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Bioremediation Potential of Spent Mushroom Substrate and Costus afer Bagasse for the Removal of Petroleum Hydrocarbon Xenobiotics (TPH, TPAH, and TMAH) from Contaminated Soil
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	ABSTRACT
Spent mushroom substrate (SMS) and Costus afer bagasse (CAB) are abundantly available agro-wastes in the Niger Delta region of Nigeria and may serve as cost-effective amendments for the remediation of petroleum hydrocarbon-contaminated soils. This study evaluated the bioremediation potential of SMS and CAB applied at three amendment rates (0.5, 1.0, and 1.5 kg) to sandy-loam soil contaminated with Bonny Light crude oil at low, medium, and high contamination levels (250 g, 500 g, and 750 g per 10 kg soil, respectively) over a 120-day period. Treatment performance was assessed using total petroleum hydrocarbon (TPH), total polycyclic aromatic hydrocarbon (TPAH), and total monocyclic aromatic hydrocarbon (TMAH) concentrations. Statistical analyses, including analysis of variance (ANOVA) and multiple linear regression, were conducted using Minitab® v19 at a 95% confidence level. Results indicated significant reductions (p < 0.05) in hydrocarbon concentrations across all amended treatments relative to the control. The highest remediation efficiency was achieved with 1.5 kg SMS (T4), recording TPH reductions of 93.20%, 89.80%, and 87.16% under low, medium, and high contamination levels, respectively. Although treated soils met Nigerian regulatory intervention limits, residual concentrations remained above target values. Overall, SMS demonstrated greater remediation efficiency than Costus afer bagasse. These findings suggest that locally available agro-wastes, particularly SMS, can significantly reduce the cost and duration of bioremediation of crude oil-contaminated soils in the Niger Delta.
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1. INTRODUCTION

