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Abstract: The introduction of crude oil into soil 

causes the toxic, persistent, and bio-

accumulative polycyclic aromatic 

hydrocarbons (PAHs) and heavy metals to be 

present in the soil, raising serious 

environmental and health concerns. The kinetic 

behaviour and rate-controlling mechanisms in 

sequestration of PAHs and selected heavy 

metals in crude oil contaminated soil with the 

application of bone biochar in a long contact 

time were investigated. Sixteen priority PAHs 

and selected metals (cadmium (Cd), chromium 

(Cr), nickel (Ni), and lead (Pb)) were 

monitored throughout the remediation process, 

including at 21, 42, 63, 84, and 105 days. The 

results indicated progressive reduction of the 

contaminants with time of contact, which 

suggested that the sequestration was better as 

the time of contact with the bone biochar 

increased. After 105 days, the total PAHs were 

reduced from 47.11 mg/kg in the untreated soil 

to 3.83 mg/kg, which corresponds to a removal 

efficiency of 91.87%. Significant reductions 

were also observed for Cd (75.14%), Cr 

(76.05%), Ni (93.38%), and Pb (89.88%). 

Kinetic studies confirmed that the pseudo-

second-order model fits well in the adsorption 

process for all the contaminants, with high 

correlation coefficients for total PAHs (R² = 

0.9950), Ni (R² = 0.9970) and Pb (R² = 

0.9876), indicating the leading role of 

chemisorption mechanisms. Mechanistic 

evaluation showed that the mechanisms of 

contaminant sequestration were through 

surface adsorption, intraparticle diffusion, 

pore filling, ion exchange, electrostatic 

attraction, surface complexation, and mineral 

precipitation. The porous structure and 

mineral content of the biochar had a positive 

effect on the stabilization of contaminants in 

the biochar matrix. The adsorption process 

exhibited a multi-stage behavior: a fast initial 

adsorption layer, a slower diffusion-controlled 

adsorption and then stabilization at 

equilibrium. This study demonstrates that bone 

biochar is an efficient, sustainable, and low-

cost material for soil remediation of PAHs in 

combination with heavy metals (HMs) for long-

term use. 
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1.0 Introduction 
 

Soil contamination by mixed organic and 

inorganic pollutants has become a major 

environmental concern worldwide, particularly 

in regions affected by petroleum exploration, 

industrial discharges, accidental oil spills, 

mining activities, and intensive fossil fuel 

combustion. Among the most hazardous 

contaminants frequently detected in polluted 

soils are polycyclic aromatic hydrocarbons 

(PAHs) and heavy metals (HMs) due to their 

persistence, toxicity, mutagenicity, 

carcinogenicity, and bioaccumulative 

characteristics. PAHs are hydrophobic organic 

compounds generated primarily from 

incomplete combustion processes and 

petroleum-related activities, whereas heavy 

metals such as cadmium (Cd), chromium (Cr), 

nickel (Ni), and lead (Pb) are non-

biodegradable pollutants capable of persisting 

in environmental matrices for extended periods 

(Nazir et al., 2025). The simultaneous 

occurrence of PAHs and heavy metals in 

contaminated soils presents a serious 

ecological and public health challenge because 

both groups of contaminants may interact 

synergistically, thereby increasing toxicity and 

complicating remediation processes. 

Prolonged exposure to these pollutants has 

been associated with soil degradation, 

groundwater contamination, food chain 

transfer, mutagenicity, carcinogenicity, and 

several adverse human health effects. 

Conventional remediation technologies for 

contaminated soils, including chemical 

oxidation, soil washing, vitrification, 

excavation, membrane separation, and thermal 

desorption, are often associated with high 

operational costs, secondary pollution, energy  

demand, and limited field applicability. 

Consequently, adsorption-based remediation 

technologies have attracted increasing attention 

because of their simplicity, effectiveness, low 

cost, and environmental sustainability. Among 

the different adsorbent materials investigated, 

biochar has emerged as one of the most 

promising materials for environmental 

remediation owing to its porous structure, high 

specific surface area, aromatic carbon 

framework, tunable surface chemistry, mineral 

constituents, and abundance of oxygen-

containing functional groups (Zhang et al., 

2026; Dong et al., 2026). Biochar is a carbon-

rich material produced through the 

thermochemical conversion of biomass under 

oxygen-limited conditions and has been widely 

applied for the sequestration of both organic 

and inorganic contaminants in soil and water 

systems. 

Recent studies have demonstrated that biochar 

possesses excellent adsorption potential for a 

broad range of pollutants, including PAHs, 

petroleum hydrocarbons, pesticides, dyes, 

endocrine-disrupting chemicals, 

pharmaceuticals, and heavy metals (Li et al., 

2026; Gao et al., 2026). The adsorption 

mechanisms responsible for organic pollutant 

sequestration by biochar include π–π electron 

donor–acceptor interactions, hydrophobic 

partitioning, pore filling, hydrogen bonding, 

and electrostatic attraction, whereas heavy 

metal immobilization occurs mainly through 

ion exchange, electrostatic attraction, surface 

complexation, cation–π interactions, 

precipitation, and redox reactions (Zhang et al., 

2026; Dong et al., 2026). Furthermore, the 

physicochemical properties of biochar, 

including surface area, pore volume, 

aromaticity, ash content, mineral composition, 

and functional groups, strongly influence its 

adsorption performance (Mogashane et al., 

2026). Variations in feedstock type, pyrolysis 

temperature, residence time, and post-

modification strategies also significantly 

determine adsorption efficiency and long-term 
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stability of contaminants within the biochar 

matrix (Li et al., 2026). 

Bone biochar has attracted considerable 

attention among different biochar materials 

because of its unique physicochemical 

composition. In addition to its carbonaceous 

porous structure, bone biochar contains high 

concentrations of calcium phosphate minerals, 

particularly hydroxyapatite, which provide 

abundant active sites for heavy metal 

immobilization through precipitation and 

complexation reactions. The coexistence of 

carbon-rich aromatic structures and mineral 

phases enables bone biochar to simultaneously 

adsorb organic pollutants and stabilize heavy 

metals within contaminated soils. Studies have 

shown that bone biochar exhibits high 

adsorption capacities for both PAHs and heavy 

metals, making it a multifunctional remediation 

material for co-contaminated environments 

(Okorodudu et al., 2026). Similarly, Laishram 

et al. (2025) reported that biochar materials can 

achieve removal efficiencies greater than 90% 

for some heavy metals and more than 85% 

adsorption performance for various organic 

contaminants due to their highly tunable 

physicochemical properties. In addition, 

Onmonya et al. (2022) emphasized that 

biochar-based adsorption systems represent 

economical and sustainable alternatives to 

commercial activated carbon for heavy metal 

remediation. 

