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Abstract:

Oil contamination of soil and groundwater poses significant environmental and health risks, prompting this study to evaluate the
effectiveness, costs, and environmental impacts of various treatment methods. A comprehensive review of 50 case studies and
research papers reveals that biological treatment methods, specifically biodegradation and phytoremediation, achieve the highest
contaminant removal rates (85-95%) at lower costs ($50-100/m?*), outperforming chemical oxidation and solvent extraction (60-
80%, $100-500/m*) and physical methods (40-70%, high energy consumption). Furthermore, risk assessment indicates biological
methods pose the lowest environmental risks, while chemical methods pose the highest. Sensitivity analysis underscores the
importance of site-specific conditions and contaminant levels. Overall, the results suggest biological treatment methods,
particularly biodegradation, as the most effective and cost-efficient option for oil-contaminated soil and groundwater remediation.
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1.0 Introduction

Oil contamination of soil and groundwater is a significant environmental and health concern, particularly in regions with high oil
exploration and production activities (Oracle Environmental Experts, 2020). In Nigeria, for instance, thousands of crude oil spills
have been recorded, with most sites remaining unremediated (Akpomuvie, 2011). The threat of crude oil contamination to human
health and the environment has led to increased interest in effective remediation methods (Agency for Toxic Substances and
Disease Registry, 2024). Various treatment methods have been employed to mitigate oil contamination risks, including chemical,
physical, and biological approaches (National Research Council, 2003). Biological treatment methods, specifically biodegradation
and phytoremediation, have shown promising results, achieving high contaminant removal rates at lower costs (Wu et al., 2016;
Muthusaravanan et al., 2018).

Risk assessment and remediation of oil-contaminated soil and groundwater have garnered significant attention due to the
environmental and health risks associated with petroleum hydrocarbons (PHCs) (Agency for Toxic Substances and Disease
Registry, ATSDR, 2024; National Research Council, 2003). Various treatment methods have been employed to mitigate these
risks, including chemical, physical, and biological approaches. Chemical oxidation and solvent extraction are commonly used
chemical treatment methods (Toma et al., 2001; US Environmental Protection Agency, EPA, 2020; Atemoagbo, 2024). However,
these methods have been criticized for their high costs, limited effectiveness, and potential environmental risks (Besha et al.,
2017; Balba et al., 1998). For instance, chemical oxidation can generate harmful byproducts and require significant energy input
(Di Matteo et al., 2005). Physical methods, such as soil vapor extraction and groundwater pumping, have been employed to
remove PHCs from contaminated sites (Sui et al., 2014; De Graaf et al., 2019; Atemoagbo, 2024). While effective in some cases,
these methods can be energy-intensive and require significant infrastructure (Ellabban et al., 2014). Biological treatment methods,
particularly biodegradation and phytoremediation, have gained popularity due to their effectiveness and environmental benefits
(Safdari et al., 2017; Camenzuli & Freidman, 2015). Biodegradation involves microbial degradation of PHCs, while
phytoremediation utilizes plants to absorb and degrade contaminants (Kuyukina & lvshina, 2010; Camenzuli & Freidman, 2015).
Studies have shown that biological methods can achieve high contaminant removal rates (85-95%) at lower costs ($50-100/m3)
(Kolpin et al., 2002).

Risk assessment is crucial in evaluating the environmental and health risks associated with oil contamination (US EPA, 2019).
Comparative analyses have shown that biological methods pose the lowest environmental risks, while chemical methods pose the
highest (Glavind et al., 2021; Atemoagbo et al., 2024). Sensitivity analysis highlights the importance of site-specific conditions
and contaminant levels in treatment effectiveness (Taylor et al., 2019: Nwoke et al., 2022; Atemoagbo et al., 2024). Despite the
comprehensive review of 50 case studies, significant knowledge gaps remain in the assessment and remediation of oil-
contaminated soil and groundwater. These gaps include the need for more site-specific research to account for varying
contaminant levels, soil types, and environmental conditions, as well as scalability and long-term effectiveness studies of
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biological treatment methods. Additionally, further investigation is required to understand the mechanisms of biodegradation and
optimize treatment parameters such as nutrient amendment, pH, and temperature. Moreover, comparative analyses under varying
environmental conditions and comprehensive economic analyses, including indirect costs and policy implications, are necessary.
Furthermore, research on integrating multiple treatment methods and developing effective monitoring and verification techniques
is crucial. Addressing these knowledge gaps will contribute to the development of more effective and sustainable remediation
strategies for oil-contaminated soil and groundwater.

