E-08

	500 mg/kg

	30
	1.63E-08
	3.80E-08
	1.70E-08
	3.98E-08
	1.77E-08
	4.13E-08
	1.91E-08
	4.46E-08

	60
	1.44E-08
	3.37E-08
	1.54E-08
	3.58E-08
	1.62E-08
	3.79E-08
	1.91E-08
	4.46E-08

	90
	1.36E-08
	3.17E-08
	1.44E-08
	3.35E-08
	1.53E-08
	3.58E-08
	1.91E-08
	4.45E-08

	120
	1.26E-08
	2.93E-08
	1.34E-08
	3.14E-08
	1.42E-08
	3.30E-08
	1.90E-08
	4.44E-08

	150
	1.15E-08
	2.68E-08
	1.20E-08
	2.81E-08
	1.34E-08
	3.13E-08
	1.90E-08
	4.43E-08

	1000 mg/kg

	30
	1.51E-08
	3.53E-08
	1.61E-08
	3.75E-08
	1.70E-08
	3.96E-08
	1.91E-08
	4.46E-08

	60
	1.46E-08
	3.40E-08
	1.57E-08
	3.67E-08
	1.63E-08
	3.81E-08
	1.91E-08
	4.46E-08

	90
	1.37E-08
	3.20E-08
	1.45E-08
	3.39E-08
	1.55E-08
	3.63E-08
	1.91E-08
	4.45E-08

	120
	1.29E-08
	3.02E-08
	1.38E-08
	3.22E-08
	1.43E-08
	3.33E-08
	1.90E-08
	4.44E-08

	150
	1.15E-08
	2.69E-08
	1.22E-08
	2.86E-08
	1.33E-08
	3.11E-08
	1.90E-08
	4.43E-08


CPH - Cocoa Pod Husk, PP – Potato Peels, FPH – Fluted Pumpkin Husk, 0U = Unpolluted Soil at Day 0, 0P= Polluted Soil at Day.
3.5 Average Daily Dose of Iron via Dermal Contact in Petroleum-Polluted Soil Treated with CPH, PP and FPH for Adult and Children Population
The results shown in Table 7 present the average daily dose of iron through dermal contact for adults and children in petroleum-polluted soil treated with CPH, PP and FPH. At 250, 500 and 1000 mg/kg the dermal ADD for adults gradually decreased from 3.17E-07 in polluted soil at day 0 to 1.91E-07 in treated soil with CPH on day 150 at 1000 mg/kg. Children ADD followed the same pattern, decreasing from 2.08E-06 in polluted soil at day 0 to 1.25E-06 in treated soil with CPH on day 150 at 1000 mg/kg. The control group consistently maintained higher ADD values of 3.15E-07 for adults and 2.06E-06 to 2.08E-06 for children.
Table 7: Average Daily Dose of Iron via Dermal Contact in Petroleum-Polluted Soil Treated with CPH, PP and FPH for Adult and Children Population
	
