


 Effect of Animal Bone-Derived Biochar Amendment on pH and Nitrogen Dynamics During Bioremediation of Crude Oil-Contaminated Soil


Abstract
Crude oil contamination significantly disrupts soil physicochemical properties, reducing fertility, and hindering nutrient cycling. This study examined the effect of animal bone-derived biochar on soil pH and nitrogen dynamics (Ammonium, Nitrate, and Organic Nitrogen) during the bioremediation of crude oil-polluted soil. A Randomized Complete Block Design was employed using uncontaminated soil, crude oil-contaminated soil (5% w/w), and contaminated soils amended with 2.5%, 5.0%, and 7.5% biochar. Soil pH and nitrate concentrations were monitored over 90 days. Results showed that crude oil contamination slightly elevated baseline pH (4.95) compared to uncontaminated soil (4.85) but impeded nitrification, with NO₃⁻ levels as low as 2.40 mg/kg. Biochar amendment significantly increased pH in a dose-dependent manner (p < 0.05), with the highest treatment reaching 7.51 by Day 90, aligning with FAO/USDA optimal ranges (6.0 –7.5). Similarly, NO₃⁻ accumulation improved markedly, peaking at 37.20 mg/kg in the 7.5% biochar treatment, compared to 2.00 mg/kg in unamended contaminated soil. Results also showed that biochar amendments significantly increased NH₄-N and TON levels in contaminated soils in a dose-dependent manner. At Day 0, ammonium concentration in contaminated soil was 0.70 mg/kg, and later rose to 9.91 mg/kg with 100% biochar. Similarly, TON increased from 0.098% in contaminated soil to 0.291% with the highest biochar concentration. The alkaline nature and mineral content of bone biochar contributed to pH stabilization and hydrocarbon toxicity reduction. Findings demonstrate that bone-derived biochar is an effective amendment for restoring chemical integrity in petroleum-impacted soils, offering a sustainable, low-cost strategy for remediation and agricultural recovery in oil-polluted regions such as the Niger Delta.
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1. Introduction 
Over the last few decades, extensive industrialization, unsafe agricultural practices, and the continuous exploration and exploitation of fossil fuels have culminated in widespread environmental degradation. Crude oil, although central to modern energy systems, has become a major contributor to environmental pollution through pipeline ruptures, leakages, and spills during extraction, refining, and transportation. These pollutants alter the soil's physicochemical properties, resulting in reduced fertility, disruption of microbial communities, and compromised plant productivity (Ahmad et al., 2020; Daâssi & Qabil, 2022). Among the more persistent components of crude oil are polycyclic aromatic hydrocarbons (PAHs), which are highly toxic and capable of bioaccumulation. Their presence hinders water and nutrient infiltration, which further disturbs soil structure and affects plant growth (Adeniran et al., 2023).	Comment by Sixtus E. Alexander: Italicize throughout 
Bioremediation has emerged as a promising, eco-friendly solution to hydrocarbon contamination. Unlike chemical and physical approaches, bioremediation employs biological agents, primarily microorganisms, to degrade, detoxify, or transform pollutants into less harmful substances (Alori et al., 2022; Sanjana et al., 2024). However, the effectiveness of bioremediation is constrained by poor soil conditions in petroleum-impacted environments. These include nutrient deficiencies, low microbial abundance, and high carbon-to-nitrogen ratios that hinder microbial metabolism and nitrogen cycling (John et al., 2016).
 Several research have shown that biochar amendments can significantly increase ammonium nitrogen (NH₄–N) and total organic nitrogen (TON) concentrations in these soils, making it an essential tool for bioremediation (Osadebe et al., 2023). Nevertheless, nitrification in contaminated soils is often impeded due to the toxic effects of hydrocarbons on nitrifying bacteria, thereby reducing nitrogen bioavailability and affecting crop productivity (Melekhina et al., 2021; Jia et al., 2023). Recent studies have shown that biochar, produced from the pyrolysis of plant or animal biomass, holds great promise in soil restoration efforts. Animal bone-derived biochar, in particular, offers a dual advantage: it acts as both a sorbent for hydrocarbon residues and a nutrient source, enhancing microbial activity and nutrient dynamics (Okareh and Gbadebo, 2020; Hossain et al., 2020). When introduced into crude oil-contaminated soils, bone biochar can improve pH buffering capacity, reduce hydrocarbon toxicity, and foster microbial nitrifier populations, thus promoting more stable nitrogen cycling (Lamichhane et al., 2023; Ibitoye et al., 2024).
Soil pH, a critical determinant of microbial community structure and function, is often disrupted by oil contamination. Fluctuations in pH can impair enzymatic activity and nutrient solubility, further aggravating soil infertility. Incorporating bone-based biochar may counteract this by stabilizing pH and supporting microbial processes essential for nitrification and nitrate accumulation (Beeckman & Beeckman, 2018). This holds significant implications for long-term soil recovery and agricultural sustainability in oil-impacted areas.
This study, therefore, investigates the effect of animal bone-derived biochar on soil pH and nitroge dynamics during the bioremediation of crude oil-polluted soil. It explores how this amendment enhances nitrification efficiency, supports microbial rehabilitation, and facilitates nutrient cycling. Through this, the research contributes to developing integrated remediation protocols that restore both the chemical and biological integrity of petroleum-impacted ecosystems.
2. MATERIALS AND METHODS
2.1 Research Design
The study adopted a Randomized Complete Block Design (RCBD) to evaluate the effectiveness of biochar amendments derived from cow bones on the bioremediation of crude oil-contaminated soil and the subsequent restoration of soil fertility. The RCBD approach was employed to account for potential variability within experimental units, particularly environmental factors such as microclimatic variation, initial soil heterogeneity, and moisture distribution, thus improving the precision and reliability of the results.
2.2 Study Area and Sample Collection
The soil used for this study was collected from Ozuoba area of Obio-Akpor Local Government Area, Rivers State, Nigeria, . The selected site was uncontaminated, ensuring a controlled experimental baseline. The soil was collected at a depth of 0 –20 cm using a stainless-steel soil auger to avoid contamination. After collection, the samples were air-dried at room temperature, homogenized, and sieved through a 2 mm mesh to remove debris and ensure uniform particle size for analysis and experimentation.	Comment by Sixtus E. Alexander: Indicate the type of Crude and its API.
2.3 Preparation of Crude Oil-Contaminated Soil
The clean, sieved soil was artificially contaminated by thoroughly mixing with crude oil sample  obtained from Owaza, Abia State, Nigeria. The contamination was done at a concentration of 5% (w/w) to simulate significant environmental pollution conditions. The mixture was left undisturbed for seven days to ensure full interaction between the crude oil and soil particles, representing field contamination scenarios.
2.4 Preparation of Animal Bone-Derived Biochar
Animal bones were obtained from abattoirs in Port Harcourt and thoroughly washed to remove residual tissues. The clean bones were air-dried and subsequently carbonized in a muffle furnace at 500°C for two hours under limited oxygen conditions to produce biochar. The biochar was then ground and sieved through a 2 mm mesh to ensure consistency in particle size. The final product was stored in airtight containers before use.
2.5 Experimental Design
The experiment was set up in plastic pots arranged in a randomized complete block design (RCBD) with triplicates for each treatment. The following treatments were established:
· T1: Control (uncontaminated soil)
· T2: Crude oil-contaminated soil only
· T3: Crude oil-contaminated soil + 20g biochar
· T4: Crude oil-contaminated soil + 60g biochar
· T5: Crude oil-contaminated soil + 100g biochar
Each pot contained 1 kg of soil. Biochar was thoroughly mixed into the contaminated soil at respective amendment rates and allowed to settle for one week.. All pots were kept under ambient environmental conditions and watered regularly to maintain soil moisture at 60% of water holding capacity.
2.6 Soil Sampling and Analysis
Soil samples were collected on days 0,30,60, and 90 for physicochemical analysis. Each sample was analyzed for:
Soil pH: Measured in a 1:2.5 soil-to-water suspension using a digital pH meter.
Nitrate-Nitrogen (NO₃⁻-N): Determined using the phenol disulfonic acid method after extraction with 2M potassium chloride (KCl).
2.7 Statistical Analysis
All results obtained were subjected to descriptive statistical analysis using Analysis of Variance (ANOVA) to determine significant differences between treatments. The means were separated using the Least Significant Difference (LSD) test at a 5% probability level.