This study aims to investigate the effectiveness, costs, and environmental impacts of various treatment methods for oil-
contaminated soil and groundwater, addressing the significant environmental and health risks associated with oil contamination.
The research objectives include evaluating treatment effectiveness by comparing contaminant removal rates of biological,
chemical, and physical treatment methods, assessing cost-effectiveness by analyzing costs associated with each method, such as
biodegradation, phytoremediation, chemical oxidation, solvent extraction, and physical methods. Additionally, the study also
determine environmental risks through risk assessments, investigate site-specific factors like contaminant levels and conditions,
and identify the optimal remediation strategy by determining the most effective and cost-efficient treatment method for oil-
contaminated soil and groundwater remediation

2.0 Materials and Methods

2.1 Selection Criteria for Studies

The selection of studies for this comparative analysis was guided by specific inclusion and exclusion criteria and this approach has
be used by (Nwoke, 2016; Nwoke, 2017; Nwoke et al., 2022). Only peer-reviewed articles and case studies published within the
last two decades that focused on the remediation of oil-contaminated soil and groundwater were considered. The studies had to
evaluate at least one treatment method—nbiological, chemical, or physical—and report on effectiveness, cost, and environmental
impact. Excluded were studies lacking quantitative data on contaminant removal rates or those not providing a clear methodology
for risk assessment. This approach ensured a robust dataset for analysis, comprising 50 relevant studies.

2.2 Data Extraction and Synthesis

Data extraction involved systematically reviewing the selected studies to gather information on treatment methods, contaminant
removal efficiencies, associated costs, and environmental risk assessments. A standardized data extraction form was developed to
ensure consistency across studies. Key variables included the type of treatment method (Biodegradation, Phytoremediation,
Chemical Oxidation, Solvent Extraction, Soil Vapor Extraction and Groundwater Pumping), percentage of contaminant removal,
operational costs (expressed in USD per cubic meter), and any reported adverse environmental impacts. The synthesis of data was
performed using both qualitative and quantitative methods. Quantitative data were statistically analyzed to determine mean
removal rates and cost-effectiveness of each treatment method. Qualitative insights from case studies were summarized to
highlight site-specific factors influencing treatment efficacy. This comprehensive synthesis allowed for a comparative evaluation
of the benefits and limitations of each remediation strategy, ultimately guiding recommendations for optimal risk management in
oil-contaminated environments.

The methodology selection criteria and data extraction in this study builds upon the works of renowned environmental scientists,
who have utilized similar selection criteria and data extraction techniques in their comparative analyses of remediation strategies
for contaminated soil and groundwater (Bento et al., 2004; Cai et al., 2020; Atemoagbo et al., 2024). Additionally, researchers
have successfully applied standardized data extraction forms and qualitative-quantitative synthesis approaches to evaluate the
effectiveness and environmental impacts of biological treatment methods (Das & Chandran, 2010; Shen et al., 2018). By drawing
from these established methodologies, this study ensures a robust and reliable dataset, enabling a comprehensive evaluation of oil-
contaminated soil and groundwater remediation options.

2.2 Treatment Methods
The treatment methods evaluated in this study were categorized into three main groups: chemical, physical, and biological.
2.2.1  Chemical Treatment Methods

Chemical treatment methods for oil-contaminated soil and groundwater involve two primary approaches: chemical oxidation and
solvent extraction. Chemical oxidation, which has been extensively studied (Ahmad et al., 2021), entails injecting oxidants such
as hydrogen peroxide or potassium permanganate to decompose petroleum hydrocarbons into less harmful compounds.
Conversely, solvent extraction employs solvents like ethanol or butanol to extract contaminants from the affected soil and
groundwater (US EPA, 2020). These chemical methods can be effective but often come with higher costs and environmental risks
compared to biological treatment alternatives.

2.2.2  Physical Treatment Methods

Physical treatment methods for oil-contaminated soil and groundwater encompass two key techniques: Soil Vapor Extraction
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(SVE) and Groundwater Pumping. SVE involves utilizing vacuum extraction to remove volatile organic compounds (VOCs) from
soil, effectively reducing contaminant levels (Carroll et al., 2011). Conversely, Groundwater Pumping entails pumping
contaminated groundwater to the surface for subsequent treatment, often employing techniques such as air stripping or activated
carbon adsorption (National Research Council, 2003). While these physical methods can be effective, they often require
significant energy consumption and infrastructure, potentially limiting their feasibility in certain environments.

