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Abstract
Crude oil contamination significantly impairs soil fertility and plant productivity due to hydrocarbon toxicity, reduced microbial function, and nutrient imbalance. This study evaluated the efficacy of cow bone-derived biochar (ABB) in enhancing total petroleum hydrocarbon (TPH) degradation and supporting the recovery of soil productivity in crude oil-polluted soils. A 90-day experiment was conducted using soils artificially contaminated with 5% (w/w) crude oil and amended with 20 g, 60 g, and 100 g of ABB per kilogram of soil. The remediation performance was assessed through TPH degradation analysis and plant bioassays using Phaseolus vulgaris (White bean) as a test crop. Results revealed a significant, dose-dependent reduction in TPH levels across all treatments. By Day 90, the highest ABB amendment (100 g/kg) achieved up to 75% TPH removal, compared to only 28% in the unamended control. Plant growth parameters, including germination rate, shoot and root length, leaf count improved markedly in ABB-treated soils. The enhancements indicated reduced hydrocarbon toxicity and partial restoration of soil fertility. The porous, alkaline nature of ABB likely contributed to contaminant adsorption and pH buffering, creating a more favorable environment for plant establishment. This study demonstrates that animal bone-derived biochar is a cost-effective and sustainable amendment that supports both hydrocarbon remediation and biological recovery in oil-impacted soils. The dual functionality of ABB in promoting contaminant breakdown while enhancing soil productivity presents a viable strategy for ecological restoration.
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1. INTRODUCTION
Petroleum hydrocarbon contamination of soils remains a critical environmental concern, particularly in oil-producing regions such as the Niger Delta, Nigeria. Crude oil spills adversely affect soil physicochemical properties leading to nutrient imbalance, poor aeration, and hydrophobic conditions that inhibit microbial activity and plant growth. For example, studies of spill sites in the Niger Delta report decreased levels of available phosphorus and exchangeable cations, elevated hydrocarbon concentrations (up to 12.4 ppm), and disruption of soil electrical conductivity relative to uncontaminated reference zones (Abii, 2009; effects documented in soils with heavy impact zones). These changes contribute to reduced soil fertility, biodiversity loss, and long‐term ecological degradation. Conventional remediation strategies such as excavation, chemical oxidation, or thermal treatment while effective, are often costly, invasive, and difficult to sustain under resource-limited conditions. Bioremediation, which leverages indigenous or introduced microorganisms to degrade hydrocarbons, thus emerges as an environmentally friendly and cost-effective alternative (Olanipekun, 2017). In the Niger Delta, for example, enhanced natural attenuation (ENA) has been shown to reduce total petroleum hydrocarbons (TPH) and improve soil productivity indices over time (Etuk et al., 2020; Etuk, Ogboi, Nwadinigwe, & Elekwachi, 2021). Recent advances in bioremediation highlight the potential role of soil amendments particularly biochar in enhancing microbial recovery and restoring soil fertility during remediation efforts. Biochar, a carbon-rich product of biomass pyrolysis, offers a porous structure, high surface area, and capacity to adsorb hydrocarbons and other toxic compounds (Mukome et al., 2020). Beyond pollutant immobilization, biochar has been shown to improve water retention, cation exchange capacity, and nutrient availability in soils, thus creating favorable conditions for microbial colonization and plant growth (Li et al., 2022)  which is one recent pot experiment demonstrated that applying biochar at 15 t/ha in crude oil-contaminated soil significantly improved TPH degradation (~69 %) and promoted cowpea growth (height, stem girth) by six weeks (biochar × plant interaction highly significant). However, the efficacy of biochar-assisted bioremediation depends on multiple factors: feedstock type, pyrolysis conditions, application rate, and soil characteristics. One study reported that a soil treated with ponderosa pine wood biochar showed substantially higher TPH biodegradation rates than one treated with walnut shell biochar, which in some cases inhibited degradation (under fertilizer + bulking conditions). Another review found that combining biochar with other bioremediation techniques such as bioaugmentation or phytoremediation typically yields better hydrocarbon removal than biochar alone, though results vary depending on experimental conditions (co-application often outperforms sole treatment). Despite promising findings, there is still limited data on comparative performance of biochars from diverse feedstocks in remediation of crude oil-impacted soils within the Niger Delta. Furthermore, studies specific to Niger Delta conditions soil type, indigenous microbial communities, climate are particularly scarce, though some work on ENA and biostimulation employing local resources offers context (Etuk et al., 2020; Olanipekun, 2017). 
This study was designed to evaluate the effect of animal bone biochar on the remediation and fertility restoration of crude oil–polluted soils. Specifically, it assessed The efficiency of biochar-assisted degradation of total petroleum hydrocarbons and the fertility recovery of the remediated soils using plant bioassays. Through combining hydrocarbon degradation and plant growth evaluations, the study highlights the potential of animal bone biochar as a dual-function amendment for promoting soil detoxification and agricultural productivity in crude oil–impacted environments, particularly within the Niger Delta region.

