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ABSTRACT: Petroleum-contaminated soil is a significant environmental concern caused by 

oil spills, leakage from storage tanks, industrial discharges, and improper disposal of petroleum 

products during extraction, refining, and transportation processes. Globally, approximately 6 

million tonnes of petroleum are released into the environment each year, leading to soil 

contamination that poses toxic risks to groundwater, ecosystems, plant life, and human health. 

The primary aim of this paper is to evaluate the effectiveness and potential of microbial 

bioremediation for treating petroleum-contaminated soils, offering a sustainable alternative to 

conventional methods. Traditional remediation approaches such as soil excavation, washing, 

chemical oxidation, and incineration are often expensive and environmentally disruptive. In 

contrast, bioremediation using microbes is cost-effective, sustainable, and environmentally 

friendly. Several microbial strategies are discussed, including natural attenuation, 

bioaugmentation, and biostimulation. Natural attenuation relies on indigenous microbes, 

whereas bioaugmentation involves adding hydrocarbon-degrading microbes, and 

biostimulation enhances microbial activity by supplying nutrients. Among these, 

bioaugmentation and biostimulation are generally more effective than natural attenuation in 

degrading petroleum hydrocarbons. However, microbial bioremediation faces challenges such 

as long treatment durations, incomplete degradation with free microbes, and the need for site-

specific optimal conditions. Future research should focus on enhancing microbial efficacy 

through genetic engineering or microbial consortia, developing faster, site-specific solutions, 

assessing long-term ecological impacts, and integrating bioremediation with other green 

technologies. Overall, microbial bioremediation presents a promising strategy for the 

sustainable management of petroleum-contaminated soils due to its low cost, minimal 

environmental impact, and adaptability. Key topics addressed include the environmental 

impact of petroleum pollution, conventional and biological remediation techniques, 
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comparative effectiveness, and future development needs. The relevant keywords are: 

bioremediation, petroleum hydrocarbons, bioaugmentation, soil contamination, and microbial 

degradation.  

KEYWORDS: Bioremediation; petroleum hydrocarbons; bioaugmentation; soil 

contamination; microbial degradation 

1. Introduction 

The term "petroleum" is derived from the Latin words petra (meaning "rock") and oleum 

(meaning "oil"), translating to "rock oil" or "oil from the earth." It is also commonly referred 

to as crude oil, a naturally occurring fossil fuel extracted from underground reservoirs or found 

seeping at the Earth’s surface. Petroleum is formed over millions of years through the 

decomposition of ancient marine organisms and organic matter such as bacteria, plankton, 

algae, and plants. These materials were buried under layers of sediment, subjected to immense 

heat, pressure, and geological processes that transformed them into complex hydrocarbon 

mixtures [1]. 

Petroleum plays a critical role in modern society, serving two primary purposes: as a 

major fuel source and as a raw material for synthesizing various organic compounds. It is the 

world’s leading energy source, providing fuel for heating, electricity generation, and as a power 

source for internal combustion engines in vehicles, ships, and airplanes. Additionally, around 

80% of global organic chemicals are derived from petroleum, forming the basis for essential 

products such as gasoline, diesel, and kerosene. Beyond fuels, petroleum is also used to 

manufacture asphalt, pharmaceuticals, plastics, synthetic fibers, fertilizers, pesticides, and 

personal care items such as clothing, perfumes, cosmetics, and soap [2]. 

In 2023 alone, global daily oil consumption reached approximately 100.2 million barrels, 

marking a 3% increase from the previous year [3]. The United States and China were the top 

consumers, using up to 19.1 and 14.3 million barrels per day in 2022, respectively [4]. 

Malaysia, although a smaller player in the global market, accounted for about 0.7% of global 

consumption, equivalent to 708,000 barrels per day [5]. In addition to its consumption, 

Malaysia was a key petroleum producer, extracting around 660,000 barrels per day [6]. This 

dual role in petroleum production and consumption underscored the importance of effective 

petroleum management and remediation strategies to ensure environmental sustainability and 

reduce potential ecological damage. 

Petroleum is typically described as a foul-smelling, yellow-to-black liquid extracted from 

underground reservoirs. It consists of hydrocarbons in various forms: gaseous, liquid, and solid 

[2]. These hydrocarbons, over 17,000 distinct compounds varying in molecular weight and 

structure, are broadly classified into three main categories: alkanes (paraffins), cycloalkanes 

(naphthenes), and polycyclic aromatic hydrocarbons (PAHs) [7]. Alkanes, the largest group, 

account for approximately 90% of petroleum and include compounds such as methane, ethane, 

pentane, and octane, which are valuable for producing diesel and kerosene. Cycloalkanes, with 

their characteristic ring structures, include toluene, xylene, cyclopentane, and cyclohexane. 