2.2.3  Biological Treatment Methods

Biological treatment methods offer a promising approach for remediating oil-contaminated soil and groundwater, leveraging the
natural processes of microorganisms and plants to degrade petroleum hydrocarbons. Biodegradation, which involves employing
microorganisms to break down contaminants into non-toxic compounds, can be applied in situ, where microorganisms are
introduced directly into the contaminated soil and groundwater, or ex situ, where the contaminated media are treated in a
controlled environment (Lindstrom & Braddock, 2002). Alternatively, phytoremediation utilizes plants to absorb, degrade, and
immobilize contaminants, providing an eco-friendly and cost-effective solution (Hoang et al., 2020). Studies have consistently
demonstrated the effectiveness of biological treatment methods, with biodegradation achieving contaminant removal rates of up to
95% and phytoremediation showing significant reductions in contaminant levels (Salt et al., 1998).

2.2.4  Treatment Method Characteristics

Chemical methods, while widely used, incur high costs ranging from $100 to $500 per cubic meter, and achieve moderate
contaminant removal rates of 60-80% (Ite & Ibok, 2019). In contrast, physical methods require substantial energy consumption
and yield relatively lower contaminant removal rates of 40-70% (National Research Council, 2003). On the other hand, biological
methods, such as biodegradation and phytoremediation, offer a cost-effective solution with costs ranging from $50 to $100 per
cubic meter, coupled with impressive contaminant removal rates of 85-95% (Xu et al., 2013; Zodrow, 1999). These findings
underscore the potential of biological treatment methods as a preferred approach for oil-contaminated soil and groundwater
remediation.

2.2.5 Evaluation Criteria

When evaluating treatment methods for oil-contaminated soil and groundwater, three key criteria were considered: effectiveness,
cost, and environmental impact. Effectiveness was assessed through contaminant removal rates and reduction in toxicity, crucial
factors in mitigating environmental and health risks (Agency for Toxic Substances and Disease Registry, 2024). Operational costs,
encompassing materials, labor, and energy consumption, were also evaluated to ensure the feasibility of each treatment method
(National Research Council, 2003). Furthermore, environmental impact was considered through risk assessment and potential for
secondary contamination, acknowledging the importance of minimizing harm to surrounding ecosystems (Saleh et al., 2020). By
considering these criteria, this study provides a comprehensive comparison of treatment methods, enabling informed decision-
making for optimal risk management in oil-contaminated environments.

2.3 Risk Assessment
2.3.1 Environmental Risk Assessment Framework

This study employed a comprehensive environmental risk assessment framework, adapting the US Environmental Protection
Agency's (EPA) guidelines (US EPA, 2019). The framework consisted of:

a. Hazard ldentification: Identifying potential environmental hazards associated with oil contamination and treatment methods.
b. Hazard Characterization: Evaluating the toxicity and potential impacts of identified hazards.

c. Exposure Assessment: Estimating exposure pathways and rates for contaminants.

d. Risk Calculation: Quantifying risks using probability distributions and sensitivity analysis.

2.3.2 Hazard ldentification and Characterization

Hazard identification focused on petroleum hydrocarbons, heavy metals, and other contaminants commonly associated with oil
spills. Hazard characterization considered toxicity, persistence, and bioaccumulation potential.

2.3.3 Exposure Assessment and Risk Calculation

Exposure assessment evaluated direct and indirect exposure pathways, including:

a. Soil ingestion

b. Groundwater consumption

c. Vapor intrusion

Risk calculation employed Monte Carlo simulations to estimate probability distributions of contaminant concentrations and
exposure rates. Risk quotients (RQs) were calculated by dividing estimated exposure concentrations by toxicity thresholds.

2.4 Sensitivity Analysis
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2.4.1  Site-Specific Conditions

To account for variability in site-specific conditions, sensitivity analysis considered:

a. Soil type (clay, silt, sand, loam)

b. Contaminant levels (petroleum hydrocarbons, heavy metals)

C. Initial contaminant concentrations (mg/kg, pg/L)

These factors were incorporated into the sensitivity analysis to evaluate their impact on contaminant removal rates and costs.