2. MATERIALS AND METHODS
2.1 sample collection and preparation
The study was carried out to assess hydrocarbon degradation and plant growth response during animal bone biochar-assisted bioremediation of petroleum-impacted soils. The experimental soil used in this investigation originated from Ozuoba, a peri-urban community in the Niger Delta region. This area is characterized by tropical rainforest vegetation, humid climate, and a bimodal rainfall pattern averaging 2,500–3,000 mm annually. Average ambient temperatures range from 25 °C to 32 °C, with relatively high humidity throughout the year (above 70%). The selected location is representative of typical agroecological zones within the Niger Delta, known for its vulnerability to petroleum hydrocarbon contamination due to extensive oil exploration and spills.  A Randomized Complete Block Design (RCBD) was adopted to minimize variability and ensure reliable treatment comparisons. 
2.2 Production of Animal Bone Biochar
Cow bones sourced from local abattoirs in Port Harcourt were thoroughly washed to remove residual tissues, air-dried at room temperature, and pyrolyzed in a muffle furnace at 500 °C for three hours under limited oxygen conditions, following the method described by Ahmad et al. (2014). The resulting biochar was ground, passed through a 2 mm sieve to ensure uniform particle size, and stored in airtight containers until use
2.3 Preparation of Crude Oil–Contaminated Soil
Uncontaminated surface soil (0–15 cm depth) was collected from a non-polluted site in Ozuoba, Obio-Akpor Local Government Area, Rivers State, Nigeria. The soil was air-dried, homogenized, and sieved through a 2 mm mesh. Artificial contamination was conducted by thoroughly mixing 50 g of crude oil with 1 kg of dry soil, achieving a 5% (w/w) concentration. The crude oil was obtained from an active exploration site in Owaza, Abia State. The mixture was allowed to stabilize for seven days to facilitate interaction between the hydrocarbon and soil matrix. This contamination procedure was adapted from Dorn and Salanitro (2000). 

2.4 Determination of Total Petroleum Hydrocarbon (TPH)
Soil samples were collected on days 0 and 90 for TPH analysis.Soil TPH was extracted with n-hexane and analyzed using gas chromatography–flame ionization detection (GC-FID), according  to U.S. Environmental Protection Agency Method 8015 (USEPA, 2014).
2.5 Plant Growth Assay
White beans (Phaseolus vulgaris) were used as a test crop to assess soil fertility restoration potential following bioremediation. Two surface-sterilized seeds were sown per pot and watered regularly with distilled water for 30 days without fertilizer application. Growth parameters, including germination percentage, shoot height, root length, and number of leaves, were measured to evaluate plant performance. Germination percentage was calculated as the number of seeds germinated divided by the total number of seeds sown, multiplied by 100, while shoot and root lengths were determined at harvest.

2.6: Data Analysis
All data generated from hydrocarbon degradation and plant assays were subjected to analysis of variance (ANOVA) to test for significant treatment effects. Significant means were separated using Duncan’s Multiple Range Test (DMRT) at a 5% probability level. Statistical analyses were conducted with SPSS version 25.

3 RESULTS AND DISCUSSION
3.1 Impact of Biochar amendments on TPH during Bioremediation of Crude Oil Contaminated Soil 
The trend of Total Petroleum Hydrocarbon (TPH) degradation over the 90-day bioremediation period is illustrated in Figure 1, presenting clear evidence of both the persistence of hydrocarbons in untreated soils and the remediation potential of biochar amendments. At Day 0, the uncontaminated soil (UCS) recorded a baseline TPH concentration of 10.86 ± 0.01 mg/kg, indicating the absence of petroleum pollutants and serving as a reference point for evaluating remediation performance across treatments. In contrast, the crude oil-contaminated soil without any amendment (CS) started with a high TPH concentration of 5327.01 ± 0.01 mg/kg, reflecting the severe hydrocarbon load introduced during contamination.