The growing interest in biochar-based 

remediation has resulted in extensive 

investigations into adsorption mechanisms, 

modification strategies, and environmental 

applications. Mogashane et al. (2026) reviewed 

the application of biochar for PAH remediation 

in contaminated soils and reported that research 

in this area remains relatively limited despite 

increasing global concerns over petroleum-

related contamination. Their bibliometric 

analysis revealed the need for additional 

studies focusing on mechanistic understanding, 

long-term stability, and large-scale 

implementation of biochar technologies. 

Similarly, Nazir et al. (2025) highlighted the 

effectiveness of biochar in reducing the 

bioavailability of PAHs and heavy metals at the 

soil–plant interface through adsorption, 

precipitation, and complexation processes. 

However, the authors identified significant 

uncertainties regarding contaminant 

remobilization, long-term performance, and 

ecological impacts following prolonged 

biochar application. Dong et al. (2026) further 

noted that biochar aging, environmental 

variability, and changes in soil properties may 

influence contaminant stability and adsorption 

performance over time. 

Although several studies have investigated the 

equilibrium adsorption characteristics of 

biochar for pollutant remediation, most 

existing studies have primarily focused on 

adsorption isotherms and short-term 

remediation performance. For example, 

Okorodudu et al. (2026) evaluated the isotherm 

behavior and dosage-dependent performance 

of bone biochar for the simultaneous removal 

of PAHs and heavy metals over a 21-day 

remediation period. The study demonstrated 

high removal efficiencies and identified 

Langmuir and Freundlich isotherms as the 

dominant equilibrium models for different 

contaminants. However, the work provided 

limited information regarding the kinetic 

behavior, adsorption rates, diffusion 

mechanisms, and long-term sequestration 

processes governing contaminant removal. 

Similar limitations have been reported in other 

biochar remediation studies, where adsorption 

mechanisms are frequently interpreted based 

mainly on equilibrium conditions without 

detailed investigation of time-dependent 

adsorption dynamics (Li et al., 2026; 

Mogashane et al., 2026). 

Kinetic investigations are essential for 

understanding adsorption mechanisms, 

predicting contaminant transport behavior, 

identifying rate-limiting steps, and optimizing 
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remediation systems for practical field 

applications. Common kinetic models such as 

pseudo-first-order and pseudo-second-order 

models are widely used to evaluate adsorption 

rates and adsorption mechanisms, while 

intraparticle diffusion models help identify 

diffusion-controlled processes involving film 

diffusion, pore diffusion, and surface 

adsorption. In co-contaminated systems, 

kinetic analysis becomes more complex 

because PAHs and heavy metals may compete 

for adsorption sites or interact differently with 

biochar surfaces depending on their 

physicochemical properties. Furthermore, 

adsorption in contaminated soils generally 

occurs through multi-stage processes involving 

rapid surface adsorption followed by slower 

intraparticle diffusion and eventual 

stabilization at equilibrium. Long-term kinetic 

evaluations are therefore necessary to 

accurately understand contaminant 

sequestration behavior under realistic 

environmental conditions. 

Despite the increasing interest in biochar-based 

remediation technologies, there remains a 

significant knowledge gap regarding the long-

term kinetic behavior and rate-controlling 

mechanisms governing the simultaneous 

sequestration of PAHs and heavy metals in 

contaminated soils using bone biochar. Most 

previous studies have focused mainly on 

equilibrium adsorption, short contact times, or 

single-contaminant systems, while limited 

information is available on the adsorption 

kinetics, diffusion mechanisms, and temporal 

sequestration behavior of mixed contaminants 

over extended remediation periods. In addition, 

the comparative kinetic responses of organic 

and inorganic contaminants within the same 

remediation system remain insufficiently 

understood. Addressing these gaps is essential 

for improving mechanistic understanding, 

predicting long-term remediation performance, 

and supporting the field-scale application of 

biochar technologies. Therefore, this study 

investigates the kinetic behavior and rate-

controlling mechanisms governing the 

simultaneous sequestration of PAHs and 

selected heavy metals in crude oil–

contaminated soil using bone biochar over an 

extended contact period of 105 days. The 

specific objectives are to evaluate the temporal 

variation in contaminant concentrations, 

determine the adsorption efficiencies of bone 

biochar over time, apply kinetic models to 

describe adsorption behavior, identify 

dominant rate-controlling mechanisms, and 

compare the kinetic responses of PAHs and 

heavy metals within the same remediation 

system. The findings from this study are 

expected to provide important insights into the 

long-term adsorption behavior and stabilization 

mechanisms of bone biochar, while 

contributing to the development of sustainable, 

low-cost, and efficient remediation 

technologies for petroleum-contaminated soils. 
 

2.0 Materials and Methods 

2.1 Sample Collection and Preparation 
 

Bovine bones were collected from a public 

abattoir after manual removal of adhering flesh 

and fatty materials. The samples were 

transported to the laboratory in clean 

polyethylene bags, washed repeatedly with hot 

water to remove residual impurities, and oven-

dried at 105 °C for 24 h. The dried bones were 

ground mechanically and sieved through a 0.25 

mm mesh to obtain a uniform particle size 

before storage in airtight containers pending 

pyrolysis. 
 

2.2 Bone Biochar Production 
 

Bone biochar was produced using a 

temperature-controlled muffle furnace. About 

50 g of the prepared bone powder was placed 

in covered crucibles and pyrolyzed under 

oxygen-limited conditions at 400 °C with a 

heating rate of 10 °C min⁻¹ and a residence time 

of 2 h. After cooling to room temperature, the 

resulting biochar was crushed gently, 
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homogenized, and stored in airtight containers 

for further use. 
 