3.0  RESULTS AND DISCUSSION
[bookmark: _Hlk203753531]3.1 Effect of pH on Uncontaminated and Crude Oil Contaminated Soil during Bioremediation 
The results of the 90-day bioremediation study show the changes in soil pH over time for different levels of biochar amendment. Initially, the uncontaminated soil had a pH of 4.85, while the crude oil-contaminated soil had a slightly higher pH of 4.95. The addition of biochar increased the soil pH in a dose-dependent manner, with the highest amendment level of 100% biochar resulting in a pH of 6.07. The pH dynamics over the 90-day period are presented in Table 1, which shows the pH values for each treatment at different time points. The uncontaminated soil (UCS) started at a pH of 4.85 and ended at 5.71, while the contaminated soil (CS) started at 4.95 and ended at 5.91. The biochar-amended soils showed significant increases in pH, with the 20% biochar treatment (CS + 20%) starting at 5.52 and ending at 6.82, the 60% biochar treatment (CS + 60%) starting at 5.95 and ending at 7.29, and the 100% biochar treatment (CS + 100%) starting at 6.07 and ending at 7.51. 
Table 1: pH Variation During Biochar-Mediated Bioremediation of Contaminated and Uncontaminated Soils
	Days
	UCS
	CS
	CS + 20% Biochar
	CS + 60% Biochar
	CS + 100% Biochar
	F stat
	p-value