Contamination of the natural environment due to economic activities leads to increase in the environmental content of toxic organic compounds (Elechi et al., 2018). This has particularly serious consequences since some of these compounds (e.g., chloro-organic pesticides, polychlorinated biphenyls, dioxins or some polycyclic aromatic hydrocarbons) are highly persistent in the environment and accumulate in soils, bottom sediments and organisms (Vidonish et al., 2016). Chemical contaminants in the environment can adversely affect living organisms at levels ranging from microbes in the soil to upper trophic level vertebrates, including humans. Soil contaautomobilesy organic or inorganic pollutants are caused by several industries such as chemical, pharmaceuticals, plastics, automobile, nuclear, biomedical, mining, and municipal solid waste management. At times, it becomes essential to decontaminate soil. 
There are many causes of land contamination. Basically, land may become contaminated due to the presence of natural or artificial contaminants. Natural minerals like asbestos, uranium, etc. may contaminate land if they are disturbed or exposed. Land contamination due to undisturbed natural minerals is rare. Often, land contamination is due to human activities such as industrial productions, farming, and accidents, etc. The contaminants are generally in the form of products, by-products, and waste. Petroleum contamination of soil is a common type of soil contamination within the region (Adams et al., 2017). Petroleum consists of thousands of organic materials, most of which are hazardous hydrophobic compounds. The elemental composition of petroleum is oxygen (1-1.5%), Nitrogen (10 – 14%), carbon (85- 90%), Sulphur (0.2 -3%), hydrogen (<0.1-2) and metals (<1) (Sayeed et al., 2021). Depending on the source of the Petroleum, petroleum hydrocarbons composed about 50–98% of crude oil and are regarded as a major component (Al-Dhabaan, 2019). Crude oil comprises of four major compounds: saturates, resins, aromatics and asphaltenes (Al-Hawash et al., 2018). These components can alter the soil’s physical, chemical, and biological quality and when exposed to it, they can cause carcinogenic and immunotoxin effects, thereby posing a serious threat to human and environmental health (Sales da Silva et al., 2020).
Decontamination of hydrocarbon-polluted soils has long been a global problem that is recently being tackled in various ways. For instance, physicochemical techniques including incineration, disposal in landfills, excavation, thermal desorption, soil flushing, soil washing, soil vapour extraction, stabilization/solidification, etc. have generally been used (Ossai et al., 2020). However, these physicochemical methods are quite expensive and are not environmentally friendly. Currently, a spectrum of biological treatment technologies for hydrocarbon-contaminated soils has been demonstrated to be effective (Wang et al., 2019). Biological treatment, also known as bioremediation, entails the use of microorganisms to break down pollutants into non-toxic forms Guarino.,2017). It has been canvassed and adopted over chemical technologies because it is relatively cheap and ecologically friendly (Muttaleb & Ali, 2022). Some well-known biological treatment technologies include (but are not limited to) phytoremediation, bioaugmentation, and biostimulation.
One such technology is biostimulation (Keyvan et al., 2020; Ayotamuno et al., 2006). In this technique, the growth of native microbial populations in contaminated soil is stimulated by providing essential nutrients for optimal pollution treatment (Muttaleb & Ali, 2022). The technique is cost-effective, long-term, environmentally, and aesthetically friendly method of immobilizing/stabilizing and transferring contaminants such as pesticides, metals, and chlorinated hydrocarbons into innocuous substances without posing any threat to the environment (Nweke et al., 2024).
In Nigeria, several literatures on implications, bioavailability, risk assessment, and remediation of contaminants in soil have been reported (e.g. Okparanma et al., 2022; Ayotamuno et al., 2010). As an oil producing nation, Nigeria is plagued with the problem of crude oil contamination due to incessant oil spillages and mismanagement of oily wastes such as drill cuttings. The associated xenobiotics contaminants could persist in the environment and impact on land use and consequently affect the socioeconomic conditions in the affected areas, given that the dwellers of the Niger Delta region who are most hit by oil contamination are predominantly farmers and fishermen. Also, the coastal positioning of the region implies that there is a scarcity of arable land which is worsened by the soil pollution orchestrated by oil production and illegal bunkering activities, thus the need for effective and affordable means of soil remediation.
[bookmark: _Hlk114572413]Although there are multiple methods of remediating contaminated soil such as biological, physical and chemical, the biological method (Bioremediation) seems to be the most preferred because of its eco-friendliness and cost effectiveness, given that other methods are either too expensive or present secondary negative impact on the environment due to the materials used. Spent mushroom substrate (SMS) and Costus afer, both in abundance in the region could simply pass as wastes, but they fit perfectly as natural, organic and locally sourced amendments for contaminated soils. Their potential usefulness in tackling a localized pollution problem could be considered as a breakthrough for remediation in Nigeria. However, when the studies in the literature were examined, there were several studies conducted on the degradation of contaminant level in soil treated with spent mushroom substrate but the use of costus afer bagasse in the soil are rather limited, hence this research investigated the effects of spent mushroom substrate and costus afer bagasse on xenobiotics; Total petroleum hydrocarbon (TPH), total polycyclic aromatic hydrocarbon (TPAH), and total monocyclic aromatic hydrocarbon (TMAH) at different levels of crude oil contamination in soil