	CPH
	PP 
	FPH 
	Control

	Days
	Adult
	Child
	Adult
	Child
	Adult
	Child
	Adult
	Child

	Baseline

	0U
	7.35E-09
	4.82E-08
	7.35E-09
	4.82E-08
	7.35E-09
	4.82E-08
	3.17E-07
	2.08E-06

	0P
	3.17E-07
	2.08E-06
	3.17E-07
	2.08E-06
	3.17E-07
	2.08E-06
	3.17E-07
	2.08E-06

	250 mg/kg

	30
	2.67E-07
	1.75E-06
	2.86E-07
	1.87E-06
	3.04E-07
	1.99E-06
	3.17E-07
	2.07E-06

	60
	2.64E-07
	1.73E-06
	2.75E-07
	1.80E-06
	2.89E-07
	1.89E-06
	3.16E-07
	2.07E-06

	90
	2.45E-07
	1.61E-06
	2.57E-07
	1.69E-06
	2.73E-07
	1.79E-06
	3.15E-07
	2.07E-06

	120
	2.29E-07
	1.50E-06
	2.42E-07
	1.59E-06
	2.55E-07
	1.67E-06
	3.15E-07
	2.06E-06

	150
	2.18E-07
	1.43E-06
	2.27E-07
	1.49E-06
	2.40E-07
	1.57E-06
	3.15E-07
	2.06E-06

	500 mg/kg

	30
	2.70E-07
	1.77E-06
	2.82E-07
	1.85E-06
	2.93E-07
	1.92E-06
	3.17E-07
	2.07E-06

	60
	2.39E-07
	1.56E-06
	2.54E-07
	1.66E-06
	2.69E-07
	1.76E-06
	3.16E-07
	2.07E-06

	90
	2.25E-07
	1.47E-06
	2.38E-07
	1.56E-06
	2.54E-07
	1.66E-06
	3.15E-07
	2.07E-06

	120
	2.08E-07
	1.36E-06
	2.22E-07
	1.46E-06
	2.34E-07
	1.54E-06
	3.15E-07
	2.06E-06

	150
	1.90E-07
	1.25E-06
	1.99E-07
	1.30E-06
	2.22E-07
	1.45E-06
	3.15E-07
	2.06E-06

	1000 mg/kg

	30
	2.50E-07
	1.64E-06
	2.66E-07
	1.74E-06
	2.81E-07
	1.84E-06
	3.17E-07
	2.07E-06

	60
	2.41E-07
	1.58E-06
	2.60E-07
	1.70E-06
	2.70E-07
	1.77E-06
	3.16E-07
	2.07E-06

	90
	2.27E-07
	1.49E-06
	2.40E-07
	1.57E-06
	2.57E-07
	1.68E-06
	3.15E-07
	2.07E-06

	120
	2.14E-07
	1.40E-06
	2.28E-07
	1.49E-06
	2.37E-07
	1.55E-06
	3.15E-07
	2.06E-06

	150
	1.91E-07
	1.25E-06
	2.03E-07
	1.33E-06
	2.21E-07
	1.45E-06
	3.15E-07
	2.06E-06


CPH - Cocoa Pod Husk, PP – Potato Peels, FPH – Fluted Pumpkin Husk, 0U = Unpolluted Soil at Day 0, 0P= Polluted Soil at Day.
3.6 Hazard Quotient of Iron through Ingestion in Petroleum-Polluted Soil Treated with CPH, PP and FPH for Adult and Children Population
The results shown in Table 8 present the hazard quotient (HQ) of iron through ingestion for adults and children in petroleum-polluted soil treated with CPH, PP and FPH. At 250, 500 and 1000 mg/kg the ingestion HQ for adults gradually decreased from 4.34E-04 in polluted soil at day 0 to 2.61E-04 in treated soil with CPH on day 150 at 1000 mg/kg. The ingestion HQ for children followed the same pattern, decreasing from 4.05E-03 in polluted soil at day 0 to 2.44E-03 in treated soil with CPH on day 150 at 1000 mg/kg. The control group consistently maintained higher HQ values of around 4.31E-04 to 4.34E-04 for adults and 4.02E-03 to 4.05E-03 for children throughout the remediation period.
 
Table 8: Hazard Quotient of Iron through Ingestion in Petroleum-Polluted Soil Treated with CPH, PP and FPH for Adult and Children Population
	