2.3 Biochar Characterization 
 

The produced bone biochar was characterized 

using Scanning Electron Microscopy (SEM), 

Fourier Transform Infrared Spectroscopy 

(FTIR), and Energy Dispersive X-ray (EDX) 

analyses to evaluate its morphology, surface 

functional groups, and elemental composition. 
 

2.3.1 Scanning Electron Microscopy (SEM) 
 

SEM analysis was carried out by mounting 

biochar samples on aluminium stubs using 

carbon adhesive tape, followed by gold coating 

to enhance conductivity. The samples were 

examined using a field emission scanning 

electron microscope operated at 15–20 kV. 

Micrographs obtained at different 

magnifications were used to evaluate surface 

morphology, pore distribution, particle 

aggregation, and structural uniformity. ImageJ 

software was further used for qualitative pore 

structure assessment. 
 

2.3.2 Fourier Transform Infrared 

Spectroscopy (FTIR) 
 

The biochar samples were dried, finely ground, 

and analyzed using FTIR within the spectral 

range of 4000–400 cm⁻¹. The analysis 

identified major surface functional groups such 

as hydroxyl (–OH), carbonyl (C=O), aromatic 

C=C, and ether linkages, which are important 

active sites for adsorption of PAHs and heavy 

metals. 
 

2.3.3 Energy Dispersive X-ray (EDX) 
 

EDX analysis was conducted using the SEM-

EDX system operated at 20 kV and a working 

distance of 10 mm. Multiple regions were 

scanned with a dwell time of 50 s per point. The 

spectra obtained provided the elemental 

composition and atomic percentages of major 

elements including C, O, Ca, and P, as well as 

minor elements such as Mg, Na, and K. 
 

2.4 Experimental Design 
 

The remediation experiment was designed to 

evaluate the sequestration of PAHs and heavy 

metals from crude oil-contaminated soil using 

bone biochar over 105 days. Contamination 

was simulated by mixing 5 mL of crude oil with 

50 g of air-dried soil, followed by equilibration 

for 7 days. A constant dose of 6 g of bone 

biochar was then added to each treatment 

sample and thoroughly mixed. Each mixture 

was transferred into amber glass bottles 

containing 20 mL of distilled water to maintain 

moisture content and minimize photochemical 

reactions. 

Six experimental setups were prepared, 

comprising five biochar-treated samples 

analyzed at 21, 42, 63, 84, and 105 days, and 4 

one untreated control. The contents were mixed 

periodically to ensure uniform interaction 

between soil, contaminants, and biochar. At 

each sampling interval, residual concentrations 

of PAHs and heavy metals were determined. 
 

2.5 Analytical Methods 
 

PAHs in the contaminated and remediated soil 

samples were analyzed using Gas 

Chromatography–Mass Spectrometry (GC–

MS) following solvent extraction. About 10 g 

of homogenized soil was extracted using 

dichloromethane/hexane (1:1, v/v) under 

ultrasonic agitation. The extract was filtered, 

concentrated using a rotary evaporator, cleaned 

with a silica gel column, and analyzed by GC–

MS. Identification and quantification were 

achieved using retention times, mass spectra, 

and external calibration standards. 

Heavy metals (Cd, Cr, Ni, and Pb) were 

determined after acid digestion of 2 g of dried 

soil using a mixture of HClO₄, HNO₃, and 

H₂SO₄ (1:2:2). The digested samples were 

filtered, diluted to 50 mL with deionized water, 

and analyzed using Atomic Absorption 

Spectrophotometry (AAS) with calibration 

against standard metal solutions. 
 

2.6 Kinetic Modeling of PAHs and Heavy 

Metal Removal 
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Adsorption kinetics were evaluated using 

pseudo-first-order (PFO), pseudo-second-order 

(PSO), and intraparticle diffusion models to 

investigate the adsorption mechanism and rate-

controlling steps. 

The linearized pseudo-first-order model is 

expressed as equation 1(Eddy et al., 2023a) 

𝑙𝑜𝑔(𝑞𝑒 − 𝑞𝑡) = 𝑙𝑜𝑔𝑞𝑒 −
𝑘1𝑡

2.303
  (1) 

where qe and qt are the adsorption capacities at 

equilibrium and time t, respectively, while k1 is 

the pseudo-first-order rate constant. Also, the 

linear form of the  pseudo-second-order model 

is written according to equation 2 (Kelle et al., 

2024l Ogoko et al., 2023) 
𝑡

𝑞𝑡
=

1

𝑘2𝑞𝑒
2 +

𝑡

𝑞𝑒
     (2) 

where k2 represents the pseudo-second-order 

rate constant. The intraparticle diffusion model 

proposed by Weber and Morris (1963) was 

used to evaluate diffusion-controlled 

adsorption processes, which is technically 

represented by equation 3 (Eddy et al., 2023b) 

𝑞𝑡 =  𝑘𝑖𝑑√𝑡 + 𝐶  +    (3) 

where 𝑘𝑖𝑑 is the intraparticle diffusion constant 

and C represents boundary layer thickness. A 

linear plot passing through the origin indicates 

intraparticle diffusion as the sole rate-

controlling mechanism, whereas deviation 

from the origin suggests contributions from 

film diffusion, surface adsorption, or chemical 

interactions. 
 

3.0 Results and Discussion  

3.1 Characterization of Biochar 

3.1.1 Scanning Electron Microscopy (SEM) 
 

The surface morphology and structural 

arrangements of the fabricated bone biochar 

were evaluated using scanning electron 

microscopy. The bone biochar micrograph 

presented in Fig.  1 shows smoother surfaces 

with fewer cavities, indicating denser mineral 

phases where organic carbon components have 

fully decomposed during the thermal treatment. 

This specific surface morphology suggests 

stronger crystallization of hydroxyapatite, 

which enhances both the structural rigidity and 

the long-term chemical resistance of the 

biochar matrix. Although smoother surfaces 

generally reduce the immediate total surface 

area, the remaining crystalline mineral phases 

provide alternative and robust sorption 

mechanisms when interacting with polar 

polycyclic aromatic hydrocarbon derivatives or 

heavy metal co-contaminants in aqueous 

systems. Similar morphological contrasts 

between the organic and inorganic domains of 

bone-derived biochar have been reported to 

significantly influence overall sorption kinetics 

and pollutant-binding heterogeneity. These 

dense structural characteristics are particularly 

advantageous for heavy metal immobilization, 

as the rigid mineral faces act as durable 

platforms for active surface deposition. 