2.1 material and methods 
The Niger Delta region of Nigeria is in the Southern part of Country and bordered to the south by the Atlantic Ocean and the East by Cameroon. It covers nine states in Nigeria based on political classification including Abia, Akwa-Ibom, Cross River, Edo, Imo and Ondo States are part of the Niger Delta region to join the parent Niger Delta namely Rivers, Bayelsa and Delta states. But the core Niger Delta is Delta. Akujuru (2014) reported the studies carried out by Niger Delta Development Commission (NDDC), that the region occupies a surface area of about 112,110 square kilometers. It represents about 12% of Nigeria's total surface area. Also, Nweke et al., (2023) stated that the region has about 450km2 coastlines and is the world’s second largest delta and terminates at Imo Rivers. The region that has 20,000km2 is the largest of all wetlands in Africa as well as the third largest globally (Nweke et al, 2024). 
Niger Delta region has three main vegetation including mangrove forest, freshwater swamp forest, and the savanna and stunted rain forests of the sand ridges and mainland margin. Its ecological zone has classified into four namely lowland rain forest, freshwater zone, mangrove swamp and coastal inland zones. Uyigue & Agho (2007) reported that the region is classified as tropical rainforest with ecosystem comprising myriads of species of flora and fauna, aquatics and terrestrials. The Niger Delta region accommodates about 23 % of Nigeria population’s total population of over 140milli. 
[bookmark: _Hlk98604834][bookmark: _Hlk111580032]The region is the major source of timber and forest products and contains important areas of highly endangered wildlife with very high fishery and agricultural potentials, and Nigeria as oil and gas producing nation, solemnly depends on the Niger Delta, where most of its oil and gas industries are located (Udem & Ezeasor, 2010). Costus afer is usually an unbranched tropical plant often seen as a herb with a creeping rhizome. It is a relatively small monocot shrub which is commonly found in humid and monstrous forests and riverside (Udem & Ezeasor, 2010). It is a perennial plant which can grow as tall as 4 m and bears white and yellow flowers The plant is in abundance within the region and disposed of as waste.
[image: ]
Figure 1 Map of Niger Delta Region of Nigeria. 
Source :( https:// jackjessi.wordpress.com, 2020)
2.2	Sources of Materials
The soil samples for this research were collected from Rivers Institute of Agricultural Research and Training (RIART) Teaching and Research Farm, Rivers State University, Port Harcourt. Crude oil was collected from an oil and gas exploration and production company in Nigeria. the. Drill cuttings were gotten from a waste management company in the same region. The drill cuttings used did not undergo any kind of pre-treatment process by the waste management company. The crude oil and drill cutting samples were managed in accordance with the guidelines Nigerian Upstream Petroleum Regulatory Commission (NUPRC, 2018). The spent mushroom substrate was collected at Dilomat Farm in Rivers State University, Port Harcourt. Also, the Costus afer bagasse was gotten from a farmland in the region.
2.3	Sample Preparation
About 10kg of uncontaminated agricultural soil was mixed with varying quantities of crude oil. Spent Mushroom Substrate and Costus afer bagasse were used as a source of amendment at the rate of (0.5, 1.0, 1.5 kg) within the Contamination level of 250 g, 500 g, and 750 g per 10 kg of soil for (Low, Medium, High).All the samples were in separate reactors and allowed to incubate for 72 hours, thereafter the samples were taken immediately after the incubation for baseline analysis, including the sample of uncontaminated agricultural soil. The samples were analyzed in the laboratory for total petroleum hydrocarbon (TPH), total polycyclic aromatic hydrocarbons (TPAH), and total monocyclic aromatic hydrocarbon (TMAH).
2.4	Experimental Design
The 2 X 7 factorial experiment with a complete randomized design (CRD) was used for this study. For this experiment, the design consists of 7 reactors labelled T2 is the addition of 0.5kg of SMS, T3 is the addition of 1.0kg of SMS, T4 is the addition of 1.5kg of SMS, T5 is the addition of 0.5kg costus afer bagasse, T6 is the addition of 1.0kg of costus afer bagasse to T7 is the addition of 1.5kg of costus afer bagasse including the control T1 without any treatment with two replications. Randomization was achieved using the draw lot approach as described in several literatures. Each of the plastic reactors used for the study have diameter of 30cm, depth of 35cm, and contain 10kg of soil. 
2.5 Statistical Analysis
The two-way analysis of variance (ANOVA) and excel was used to determine the significance of the difference in the mean values of each treatment for TPH, TPAH and TMAH respectively. The ANOVA in a completely randomized design was carried out using ANOVA data analysis toolbox in Microsoft excel 2019 (Microsoft Inc., USA). Differences were considered significant if F Computed > FTabulated at 5% (p  0.05) significance level (Gomes & Gomes, 1983). 
3.1 results and discussion