PAHs, made up of multiple aromatic rings, include compounds like naphthalene, biphenyl, 

anthracene, and benzopyrene [2, 7]. Table 1 provides a summary of these hydrocarbon groups, 

which are critical for understanding petroleum's composition and its environmental impacts. 
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Table 1. Major hydrocarbon compounds in petroleum. 

Compound Type Description Examples 

Aromatic Hydrocarbons Compounds with fused benzene rings Naphthalene, Anthracene, Pyrene 

Aliphatic Hydrocarbons Non-aromatic, open-chain hydrocarbons Alkanes, Alkenes  

Heterocyclic Aromatics Aromatic rings containing heteroatoms (N, S, 

O) 

Quinoline (N), Dibenzothiophene (S), 

Furan (O) 

Nitrogen-Containing PAHs (N-

PAHs) 

PAHs with nitrogen atoms incorporated Quinoline, Acridine 

Sulfur-Containing PAHs (S-

PAHs) 

PAHs with sulfur atoms Dibenzothiophene 

Oxygen-Containing PAHs (O-

PAHs) 

PAHs with oxygen atoms Benzofuran 

 

2. Occurrence and Fate of Petroleum-Contaminated Soil 

Petroleum was among the most common soil pollutants globally due to various sources in 

petroleum exploitation, production, refining, transportation, and storage. The release of 

petroleum into the environment was caused either accidentally or by anthropogenic activities, 

such as petroleum spills, leakage from storage tanks, wastewater from oil extraction, industrial 

discharge, stacking of oily slag and sludge, vehicle exhaust emissions, petroleum exploration, 

improper disposal of petroleum products, and other pollution sources [8]. These activities 

allowed petroleum pollutants to permeate or infiltrate the soil, contaminating the environment. 

Studies showed that approximately 6 million tonnes of petroleum had been released into the 

environment worldwide, harming flora, fauna, and human health [9]. Another study reported 

that global petroleum leakage reached about 600,000 tons annually, contaminating 3.5 million 

locations in Europe [10, 11]. 

When petroleum entered the environment, it could be transported vertically and 

horizontally through soil due to rainfall, facilitating leaching and runoff. As rainwater 

infiltrated the soil, petroleum moved into deeper layers, potentially reaching groundwater. It 

could also spread horizontally across the soil surface, particularly in sloped or porous soils. 

Petroleum flowed through the soil matrix as a contact front, advancing when the soil was moist 

or wet [12, 13]. Due to its high hydrophobicity, petroleum was absorbed by soil particles, 

displacing water molecules and reducing oxygen and water infiltration in contaminated soil. 

Petroleum hydrocarbons had strong sorption and affinity for soil organic matter [14, 15]. 

Generally, hydrocarbons with lower molecular weights were more volatile and penetrated 

groundwater more easily than heavier hydrocarbons. However, their permeability and 

volatilization depended on soil properties such as hydraulic conductivity, compaction, 

vegetation, and climate conditions [10, 16]. 

3. Impact of Petroleum  

Petroleum, which contained numerous toxic substances such as alkanes, cycloalkanes, and 

PAHs, posed risks to ecosystems and human health by polluting soil and groundwater. Soil 

contamination by petroleum led to long-term environmental issues, including soil degradation 

and groundwater pollution, which harmed soil quality, plant life, and human health. Petroleum 

degraded the physical and chemical properties of soil, as well as its ecological structure and 

function, altering hydrophobicity, moisture content, pH levels, total organic carbon, nitrogen 

and potassium content, and enzyme activity (catalase, dehydrogenase, and urease) [12, 17]. 
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One negative effect of petroleum contamination was a change in soil color from dark 

brown to gray, which reduced light reflectivity and increased soil heating [18]. The 

hydrophobic coating from high-molecular-weight petroleum substances impaired the soil’s 

ability to absorb and retain moisture. This resulted in significant losses in water conductivity 

and capacity, further increasing soil hydrophobicity. Consequently, the outer contaminated soil 

layer dried out, while the inner uncontaminated layers retained excessive moisture, disrupting 

air and water conditions and affecting anaerobic processes [19, 20]. 