 

3.1.2 Fourier Transform Infrared 

Spectroscopy (FTIR) 
 

In the FTIR spectrum of the bone biochar 

shown in Fig. 2, the exceptionally strong peaks 

corresponding to P–O stretching located 

between 1200 cm⁻¹ and 1000 cm⁻¹ and the 

distinct O–P–O bending vibrations observed 

between 650 cm⁻¹ and 500 cm⁻¹ serve as 

definitive fingerprints of mineral-associated 

phosphate groups. These chemical features are 

highly typical of crystalline hydroxyapatite, a 

phase that prominently emerges as a result of 

high-temperature pyrolysis which efficiently 

eliminates the volatile organic fractions of the 

raw precursor. This phosphate-rich framework 

is exceptionally beneficial for environmental 

remediation, as it enables highly efficient 

heavy metal removal through simultaneous 

pathways of dissolution–precipitation, ion 

exchange, and surface complexation, making it 

particularly effective for capturing hazardous 

divalent cations such as lead. Conversely, the 

aliphatic and aromatic carbon signals are 

noticeably weak in the spectrum, which 

indicates a very high degree of organic matter 

decomposition and confirms the establishment 
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of a stable, inorganic mineral framework. 

While the low intensity of these organic bands 

implies that direct hydrophobic partitioning 

might be limited compared to plant-based 

biochars, the remaining residual carbon phases 

coupled with physical trapping within the 

newly formed pores still allow for the 

successful immobilization of polycyclic 

aromatic hydrocarbons. 

 

 
Fig. 1: Scanning Electron Microscopy (SEM) micrograph of bone biochar (BB) 

 

 
Fig. 2: FTIR spectrum of biochar obtained from bone biochar 
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3.1.3 Energy Dispersive X-ray Spectroscopy 

(EDXs) 
 

The elemental distribution and relative weight 

percentages of the components making up the 

bone biochar were quantified using energy 

dispersive X-ray spectroscopy to confirm 

successful carbonization and mineral retention. 

The elemental profile displayed in Fig.  3 

reveals a high accumulation of carbon at 

70.26% by weight alongside a decreased 

oxygen content of 15.24%, which 

mathematically confirms a high degree of 

carbonization achieved during the thermal 

conversion process. Calcium is recorded at a 

significant weight concentration of 10.10%, 

while magnesium and iron are consistently 

maintained at approximately 2.00% and 2.20%, 

respectively, with a minor trace of silicon at 

0.20%. This elevated carbon content indicates 

an extensive retention of fixed organic carbon 

and the successful formation of a carbonized 

bone char matrix, which represents a structural 

variation commonly documented in bone-

derived sorbents where the exact carbon-to-

calcium ratios fluctuate based on the applied 

heating rates and the initial biological 

composition of the raw bone material. The 

persistent and prominent presence of both 

calcium and iron within the samples confirms a 

controlled synthesis process and validates the 

expected mineralogical composition of the 

bone biochar. From an adsorption perspective, 

this unique elemental blend makes the material 

an excellent dual-purpose adsorbent. The high 

carbon fraction provides a hydrophobic domain 

suitable for binding non-polar organic 

molecules like polycyclic aromatic 

hydrocarbons via weak intermolecular forces, 

while the abundant calcium, iron, and 

magnesium components function as active, 

positively charged metallic sites capable of 

exchanging ions or forming complexes with 

heavy metal pollutants in contaminated media. 

 
Fig. 3: EDXs spectrum of biochar obtained from bone biochar 

 

3.2 Time-Dependent Adsorption Behavior of 

Bone Biochar for PAHs and Selected Heavy 

Metals in Crude Oil-Contaminated Soil 
 

The multi-stage remediation profile and 

sequential concentration variations of the  

 

 

sixteen priority polycyclic aromatic  

hydrocarbons (PAHs) under the influence of 

bone biochar over an expanded operational 

timeframe are presented in Table 1. 
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Table 1: Effects of Time on Bone Biochar (BB) Sorption of PAHs of Crude Oil Contaminated Soil 

 

S/N 16 Priority PAH 

Congeners 

Control 

(soil) 

BB (21 

days) 

BB (42 

days) 

BB (63 

days) 

BB (84 

days) 

BB (105 

days) 

% Adsorbed 

@ 105 days 

1 Naphthalene 5.01±0.01 1.08±0.02 1.03±0.001 0.48±0.00 0.62±0.01 0.40±0.02 92.02 

2 Acenaphthylene 2.56±0.00 0.55±0.04 0.52±0.01 1.45±0.00 0.32±0.03 0.20±0.00 92.19 

3 Acenaphthene 5.86±0.01 1.27±0.06 1.21±0.01 2.36±0.00 0.72±0.04 0.47±0.02 91.98 

4 Fluorene 3.14±0.01 0.68±0.02 0.65±0.02 0.31±0.00 0.39±0.01 0.25±0.01 92.04 

5 Phenanthrene 2.03±0.01 0.50±0.01 0.48±0.02 0.06±0.00 0.25±0.01 0.18±0.00 91.13 

6 Anthracene 2.44±0.01 0.65±0.02 0.62±0.01 0.59±0.00 0.45±0.02 0.25±0.00 89.75 

7 Fluoranthene 1.01±0.01 0.22±0.01 0.21±0.01 0.18±0.00 0.19±0.01 0.08±0.00 92.08 

8 Pyrene 1.44±0.01 0.31±0.01 0.30±0.02 0.04±0.00 0.18±0.01 0.11±0.01 92.36 

9 Benz[a]anthracene 2.56±0.01 0.55±0.01 0.52±0.01 0.01±0.00 0.32±0.01 0.20±0.00 92.19 

10 Chrysene 3.82±0.01 0.83±0.01 0.78±0.02 0.06±0.00 0.47±0.01 0.31±0.02 91.88 

11 Benzo[b]fluoranthene 4.27±0.01 0.92±0.01 0.88±0.01 0.55±0.00 0.53±0.01 0.35±0.01 91.80 

12 Benzo[k]fluoranthene 2.79±0.01 0.60±0.01 0.57±0.00 0.58±0.00 0.34±0.01 0.22±0.01 92.11 

13 Benzo[a]pyrene 2.19±0.01 0.47±0.01 0.45±0.00 0.82±0.00 0.27±0.01 0.17±0.00 92.24 

14 Indeno[1,2,3-cd]pyrene 2.44±0.01 0.53±0.01 0.50±0.00 0.15±0.00 0.30±0.01 0.20±0.00 91.80 

15 Dibenz[a,h]anthracene 2.55±0.01 0.55±0.01 0.52±0.02 0.05±0.00 0.31±0.01 0.20±0.01 92.16 

16 Benzo[ghi]perylene 3.00±0.01 0.65±0.01 0.62±0.01 0.18±0.00 0.37±0.01 0.24±0.01 92.00  
Total PAH (mg/kg) 47.11±0.15 10.36±0.21 9.86±0.18 7.87±0.00 6.03±0.22 3.83±0.12 
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The untreated control soil, as visualized in the 