	CPH
	PP
	FPH
	Control

	Days
	Adult
	Child
	Adult
	Child
	Adult
	Child
	Adult
	Child

	Baseline

	0U
	1.01E-05
	9.40E-05
	1.01E-05
	9.40E-05
	1.01E-05
	9.40E-05
	4.34E-04
	4.05E-03

	0P
	4.34E-04
	4.05E-03
	4.34E-04
	4.05E-03
	4.34E-04
	4.05E-03
	4.34E-04
	4.05E-03

	250 mg/kg

	30
	3.66E-04
	3.41E-03
	3.92E-04
	3.66E-03
	4.16E-04
	3.89E-03
	4.34E-04
	4.05E-03

	60
	3.62E-04
	3.38E-03
	3.77E-04
	3.52E-03
	3.95E-04
	3.69E-03
	4.33E-04
	4.04E-03

	90
	3.36E-04
	3.13E-03
	3.53E-04
	3.29E-03
	3.74E-04
	3.49E-03
	4.32E-04
	4.03E-03

	120
	3.13E-04
	2.92E-03
	3.32E-04
	3.10E-03
	3.49E-04
	3.26E-03
	4.31E-04
	4.02E-03

	150
	2.98E-04
	2.78E-03
	3.11E-04
	2.90E-03
	3.29E-04
	3.07E-03
	4.31E-04
	4.02E-03

	500 mg/kg

	30
	3.69E-04
	3.45E-03
	3.86E-04
	3.60E-03
	4.01E-04
	3.74E-03
	4.34E-04
	4.05E-03

	60
	3.27E-04
	3.05E-03
	3.48E-04
	3.25E-03
	3.68E-04
	3.44E-03
	4.33E-04
	4.04E-03

	90
	3.08E-04
	2.88E-03
	3.26E-04
	3.04E-03
	3.48E-04
	3.24E-03
	4.32E-04
	4.03E-03

	120
	2.85E-04
	2.66E-03
	3.05E-04
	2.84E-03
	3.21E-04
	3.00E-03
	4.31E-04
	4.02E-03

	150
	2.60E-04
	2.43E-03
	2.73E-04
	2.55E-03
	3.04E-04
	2.84E-03
	4.31E-04
	4.02E-03

	1000 mg/kg

	30
	3.43E-04
	3.20E-03
	3.64E-04
	3.40E-03
	3.85E-04
	3.59E-03
	4.34E-04
	4.05E-03

	60
	3.30E-04
	3.08E-03
	3.56E-04
	3.33E-03
	3.70E-04
	3.45E-03
	4.33E-04
	4.04E-03

	90
	3.11E-04
	2.91E-03
	3.29E-04
	3.07E-03
	3.52E-04
	3.29E-03
	4.32E-04
	4.03E-03

	120
	2.93E-04
	2.74E-03
	3.12E-04
	2.92E-03
	3.24E-04
	3.02E-03
	4.31E-04
	4.02E-03

	150
	2.61E-04
	2.44E-03
	2.77E-04
	2.59E-03
	3.02E-04
	2.82E-03
	4.31E-04
	4.02E-03


CPH - Cocoa Pod Husk, PP – Potato Peels, FPH – Fluted Pumpkin Husk, 0U = Unpolluted Soil at Day 0, 0P= Polluted Soil at Day.
4. DISCUSSION
Iron (Fe) is the most abundant transition metal in the earth crust [31]. Human exposure to Fe in contaminated soil can occur through oral ingestion, inhalation of dust particles or dermal contact. Children are highly susceptible to Fe toxicity because they are exposed to many Fe-containing products. Excess Fe in soil is a serious problem in petroleum-polluted environments, which can lead to plant nutrient deficiencies when ingested or absorbed by humans. This can result in liver cirrhosis, diabetes, pancreatic islet damage and hypogonadism. Iron can initiate cancer through the process of oxidation of DNA molecules [32], which is why eco-friendly products have become a primary focus for scientists worldwide in the twenty-first century. One of the main approaches is bioremediation which offers a promising approach for reducing petroleum hydrocarbons and associated contaminants like Fe. This is vital for a comprehensive assessment of human health risks and for ensuring the safety of remediated soil for potential use in agriculture or other fields. Studies indicate that various bioremediation techniques including the use of compost and organic substrates can effectively reduce Fe concentrations in petroleum-contaminated soil. Our research concentrates on treating petroleum-polluted soil with CPH, PP and FPH to promote the biodegradation of Fe in petroleum-polluted soil. However, their application in bioremediation must be carefully considered as they may also affect the mobility and bioavailability of metals in the soil. As shown in Table 3, the Fe concentration in petroleum-polluted soil treated with different single amendments of CPH, PP and FPH was measured at various intervals of 30, 60, 90, 120 and 150 days. All treated groups showed a decrease in Fe levels over time, indicating the potential of these agro-wastes to reduce Fe content in petroleum-polluted soil. The highest amendment dosage of 1000 mg/kg generally resulted in greater reductions in Fe concentration over the 250 and 500 mg/kg doses.
The CPH, PP and FPH showed varying levels of effectiveness with CPH appearing to be the most efficient in reducing Fe concentration. Cocoa pod husk is a compost and biochar used for soil nutrient enrichment and the bioremediation of toxic chemicals from aqueous media [25]. The high content of lignin, cellulose and hemicellulose in CPH makes the efficient industrial exploitation of residual fibres a challenging task and recovering these fibres from the product stream with high purity remains difficult [24]. Potato peel is a source of phenolic antioxidants used as a low-cost agro-industrial medium in the production of alpha-amylase, alkaline protease enzymes and several extracellular hydrolytic enzymes which produce high yields and enzyme activity. A diverse consortium of these enzymes degrade a wide range of hydrocarbon molecules. However, biodegradation is often limited by extreme pH levels, inadequate oxygen, insufficient nutrients and high contaminant levels such as Fe [26]. Fluted pumpkin husk is biodegradable and suitable for bioremediation, creating an environment conducive to Fe-degrading microorganisms. The growth of these microorganisms was stimulated by CPH, PP and FPH which provided favourable conditions for microbial proliferation alongside nutrients resulting from the mineralisation of organic compounds such as amino acids, organic acids, sugars, enzymes and carbohydrates that serve as carbon sources and energy for microbial growth [27]. Like other plants, these wastes can accumulate heavy metals from the soil and influence its bioavailability, potentially affecting its uptake by the plant. As shown in Table 4, the percentage reduction of Fe increased over time for all treatments of CPH, PP and FPH. The CPH, PP and FPH showed potential for reducing Fe levels with CPH seeming to be the most effective. CPH shows the highest