Figure 1:Changes in soil Total Petroleum Hydrocarbon (TPH) under different Biochar  treatment over a period of 90 days
After 90 days, only a marginal decline in TPH was observed in the CS treatment, with levels reducing to 2347.21 mg/kg. This relatively modest reduction (less than 56%) suggests limited natural attenuation under the prevailing soil conditions. The reduction may be attributed to slow abiotic weathering, volatilization of light fractions, or minimal microbial activity due to the toxicity of hydrocarbons and poor soil aeration. These findings affirm the inefficacy of natural processes alone in restoring soil quality within a short-to-medium time frame, thereby emphasizing the need for active bioremediation interventions.
The application of biochar significantly enhanced TPH degradation in a dose-dependent manner, confirming its role as a catalyst for microbial and physicochemical remediation processes. In the CS + 20 g biochar treatment, TPH levels declined from 5198.33 mg/kg at Day 0 to 2070.38 mg/kg at Day 90. Although this treatment showed improvement over the unamended CS, the degradation efficiency remained moderate, likely due to insufficient biochar to offset the toxic effects of residual hydrocarbons or to stimulate substantial microbial activity.
The CS + 60 g treatment yielded a more pronounced effect, with TPH levels dropping from 5060.13 mg/kg to 1677.11 mg/kg over the 90-day period. This indicates improved microbial activation and possibly better hydrocarbon adsorption, aeration, and nutrient availability as a result of the higher biochar concentration. Notably, the most substantial TPH reduction was achieved in the CS + 100 g treatment, where concentrations decreased from 5062.46 mg/kg to 1263.36 mg/kg, representing a total degradation of approximately 75%. This superior performance underscores the importance of dosage in optimizing the efficacy of biochar-assisted remediation.
Several mechanisms can explain the observed enhancements in TPH degradation with increasing biochar application. Firstly, biochar provides a large surface area and porous structure, which create microhabitats favorable to hydrocarbon-degrading microbial communities. These structures also aid in sorption of hydrophobic contaminants, effectively reducing their bioavailability and toxicity in the short term, while facilitating slower, sustained microbial breakdown. Secondly, biochar improves soil aeration, water retention, and nutrient dynamics especially for key elements like nitrogen and phosphorus which are often deficient in polluted soils. The cumulative effect of these properties is the reactivation of microbial processes that are otherwise suppressed in crude oil-polluted environments.
These findings are consistent with a growing body of literature supporting biochar’s effectiveness in enhancing bioremediation. Eneje et al. (2021) reported that sawdust-derived biochar significantly reduced hydrocarbon toxicity and stimulated microbial degradation of oil pollutants in Umuebulu soils of Rivers State, Nigeria. Similarly, López-Martínez et al. (2020) demonstrated that biochar derived from agave fiber led to over 70% TPH reduction in oil-contaminated soils within 90 days, attributing the improvement to enhanced soil microbial activity and reduced hydrocarbon mobility. Setiawan et al. (2022) found that palm shell biochar accelerated TPH breakdown in lateritic soils in Indonesia, achieving substantial remediation within 12 weeks.
Additional support comes from recent studies in the Niger Delta region. Omeje et al. (2022) found that biochar application improved both TPH degradation and soil fertility in oil-contaminated farmlands. Likewise, Anyanwu et al. (2022) observed that biochar derived from agricultural residues significantly enhanced TPH breakdown in contaminated soils, contributing to better microbial activity and structural recovery. Nwankwo and Ayuba (2023) further emphasized that lignocellulosic biochars offer long-term stabilization of hydrocarbons and improvement in soil physicochemical properties compared to conventional organic amendments.
International studies corroborate these observations. In China, Zhang et al. (2022) reported that biochar application not only improved TPH degradation but also significantly boosted microbial biomass and enzymatic activities in polluted soils. In Brazil, Silva et al. (2022) showed that sugarcane bagasse biochar reduced petroleum hydrocarbon toxicity and improved nitrogen retention, leading to enhanced plant recovery and soil quality.
The consistent findings across diverse geographical and environmental contexts affirm the robustness and adaptability of biochar as a bioremediation tool. However, it is important to highlight that the efficiency of TPH degradation is closely tied to the type and dosage of biochar used, as well as site-specific conditions such as soil texture, contaminant type, microbial diversity, and climatic factors. The biochar employed in this study derived from animal bones demonstrated high effectiveness, likely due to its mineral-rich composition and favorable surface properties.
3.2 Fertility Restoration Potentials of Bioremediated Soil Using Plant Assays
The restoration of soil fertility following crude oil contamination was evaluated through a plant bioassay using Phaseolus vulgaris after 90 days of bioremediation. The results, presented in Figure 2(a-d) reveal significant variation in plant germination and growth across treatment groups, highlighting both the adverse effects of petroleum pollution and the ameliorative potential of biochar amendments.
The uncontaminated soil (UCS) served as the control and exhibited optimal plant development, with 100% germination, an average shoot height of 22.1 cm, root length of 10.6 cm, and an average of 7.4 leaves per plant. These values established the reference standard for fertile, unpolluted soil conditions, reflecting adequate nutrient availability, favorable microbial activity, and absence of phytotoxic stress. 
In stark contrast, the crude oil-contaminated soil without any amendment (CS) demonstrated severe inhibition of plant growth, characterized by only 25% germination. The plants that did emerge exhibited stunted growth, with mean shoot and root lengths of 9.0 cm and 4.0 cm, respectively, and only 2.7 leaves per plant. These outcomes underscore the deleterious impact of hydrocarbons on soil fertility and plant viability, likely due to disruptions in nutrient cycling, microbial suppression, and direct toxicity from polycyclic aromatic hydrocarbons (PAHs) and other oil fractions (Okonokhua et al., 2021).