	0
	(4.84–4.86) 4.85 ± 0.01
	(4.94–4.96) 4.95 ± 0.01
	(5.51–5.53) 5.52 ± 0.01
	(5.94–5.96) 5.95 ± 0.01
	(6.06–6.08) 6.07 ± 0.01
	9357.6
	8.15 × 10⁻¹⁸

	30
	(4.81–4.83) 4.82 ± 0.01
	(4.95–4.97) 4.96 ± 0.01
	(5.55–5.57) 5.56 ± 0.01
	(5.84–5.86) 5.85 ± 0.01
	(6.00–6.00) 6.00 ± 0.00
	8331.6
	1.46 × 10⁻¹⁷

	60
	(4.84–4.84) 4.84 ± 0.00
	(4.91–4.93) 4.92 ± 0.01
	(5.59–5.61) 5.60 ± 0.01
	(6.02–6.04) 6.03 ± 0.01
	(6.13–6.15) 6.14 ± 0.01
	11042.4
	3.56 × 10⁻¹⁸

	90
	(5.70–5.72) 5.71 ± 0.01
	(5.90–5.92) 5.91 ± 0.01
	(6.81–6.83) 6.82 ± 0.01
	(7.28–7.30) 7.29 ± 0.01
	(7.50–7.52) 7.51 ± 0.01
	19569.6
	2.04 × 10⁻¹⁹

	F stat
	15.86
	
	

	P value
	1.09 × 10⁻⁸
	
	

	USDA-NRCS/FAO
Acceptable pH Limit 
	6 -7.5
	6 -7.5
	6 -7.5
	6 -7.5
	6 -7.5
	
	


Figure 1 illustrates the pH dynamics over the 90-day bioremediation period, showing a clear dose-dependent increase in soil pH with increasing biochar application over time. The figure demonstrates that the pH of the biochar-amended soils continued to increase over time, while the pH of the uncontaminated and contaminated soils remained relatively stable or showed slight increases.
The results demonstrate a clear dose-dependent increase in soil pH with increasing biochar application over time. By Day 90, the pH values of the biochar-amended soils had increased significantly, with the highest amendment level resulting in a pH value within the upper boundary of the acceptable range for productive soils. The observed pH evolution reflects the influence of biochar's alkalinity and mineral content throughout the remediation timeline.

[image: ]
Fig. 1: Changes in pH during bioremediation using biochar amendment
3.2 Effect of Nitrate-Nitrogen (NO₃⁻-N) on Biochar-Enhanced Bioremediation of Contaminated and Uncontaminated Soil
The results presented in Table 2 and Figure 2, show the changes in nitrate concentrations over a 90-day remediation period. The nitrate levels in the different soil treatments at Day 0, showed that the crude oil-contaminated soil (CS) had a nitrate level of 2.40 mg/kg, while the CS+100% biochar-amended soil had a level of 33.60 mg/kg. The uncontaminated soil (UCS) had a mean value of 19.00 mg/kg.
Over the 90-day period, the nitrate concentrations in the biochar-amended soils increased, with CS+20% rising to 28.40 mg/kg, CS+60% increasing to 33.20 mg/kg, and CS+100% peaking at 37.20 mg/kg by Day 90. In contrast, the UCS remained relatively stable, with nitrate values fluctuating between 18.40 and 19.00 mg/kg, while the CS persisted at low levels, ranging from 2.00 to 2.40 mg/kg.
The results demonstrate a dose-responsive increase in nitrate accumulation corresponding to biochar treatment intensity, with CS+100% > CS+60% > CS+20%. This trend is evident in Figure 1, which illustrates the progressive increase in nitrate concentrations over time.
By Day 90, the nitrate levels across treatments culminated in a well-defined gradient, with CS+100% having the highest recorded value, followed by CS+60%, CS+20%, UCS, and CS. The consistency of low nitrate values in CS across the entire study period reveals the persistence of microbial and biochemical suppression in the absence of treatment. The biochar-amended treatments consistently exhibited nitrate values well above the FAO/NCS acceptable range of 0.1–2.5 mg/kg, indicating significant stimulation of nitrification. 
Table 2: Nitrate (NO₃⁻) Levels During Biochar-Assisted Bioremediation of Oil-Contaminated and Uncontaminated Soil
	
	
	Nitrate concentrations for different Biochar Treatment 

	Day
	UCS
	CS
	CS + 20%
BIOCHAR
	CS + 60%
BIOCHAR
	CS+100%
BIOCHAR

	0
	19.00–19.01 19.00 ± 0.007
	2.40–2.41; 2.40 ± 0.007
	27.58–27.60 27.60 ± 0.014
	31.77–31.80 31.80 ± 0.021
	33.60–33.61 33.60 ± 0.007

	30
	18.80–18.81 18.80 ± 0.007
	1.98–2.00 2.00 ± 0.014
	27.90–27.93 27.90 ± 0.021
	32.79–32.80 32.80 ± 0.007
	34.78–34.80 34.80 ± 0.014