[bookmark: _Hlk108992022]Table.1: Mean Results of TPH Concentration in Crude Oil Contaminated Soil at Different Levels of Contamination
	[bookmark: _Hlk108146607]Period (days)
	Mix Levels
	Total Petroleum Hydrocarbon Concentration, TPH (mg/kg)

	
	
	T1
	T2
	T3
	T4
	T5
	T6
	T7

	3
	L
	14377
	14586
	14682
	14564
	14358
	14433
	15304

	
	M
	20229
	20438
	20534
	20416
	20210
	20285
	21156

	
	H
	24172
	24381
	24477
	24359
	24153
	24228
	25099

	30
	L
	13449
	7497.2
	7032.68
	6364.47
	6630.52
	6084.95
	5862.96

	
	M
	19651.5
	9687.61
	8716.68
	7670.29
	8690.3
	7972.01
	7825.6

	
	H
	23862.5
	11434.7
	10275.4
	9163.86
	10236
	9461.03
	8912.65

	60
	L
	12675.5
	4010.72
	3613.63
	2967.09
	4283.42
	3769.99
	3088.3

	
	M
	19121
	7244.9
	6502.74
	4442.69
	7595.95
	6743.11
	6448.35

	
	H
	23541.5
	9581.73
	8916.97
	5791.64
	10224
	9584.6
	9238.94

	90
	L
	12143.5
	2940.54
	2519.43
	2237.03
	3323.88
	2991.96
	2656.77

	
	M
	18815
	4937.82
	3934.31
	3135.9
	5487.02
	5016.48
	4307.36

	
	H
	23753.5
	6621.88
	5668.87
	4715.9
	6316.01
	5991.58
	4859.17

	120
	L
	11674
	2438.78
	1957.11
	1590.39
	2831.4
	2442.06
	2072.16

	
	M
	18558.5
	2902.2
	2505.15
	2082.43
	3274.02
	2880.47
	2581.03

	
	H
	23556
	3103.7
	2626.38
	2126.54
	3557.74
	2987.31
	2693.12


    T1,2,3,4,5,6,7 = Treatments; L, M, H = Mix Level (Low, Medium, and High contamination level).


[bookmark: _Hlk108992083]Table.2: Mean Results of PAH Concentration in Crude Oil Contaminated Soil at Different Levels of Contamination.
	Period (days}
	Mix Levels
	Polycyclic Aromatic Hydrocarbon Concentration, PAH (mg/kg)

	
	
	T1
	T2
	T3
	T4
	T5
	T6
	T7

	3
	L
	125.87
	127.87
	125.87
	125.87
	125.22
	125.87
	125.735

	
	M
	147.12
	148.165
	145.17
	146.62
	147.645
	147.12
	145.12

	
	H
	167.545
	167.195
	168.695
	166.495
	167.045
	164.995
	166.045

	30
	L
	102.65
	65.72518
	60.29173
	55.00519
	57.8266
	53.06679
	48.16908

	
	M
	130.12
	70.23021
	61.62467
	55.08513
	63.48735
	57.81816
	53.67989

	
	H
	160.545
	78.41446
	70.81816
	62.63542
	70.79367
	64.43055
	58.96258

	60
	L
	101.65
	35.16825
	30.97571
	25.64676
	37.35148
	32.87704
	25.37344

	
	M
	122.12
	52.5238
	45.97509
	41.59512
	55.50686
	48.90391
	44.23258

	
	H
	139.545
	65.70764
	61.45559
	53.09526
	70.71015
	65.27202
	61.12116

	90
	L
	91.65
	25.77859
	21.59929
	19.33363
	28.98843
	26.09285
	21.8276

	
	M
	113.12
	35.79666
	27.81457
	22.52083
	40.08562
	36.38278
	29.54643

	
	H
	132.045
	45.41016
	39.06976
	32.23343
	48.69362
	44.10316
	37.12766

	120
	L
	81.435
	14.37986
	9.77847
	6.745
	18.69338
	14.2972
	10.02452

	
	M
	103.405
	21.03943
	17.71074
	14.95524
	23.91849
	20.89104
	17.70464

	
	H
	134.11
	21.28392
	18.10097
	14.53501
	24.60573
	20.34388
	17.81663




[bookmark: _Hlk113732748]Table 3: Mean Results of TMAH Concentration in Crude Oil Contaminated Soil at Different Levels of Contamination.
	Period (days)
	Mix Levels
	TMAH Concentration (mg/kg)

	
	