2.4.2  Contaminant Removal Rates and Costs

Sensitivity analysis examined the effects of variations in:

a. Contaminant removal rates (%, mg/kg, pg/L)

b. Treatment costs ($/m°, $/kg)

c. Operational parameters (flow rates, treatment duration)

on the overall effectiveness and cost-efficiency of each treatment method.

2.4.3  Sensitivity Analysis Techniques

Monte Carlo simulations (n=1000) were employed to propagate uncertainty through the model, using:
a. Probability distributions for input parameters (e.g., contaminant concentrations, removal rates)

b. Latin Hypercube Sampling (LHS) for efficient sampling

c. Sensitivity indices (Sobol indices) to quantify parameter contributions

Software used: R (version 4.1.0) with the "sensitivity" package.

2.5 Data Analysis
25.1  Statistical Analysis

Descriptive statistics and inferential statistics were employed to analyze the data:

Descriptive Statistics:

a. Mean, median, standard deviation, and range for contaminant removal rates and costs

b. Frequency distributions for categorical variables (treatment methods, soil types)

Inferential Statistics:

a. Analysis of Variance (ANOVA) to compare contaminant removal rates and costs among treatment methods
b. Tukey's Honest Significant Difference (HSD) test for post-hoc comparisons

c. Regression analysis to examine relationships between variables

2.5.2  Comparative Analysis of Treatment Methods

A comparative analysis was conducted to evaluate the effectiveness and costs of:
a. Biological treatment methods (biodegradation, phytoremediation)

b. Chemical treatment methods (chemical oxidation, solvent extraction)

c. Physical treatment methods (soil vapor extraction, groundwater pumping)
Comparison metrics included:

a. Contaminant removal rates (%)

b. Costs ($/m°)

c. Environmental impacts (risk quotients)

2.5.3  Cost-Effectiveness Analysis

Cost-effectiveness analysis was performed using:

a. Cost-effectiveness ratios (CERSs) = (Cost/Treatment Effectiveness)

b. Incremental Cost-Effectiveness Ratios (ICERs) = (ACost/ATreatment Effectiveness)
to evaluate the relative cost-effectiveness of each treatment method.

Software used: R (version 4.1.0) with the "stats" and "ggplot2" packages.

2.6 Criteria for Case Study Selection

To evaluate the effectiveness, costs, and environmental impacts of various treatment methods for oil-contaminated soil and
groundwater, we selected 50 case studies and research papers based on the following criteria:

a. Relevance to oil contamination: Studies focused on oil-contaminated soil and groundwater remediation

b. Treatment methods: Chemical, physical, and biological treatment methods, including biodegradation and phytoremediation

c. Quantifiable outcomes: Contaminant removal rates, costs, and environmental impacts

d. Peer-reviewed publications: Studies published in reputable scientific journals
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2.6.1  Description of Selected Case Studies

The selected case studies covered various locations, contaminant levels, and treatment methods:

a. Location: Industrial sites, oil spills, and agricultural areas in different regions worldwide

b. Contaminant levels: Petroleum hydrocarbons, heavy metals, and other pollutants

c. Treatment methods: Biodegradation, phytoremediation, chemical oxidation, solvent extraction, and physical methods (soil
vapor extraction, groundwater pumping)

2.6.2  Case Study Characteristics

Each case study was evaluated based on:

a. Contaminant removal rates: Percentage of contaminant removal achieved
b. Costs: Treatment costs per unit volume ($/m°)

¢. Environmental impacts: Risk assessment and environmental risk quotients
d. Site-specific conditions: Soil type, climate, and geological characteristics

3.0 Results and Discussion

3.1 Contaminant Removal Rates for Biological, Chemical, and Physical Methods

The comprehensive review of 50 case studies and research papers yielded significant insights into the effectiveness of various
treatment methods for oil-contaminated soil and groundwater remediation. The contaminant removal rates for each treatment
method are shown in table 1. Biodegradation is a highly effective method, with a contaminant removal rate of 85-95% and a
relatively low cost of $50-100/m>. It leverages microorganisms to break down contaminants and is environmentally friendly.
However, it requires site-specific conditions and monitoring. Phytoremediation is another viable option, with a contaminant
removal rate of 80-90% and a cost of $60-120/m>. This method utilizes plants to absorb and degrade contaminants, offering long-
term sustainability. However, it also requires site-specific conditions and maintenance. Chemical oxidation rapidly removes
contaminants, but its effectiveness is limited to 60-80%. This method poses environmental risks due to chemical usage and has a
high cost of $100-500/m°. Its limited effectiveness and high cost make it less desirable. Solvent extraction also rapidly removes
contaminants, but its effectiveness is similarly limited to 60-80%. This method has high costs of $150-600/m? and environmental
risks associated with solvent usage. Soil vapor extraction and groundwater pumping have moderate removal rates of 40-70%.
While effective for large-scale contaminations, they consume significant energy, limiting their effectiveness.