	60
	18.88–18.90 18.90 ± 0.014
	2.20–2.23 2.20 ± 0.021
	27.30–27.32 27.30 ± 0.014
	32.40–32.42 32.40 ± 0.014
	34.00–34.03 34.00 ± 0.021

	90
	18.40–18.42 18.40 ± 0.014
	2.00–2.01 2.00 ± 0.007
	28.38–28.40 28.40 ± 0.014
	33.18–33.20 33.20 ± 0.014
	37.20–37.23 37.20 ± 0.021

	FAO/NCS
Acceptable Limit
	0.1–2.5
	0.1–2.5
	0.1–2.5
	0.1–2.5
	0.1–2.5
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Fig. 2: Changes in NO3- during bioremediation using biochar amendment
3.3 Effect of Ammonium Nitrogen (NH₃–N)
Ammonium nitrogen concentrations were lower in the crude oil-contaminated soils compared to uncontaminated soils. Biochar amendments, especially at higher dosages, significantly enhanced ammonium retention. The highest concentration was found in the 100% biochar treatment (9.91 mg/kg), indicating a restoration of ammonium availability and microbial activity in the contaminated soils.
Table 3 and Figure 3 present the temporal variation in ammonium nitrogen (NH₃–N) concentrations in both uncontaminated and crude oil-contaminated soils under different biochar amendment conditions over a 90-day remediation period. The results reveal significant differences in NH₃–N levels among treatments and across time, as supported by the high F-statistics and extremely low p-values (p < 0.0001), indicating statistically significant treatment effects. At Day 0, the NH₃–N concentration in the uncontaminated control soil (UCS) ranged from 5.53 to 5.55 mg/kg, with a mean of 5.53 ± 0.014 mg/kg. In contrast, the crude oil-contaminated soil (CS) exhibited markedly lower NH₃–N content, ranging from 0.69 to 0.70 mg/kg, with a mean of 0.70 ± 0.007 mg/kg. Upon biochar amendment, NH₃–N levels were notably higher: CS + 20% biochar recorded 6.96–6.98 mg/kg (mean: 6.98 ± 0.014 mg/kg), CS + 60% biochar had 9.24–9.26 mg/kg (mean: 9.24 ± 0.014 mg/kg), and CS + 100% biochar achieved 9.89–9.91 mg/kg (mean: 9.91 ± 0.014 mg/kg). The F-statistic for Day 0 was 404,573.10, with a p-value of 5.41 × 10⁻²⁶, indicating strong statistical significance among treatment groups.
At Day 30, NH₃–N in UCS slightly increased to 5.57 ± 0.007 mg/kg (range: 5.57–5.58 mg/kg), while CS decreased further to 0.58 ± 0.014 mg/kg (range: 0.58–0.60 mg/kg). Biochar-amended treatments maintained higher values, with CS + 20% biochar at 8.11–8.12 mg/kg (mean: 8.12 ± 0.007 mg/kg), CS + 60% biochar at 9.52–9.54 mg/kg (mean: 9.54 ± 0.007 mg/kg), and CS + 100% biochar still at 9.89–9.90 mg/kg (mean: 9.89 ± 0.007 mg/kg). The Day 30 F-statistic was 442,360.50, with a p-value of 3.46 × 10⁻²⁶. By Day 60, the UCS exhibited a slight decline in NH₃–N (range: 5.47–5.50 mg/kg; mean: 5.50 ± 0.021 mg/kg), while the CS treatment marginally increased to 0.64 ± 0.007 mg/kg. The NH₃–N values in amended soils remained elevated: CS + 20% biochar showed 7.91–7.94 mg/kg (mean: 7.94 ± 0.021 mg/kg), CS + 60% biochar recorded 9.42–9.44 mg/kg (mean: 9.42 ± 0.014 mg/kg), and CS + 100% biochar reached 10.80–10.82 mg/kg (mean: 10.82 ± 0.014 mg/kg). Statistical analysis produced an F-statistic of 479,546.40 and a p-value of 2.31 × 10⁻²⁶.
At Day 90, NH₃–N concentration in UCS ranged from 5.32 to 5.34 mg/kg (mean: 5.32 ± 0.014 mg/kg), while CS showed a further decrease to 0.52 ± 0.007 mg/kg (range: 0.51–0.52 mg/kg). Biochar-amended soils again demonstrated enhanced NH₃–N retention: CS + 20% biochar ranged from 8.26 to 8.28 mg/kg (mean: 8.26 ± 0.014 mg/kg), CS + 60% biochar was at 9.87–9.89 mg/kg (mean: 9.89 ± 0.014 mg/kg), and CS + 100% biochar maintained its maximum value of 10.82 ± 0.014 mg/kg (range: 10.82–10.84 mg/kg). The F-statistic at this point peaked at 520,032.60, with a highly significant p-value of 1.54 × 10⁻²⁶. Across all time points, the overall F-statistic was 1578.67, with a cumulative p-value of 4.99 × 10⁻⁵⁶, confirming the significant impact of biochar treatments on ammonium nitrogen dynamics. All observed values remained well within the UCDA-NCS regulatory limit of 0–50 mg/kg, ensuring environmental safety throughout the bioremediation period.