experimental trend shown in Fig. 4, recorded 

exceptionally high initial concentrations of 

organic contaminants with a combined total 

PAH value of 47.11 mg/kg, which confirms 

severe environmental contamination typical of 

petroleum-impacted terrestrial systems. 

Following the structural amendment of the soil 

with bone biochar, the specific concentrations 

of all individual PAH congeners decreased 

progressively and systematically across each 

monitored interval from day 21 to day 105. By 

the conclusion of the 105-day remediation 

cycle, the total lingering concentration of 

PAHs dropped significantly to 3.83 mg/kg, 

demonstrating a highly substantial and 

successful overall clean-up of the soil system. 

This profound reduction indicates that the 

synthesised bone biochar exhibits an 

outstanding adsorption affinity for 

hydrophobic organic pollutants, directly 

attributable to its highly porous structure, large 

internal surface area, and integrated mineral 

active sites. Animal bone-derived chars are 

known to efficiently immobilize dense rings of 

organic contaminants within complex soil 

matrices. 

 

 
Fig. 4: Line graph of total PAH vs contact time for bone biochar 

This strong downward concentration trend was 

immediately apparent among the low 

molecular weight PAHs including naphthalene, 

acenaphthylene, acenaphthene, and fluorene. 

For example, naphthalene levels dropped 

sharply from an initial 5.01 mg/kg in the 

control soil to a mere 0.40 mg/kg by day 105, 

which represents a calculated 92.02% 

adsorption efficiency, while acenaphthylene 

concentrations concomitantly decreased from 

2.56 mg/kg to 0.20 mg/kg, equating to a 

92.19% total removal. These lower-ring 

compounds possess higher environmental 

volatility and higher aqueous solubility 

compared to their heavier counterparts, which 

inherently increases their mobility and makes 

them more accessible to rapid surface 

adsorption and localized microbial degradation 

pathways. The carbonized surfaces of the bone 

biochar are rich in specialized aromatic 

configurations that readily facilitate the 

formation of tight π−π electron donor-acceptor 

interactions with corresponding PAH rings, 

allowing for highly efficient initial capture 
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from the soil matrix. The steady, continuous 

decline observed across the experimental 

timeline suggests that sufficient contact time is 

a vital parameter, allowing these lighter 

organic molecules to migrate deeply via pore 

diffusion into the deeper micro- and 

mesoporous cavities of the adsorbent. 

Intermediate molecular weight PAHs, which 

are composed of three-ring and four-ring 

assemblies such as phenanthrene, anthracene, 

fluoranthene, and pyrene, also demonstrated 

major reductions during the remediation 

period. Phenanthrene concentrations decreased 

markedly from 2.03 mg/kg to 0.18 mg/kg, 

while anthracene declined from 2.44 mg/kg to 

0.25 mg/kg at the 105-day mark, with 

fluoranthene and pyrene following a similar 

trajectory to reach low residuals of 0.08 mg/kg 

and 0.11 mg/kg, respectively. These values 

demonstrate that the bone biochar matrix works 

effectively across varying molecular 

dimensions. Biochars synthesized from animal 

waste materials combine a rigid carbonaceous 

core with highly reactive calcium phosphate 

mineral phases, which collectively maximize 

organic contaminant removal by pairing 

hydrophobic surface interactions with direct 

mechanical pore trapping. Furthermore, the 

removal trends observed for high molecular 

weight PAHs including benz[a]anthracene, 

chrysene, benzo[b]fluoranthene, and 

benzo[k]fluoranthene validate the broad-

spectrum efficiency of this bone-derived 

material. Chrysene levels fell from 3.82 mg/kg 

in the baseline control soil to 0.31 mg/kg after 

105 days, while benz[a]anthracene decreased 

from 2.56 mg/kg to 0.20 mg/kg. High 

molecular weight PAHs are notoriously 

difficult to eliminate due to their massive, 

complex condensed ring systems and low water 

solubility, but the high hydrophobic attraction 

and physical pore entrapment provided by the 

biochar matrix overcome these challenges, 

yielding the exceptionally high percentage 

removal values documented in Table 1. 

Crucially, the highly dangerous carcinogenic 

PAHs, including benzo[a]pyrene, 

indeno[1,2,3-cd]pyrene, dibenz[a,h] anthrac -

ene, and benzo[ghi]perylene, exhibited 

substantial and sustained decreases over the 

course of the treatment. The highly toxic index 

compound benzo[a]pyrene plummeted from 

2.19 mg/kg in the control soil to 0.17 mg/kg at 

the end of 105 days, securing a 92.24% 

adsorption level, while indeno[1,2,3-cd]pyrene 

dropped from 2.44 mg/kg to 0.20 mg/kg. 

Because these specific compounds pose severe 

toxicological, mutagenic, and carcinogenic 

risks to human health and local food webs, 

achieving such low residual limits is a vital 

benchmark for verified environmental 

remediation. Applying these bone biochar 

amendments effectively mitigates these risks 

by reducing the bioavilability and lateral 

migration of these hazardous chemicals, 

tethering them tightly to the solid carbon 

surfaces. The total drop in total PAHs from 

47.11 mg/kg to 3.83 mg/kg over 105 days 

underlines how crucial contact time is for 

achieving high performance, as the 

contaminants must migrate from the bulk soil 

solution into the internal pore networks via 

slow, rate-limiting intra-particle diffusion. 