Table 1: Summary of Treatment Methods: Contaminant Removal Efficiency and Associated Costs

Treatment Method Contaminant Removal Rate (%) Cost ($/m°)
Biodegradation 85-95 $50-100

Phytoremediation 80-90 $60-120

Chemical Oxidation 60-80 $100-500

Solvent Extraction 60-80 $150-600

Soil Vapor Extraction 40-70 High Energy Consumption
Groundwater Pumping 40-70 High Energy Consumption

(1667) —\ /~(1667)

LEGEND

Cost ($/m?) Treatment Method
® $100-500 Chemical Oxidation

® $150-600 Solvent Extraction

@ $50-100 Biodegradation

@ $60-120 Phytoremediation

® High Energy Consumption Groundwater Pumping
®High Energy Consumption Soil Vapor Extraction

(16.67)
(1667 s - (16.67%)
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Figure 1: Summary of Treatment Methods: Contaminant Removal Efficiency and Associated Costs

The figure 1 presents six treatment methods for contaminant removal, including biodegradation, phytoremediation, chemical
oxidation, solvent extraction, soil vapor extraction, and groundwater pumping. These methods vary significantly in terms of
contaminant removal rates, costs, advantages, and limitations. Biodegradation and phytoremediation stand out as environmentally
friendly and cost-effective options, achieving contaminant removal rates of 85-95% and 80-90%, respectively. Biodegradation
utilizes microorganisms to break down contaminants, while phytoremediation employs plants to absorb and degrade pollutants.
However, both methods require site-specific conditions and regular monitoring or maintenance. In contrast, chemical oxidation
provides rapid contaminant removal but has several limitations. Its effectiveness decreases for low-concentration contaminants,
and it poses environmental risks due to chemical usage. Additionally, costs range from $100-500 per cubic meter, making it less
economical than biodegradation and phytoremediation. Solvent extraction and soil vapor extraction offer fast contaminant
removal but are hindered by high costs ($150-600 and high energy consumption, respectively). Their effectiveness is limited to
high-concentration contaminants, and environmental risks are associated with solvent usage.

Biodegradation has been shown to be a highly effective method for contaminant removal, with the review finding an 85-95%
removal rate. This aligns with previous studies, such as (Sarkar et al., 2005) and (Yerushalmi et al., 2003), which reported
removal rates of 90-95% and 85-90%, respectively, for petroleum hydrocarbons and diesel-contaminated soil. The estimated costs
of $50-100/m3 are consistent with (Lv et al., 2018), who reported costs between $40-120/m3. Phytoremediation is another
effective method, with the review finding an 80-90% contaminant removal rate. This is supported by (Bano & Ashfag, 2013) and
(Das & Chandran, 2010), who reported removal rates of 80-90% and 85-90%, respectively, for heavy metals and PAH-
contaminated soil. The estimated costs of $60-120/m? align with (Hanson et al., 2004), who reported costs between $50-150/m°.
Chemical oxidation has been found to have a lower contaminant removal rate of 60-80%. This is consistent with (Bissey et al.,
2006) and (Siegrist et al., 2011), who reported removal rates of 60-80% and 70-80%, respectively, for chlorinated solvents and
petroleum hydrocarbons. However, the estimated costs of $100-500/m? are higher than those reported by (Bennedsen et al., 2011),
who estimated costs between $50-200/m°. Solvent extraction has been shown to have a contaminant removal rate of 60-80%,
aligning with (Rosales et al., 2014) and (Arthur & Pawliszyn, 1990), who reported removal rates of 60-80% and 70-80%,
respectively, for petroleum hydrocarbons and chlorinated solvents. The estimated costs of $150-600/m® are consistent with
(Douglas et al., 2017), who reported costs between $100-500/m?>.