Table 3: Changes in NH3-N of crude oil contaminated soil during bioremediation using biochar amendments
	Days
	UCS
	CS
	CS + 20%
BIOCHAR
	CS + 60%
BIOCHAR
	CS+100%
BIOCHAR
	F-Stat
	p-value

	0
	(5.53–5.55) 5.53 ± 0.014
	(0.69–0.70) 0.70 ± 0.007
	(6.96–6.98) 6.98 ± 0.014
	(9.24–9.26) 9.24 ± 0.014
	(9.89–9.91) 
9.91 ± 0.014
	404,573.10
	5.41 × 10⁻²⁶

	30
	(5.57–5.58) 5.57 ± 0.007
	(0.58–0.60) 0.58 ± 0.014
	(8.11–8.12) 8.12 ± 0.007
	(9.52–9.54) 9.54 ± 0.007
	(9.89–9.90) 
9.89 ± 0.007
	442,360.50
	3.46 × 10⁻²⁶

	60
	(5.47–5.50) 5.50 ± 0.021
	(0.64–0.65) 0.64 ± 0.007
	(7.91–7.94) 7.94 ± 0.021
	(9.42–9.44) 9.42 ± 0.014
	(10.80–10.82) 10.82 ± 0.014
	479,546.40
	2.31 × 10⁻²⁶

	90
	(5.32–5.34) 5.32 ± 0.014
	(0.51–0.52) 0.52 ± 0.007
	(8.26–8.28) 8.26 ± 0.014
	(9.87–9.89) 9.89 ± 0.014
	(10.82–10.84) 10.82 ± 0.014
	520,032.60
	1.54 × 10⁻²⁶

	F-stat
	
               1578.67
	
	

	p- value
	4.99 × 10⁻⁵⁶
	

	UCDA-NCS Limit
	0 – 50 mg/kg 
	




Fig. 3: Changes in NH3-N during 90-day bioremediation using biochar amendment
3.4 Influence of Biochar Amendments on Total Organic Nitrogen (TON) Dynamics
Total Organic Nitrogen (TON) concentrations followed a similar trend, with significant improvements observed in biochar-amended soils. At the outset of the experiment (Day 0), the UCS had a TON value of 0.189%, and the CS had a much lower TON concentration of 0.098%. The application of biochar increased TON in a dose-dependent manner, with the CS + 20% biochar treatment showing an improvement to 0.239%, CS + 60% biochar at 0.266%, and CS + 100% biochar at 0.291%. These values were significantly higher than those in CS, indicating the potential of biochar to restore nitrogen levels in crude oil-contaminated soils as noted by Osadebe et al. (2023).
By Day 90, the TON concentration in CS increased to 0.061%, well below the regulatory threshold of 0.10%. However, biochar amendments led to a substantial recovery in TON, with CS + 20% biochar showing a value of 0.273%, CS + 60% biochar reaching 0.283%, and CS + 100% biochar peaking at 0.297%. These results reflect biochar’s capacity to enhance soil nitrogen retention, with the highest biochar amendment (100%) outperforming even the uncontaminated soil in terms of TON (Table 4, Figure 4). Statistical analysis revealed significant differences across treatments, with an F-statistic of 843.2 (p-value < 0.0001), confirming that biochar amendments significantly improve TON levels in crude oil-polluted soils. These findings are consistent with studies by Guo et al. (2020) who reported improvements in nitrogen cycling with biochar amendments.









Table 4: Changes in total organic nitrogen (%) of crude oil contaminated soil during bioremediation using biochar amendments

	Day
	UCS
	CS
	CS + 20%
BIOCHAR
	CS + 60%
BIOCHAR
	CS+100%
BIOCHAR
	F-stat 
	P-value

	0
	(0.189–0.192) 0.189 ± 0.021
	(0.096–0.098) 0.098 ± 0.014
	(0.236–0.239) 0.239 ± 0.021
	(0.263–0.266) 0.266 ± 0.021
	(0.289–0.291) 
0.291 ± 0.014
	843.2
	< 0.0001

	30
	(0.185–0.186) 0.185 ± 0.007
	(0.092–0.094) 0.094 ± 0.014
	(0.234–0.237) 0.234 ± 0.021
	(0.260–0.262) 0.260 ± 0.014
	(0.293–0.295) 
0.293 ± 0.014
	792.5
	< 0.0001

	60
	(0.180–0.182) 0.182 ± 0.014
	(0.088–0.089) 0.089 ± 0.007
	(0.224–0.226) 0.224 ± 0.014
	(0.256–0.258) 0.258 ± 0.014
	(0.294–0.296) 
0.294 ± 0.014
	901.3
	< 0.0001

	90
	(0.246–0.249) 0.246 ± 0.021
	(0.060–0.061) 0.061 ± 0.007
	(0.270–0.273) 0.273 ± 0.021
	(0.283–0.285) 0.283 ± 0.014
	(0.295–0.297) 
0.297 ± 0.014
	1124.7
	< 0.0001

	FAO/UCDA Limit
	0.10 to 0.50 %
	
	

















Figure 4: Changes in TON during 90-day bioremediation using biochar amendment

This increase in TON likely results from biochar's ability to stabilize organic nitrogen and enhance microbial activity, which collectively reduce nitrogen losses due to volatilization or leaching in polluted soils (Guo et al., 2020).