	T1
	T2
	T3
	T4
	T5
	T6
	T7

	3
	L
	1.28
	1.25
	1.25
	1.23
	1.29
	1.31
	1.21

	
	M
	1.46
	1.49
	1.41
	1.42
	1.59
	1.43
	1.5

	
	H
	1.63
	1.65
	1.62
	1.63
	1.64
	1.59
	1.63

	30
	L
	1.18
	0.64
	0.59
	0.54
	0.59
	0.55
	0.46

	
	M
	1.29
	0.71
	0.60
	0.53
	0.68
	0.56
	0.55

	
	H
	1.44
	0.77
	0.69
	0.61
	0.70
	0.62
	0.58

	60
	L
	1.09
	0.34
	0.30
	0.25
	0.38
	0.34
	0.24

	
	M
	1.22
	0.52
	0.45
	0.40
	0.60
	0.48
	0.457

	
	H
	1.39
	0.65
	0.59
	0.52
	0.69
	0.63
	0.60

	90
	L
	1
	0.25
	0.21
	0.19
	0.30
	0.27
	0.21

	
	M
	1.11
	0.36
	0.276
	0.222
	0.43
	0.35
	0.31

	
	H
	1.255
	0.45
	0.38
	0.32
	0.43
	0.39
	0.32

	120
	L
	0.92
	0.21
	0.16
	0.13
	0.25
	0.22
	0.16

	
	M
	1.01
	0.21
	0.17
	0.14
	0.26
	0.20
	0.183

	
	H
	1.17
	0.215
	0.17
	0.149
	0.242
	0.20
	0.17



[bookmark: _Hlk108850974][bookmark: _Hlk114569484]
Table 4: TPH Concentrations Percentage Reduction (%) in Crude Oil Contaminated Soil at Different Levels of Contamination
	                                                      TPH Percentage Reduction (%)

	Mix
Level 
	Period (Days)
	T1
	T2
	T3
	T4
	T5
	T6
	T7

	Low 
	0
	0
	0
	0
	0
	0
	0
	0

	
	30
	6.45
	48.60
	52.10
	56.30
	53.82
	57.84
	61.69

	
	60
	11.83
	72.5
	75.39
	79.63
	70.17
	73.88
	79.82

	
	90
	15.54
	79.84
	82.84
	84.64
	76.85
	79.27
	82.64

	
	120
	18.25
	89.45
	90.08
	93.2
	85.78
	88.53
	86.46

	Medium  
	0
	0
	0
	0
	0
	0
	0
	0

	
	30
	1.60
	52.08
	57.06
	61.45
	56.51
	60.21
	63.01

	
	60
	2.51
	64.55
	68.33
	78.24
	62.41
	66.76
	69.52

	
	90
	6.99
	75.84
	80.84
	84.64
	72.85
	75.27
	79.64

	
	120
	8.26
	85.8
	87.80
	89.80
	83.80
	85.80
	87.80

	High 
	0
	0
	0
	0
	0
	0
	0
	0

	
	30
	1.28
	53.1
	58.02
	62.38
	57.62
	60.95
	64.49

	
	60
	2.19
	60.70
	63.57
	76.22
	57.67
	60.44
	75.14

	
	90
	2.97
	72.84
	76.84
	80.64
	73.85
	75.27
	80.64

	
	120
	3.38
	83.17
	85.18
	87.16
	81.13
	83.54
	89.27




Table 5: TPAH Concentrations Percentage Reduction (%) in Crude Oil Contaminated Soil at Different Levels of Contamination
	                                                      TPAH Percentage Reduction (%)

	Mix
Level 
	Period (Days)
	T1
	T2
	T3
	T4
	T5
	T6
	T7

	Low 
	0
	    0
	0
	0
	0
	0
	0
	0

	[bookmark: _Hlk115291419]
	30
	18.45
	48.60
	52.10
	56.30
	53.82
	57.84
	61.69

	
	60
	19.245
	72.5
	75.39
	79.62
	70.17
	73.88
	79.82

	
	90
	27.19
	79.84
	82.84
	84.64
	76.85
	79.27
	82.64

	
	120
	35.30
	88.75
	92.23
	94.642
	85.07
	88.641
	92.03

	Medium  
	0
	0
	0
	0
	0
	0
	0
	0

	
	30
	11.56
	52.6
	57.55
	62.43
	57
	60.7
	63.01

	
	60
	17.00
	64.55
	68.33
	71.63
	62.41
	66.76
	69.52

	
	90
	23.11
	75.84
	80.84
	84.64
	72.85
	75.27
	79.64

	
	120
	29.71
	85.80
	87.80
	89.80
	83.80
	85.80
	87.80

	High 
	0
	0
	0
	0
	0
	0
	0
	0

	
	30
	4.18
	53.10
	58.02
	62.38
	57.62
	60.95
	64.49

	
	60
	16.71
	60.70
	63.57
	68.11
	57.67
	60.44
	63.19

	
	90
	21.19
	72.84
	76.84
	80.64
	70.85
	73.27
	77.64

	
	120
	22.94
	81.89
	83.93
	85.86
	79.88
	82.22
	83.85



Table 6: TMAH Concentrations Percentage Reduction (%) in Crude Oil Contaminated Soil at Different Levels of Contamination
	                                                      TMAH Percentage Reduction (%)