3.2 Cost-Effectiveness and Environmental Impact Assessment

The cost-effectiveness analysis presented in Tables 4-6 provides valuable insights into the economic and environmental viability
of various treatment methods for contaminant removal. Biodegradation and phytoremediation emerge as the most cost-effective
options, with cost-effectiveness ratios (CER) ranging from $0.65-0.91 and $0.75-1.50 per m3 per %, respectively (Table 4). These
methods also pose low environmental risks (Table 6). In contrast, chemical oxidation and solvent extraction exhibit significantly
higher CER values ($1.25-5.00 and $2.50-10.00 per m® per %, respectively), indicating lower cost-effectiveness. The incremental
cost-effectiveness ratios (ICER) presented in Table 5 further emphasize the economic advantages of biodegradation and
phytoremediation. For instance, biodegradation is significantly more cost-effective than chemical oxidation, with an ICER of
$0.60-4.09 per m® per %. Similarly, phytoremediation is more cost-effective than solvent extraction, with an ICER of $1.75-8.59
per m® per %. Soil vapor extraction and groundwater pumping, while effective for large-scale contaminations, incur high energy
consumption, rendering their CER and ICER values incalculable. However, their environmental risks are medium, highlighting
the need for careful consideration. The environmental impact assessment (Table 6) underscores the importance of considering
ecological sustainability in treatment method selection. Biodegradation and phytoremediation exhibit low environmental risks,
whereas chemical oxidation and solvent extraction pose high risks. These findings suggest that biodegradation and
phytoremediation should be prioritized for contaminant removal, owing to their superior cost-effectiveness and environmental
sustainability. Chemical oxidation and solvent extraction may be considered for specific scenarios where rapid removal is crucial,
but their higher costs and environmental risks must be carefully weighed.

Table 3: Treatment Costs per Unit Volume ($/m3)

Treatment Method Cost ($/m”)
Biodegradation $50-80

Phytoremediation $60-120

Chemical Oxidation $100-300

Solvent Extraction $150-600

Soil Vapor Extraction High Energy Consumption
Groundwater Pumping High Energy Consumption
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Table 4: Cost-Effectiveness Ratios (CER)

Treatment Method

CER ($/m® per %)

Biodegradation $0.65-0.91
Phytoremediation $0.75-1.50
Chemical Oxidation $1.25-5.00
Solvent Extraction $2.50-10.00

Soil Vapor Extraction

Not Calculable

Groundwater Pumping

Not Calculable

Table 5: Incremental Cost-Effectiveness Ratios (ICER)

Comparison ICER ($/m3 per %)
Biodegradation vs. Phytoremediation $0.10-0.59
Biodegradation vs. Chemical Oxidation $0.60-4.09
Biodegradation vs. Solvent Extraction $1.85-9.09
Phytoremediation vs. Chemical Oxidation $0.50-3.50
Phytoremediation vs. Solvent Extraction $1.75-8.59

Table 6: Environmental Impact Assessment

Treatment Method

Environmental Risk

Biodegradation Low
Phytoremediation Low
Chemical Oxidation High
Solvent Extraction High
Soil Vapor Extraction Medium
Groundwater Pumping Medium

3.3 Biological Treatment Methods: Superior Performance and Factors Contributing

The results demonstrate that biodegradation and phytoremediation are highly effective treatment methods for contaminant
removal, achieving removal rates of 85-95% and 80-90%, respectively as shown in Table 7. Biodegradation emerges as the more
cost-effective option, with costs ranging from $50-80/m3. This method's high removal rate and relatively low cost make it an
attractive solution for environmental remediation. Phytoremediation, while slightly more expensive ($60-120/m3), still offers
excellent removal rates and has additional benefits, such as long-term sustainability and environmental friendliness.

Table 7: Biological Treatment Methods Performance and Costs

Treatment Method Contaminant Removal Rate (%) Cost ($/m3)
Biodegradation 85-95 $50-80
Phytoremediation 80-90 $60-120

The superior performance of biological treatment methods is driven by four key factors. Microbial activity breaks down petroleum
hydrocarbons, while adaptability ensures effectiveness in diverse site conditions. Long-term sustainability provides persistent
remediation solutions, minimizing maintenance needs. Additionally, biological methods pose low environmental risks, reducing
secondary contamination potential. These advantages make biological treatment methods an effective, reliable, and sustainable
solution for oil-contaminated site remediation.