3.5 Soil pH and Its Role in Bioremediation
The results of the one-way ANOVA demonstrate a statistically significant impact of biochar amendments on soil pH across all treatment systems and time points. The significant differences (p < 0.05) in soil pH among the uncontaminated soil (UCS), contaminated soil (CS), and biochar-amended soils (CS + varying levels of biochar) at each time point (Day 0, 30, 60, and 90) suggest that biochar application had a profound influence on soil pH dynamics. 
The highly significant effect of biochar treatment on soil pH over the full duration of the study (F = 15.86, p < 0.000001) further reemphasizes the importance of biochar in altering soil pH. This finding implies that the changes in soil pH observed in the biochar-amended soils were not due to random variation, but rather a direct result of the biochar treatment.
These results are consistent with previous studies that have reported significant changes in soil pH following biochar application. The observed increase in soil pH in biochar-amended soils can be attributed to the alkaline nature of biochar, which can neutralize soil acidity and improve soil fertility. The significant impact of biochar on soil pH has important implications for soil health and microbial activity. A stable and optimal soil pH can support microbial growth and activity, which is essential for nutrient cycling and degradation of contaminants. The findings of this study suggest that biochar amendments can play a critical role in improving soil health and promoting sustainable ecosystem services. The progressive alteration of soil pH observed over the 90-day bioremediation period, as illustrated in the table and figure, offers compelling evidence of biochar’s significant role in ameliorating crude oil-induced soil acidification. Crude oil contamination typically drives soil pH downward through the accumulation of organic acids and toxic metabolites generated by microbial degradation of hydrocarbons (Kapahi & Sachdeva, 2019). This phenomenon was clearly evident in the unamended crude oil-contaminated soil (CS), which showed a persistently low pH, starting from 4.95 ± 0.01 and only marginally increasing to 5.91 ± 0.01 by Day 90. A similar pH trend was also seen in the uncontaminated soil (UCS), with minimal pH fluctuation throughout the remediation period, suggesting limited buffering capacity in the absence of amendments. However, the introduction of biochar, especially at higher amendment levels elicited pronounced improvements in soil pH, demonstrating its potent liming and buffering properties. The CS + 100% biochar treatment, which registered a substantial pH increase from 6.07 ± 0.01 at Day 0 to 7.51 ± 0.01 by Day 90, clearly transitioned the soil environment from moderately acidic to slightly alkaline. This is particularly notable as it aligns precisely with the FAO/USDA-NRCS recommended optimal soil pH range of 6.0–7.5, indicating restoration of agronomically favorable conditions. The CS + 60% biochar and CS + 20% biochar treatments also demonstrated substantial improvements, with final pH values of 7.29 ± 0.01 and 6.82 ± 0.01, respectively, all falling within or near the target agronomic range. These results align with the physicochemical attributes of the applied biochar, particularly its high calcium carbonate (CaCO₃) content and alkaline pH (11.3 in bone biochar), which are known to contribute to its liming effect. 
The increase in pH across the biochar-treated soils supports the findings of Okareh and Gbadebo (2020), who reported significant pH elevation in petroleum-contaminated soils treated with bone-derived biochar in southwestern Nigeria. Similar results were observed by Abbas et al. (2020) in Pakistan, where poultry litter biochar significantly raised the pH of contaminated soils from acidic levels to near-neutral ranges, enhancing microbial respiration and contaminant degradation. The soil pH elevation observed in this study has several critical implications for remediation efficacy and soil ecological recovery. First, increasing pH improves the bioavailability of essential nutrients such as nitrogen and phosphorus, while concurrently decreasing the solubility and mobility of toxic heavy metals such as cadmium and lead (Lusiba et al., 2017; Ahmad et al., 2014). This dual effect facilitates microbial detoxification and plant nutrient uptake crucial in the recovery of oil-polluted farmlands in regions like the Niger Delta. Thus, enhanced pH fosters microbial colonization by creating a hospitable environment for diverse microbial populations involved in hydrocarbon degradation. Liu et al. (2022) observed that bacterial activity and biomass increase significantly in soils within a pH range of 3.7 to 7.7, which includes the final pH ranges recorded for the CS + 60% and CS + 100% treatments. In our study, the biochar-amended soils not only reached these optimal microbial pH thresholds but maintained them stably through the 90-day period, suggesting a sustained ecological benefit. Comparatively, other studies have reported varying outcomes. For instance, Onwubuya et al. (2021) noted lower pH recovery (maximum of 6.4) in oil-contaminated soils treated with cassava peel biochar in Bayelsa State, indicating that the liming efficiency of biochar may depend heavily on its feedstock composition and pyrolysis conditions. Conversely, Zhang et al. (2013) reported higher final pH values (>8.0) using rice husk biochar in alkaline-prone soils of northern China, which may not be agronomically suitable for all crops, hence emphasizing the importance of tailoring amendment strategies to local soil chemistry.