reduction in Fe from 14.97% on day 30 to 40.03% on day 150, while PP showed a moderate reduction from 9.79% on day 30 to 37.15% on day 150, and FPH from 4.07% on day 30 to 30.35% on day 150. These organic-rich amendments help immobilise Fe ions by stimulating microbial growth which facilitates Fe reduction through microbial processes. The organic compounds in CPH, PP and FPH can complex with Fe ions to reduce their availability and mobility. These amendments adsorb Fe ions and further decrease their availability. The results suggest that higher complexation and adsorption capacities correlate with greater Fe reduction rates. These findings corroborate those of Ezenwoko et al. (2023) on the kinetics of bioremediation of crude oil-polluted soil using potato peels as a bio-stimulant where they reported that biodegradation of contaminated soil is directly proportional to PP dosage [33]. Higher doses of CPH, PP and FPH resulted in greater reductions of Fe over time, indicating their components continue to interact with Fe ions and effectively reduce Fe levels.
Tables 5 and 6 show that the ADD of Fe through ingestion and inhalation for adults and children decreased with increasing treatment doses of 250 mg/kg, 500 mg/kg and 1000 mg/kg over durations of 30, 60, 90, 120 and 150 days. The CPH appeared to be the most effective treatment due to its nutrient content, followed by PP and FPH. This finding aligns with a study on the bio-stimulation of microbial degradation of crude oil-polluted soil using CPH and PP by Agbor et al. (2012) which states that CPH and PP have greater bio-utilising potential in degrading Fe in soil [34]. Children are more vulnerable to environmental pollutants because of their developing physiology and behaviour [1]. The average daily dose of Fe can lead to improved health outcomes including a reduced risk of Fe deficiency and related health issues. Therefore, it is essential to monitor Fe levels to prevent deficiency or toxicity risks especially in children and pregnant women. CPH, PP and FPH contribute to soil remediation, promoting long-term environmental sustainability by reducing environmental risks, contaminant levels and supporting biodiversity in the ecosystem. The results of Fe ADD through dermal contact in petroleum-polluted soil treated with CPH, PP and FPH (Table 7) showed a dose-response pattern where higher treatment doses led to greater reductions in ADD. These reductions were significant over time for adults and children, with higher decreases observed at higher treatment levels. The amendments reduced ADD through dermal contact, although efficacy varies slightly between treatments due to their chemical composition. CPH and FPH showed significant reductions in ADD through dermal contact particularly at higher doses of 500 and 1000 mg/kg and longer durations of 120 and 150 days. Potato peel demonstrated comparable efficiency to CPH with significant reductions in ADD through dermal contact over time at higher doses.
 The hazard quotient presented in Table 8 assesses the risk of this exposure and indicates that children are at greater risk than adults. The amendment shows a positive response in treating petroleum-polluted soil over time, which could lead to decreased exposure and health risks for children, thereby protecting their development and long-term health. Exposure to pollutants in petroleum-polluted soil causes developmental problems, respiratory issues and increased risk of cancer in children [23]. CPH, PP and FPH are agro-wastes with no known toxic effects on microbial activity in soil. They have biostimulatory potential in increasing microbial populations in crude oil-contaminated soil owing to their high nitrogen and phosphorus content [28; 29; 30]. The effectiveness of this amendment aligns with the findings of Agbor et al. (2012) who worked on the potential of cocoa pod husk and plantain peels in reducing contaminants of crude oil-polluted soil and concluded that the highest substrate concentration were more effective in the degradation of pollutants in the contaminated soil [35]. These research findings demonstrate that these amendments can significantly reduce levels of Fe exposure through ingestion, inhalation and dermal contact with CPH being the most effective amendment across all exposure routes.
5. CONCLUSION
This research reveals that CPH, PP and FPH are effective in reducing Fe pollution in crude oil polluted soils. The CPH was the most effective substrate in the reduction of Fe levels in the crude oil-polluted soil which could possibly be a result of its nutrient content and ability to promote microbial activity involved in biodegradation. The gradual and progressive decrease in Fe levels throughout the treatment periods especially with the 1000 mg/kg agro-amendment showed the highest treatment concentration achieved the best bioremediation result. The Fe reductions especially the significant decrease in ADD and THQ for vulnerable populations like children reveals the health benefits of using CPH, PP and FPH in bioremediation. By immobilising Fe through microbial stimulation and complexation mechanisms, CPH, PP and FPH not only reduce environmental Fe toxicity but also restore soil health and sustainable land reuse. This research confirms that incorporating agro-waste amendments such as CPH, PP and FPH into the bioremediation studies will offer a cost-effective, environmentally friendly and practical way to address Fe pollution in petroleum-affected regions, thereby protecting the evironmental health and public safety.
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