	Mix
Level 
	Period (Days)
	T1
	T2
	T3
	T4
	T5
	T6
	T7

	Low 
	      0
	0
	0
	0
	0
	0
	0
	0

	
	30
	7.81
	48.8
	52.42
	56.1
	54.26
	58.02
	61.98

	
	60
	14.84
	72.80
	75.81
	79.67
	70.54
	74.05
	80.17

	
	90
	18.75
	80.00
	83.06
	84.55
	76.74
	79.39
	82.65

	
	120
	20.31
	86.40
	90.32
	92.68
	87.60
	88.55
	90.09

	Medium  
	0
	0
	0
	0
	0
	0
	0
	0

	
	30
	4.79
	52.35
	57.45
	62.68
	57.23
	60.84
	63.33

	
	60
	6.85
	64.43
	68.09
	71.83
	62.26
	66.43
	69.33

	
	90
	8.22
	75.84
	80.85
	84.51
	72.96
	75.52
	79.33

	
	120
	9.59
	85.91
	87.94
	90.14
	83.65
	86.01
	88.00

	High 
	0
	0
	0
	0
	0
	0
	0
	0

	
	30
	2.45
	53.33
	58.02
	62.58
	57.32
	61.01
	64.42

	
	60
	3.68
	60.61
	63.58
	68.10
	57.93
	60.38
	63.19

	
	90
	4.29
	72.73
	76.54
	80.37
	73.78
	75.47
	80.37

	
	120
	4.91
	81.21
	83.33
	85.28
	79.27
	81.13
	83.44



3.2 Effects of SMS and Costus afer bagasse on TPH, TPAH, and TMAH) in the remediation of soil contaminated with petroleum hydrocarbon at different levels 	
Figure 2-4 shows the chemical characteristics of the petroleum hydrocarbon-contaminated soil. The crude oil contaminated sandy-loam soil contains TPH, TPAH, and TMAH as corroborated in several literatures (Okparanma et al., 2014.). It was further observed from Table 1-3 that the TPH, TPAH, and TMAH content of untreated soils ranged from 14,377-25, 099mg/kg, 125.22 – 168.69mg/kg and 1.21 - 1.65mg/kg including the control were beyond the 5000mg/kg, 40mg/kg and 1mg/kg intervention value spelt out by NUPRC (2018), suggesting that the soil is unsafe for agricultural purposes as well as human health. It is also important to note that there were variations in the TPH, TPAH and TMAH concentration in different levels of crude oil contamination, as high contamination level resulted in higher amount of TPH, next to medium and the least was low concentration level (Figure 2-4). Although, the TPH, TPAH and TMAH concentrations in all levels of contamination exceeded the intervention value as prescribed by Nigerian regulatory framework (NUPRC, 2018).
This, therefore, justifies the need for remediation of the petroleum hydrocarbon- contaminated soils before it can finally be utilized for agricultural purposes or reuse for civil engineering works. The extent of TPH, TPAH and TMAH content in the sandy-loam soil treated with SMS and Costus afer Bagasse at different levels of crude oil contamination for a period of 120 days is shown in Figure 2-4. Also, Table 1-3 shows the variation of TPH, TPAH and TMAH concentration in petroleum hydrocarbon-contaminated sandy-loam soil at different soil/SMS and Costus afer Bagasse mix ratio (5:0.5, 5:1, 5:1.5) in various petroleum hydrocarbon contamination levels (Low, medium and High). The degradation of TPH, TPAH and TMAH at thirty (30) days of remediation in sandy-loam soil treated with different amounts of SMS and Costus afer Bagasse (Table 1-3) at low (L), medium (M), and high (H) contamination levels are shown in Figure 2-4. The degradation of TPH, TPAH and TMAH increased with time. Meanwhile, there was more rapid degradation in the first 30 days, but became slow thereafter, until the 120 days. Conversely, in the control experiment, which is like the findings of Okparanma et al. (2021) stating that most residual TPH degrades within first period of remediation. 
Figure 2-4 also showed that the TPH, TPAH and TMAH concentrations decreased with increase in the quantity of SMS and Costus afer Bagasse administered to the contaminated sandy-loam soil and number of days, respectively. Moreover, lower contamination levels resulted in higher removal efficiencies of TPH, TPAH and TMAH content in the soil (Table 4-6). This can be attributed to the depletion of oxygen in the soil by the release of petroleum hydrocarbon into the soil, destroying microorganism useful for degradation of contaminants. 