Unlike standard plant-derived chars, the high 

concentration of crystalline hydroxyapatite and 

stable calcium minerals inside bone biochar 

provides structural support that prevents pore 

collapse, ensuring a steady abundance of active 

binding sites over extended field periods. The 

resulting 89% to 92% removal efficiencies 

show that transforming waste bone into biochar 

is a highly viable, sustainable, and cost-

efficient strategy for the long-term clean-up of 

petroleum-polluted soils. 
 

3.2.2 Effect of Contact Time on the Sorption 

of Selected Heavy Metals 
 

The quantitative impact of processing time on 

the multi-metal immobilization performance of 

bone biochar within the contaminated soil 
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matrix is summarized in Table 2, documenting 

the individual concentration drops for 

cadmium, chromium, nickel, and lead. 

The visual overview of these heavy metal 

concentration profiles as a function of 

remediation time is shown in the line graph in 

Fig. 5. The untreated baseline control soil 

contained very high levels of toxic metals, led 

by a massive lead accumulation of 207.42 

mg/kg and a cadmium level of 72.56 mg/kg, 

which reflects severe heavy metal co-

contamination commonly introduced during 

industrial petroleum exploitation.  Following 

introduction of the bone biochar, a steady, 

continuous decline in all four metallic targets 

was noted through day 105, showing that heavy 

metal immobilization is enhanced with long 

contact periods. By day 105, cadmium 

concentrations fell to 18.04 mg/kg (75.14% 

removal) and chromium decreased to 15.13 

mg/kg (76.05% removal).  

This time-dependent behavior matches a multi-

step mechanism where hydrated metallic ions 

slowly diffuse from the outer soil solution into 

the internal porous channels of the biochar, 

where they encounter active mineral surface 

sites. The high surface area, cation exchange 

capacity, and dense functional groups of the 

adsorbent are central to keeping these 

hazardous metals bound tightly to the solid 

phase. 

Cadmium removal progressed steadily across 

the entire testing timeframe, declining from 

72.56 mg/kg to 18.04 mg/kg. Even though its 

final removal efficiency of 75.14% was slightly 

lower than that of lead or nickel, the 

continuous, uniform downward trend indicates 

that the bone biochar successfully binds free 

Cd2+ ions. This occurs through ion exchange 

with native matrix cations, surface 

complexation, and direct electrostatic 

attraction. Oxygen-rich surface groups on the 

biochar, such as carboxyl and hydroxyl 

networks, form stable chemical complexes 

with these divalent cations, preventing them 

from leaching into surrounding ecosystems or 

being taken up by plants. 

  
Table 2: Effects of Time on Bone Biochar (BB) Sorption of Some Selected Heavy Metals of Crude Oil 

Contaminated Soil 
 

Treatment/Duration Cd (mg/kg) Cr (mg/kg) Ni (mg/kg) Pb (mg/kg) 

Control (soil) 72.56 ± 0.01 63.17 ± 0.01 14.20 ± 0.01 207.42 ± 0.02 

BB (21 days) 41.94 ± 0.08 30.40 ± 0.53 3.73 ± 0.35 89.50 ± 0.05 

BB (42 days) 40.41 ± 0.01 28.01 ± 0.01 3.06 ± 0.01 71.03 ± 0.01 

BB (63 days) 34.90 ± 0.02 24.03 ± 0.03 1.99 ± 0.02 37.18 ± 0.02 

BB (84 days) 24.14 ± 0.02 22.59 ± 0.01 1.54 ± 0.01 21.59 ± 0.00 

BB (105 days) 18.04 ± 0.01 15.13 ± 0.01 0.94 ± 0.01 20.99 ± 0.02 

% Adsorbed @ 105 days 75.14 76.05 93.38 89.88 
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Fig. 5: Line graph of Cd, Cr, Ni, and Pb vs contact time for bone biochar 

This steady immobilization mechanism 

matches established models for cadmium 

capture using premium engineered chars. 

Chromium also dropped considerably over 

time, falling from 63.17 to 15.13 mg/kg to 

achieve a 76.05% removal efficiency. The 

immobilization of chromium on bone biochar 

often involves several overlapping pathways, 

including direct surface adsorption, chemical 

reduction of mobile hexavalent species to less 

toxic trivalent states, and localized 

precipitation within the biochar pores. The 

calcium-rich hydroxyapatite mineral phases in 

the bone char matrix play an active role here, 

providing inorganic support that can trigger 

precipitation or co-crystallization reactions to 

lock chromium ions into place. 

Nickel and lead concentrations showed the 

most dramatic declines over the 105-day 

remediation period. Nickel fell from 14.20 

mg/kg to an extremely low 0.94 mg/kg, leading 

all tested metals with a 93.38% removal 

efficiency, while lead plunged from 207.42 

mg/kg down to 20.99 mg/kg, securing an 

89.88% removal. This superior performance 

indicates that Ni2+ and Pb2+ ions have an 

exceptionally high thermodynamic affinity for 

the specific binding sites on bone biochar, 

taking full advantage of the open pore 

structure. Additionally, the inherently alkaline 

nature of bone-derived biochar helps raise the 

local soil pH around the amendment particles. 

This localized pH increase promotes the 

formation of insoluble metal hydroxides and 

carbonates, causing the target heavy metals to 

precipitate out of solution. As a result, adding 

bone biochar effectively lowers the 

bioavilability and migration of dangerous 

heavy metals while helping restore overall soil 

stability. 

3.3 Kinetic Modeling of PAHs and Heavy 

Metals Adsorption onto Bone Biochar 
 

To investigate the adsorption rate and 

determine the underlying physical and 

chemical mechanisms controlling contaminant 

sequestration over time, pseudo-first-order 

(PFO) and pseudo-second-order (PSO) kinetic 

models were systematically applied to the 

experimental data. 
 