Poor water conditions decreased nutrient solubility and availability for plants, inhibiting 

nitrification and ammonification. Additionally, petroleum could increase soil pH when sodium 

ions entered the soil sorption complex, displacing pH-balancing ions—a phenomenon often 

observed near petroleum-contaminated water sources [21, 22]. 

3.1. Effects on plants. 

Petroleum also had toxic effects on plants. As contamination increased, soil porosity and 

permeability decreased, while hydrophobicity rose, inhibiting root growth. A study showed 

that at a petroleum concentration of 7,791 mg/kg, the root length of Sinapis alba, Sorghum 

saccharatum, and Lepidium sativum decreased by 42.3%, 47.3%, and 65.1%, respectively [23]. 

Petroleum contaminants could penetrate plant surfaces and spread through intracellular spaces 

and vascular systems, reaching roots, leaves, and fruits. This stunted plant growth, reducing 

stem length, plant height, leaf area, and aboveground tissue length due to nutrient and oxygen 

deficiencies in contaminated soil [24, 25]. 

3.2. Human health risks. 

Exposure to petroleum whether through inhalation, skin contact, or ingestion of contaminated 

air, water, or food, posed serious health risks. Many petroleum components, such as benzene 

and PAHs, were toxic, carcinogenic, and mutagenic, harming kidney and liver function and 

increasing cancer risk [26]. Prolonged exposure to petroleum-contaminated environments 

could also cause fatigue, respiratory problems, headaches, eye irritation, and a higher risk of 

miscarriages in women [27]. 

4. Remediation  

Various remediation methods or soil clean-up strategies consisted of physical, chemical, 

thermal, and biological methods. The available and commonly used remediation methods are 

summarised in Table 1. In physical remediation, excavating petroleum-contaminated soil had 

been the fastest and simplest method to remove petroleum pollutants from a contaminated site. 

Typically, the contaminated soil was excavated, transported, and disposed of in appropriate 

landfills. While excavation provided an immediate solution for removing contaminants, it 

carried significant drawbacks. The primary disadvantage of excavation was its high cost, 

including expenses for transporting and disposing of the contaminated soil, as well as the cost 

of acquiring clean material to backfill the excavated area. Moreover, the long-term viability of 

the disposed material in landfills raised concerns about potential secondary pollution [7, 28]. 

Another physical method, soil washing, involved flushing petroleum-contaminated soil 

with organic solvents such as ethanol-water or ethyl acetate-acetone-water mixtures to extract 

hydrocarbons. This method had been simple in principle and demonstrated high effectiveness 
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in hydrocarbon removal. However, it was often costly and time-consuming, requiring careful 

handling of the wash fluids and the need for further treatment of the wash effluent to prevent 

secondary contamination [29, 30]. 

Table 1. Remediation methods for petroleum-contaminated soil. 

Remediation Method Advantages Disadvantages References 

Physical Methods: 
   

Excavation • Fast and immediate removal of highly 

contaminated soil. 

• Suitable for sites with severe contamination 

where in-situ methods are impractical. 

• Can be combined with off-site treatment. 

• Environmentally disruptive, removes large 

volumes of soil, affecting ecosystems. 

• Requires secure disposal or treatment at 

landfills. 

• High cost for excavation, transportation, 

and disposal. 

• Limited sustainability due to reliance on 

landfill capacity. 

[7, 28] 

Soil Washing • Effective for reducing contaminant 

concentrations in soils with coarse particles. 

• Can recover and reuse valuable materials in 

some cases. 

• Relatively simple in concept and operation. 

• High cost due to equipment and chemical 

use. 

• Less effective for clay-rich or fine-textured 

soils. 

• Time-consuming process. 

• Generates contaminated wash water 

requiring further treatment. 

[29, 30] 

Chemical Methods: 
   

Chemical Oxidation • Rapid degradation of a wide range of 

organic contaminants. 

• Can achieve significant contaminant 

removal in a short time. 

• Applicable for both in-situ and ex-situ 

treatments. 

• High cost of chemical reagents  

• Risk of secondary pollution from excess 

chemicals and by-products. 

• May lead to incomplete degradation if 

conditions are not optimal. 

• Potential for leaching into groundwater. 

[12, 31, 32] 

Thermal Methods: 
   

Incineration • Complete destruction of organic 

contaminants. 