[bookmark: _Hlk125122784]After 30 days of treatment, crude oil-contaminated soil showed significant reductions in hydrocarbon concentrations. The low contamination level dropped in TPH, TPAH and TMAH content. The reduction was higher in soil /SMS and Costus afer Bagasse ratio of 5:1.5 (T4T4T4), as shown in Table 1-3, next was 5:1 soil/SMS ratio (T3T2T2) and the least was soil/SMS and Costus afer Bagasse ratio of 5:0 (T1T1T1). The same was observed across all other contamination levels (medium and high). The trend continued up to the end of the remediation period of 120 days as presented in Figure 2-4. However, the remediation of crude oil contaminated soil with SMS and Costus afer Bagasse was quite effective in reducing the level of TPH, TPAH and TMAH to less than the local regulatory intervention value of 5000mg/kg, 40mg/kg and 1mg/kg but exceeded the target value of 50mg/kg, 10mg/kg and 0.05mg/kg (NUPRC, 2018). The untreated crude oil contaminated soil served as the control and was beyond the intervention value of Nigerian regulatory framework (NUPRC, 2018). This, therefore, shows the soil/SMS and Costus afer Bagasse ratio of 5:1.5 (T4) achieved the highest TPH, TPAH and TMAH reduction in the remediation of soil contaminated with crude oil at low contamination level (C1). However, it was still above the NUPRC (2018) target limit for soil and sediment. This might be due to the remediation potential of SMS and Costus afer Bagasse (Gbarakoro & Chukumati , 2019; Yu et al., 2021). The ANOVA result for the effect of different soil/SMS and Costus afer Bagasse mix ratio on the TPH, TPAH and TMAH concentration the acceptability of the experimental result. It is obvious that there was significant difference in the treatment means at 5% significance levels as F-calculated > Tabulated. This suggests that with 95% confidence, the difference in treatment means was due to the difference in soil/SMS and Costus afer Bagasse mix ratio applied. 

Figure 2: Effects of SMS and Costus afer Bagasse on TPH Contaminated Soil at Different Contamination Levels. Error Bar (Percentage)
[bookmark: _Hlk224829048]


Figure 3: Effects of SMS and Costus afer Bagasse on TPAH Contamination Soil at Different Contamination Levels. Error Bar (Percentage)

Figure 4:	Effects of SMS and Costus afer Bagasse on TMAH Contamination Soil at Different Contamination Levels. Error Bar (Percentage)

 Conclusions
This study demonstrated that spent mushroom substrate (SMS) and Costus afer bagasse can significantly enhance the bioremediation of petroleum hydrocarbon-contaminated sandy-loam soil. SMS exhibited superior performance, achieving maximum reductions of 93.20% (TPH), 94.64% (TPAH), and 92.68% (TMAH) after 120 days, while Costus afer bagasse achieved reductions up to 89.27%, 92.03%, and 90.09%, respectively.
Statistical analyses confirmed significant differences (p < 0.05) among amendment rates, indicating that remediation efficiency increased with amendment quantity. Although treatment reduced hydrocarbon concentrations below Nigerian intervention limits, residual levels remained above regulatory target values, suggesting that extended treatment periods or integrated remediation approaches may be required. Overall, the findings support the use of locally available agro-wastes particularly SMS as cost-effective and environmentally sustainable amendments for remediating petroleum hydrocarbon-contaminated soils in the Niger Delta region. Therefore, SMS and Costus afer bagasse show promising potential as low-cost biostimulants; however, additional treatment duration or combined remediation strategies may be required to meet regulatory target values
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