a)   
b)
c)
d)
Figure 2:.Changes in the growth parameters of Phaseolus vulgaris grown in crude oil–polluted soils amended with animal bone biochar. a). Germination percentage  b). Shoot height   c). Root length d). No. of  Leaves
The integration of biochar amendments into the contaminated soil significantly improved plant growth parameters in a dose-responsive manner. No germination was recorded in the CS + 20 g biochar treatment, suggesting that lower biochar levels were insufficient to neutralize toxicity or restore soil structure and microbial balance. However, the CS + 60 g biochar treatment led to marked improvement, with germination rising to 50%, shoot height increasing to 13.5 cm, root length to 6.1 cm, and average leaf number to 4.1. These values demonstrate partial recovery of soil fertility, likely driven by the adsorption of hydrocarbons, improved aeration, and gradual microbial recolonization.
The most profound restoration was observed in the CS + 100 g biochar treatment, where germination reached 75%. Plant growth metrics nearly matched those of the UCS control, with a shoot height of 19.4 cm, root length of 9.9 cm, and an average of 6.3 leaves per plant. This substantial improvement indicates a near-complete restoration of soil fertility, attributable to enhanced nutrient availability, reactivation of microbial processes, and the amelioration of oil-induced phytotoxicity.
Several previous studies support these findings. Okonokhua et al. (2021) reported that crude oil-contaminated soils in Rivers State severely inhibited bean growth and prevented plants from reaching maturity, underscoring the fertility crisis associated with petroleum pollution. However, their study lacked a remediation strategy. In contrast, Udeme et al. (2022) found that the application of organic amendments such as poultry manure and compost improved cowpea growth in oil-impacted soils, although these materials are often less stable and slower-acting than biochar. Biochar, particularly when derived from lignocellulosic or mineral-rich feedstocks, offers greater longevity, structural benefits, and hydrocarbon immobilization potential (Nwankwo & Ayuba, 2023).
Comparable international studies reinforce the generalizability of biochar's benefits. Sharma et al. (2020) demonstrated that bamboo biochar significantly improved the fertility of petroleum-contaminated soils in India, enhancing maize biomass and nutrient uptake. Similarly, Zhao et al. (2021) reported that corn stalk biochar restored fertility and increased soybean productivity in oil-polluted Chinese soils. In both studies, the improvements were linked to better cation exchange capacity, microbial stimulation, and reduced hydrocarbon toxicity mechanisms aligned with the findings of the present research.
Moreover, the biochar used in this study, derived from animal bone, likely contributed mineral elements such as calcium and phosphorus, which are beneficial for both microbial activity and plant development. The ability of this regionally available feedstock to enhance plant performance suggests its suitability for large-scale application in the Niger Delta, where soil degradation from oil spills is widespread and persistent.
In conclusion, the fertility restoration observed in this study confirms the effectiveness of biochar as a soil amendment for hydrocarbon-contaminated environments. The dose-dependent response observed, particularly the superior outcomes with the 100 g biochar treatment, highlights the importance of amendment optimization. 

4. CONCLUSION
This research highlights the potential of animal bone-derived biochar as an effective amendment for restoring the health of crude oil-contaminated soils. Over a 90-day period, biochar application significantly reduced Total Petroleum Hydrocarbon (TPH) levels, with the highest treatment (100 g) achieving a reduction of approximately 75%. The improved degradation is likely attributed to the enhanced microbial activity and nutrient dynamics supported by the biochar’s porous structure and chemical properties.
The results of the Phaseolus vulgaris plant assay further demonstrate the functional restoration of soil fertility, with marked improvements in germination, shoot and root development, and leaf formation in the biochar-amended treatments. The highest biochar dose restored plant growth parameters to values approaching those in uncontaminated soil, confirming the ecological relevance of the hydrocarbon reduction observed.
These findings are consistent with regional and international studies on biochar-mediated remediation and suggest that biochar can play a key role in improving both environmental quality and agricultural productivity in oil-affected areas such as the Niger Delta. Notably, the use of biochar produced from locally available feedstocks enhances the feasibility and sustainability of this approach.
Overall, this study provides robust evidence supporting the integration of biochar into bioremediation strategies for petroleum-contaminated soils. Its effectiveness in promoting both contaminant reduction and plant-based indicators of soil health makes it a valuable tool for long-term ecological restoration. Future research should explore field-scale applications, long-term effects, and synergistic interactions with other organic or microbial amendments.
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