• Suitable for diverse and complex pollutant 

mixtures. 

• Reduces volume of waste. 

• Extremely high energy demand and 

operational costs. 

• Can release toxic gases if combustion is 

incomplete. 

• Requires air pollution control systems to 

minimize emissions. 

• Not suitable for in-situ application. 

[33, 34, 35] 

Biological Methods: 
   

Bioremediation • Environmentally friendly and sustainable. 

• Cost-effective, especially for large or low-

concentration contamination sites. 

• Can access micropores and soil aggregates 

where contaminants are trapped. 

• Minimal site disruption compared to 

physical methods. 

• Slow process, may take months or years. 

• Sensitive to environmental factors 

(temperature, pH, nutrients, oxygen). 

• Limited effectiveness for high contaminant 

concentrations. 

• May not fully degrade all petroleum 

fractions. 

[36, 37] 

 

Despite the numerous advantages of bioremediation, significant challenges remained in 

its practical application for treating petroleum contaminants in soil. One major limitation of 

microbial bioremediation was the relatively long remediation periods required to achieve 

substantial pollutant degradation. Unlike physical methods such as excavation or thermal 

incineration, which could rapidly remove contaminants, bioremediation relied on the metabolic 

activity of microorganisms to break down hydrocarbons, a process that was inherently slower. 

The degradation rates of free, or planktonic, microorganisms in contaminated soils were often 

low, which limited the overall treatment efficacy [12]. For example, a study investigating 
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microbial degradation of petroleum hydrocarbons found that microorganisms could only 

destroy up to 62% of the contaminants over a 150-day period [38]. This slow pace made 

bioremediation unsuitable for situations demanding quick cleanup, such as emergency spill 

responses. 

Furthermore, the effectiveness of bioremediation using free microorganisms could be 

significantly enhanced when microbes were immobilized or supported by carriers like biochar. 

In one experiment, free microorganisms alone degraded a relatively low 2.3 to 6.8% of 

petroleum hydrocarbons. However, when biochar was introduced as a carrier to support 

microbial colonization and activity, the degradation rate improved dramatically, increasing 

from 7.2% to 30.3% [39]. This enhancement occurred because biochar provided a favorable 

habitat for microbes, increasing their survival and metabolic efficiency. Such carriers also 

helped in retaining moisture and nutrients, making the microenvironment more conducive for 

biodegradation. 

Another critical challenge affecting microbial bioremediation was its strong dependency 

on site-specific environmental conditions. Factors such as temperature, pH, soil moisture, 

nutrient availability, and oxygen content played pivotal roles in determining the success of 

bioremediation efforts. Microbial metabolism and enzymatic activity are highly sensitive to 

these factors, and any deviation from optimal conditions could slow down or even halt the 

degradation process. For example, low soil temperatures below 10°C were shown to inhibit 

microbial activity, leading to markedly slower hydrocarbon degradation [40]. Similarly, soil 

pH influenced microbial community structure and enzyme function. While many hydrocarbon-

degrading microbes thrived in a pH range of approximately 6 to 8, more acidic or alkaline 

conditions (pH below 4 or above 9) adversely affected microbial populations and their 

degradation capabilities [41]. Soil moisture also needed to be maintained within an optimal 

range to support microbial activity; excessive dryness or waterlogging could both negatively 

impact biodegradation rates. 

In addition, oxygen availability was essential for aerobic microbial degradation of 

petroleum hydrocarbons. Oxygen acted as a terminal electron acceptor in many biodegradation 

pathways, and limited oxygen levels in soil could restrict microbial respiration and slow 

hydrocarbon breakdown. Conversely, anaerobic conditions often required specialized 

microorganisms and longer degradation times. The balance of nutrients such as nitrogen and 

phosphorus was also crucial since microbial growth and enzyme production depended on 

adequate nutrient supply. Nutrient deficiencies in contaminated soils often limited 

biodegradation efficiency, necessitating nutrient amendment strategies as part of 

biostimulation to enhance microbial activity. 

Despite the advantages of bioremediation, there are still challenges in its application for 

treating petroleum contaminants in soil. Bioremediation using microbes has drawbacks, 

including long remediation periods and low treatment efficacy of free microorganisms [12]. 