In contrast, the crude oil-contaminated control soil (CS), which showed only a modest increase from 4.95 to 5.91, remained outside the FAO-recommended range throughout the study. This emphasizes the limited capacity of natural attenuation to restore soil pH within a practical remediation timeframe, especially in severely impacted soils. The implication is clear: without external intervention, such as biochar application, crude oil contamination perpetuates acidity, hinders microbial function, and delays ecosystem restoration. The results confirm that biochar application significantly improves soil pH during bioremediation, with higher amendment levels achieving pH values that meet or exceed FAO/USDA standards for healthy soil function. These findings, when contextualized within national and international studies, reinforce the suitability of bone-derived biochar as an effective and environmentally safe strategy for remediating acidic, hydrocarbon-impacted soils, particularly in vulnerable ecosystems such as the Niger Delta.
3.6 Nitrate Dynamics and Enhanced Nitrogen Cycling
The results nitrate (NO3-) presented in the table and figure demonstrate the pivotal role of biochar in enhancing NO3- dynamics during the bioremediation of crude oil-contaminated soils. The nitrate concentrations exhibited distinct, dose-dependent transformations across the 90-day remediation period, highlighting the biostimulatory capacity of biochar in reviving nitrogen-transforming microbial communities suppressed by petroleum hydrocarbons. At the commencement of the study, uncontaminated soil (UCS) maintained a nitrate concentration of 19.00 ± 0.007 mg/kg, indicative of active native nitrification and an unimpeded nitrogen cycle. In contrast, the crude oil-contaminated soil (CS) revealed a drastically diminished nitrate level of just 2.40 ± 0.007 mg/kg, aligning with the understanding that crude oil contamination impairs microbial nitrifiers. 
The application of biochar drastically altered this trajectory, with nitrate levels in biochar-treated soils markedly elevated from the outset. The CS+100% biochar treatment had a nitrate level of 33.60 ± 0.007 mg/kg, while CS+60% and CS+20% had levels of 31.80 ± 0.021 mg/kg and 27.60 ± 0.014 mg/kg, respectively. These values are well above the FAO/USDA-NRCS acceptable range of 0.1–2.5 mg/kg for nitrate in agricultural soils, signifying a highly beneficial recovery of nitrogen cycling processes under bioremediation conditions. Throughout the 90-day remediation timeline, nitrate concentrations in biochar-amended soils continued to rise, with CS+100% peaking at 37.20 ± 0.021 mg/kg by Day 90. This consistent uptrend demonstrates that higher biochar dosages potentiate microbial restoration and facilitate improved oxygenation, pH buffering, and hydrocarbon adsorption. These findings corroborate prior studies conducted both within Nigeria and internationally. For instance, Osadebe et al. (2022) found that cassava peel biochar significantly improved nitrate concentrations in crude oil-polluted soils in the Niger Delta. Similarly, Abbas et al. (2020) demonstrated that biochar amendments not only improved soil nitrate levels but also boosted enzymatic activity linked to nitrogen mineralization and nitrification. The elevated nitrate values in biochar-amended soils, especially in CS+60% and CS+100%, suggest an efficient nitrogen turnover and a resilient microbial response to biochar stimuli. While the nitrate concentrations exceed FAO's standard limits for food production systems, in the context of remediation, they reflect a beneficial outcome, marking the resumption of microbial nitrogen oxidation pathways previously inhibited by hydrocarbons. In the Niger Delta, where petroleum pollution is chronic and persistent, these findings have significant implications for remediation strategies.  The consistency of these findings with other studies underscores the potential of biochar as a valuable tool for soil remediation. By enhancing nitrate levels and promoting microbial restoration, biochar can play a critical role in the holistic recovery of soil fertility and ecological functionality. As such, biochar amendments should be considered a key component of remediation strategies aimed at restoring degraded soils and promoting sustainable ecosystem services.
3.7 Ammonium-Nitrogen and Fertility Restoration
Biochar's impact on ammonium nitrogen levels suggests that it not only improves nitrogen cycling but also enhances nutrient retention. This is important for restoring soil fertility in contaminated sites, as the availability of ammonium is critical for plant growth. The observed increase in ammonium nitrogen in biochar-treated soils, especially in the 100% biochar treatment, highlights the effectiveness of biochar in promoting soil fertility restoration in contaminated soils (Jia et al., 2023).