3.3.1 Adsorption Kinetics of PAHs 
 

The time-dependent removal of the 16 priority 

polycyclic aromatic hydrocarbons (PAHs) was 

mathematically evaluated using linear forms of 

both PFO and PSO frameworks. The generated 

PFO linear regression yielded the equation 

log(qe−qt)=−0.007578t−1.045321, with a 

calculated rate constant (k1) of 

0.017452 day−1 and a coefficient of 

determination (R2) of 0.9051. This high R2 

value shows that the PFO model gives a 
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reasonable approximation of the system during 

the early stages of remediation, where the rate 

of contaminant uptake is primarily governed by 

the abundant availability of unoccupied active 

sites on the external surface of the biochar. This 

initial phase is dominated by physical 

adsorption pathways, including hydrophobic 

configurations, van der Waals forces, and 

boundary-layer film diffusion. 

As the system approached long-term 

operational equilibrium, the experimental data 

showed superior alignment with the PSO 

kinetic model. The linear PSO regression 

yielded the equation t/qt

=2.643739t+20.051755, providing a rate 

constant (k2) of 0.348566 g⋅mg−1⋅day−1 and a 

highly significant correlation coefficient (R2) 

of 0.9950. The superior fit of the PSO model 

confirms that chemisorption operates as the 

principal rate-limiting step over the entire 105-

day cycle. This process involves valency-

driven electron sharing or exchange between 

the condensed aromatic rings of the PAHs and 

the surface functional groups of the bone 

biochar. These chemical interactions are 

enhanced by the structural matrix of the 

biochar, which supports π−π electron donor-

acceptor systems, localized hydrogen bonding, 

and surface complexation that firmly bind the 

organic molecules. 

3.3.2 Adsorption Kinetics of Heavy Metals 

(Cd2+, Crn+, Ni2+, and Pb2+) 
 

The kinetic profiles for the simultaneous 

immobilization of heavy metal co-

contaminants were modeled using both PFO 

and PSO equations to identify changes in 

binding mechanisms across the different metal 

species. The calculated linear equations and 

corresponding statistical parameters for both 

models are presented within the text and 

summarized in the comprehensive master 

kinetic table. 

For the PFO model, the linear relationships 

were derived by plotting log(qe−qt) against 

time (t). The Cd2+ system produced the linear 

equation log(qe−qt) = − 0.009057t−0.418615 

(k1=0.020859 day−1; R2 = 0.8003), reflecting a 

moderate fit that indicates physical surface 

diffusion occurred alongside more complex 

chemical processes. Chromium displayed a 

much tighter conformity to first-order 

mechanics, yielding the equation log(qe−qt)=   

− 0.0052t−0.776754 with a rate constant k1= 

0.011996 day−1 and a strong correlation 

coefficient (R2 = 0.9763). Similarly, nickel 

(Ni2+) removal showed a high first-order 

correlation (R2=0.9747) via the equation log(qe

−qt)=−0.010988t−1.359485(k1= 0.0253 day−1). 

Lead ion displayed the equation log(qe−qt

)=−0.031728t+0.717156 (k1=0.073070 day−1; 

R2=0.8357). The high initial rate constant for 

lead indicates rapid early migration and 

accumulation on the accessible outer surface of 

the biochar particle. 

When the heavy metal data were fitted to the 

PSO framework by plotting t/qt versus t, the 

correlation coefficients generally improved 

(Fig. 6), confirming the dominant role of 

chemisorption in the long-term stabilization of 

the inorganic ions. The cadmium system 

followed the equation t/qt

=1.662051t+71.109617, yielding a second-

order rate constant (k2) of 

0.03885 g⋅mg−1⋅day−1 and an improved R2 of 

0.8806, which shows that surface complexation 

with oxygen-containing functional groups 

controls Cd2+ immobilization. The chromium 

adsorption data yielded the equation, 
𝑡

𝑞⬚
=

2.2658𝑡 + 42.0702 ( 𝑘2 = 0.1220 𝑔. 𝑚𝑔−1,  
(R2 = 0.9543), indicating that precipitation, 

reduction reactions, and electrostatic 

interactions with the hydroxyapatite mineral 

matrix drive chromium removal. 

Nickel displayed the highest overall fit to the 

second-order model, generating the linear 

equation t/qt=8.39458t+82.8836 with an 

excellent correlation coefficient (R2 = 0.9970) 

and a rate constant k2= 0.85022 g⋅mg−1⋅day−1. 

This strong fit indicates that Ni2+ ions form 
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highly stable coordinate bonds with active 

surface ligands. Lead remediation also showed 

strong conformity to the PSO model, achieving 

an R2 of 0.9876. This high value confirms that 

Pb2+ is immobilized primarily through 

chemical pathways, including ion exchange 

with the calcium phases of the bone biochar 

and direct surface precipitation of mineral 

complexes. 

 

  

  
Fig. 6: Pseudo-Second-Order (PSO) modelling for Cd, Cr, Ni, and Pb adsorption 

3.3.3 Intraparticle Diffusion and Multi-Stage 

Sequestration Mechanisms 
 

To understand the specific diffusion pathways 

and mass-transport limitations regulating 

contaminant uptake, the experimental data 

were analyzed using the Weber-Morris 

intraparticle diffusion model. The calculated 

kinetic parameters, including the intraparticle 

diffusion rate constant (kid), the boundary 

layer intercept (C), and the correlation 

coefficients (R2), are presented in Table 3.The 

intraparticle diffusion plots shown in Fig. 7 

confirm that the sequestration of both organic 

and inorganic pollutants on bone biochar is a 

multi-stage process rather than a single 

diffusion-limited event. The plots show a 

distinct multi-linear profile defined by two 

sequential stages: a rapid initial phase 

representing external boundary-layer film 

diffusion, followed by a slower, extended 

linear region reflecting intraparticle pore 

diffusion as the system approaches 

equilibrium. Because none of the regression 

lines pass through the origin (as indicated by 

the positive values of the intercept C in Table 
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3), intraparticle pore diffusion is not the sole 

rate-limiting step; instead, film diffusion and 

active surface chemical interactions operate 

simultaneously throughout the process. 