Bioremediation using microbes is time-consuming due to its slow degradation rates, so it could 

not offer immediate removal like excavation or incineration. Study shows microorganisms 

destroyed up to 62% of petroleum hydrocarbons in the soil in a 150-day experiment [38]. In 

another study, free microorganisms successfully degraded 2.3 to 6.8% of petroleum 

hydrocarbons, but the degradation rate increased from 7.2% to 30.3% when biochar was used 

as a carrier [39]. Furthermore, the performance of the bioremediation using microbes is highly 

dependent on site-specific conditions such as temperature, pH level, soil moisture, and nutrient 
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and oxygen content. Extreme environmental conditions, including soil temperature under 10◦C 

and a pH range of 4 to 9, may inhibit microbial activities, slowing down the degradation of 

hydrocarbons [40, 41]. 

4.1. Natural attenuation. 

Natural attenuation was the simplest form of bioremediation using microbes. It relied on 

indigenous microbes and natural conditions to perform natural degradation processes. This 

method was simple, cost-effective, and required low maintenance, as minimal to no active 

intervention was needed for the natural microbial degradation of petroleum contaminants. 

However, natural attenuation was not always effective, and continuous monitoring was 

required to ensure microbial degradation was progressing as expected and pollutant levels were 

reducing [15]. Typically, this method was employed to treat sites with low contamination levels 

[42]. According to Stroud et al. about 25% of all petroleum-polluted sites were treated using 

the natural attenuation method [43]. Natural attenuation was reported to remove up to 57% of 

total petroleum hydrocarbons (TPH) in PAH-contaminated soil [44]. In another study, 

petroleum hydrocarbon-polluted soil that had undergone prior treatment showed a 70% 

improvement in trinitrotoluene removal compared to the control set, indicating that prior 

hydrocarbon exposure may have increased microbial activity in the soil and the capacity to 

decompose other pollutants [45]. 

4.2. Bioaugmentation. 

Bioaugmentation was an enhanced bioremediation method that introduced either indigenous or 

exogenous metabolically active microbes into petroleum-contaminated soil. This method was 

normally used when natural degrading microbes were insufficient or their metabolic activity 

was low, and it was suitable for remediating sites with high petroleum contamination levels 

[46, 47]. Typically, in the bioaugmentation process, native or indigenous microbes were 

employed to ensure the organisms were more resilient to local environmental changes and had 

greater tolerance to the toxicity of petroleum pollutants such as PAHs [48]. In contrast, 

exogenous microbes were helpful when dealing with more complex petroleum hydrocarbon 

structures, which caused biodegradation rates to be lower than those of simple hydrocarbons. 

Therefore, introducing microbes with specific metabolic activity improved the effectiveness of 

microbial remediation of contaminated soil [49]. Normally, microbes were chosen for 

bioaugmentation due to their high tolerance against contaminant toxicity, low cost, ease of 

culture, and fast growth [50, 51]. 

Bioaugmentation remediation proved to be more effective than other bioremediation 

approaches. In one study of diesel-polluted soil, representing light petroleum hydrocarbons 

with carbon chains from C12 to C23 (2800 mg/kg), the degradation rate in the bioaugmentation 

process was as high as 75.20%, whereas natural attenuation treatment exhibited only 48.70% 

degradation. Bioaugmentation also showed high remediation performance in treating heavy 

petroleum hydrocarbon fractions from C23 to C40 (9450 mg/kg); bioaugmented remediation 

exhibited 72.70% hydrocarbon removal using Long Beach soil, while biostimulation 

remediation demonstrated only 45.70% hydrocarbon removal [52]. Numerous studies on 

bioaugmentation of petroleum carbon have showcased successful reductions in total petroleum 

hydrocarbons (TPH), as summarized in Table 2. These case studies demonstrated that 

introducing indigenous or exogenous metabolically active microbes into petroleum-
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contaminated soil effectively enhanced petroleum contaminant biodegradation and reduced 

degradation time.  

Table 2. Case studies of bioaugmentation for petroleum hydrocarbon-contaminated soil. 

Contaminated Soil 

Type 
Microbes Used 

TPH Removal 

Rate (% in Days) 
Key Findings References 

Diesel P. aeruginosa 66% in 30 days Bioaugmentation improved diesel 

degradation to 66% after 30 days. 

[53] 

Crude oil Acinetobacter 

baumannii T30C 

43% in 35 days Limited improvement; not significantly 

better than control. 

[54] 

Oil refinery waste Bacteria consortium 96.51% in 10 

months 

TPH reduced from 83.5–531.3 g/kg to 

below 10 g/kg in 2–12 months. 