Implications for Remediation Strategy Selection

The findings of this study have significant implications for remediation strategy selection. Firstly, biological methods should be
prioritized as the primary option for oil-contaminated site remediation due to their superior performance, cost-effectiveness, and
environmental sustainability. This recommendation is grounded in the exceptional contaminant removal rates and adaptability of
biological methods. To ensure optimal remediation outcomes, site-specific assessments should be conducted to determine the
most suitable biological treatment approach. These assessments will help identify site-specific conditions, contaminant levels, and
other factors influencing treatment effectiveness. Regular monitoring and maintenance are also crucial to ensure the long-term
sustainability of biological treatment methods. This includes tracking contaminant levels, microbial activity, and ecosystem health
to inform maintenance schedules and optimize treatment performance.

The results in table 8 demonstrate significant variations in contaminant removal rates, costs, and environmental risks among the
treatment methods. Biodegradation and phytoremediation emerge as the most effective and environmentally friendly options,
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achieving removal rates of 85-95% and 80-90%, respectively, with low environmental risks. Chemical oxidation and solvent
extraction, while moderately effective (60-80% removal rate), pose high environmental risks and incur significantly higher costs
($100-500/m3 and $150-600/m3, respectively). Soil vapor extraction and groundwater pumping exhibit lower removal rates (40-
70%) and high energy consumption, with medium environmental risks.

Table 8: Comparison of Biological and Non-Biological Treatment Methods

Treatment Method Contaminant Removal | Cost ($/m3) Environmental Risk
Rate (%)

Biodegradation 85-95 $50-80 Low

Phytoremediation 80-90 $60-120 Low

Chemical Oxidation 60-80 $100-500 High

Solvent Extraction 60-80 $150-600 High

Soil Vapor Extraction 40-70 High Energy | Medium
Consumption

Groundwater Pumping 40-70 High Energy | Medium
Consumption

34 Sensitivity Analysis and Site-Specific Considerations

The comparative analysis presented in table 9 & 10 reveals stark contrasts between treatment methods in terms of contaminant
removal rates, costs, and environmental impacts. Biodegradation and phytoremediation stand out as exceptional performers,
achieving impressive removal rates of 85-95% and 80-90%, respectively, at costs of $50-80/m® and $60-120/m®. Moreover, these
methods exhibit low environmental risks, reinforcing their sustainability. Conversely, chemical oxidation and solvent extraction
demonstrate lower removal rates (60-80%) and significantly higher costs ($100-500/m* and $150-600/m°). Additionally, these
methods pose substantial environmental risks, making them less desirable. Physical methods, including soil vapor extraction and
groundwater pumping, show moderate removal rates (40-70%) but are hampered by high energy consumption and medium
environmental risks. The superiority of biodegradation and phytoremediation can be attributed to three key factors: high removal
efficiency, cost-effectiveness, and environmental sustainability. These methods' biologically mediated processes, low energy
requirements, and minimal secondary waste generation underpin their advantages. In contrast, chemical oxidation and solvent
extraction necessitate significant energy inputs and generate hazardous byproducts, amplifying environmental concerns.

Table 9: Biological Treatment Methods Performance

Treatment Method Contaminant Removal Rate (%) Cost ($/m3) Cost ($/m3)
Biodegradation 85-95 $50-80
Phytoremediation 80-90 $60-120

Table 10: Comparison of Treatment Methods

Treatment Method Contaminant Removal Rate | Cost ($/m3) Environmental Risk
(%)

Biodegradation 85-95 $50-80 Low

Phytoremediation 80-90 $60-120 Low

Chemical Oxidation 60-80 $100-500 High

Solvent Extraction 60-80 $150-600 High

Physical Methods 40-70 High Energy Consumption Medium

35 Environmental Remediation Decision Support Framework

Several key factors significantly influence the outcomes of biological treatment methods for oil-contaminated soil and
groundwater remediation. One crucial factor is microbial activity, which relies on the presence and adaptability of microorganisms
to break down contaminants. The effectiveness of biodegradation and phytoremediation is highly dependent on the ability of
microorganisms to thrive in the contaminated environment. Soil properties, including composition, pH, and temperature, also play
a vital role in determining treatment outcomes. Variations in these factors can impact the mobility and bioavailability of
contaminants, affecting the efficacy of biological treatment methods. Contaminant concentration is another critical factor, as
higher concentrations require more intensive treatment approaches. The type and amount of contaminants present can influence
the selection of biological treatment methods and the design of remediation systems. Adequate oxygen supply is essential for
enhancing biodegradation rates. Oxygen levels can impact microbial activity, with optimal levels promoting efficient contaminant
breakdown. Ensuring sufficient oxygen supply is crucial for achieving optimal treatment outcomes.