The impact of biochar amendments on ammonium nitrogen (NH₃–N) concentrations in crude oil-contaminated soils have significant implications for soil fertility restoration, nitrogen cycling, and microbial dynamics. The results demonstrate that biochar amendments can enhance nitrogen retention, promote microbial regeneration, and support long-term soil fertility restoration. As shown in table and figure, the NH₃–N concentration in crude oil-contaminated soil (CS) was markedly suppressed, with a mean value of 0.70 mg/kg, in sharp contrast to the uncontaminated control soil (UCS), which had a mean value of 5.53 mg/kg. This finding is consistent with previous studies, which have shown that petroleum hydrocarbons can reduce microbial activity, impede nitrogen mineralization pathways, and cause nitrogen immobilization (Ahmed et al., 2023). The immediate enrichment observed in biochar-amended soils, especially in CS+60% (9.24 mg/kg) and CS+100% (9.91 mg/kg), suggests a significant enhancement of nitrogen retention upon amendment. This can be attributed to biochar's porous structure, high surface area, and cation exchange capacity (CEC), which facilitate microbial colonization and nutrient adsorption (Liu et al., 2017). The dose-dependent response of NH₃–N levels to biochar amendments suggests that higher biochar concentrations can improve bioremediation efficacy. Our results are consistent with previous findings on the use of biochar in soil remediation. For example, Nduka et al. (2021) found that biochar derived from coconut shell and hardwood significantly restored nutrient availability and microbial activities in crude oil-polluted soils in the Niger Delta. Similarly, Burezq et al. (2021) demonstrated that biochar derived from date palm residues enhanced soil nitrogen levels and microbial biomass in oil-polluted deserts in Kuwait.
The statistical analysis confirms that the differences among treatment groups were not due to chance and that biochar treatment exerted a statistically significant influence on NH₃–N dynamics. The high F-statistics (e.g., F = 520,032.60 at Day 90) and extremely low p-values (p < 0.0001) indicate that the observed effects of biochar on NH₃–N levels are robust and reliable. The study has direct implications for ecological risk assessment and agronomic restoration of oil-polluted lands. The observed NH₃–N concentrations remained within the UCDA-NCS acceptable regulatory limit, confirming that biochar amendments do not pose a toxicological risk regarding ammonium nitrogen accumulation. This is particularly crucial for ecological risk assessment and agronomic restoration of oil-polluted lands. The positive nitrogen retention observed in this study holds profound ecological and agricultural implications. 
Biochar-amended remediation may help accelerate nitrogen cycling recovery, thereby aiding in the rehabilitation of farmlands degraded by oil pollution. The persistent NH₃–N levels in biochar-amended soils indicate that optimal biochar dosing can promote long-term soil fertility restoration by supporting ammonifiers and inhibiting nitrogen loss mechanisms.  Furthermore, the study indirectly emphasizes biochar's role in microbial habitat stabilization. The increased NH₃–N likely reflects the reactivation of ammonium-generating microbial communities such as Bacillus and Nitrosomonas species, which are sensitive to petroleum hydrocarbons but thrive when adsorptive toxins are neutralized (Sarkar et al., 2016). 
This study highlights the pivotal role of biochar in reversing the nitrogen-depleting effects of crude oil contamination. The findings, reinforced by strong statistical evidence and comparable national and international studies, position biochar as a scalable and environmentally safe remediation tool. The clear dose-dependent pattern further informs application strategies for field-scale interventions, especially in highly polluted zones of the Niger Delta and beyond. The implications of this study extend beyond the Niger Delta, as similar patterns have been recorded in international studies. 
Gertsen et al., (2024) found that woodchip biochar effectively immobilized toxic elements and simultaneously enhanced nitrogen content in petroleum-contaminated soil in Alberta, Canada. These parallel findings suggest a universal applicability of biochar for nitrogen management in oil-contaminated environments. The study demonstrates that the potential of biochar amendments to enhance soil fertility, promote microbial regeneration, and support long-term soil fertility restoration in crude oil-contaminated soils. As such, biochar can be considered a valuable tool for ecological restoration and sustainable agriculture practices in oil-polluted environments.
CONCLUSIONS
This study examined the impact of animal bone-derived biochar on soil pH and nitrate dynamics during the bioremediation of crude oil-contaminated soils. The results showed that biochar application significantly increased soil pH, with the highest concentration (100% biochar) raising pH from 4.95 to 7.51, aligning with optimal levels for agricultural productivity. Biochar also enhanced nitrate concentrations in contaminated soils, with the 100% biochar treatment reaching 37.20 mg/kg by Day 90, well above the acceptable range for agricultural soils.
In conclusion, animal bone-derived biochar is an effective tool for improving soil pH, nitrate dynamics, and microbial activity in crude oil-polluted soils. Its application offers a sustainable solution for restoring soil fertility and promoting ecological recovery in contaminated environments.
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