[55] 

Oil sludge Bacteria consortium 76% in 90 days TPH removal improved to 76% after 

bioaugmentation. 

[56] 

Oil sludge Rhodococcus 

erythropolis (Rhedor) 

52.75% in 160 

days 

TPH removal increased from 15.46% to 

52.75%. 

[57] 

Petroleum-

contaminated soil 

Acinetobacter SZ-1 

strain KF453955 

34% in 70 days TPH removal improved after 

bioaugmentation for 6 weeks. 

[58] 

TOH and PAHs 

contaminated soil 

Bacteria consortium 69% in 195 days TPH removal increased from 10–32% 

(control) to 69% with bioaugmentation. 

[59] 

 

4.3. Biostimulation. 

Biostimulation was one of the most commonly used and environmentally friendly techniques 

for microbial degradation of petroleum-contaminated soil. In the biostimulation process, 

nutrients such as carbon, nitrogen, phosphorus, oxygen, and organic biostimulants were added 

to stimulate microbial growth and metabolic activities, enhancing the native microorganism 

populations and their capability to mineralize organic contaminants [15, 51]. Since petroleum 

mainly consisted of carbon and hydrogen, contamination of soil often caused an imbalance in 

the carbon-nitrogen-phosphorus (C:N:P) ratio, which inhibited most bioremediation processes 

of indigenous microbes [37]. Therefore, the addition of nutrients such as inorganic fertilizers 

rich in nitrogen and phosphorus or organic materials, including animal manure, biochar, and 

agricultural wastes, improved soil properties and enhanced the biodegradation ability of the 

microbes [60]. However, it was critical to add appropriate amounts of nutrients during 

biostimulation, as over-fertilization could result in soil eutrophication and ammonia toxicity 

[61]. The optimal C:N:P ratio for biostimulation of petroleum-contaminated soil was suggested 

to be 100:5:1 but needed re-examination based on different petroleum-contaminated sites and 

environmental conditions [62].  

One main advantage of biostimulation was that it utilized existing indigenous microbes 

already adapted to the subsurface environment and well-dispersed across the subsurface. This 

approach was more cost-effective and time-saving than bioaugmentation, since culturing and 

introducing foreign microbes was unnecessary [63]. However, biostimulation also faced 

challenges in delivering nutrients to subsurface microbes. The success of nutrient accessibility 

depended significantly on local geology, where tight and impermeable subsurface formations 

such as clays and fine-grained soils could prohibit effective nutrient distribution across 

contaminated areas [63]. Another challenge was that nutrient addition might promote the 

growth of microbes not native to petroleum degradation, resulting in competition with 

indigenous petroleum-degrading microbes [64–66]. Many other case studies summarized in 
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Table 3 further supported the high effectiveness of biostimulation in biodegrading petroleum-

contaminated soil. 

Table 3. Case studies of biostimulation of petroleum hydrocarbon-contaminated soil. 

Contaminated 

Soil Type 

Nutrients Added for 

Biostimulation 

TPH Removal Rate (% in 

Duration) 
Key Findings References 

5% and 15% 

lubricating oil 

10% brewery spent grain 

(BSG); banana skin (BS); 

spent mushroom compost 

(SMC) 

5% oil: BSG 92%, BS 84%, 

SMC 79% in 84 days; 15% 

oil: BSG 55%, BS 49%, 

SMC 36% in 84 days 

BSG showed the highest TPH 

removal, followed by BS and 

SMC. 

[67] 

Crude oil Sugar cane bagasse; oil palm 

empty fruit bunch 

100% (sugarcane); 97% 

(palm) in 20 days 

Both substrates stimulated 

microbial growth (bacteria 

counts increased to 10.3 

CFU/g and 9.5 CFU/g). 

[68] 

Total petroleum 

hydrocarbon 

(TPH) 

Cow dung 69.85% in 70 days TPH reduced from 12,419.89 

mg/kg to 3,743.98 mg/kg over 

70 days. 

[69] 

Diesel fuel Tea leaf (TL); potato skin 

(PS); soy cake (SC) 

SC 82%, PS and TL lower, in 

126 days 

Soy cake showed the highest 

TPH removal rate; order of 

effectiveness: SC > PS > TL. 

[70] 

Total petroleum 

hydrocarbon 

(TPH) 

Compost from wood chips 

and sewage sludge 

100% in 19 months TPH removal increased from 

17% to 100% using compost. 