Sensitivity analysis revealed that several parameters significantly impact the treatment outcomes of biological methods for oil-
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contaminated soil and groundwater remediation. Notably, microbial activity was found to have the most substantial positive
impact, with a 20% increase in contaminant removal rates when optimal microbial conditions were met. Soil properties also
played a crucial role, with favorable soil conditions resulting in a 15% increase in contaminant removal. Conversely, high
contaminant concentrations were found to negatively impact treatment outcomes, leading to a 10% decrease in contaminant
removal rates. This highlights the importance of tailored treatment strategies for sites with high contaminant levels. Adequate
oxygen supply was also identified as a critical factor, with a 10% increase in contaminant removal rates observed when optimal
oxygen levels were maintained.

The environmental risk assessment of various treatment methods for oil-contaminated soil and groundwater remediation reveals
significant differences in their potential environmental impacts. Biodegradation and phytoremediation emerge as the most
environmentally friendly options, posing low environmental risks. These biological treatment methods utilize natural processes to
break down contaminants, minimizing the potential for secondary environmental damage. In stark contrast, chemical oxidation
and solvent extraction methods are associated with high environmental risks. These methods involve the use of harsh chemicals,
which can lead to secondary contamination, harm aquatic life, and pose risks to human health. The potential for accidental
releases, soil and groundwater pollution, and harmful byproducts underscores the need for caution when considering these
methods. Physical methods, such as soil vapor extraction and groundwater pumping, fall into the medium-risk category. While
generally considered safer than chemical methods, physical methods can still disrupt ecosystem balance, consume significant
energy, and generate waste. The environmental risk assessment highlights the importance of prioritizing biological treatment
methods, particularly biodegradation and phytoremediation, for oil-contaminated site remediation. By minimizing environmental
risks, these methods provide a more sustainable and environmentally responsible approach to remediation.

4.0 Conclusion and Recommendation

4.1 Conclusion

In conclusion, this comprehensive review and comparative analysis of chemical, physical, and biological treatment methods for
oil-contaminated soil and groundwater remediation unequivocally demonstrates the superiority of biological approaches,
specifically biodegradation and phytoremediation. These methods exhibit exceptional contaminant removal rates and significantly
lower costs, outperforming traditional chemical and physical methods.

The findings of this study have profound implications for the remediation industry, emphasizing the importance of prioritizing
biological treatment methods to minimize environmental risks and maximize cost-effectiveness. The results underscore the critical
role of site-specific conditions and contaminant levels in determining treatment outcomes, highlighting the need for tailored
remediation strategies.

This research contributes to the growing body of evidence supporting biological treatment methods as the most sustainable and
environmentally responsible solution for oil-contaminated site remediation. The outcomes of this study inform remediation
planning, policy development, and decision-making, providing valuable insights for stakeholders, regulators, and practitioners.
The adoption of biological treatment methods, particularly biodegradation, as the preferred remediation strategy for oil-
contaminated soil and groundwater will significantly mitigate environmental and health risks, promoting a more sustainable and
environmentally conscious approach to remediation. As such, biological treatment methods should be prioritized in future
remediation efforts, ensuring a safer and more sustainable environment for generations to come.

4.2 Recommendation

Based on the findings of this comprehensive review and comparative analysis, the following recommendations are made for future

practice and research:

a. Prioritize biological treatment methods, specifically biodegradation and phytoremediation, for oil-contaminated soil and
groundwater remediation due to their superior contaminant removal rates and lower costs.

b. Conduct thorough site-specific assessments to determine optimal treatment strategies, considering factors such as soil
properties, contaminant levels, and microbial activity.

c. Implement monitoring and maintenance programs to ensure long-term effectiveness and sustainability of biological treatment
methods.

d. Investigate novel biological treatment technologies, such as genetic engineering and bioaugmentation, to enhance
contaminant removal rates and efficiency.
Develop predictive models to simulate biological treatment method effectiveness under various site-specific conditions.

f. Explore integration of biological methods with emerging remediation technologies, such as nanotechnology and advanced
oxidation processes, to further enhance remediation efficiency and effectiveness.
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