 

Table 3: Calculated Intraparticle Diffusion Parameters for PAHs and Heavy Metals 

 

Contaminant kid (mg⋅g−1⋅day−1/2) C R2 Regression Equation 

Total PAHs 0.0097 0.2547 0.9171 qt=0.0097t1/2+0.2547 

Cadmium (Cd) 0.0367 0.0570 0.8883 qt=0.0367t1/2+0.0570 

Chromium (Cr) 0.0207 0.1669 0.8943 qt=0.0207t1/2+0.1669 

Nickel (Ni) 0.0042 0.0672 0.9865 qt=0.0042t1/2+0.0672 

Lead (Pb) 0.1121 0.4672 0.9474 qt=0.1121t1/2+0.4672 

During the initial phase of remediation, the 

rapid decrease in contaminant levels is driven 

by the immediate availability of active binding 

sites across the external surface of the bone 

biochar. For the organic PAHs, this rapid 

uptake is mediated by hydrophobic partitioning 

and π−π electron interactions with the aromatic 

carbon core. For the heavy metal ions, this 

early capture is driven by strong electrostatic 

attraction and rapid ion exchange with 

negatively charged surface functional groups. 

As these easily accessible external sites 

become saturated, the rate-limiting step shifts 

to the slow migration of target molecules into 

the internal pore structure of the biochar. The 

porous networks and irregular surface 

morphology confirmed by SEM analysis 

provide channels that allow Cd2+, Crn+, Ni2+, 

Pb2+, and condensed PAH rings to diffuse 

deep into the internal carbonaceous matrix. The 

high PSO correlation values (R2=0.9950 for 

total PAHs; R2≥0.9643 for Ni, Pb, and Cr) 

confirm that once these molecules finish 

migrating through the pores, they are 

permanently locked in place by chemisorption, 

surface complexation, and mineral 

precipitation with the hydroxyapatite 

component. 
 

3.3.4 Comparative Evaluation of Kinetic 

Models and Equilibrium Behaviour 
 

A comparative analysis of the PFO and PSO 

frameworks shows distinct differences in how 

effectively each model captures the long-term 

immobilization of organic and inorganic 

species on the bone biochar surface. The key 

parameters, best-fit selections, and primary 

binding mechanisms are summarized in Table 

4. 

 

Table 4: Comparative Kinetic Parameters and Dominant Adsorption Mechanisms 
 

Contaminant PFO 

R2 

PSO 

R2 

Best Fit 

Model 

Dominant Mechanism 

Total PAHs 0.9051 0.9950 PSO Chemisorption + intraparticle pore 

diffusion 

Cadmium (Cd) 0.8003 0.8806 PSO Surface complexation + ion exchange 

Chromium 

(Cr) 

0.9763 0.9643 PFO / PSO Mixed physical adsorption + chemical 

reduction 

Nickel (Ni) 0.9747 0.9970 PSO Coordinate chemisorption on surface 

sites 

Lead (Pb) 0.8357 0.9876 PSO Mineral interaction + surface 

precipitation 
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The higher correlation coefficients calculated 

for the PSO model across almost all tested 

contaminants indicate that valence-driven 

chemical interactions dominate long-term 

sequestration. The mineral-rich composition of 

the bone biochar—characterized by a stable 

framework of crystalline hydroxyapatite and 

active phosphate phases—enhances metal 

immobilization by driving surface precipitation 

and complexation reactions. The lower 

correlation coefficients for the PFO model 

during the later stages of cadmium and lead 

removal show that purely physical adsorption 

cannot fully account for the behavior of this 

system. However, the strong PFO fit observed 

for chromium and nickel shows that external 

surface diffusion remains a major factor during 

the initial stages of treatment before 

chemisorption takes over. 

The multi-stage approach to equilibrium over 

the 105-day remediation period indicates that 

contaminant removal on bone biochar is a 

gradual, transport-mediated process rather than 

simple surface saturation. This slow progress 

toward equilibrium occurs because target 

molecules must migrate through the dense 

internal pore structure of the biochar to reach 

deep-seated binding sites. Total PAH 

adsorption increased from 78.01% at day 21 to 

91.87% at day 105, demonstrating that 

extended contact time allows for thorough 

diffusion and secure chemical stabilization. 

This synergistic combination of film diffusion, 

intraparticle pore filling, ion exchange, surface 

complexation, and mineral precipitation 

confirms that bone biochar functions as an 

effective, multi-purpose adsorbent capable of 

simultaneously isolating organic and inorganic 

pollutants from co-contaminated soils. 
 

4.0 Conclusion 
 

This study demonstrated the ability of bone 

biochar to extract polycyclic aromatic 

hydrocarbons (PAHs) and certain heavy metals 

from crude oil contaminated soil over a long 

remediation period. The results indicated that 

the adsorption efficiency was improved 

gradually as the contact time between 

contaminants and bone biochar increased, 

suggesting that an extended interaction 

between contaminants and bone biochar 

promoted adsorption and stabilization in the 

soil matrix. After 105 days of remediation, 

significant reductions in contaminant 

concentrations were seen. The total PAHs were 

reduced from 47.11 mg/kg in the untreated 

contaminated soil to 3.83 mg/kg, which is an 

adsorption efficiency of 91.87%. Similarly, 

cadmium (Cd), chromium (Cr), nickel (Ni), 

and lead (Pb) recorded removal efficiencies of 

75.14%, 76.05%, 93.38%, and 89.88%, 

respectively. The results reaffirm the high 

remediation capability of bone biochar to 

remove both organic and inorganic 

contaminant at the same time from 

contaminated soil. The pseudo second-order 

model was found to be the most suitable model 

for the majority of contaminants with the 

adsorption being dominated by chemisorption. 

Several factors such as surface adsorption, 

intraparticle diffusion, pore filling, ion 

exchange, electrostatic attraction, and surface 

complexation determined the adsorption 

behaviour. It also showed multi-stage 

adsorption behaviour with fast adsorption at 

initial stages, followed by diffusion-controlled 

adsorption and reaching equilibrium saturation 

level over time. The SEM analysis showed the 

porous and non-uniform surface structure of 

the bone biochar, promoting the diffusion and 

adsorption of contaminants inside the pores. 

The FTIR results verified the presence of 

functional groups which facilitate the binding 

and surface interactions of the contaminants, 

and the EDX results confirmed the presence of 

minerals that were responsible for the 

immobilization and stabilization of the heavy 

metals in the biochar. The findings of the study 

make bone biochar a potential efficient, 

sustainable, and low-cost adsorbent for the 
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cleanup of crude oil-contaminated soils. 

Therefore, the physical and chemical 

adsorption mechanisms revealed in the present 

study further demonstrate the applicability of 

bone biochar for long-term environmental 

remediation and contaminant management 

applications. 
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