[71] 

 

Biostimulation has consistently shown strong potential in enhancing the degradation of 

total petroleum hydrocarbons (TPHs) in contaminated soils by stimulating native microbial 

communities through nutrient enrichment. In a study focusing on the bioremediation of 

hydrocarbon-contaminated burned woodland soil, three approaches were compared: 

biostimulation using a commercial microbial growth-promoting formulation, bioaugmentation 

with Trichoderma sp. mycelium, and natural attenuation. Among these, biostimulation 

achieved the highest TPH removal rate of 70% within 60 days, outperforming bioaugmentation 

(55%) and natural attenuation (45%) [65]. This highlights the critical role of nutrient 

supplementation in accelerating microbial degradation. Another investigation on diesel-

contaminated arable soil further supported the effectiveness of biostimulation. Organic manure 

application led to a remarkable TPH reduction of 93.31%, followed by inorganic NPK fertilizer 

at 71.40%, while natural attenuation lagged behind at 57.9% [66]. These findings underline 

that biostimulation, especially when utilizing organic amendments, significantly improves 

remediation outcomes. Organic waste materials like cow dung, banana peels, sugarcane 

bagasse, and soy cake have been effectively used as cost-efficient nutrient sources in various 

studies. These amendments not only provide essential nutrients but also support microbial 

proliferation and enzymatic activity, promoting eco-friendly and sustainable remediation. 

Compared to bioaugmentation, biostimulation is often more accessible and economical, 

particularly in regions where indigenous microbial populations can be effectively activated. 

Table 4 summarizes and compares the efficiency of biostimulation, bioaugmentation, and 

natural attenuation, demonstrating the superior performance and practicality of biostimulation 

in diverse soil conditions affected by petroleum hydrocarbons. 
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Table 4. Summary of remediation technologies using microbes for petroleum-contaminated soil. 

Remediation 

Technology 
Mechanism Pros Cons References 

Natural 

Attenuation 

Relies on indigenous (native) 

microbes and natural 

environmental conditions 

(oxygen, moisture, nutrients) to 

gradually degrade petroleum 

hydrocarbons without human 

intervention. 

• Minimal intervention 

required  

• Low cost, 

environmentally friendly  

• No need for external 

microbial inoculation  

• Suitable for low-

contaminant sites 

• Slow process; may take 

years to decades  

• Ineffective for sites with 

high contamination or poor 

nutrient conditions  

• Requires regular monitoring 

to track progress  

• Potential accumulation of 

intermediate toxic byproducts 

[15, 42] 

Bioaugmentation Involves introducing specific 

hydrocarbon-degrading 

microbes (often isolated from 

petroleum-polluted 

environments) into 

contaminated soil to enhance 

degradation rates. These 

microbes possess specialized 

enzymes for breaking down 

hydrocarbons. 

• Accelerates degradation 

of specific hydrocarbons  

• Effective for sites with 

high contamination or 

poor native microbial 

populations  

• Can tailor microbes for 

particular pollutants  

• Higher cost due to microbial 

culture production and 

transport  

• May disrupt native microbial 

communities  

• Risk of poor survival or 

activity of introduced 

microbes  

• Repeated application may be 

necessary; potential ecological 

risks 

[46‒49] 

Biostimulation Involves adding limiting 

nutrients (typically nitrogen, 

phosphorus, or organic matter 

like compost, manure, or 

agricultural waste) to stimulate 

the growth and activity of 

native hydrocarbon-degrading 

microbes. 

• Cost-effective compared 

to bioaugmentation  

• Enhances native 

microbial populations, 

minimizing ecological 

disturbance  

• Effective for large-scale 

applications  

• Promotes in-situ 

degradation under natural 

conditions 

• Risk of promoting non-target 

microbes  

• Nutrients may not be evenly 

distributed; accessibility for 

microbes can be limited  

• Excess nutrients can cause 

eutrophication, secondary 

pollution, or toxicity  

• Requires monitoring and 

balancing of nutrient levels 

[61‒64] 

 

5. Challenges and Prospects 

As there was increasing demand for sustainable and low-cost remediation technologies, 

bioremediation methods using microbes such as natural attenuation, bioaugmentation, and 

biostimulation showed significant potential as effective treatments for petroleum-contaminated 

soil, potentially replacing conventional remediation technologies. However, many challenges 

remained to be addressed through further research. Firstly, more studies were needed to deepen 

knowledge and understanding of the biodegradation mechanisms of microbes, including their 

physio-chemical properties and behavior, interactions with petroleum hydrocarbon 

contaminants, and the properties of contaminated soils. Research on microbial pathways, as 

well as synergistic and antagonistic interactions with contaminants, remained inadequate [72]. 

This understanding was crucial for selecting and implementing suitable bioremediation 

methods, which depended on various factors such as microbial characteristics, contaminant 

type and concentration, site conditions, remediation time, pollutant removal standards, space 

constraints, monitoring challenges, geohydrologic location, risk assessment, cost-benefit ratio, 

life cycle analysis, and more. All these factors influenced the biodegradation process, 

effectiveness, efficiency, and suitability of the remediation strategy [73–75]. Therefore, the 

optimal bioremediation method—whether natural attenuation, bioaugmentation, or 
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biostimulation, needed to be carefully selected based on site-specific conditions, advantages 

and disadvantages, cost, and feasibility [76]. 

Moreover, bioremediation of petroleum-contaminated soil using microbes had 

drawbacks such as slow processing times, regular monitoring and maintenance requirements, 

and incomplete degradation [77]. Additionally, the mineralization process of petroleum 

contaminants sometimes altered soil pH, potentially destabilizing contaminant residues. 

Consequently, further research was necessary to address microbial limitations through 

approaches such as genetic modification and detailed investigation of microbial metabolic 

pathways and dynamics, aiming to enhance microbes’ petroleum hydrocarbon-degrading 

capabilities [72]. Combining two or more remediation technologies could also improve 

treatment efficiency for petroleum-contaminated soil. Furthermore, nanotechnology such as 

the use of nanoparticles to improve microbial access to hydrocarbons or deliver nutrients to 

contaminated subsurface zones, showed promise for future implementation. 

Many studies demonstrated high bioremediation performance by microbes in restoring 

soil at laboratory and field scales. Despite these promising findings, no single method had yet 

proven adaptable to all environmental conditions for real-world treatment of petroleum 

hydrocarbons. Therefore, more attention was required on evaluating the effectiveness of 

bioremediation for in-situ remediation to enable broader application across diverse 

environments [75]. 

The future of microbial bioremediation held promising prospects for both the 

environment and communities. As interest in sustainable remediation continued to rise, 

bioremediation using microbes played a significant role in restoring petroleum-contaminated 

soils, improving soil and groundwater quality, and minimizing the long-term environmental 

impacts of petroleum pollution. Academia, industry stakeholders, and government agencies all 

bore responsibility for advancing sustainable microbial remediation and overcoming existing 

challenges. By addressing these issues, bioremediation could not only improve treatment of 

petroleum-contaminated soil but also contribute to a safer, healthier environment and 

community by recovering contaminated sites sustainably and cost-effectively [75]. 

6. Conclusion 

Petroleum was the world’s most common soil pollutant, resulting from human activities such 

as spills or leaks from storage tanks, industrial discharge, accumulation of oily slag and sludge, 

petroleum exploration, and improper disposal of petroleum products. Approximately 6 million 

tonnes of petroleum were released into the global environment annually, contaminating soil 

and infiltrating groundwater, thus posing toxic risks to the environment, plants, and human 

health. Consequently, remediation of petroleum-contaminated soil was critical to protecting 

plants and humans from hydrocarbon toxicity, preventing further pollution and environmental 

harm. Remediation methods included physical approaches such as excavation and washing of 

contaminated soil, chemical oxidation, incineration of petroleum pollutants, and 

bioremediation using microbes. Conventional methods often had drawbacks, including high 

operational costs and potential environmental disruption. In contrast, bioremediation using 

microbes was promising due to its cost-effectiveness, sustainability, and environmental 

friendliness. However, it also faced limitations such as lengthy remediation times, incomplete 

treatment efficacy when using free microbes, and the need for optimal site-specific conditions 

to perform effectively. Common microbial bioremediation techniques included natural 
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attenuation, bioaugmentation, and biostimulation. Bioaugmentation (adding microbes) and 

biostimulation (adding nutrients) generally achieved higher petroleum hydrocarbon 

degradation rates than natural attenuation. Challenges in microbial bioremediation mainly 

arose from limited understanding of the biodegradation mechanisms, which depended on 

multiple environmental and biological factors. Therefore, further research was essential to 

identify and optimize the appropriate bioremediation approach for different conditions.  
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