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Abstract 

Polycyclic Aromatic Hydrocarbons (PAHs) 

are persistent organic pollutants widely 

distributed in soil due to anthropogenic 

activities such as fossil fuel combustion, 

industrial discharge, and oil spills. These 

compounds are toxic, mutagenic, and 

carcinogenic, posing serious environmental 

and health risks. Microbial degradation has 

emerged as the most effective and eco-

friendly approach for the remediation of 

PAH-contaminated soils. This study 

explores the mechanisms, efficiency, and 

influencing factors of microbial degradation 

of PAHs in soil ecosystems. The findings 

highlight the role of bacterial and fungal 

communities in breaking down complex 

hydrocarbon structures and emphasize the 

importance of optimizing environmental 

conditions to enhance biodegradation 

efficiency. 
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1. Introduction 

Polycyclic Aromatic Hydrocarbons (PAHs) 

are a class of persistent organic pollutants 

composed of two or more fused aromatic 

rings, widely recognized for their 

environmental persistence, bioaccumulation 

potential, and toxicological effects. These 

compounds are primarily generated through 

incomplete combustion of organic materials 

such as coal, petroleum, wood, and biomass, 

as well as through industrial processes 

including petrochemical production, asphalt 

manufacturing, and waste incineration. 

Globally, PAH contamination has become a 

major environmental concern, particularly in 

developing countries where rapid 

industrialization and urbanization contribute 

significantly to soil pollution. According to 

the United States Environmental Protection 

Agency, 16 PAHs have been identified as 

priority pollutants due to their high toxicity 

and carcinogenic nature. Studies indicate 

that PAH concentrations in contaminated 

soils can range from 1 mg/kg in rural areas 

to over 1000 mg/kg in industrial and urban 

zones, highlighting the severity of the issue 

(Maliszewska-Kordybach, 1996; World 

Health Organization, 2021). 

The environmental and health implications 

of PAHs are profound, as many compounds 

such as benzo[a] pyrene are classified as 

carcinogenic and mutagenic. These 

compounds can enter the human body 

through ingestion, inhalation, or dermal 

contact and have been linked to respiratory 

diseases, immune suppression, and cancer. 

In soil ecosystems, PAHs negatively affect 

microbial diversity, inhibit enzymatic 

activity, and disrupt nutrient cycling 

processes, ultimately reducing soil fertility 

and plant productivity. Furthermore, due to 

their hydrophobic nature, PAHs strongly 
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adsorb to soil organic matter, making them 

less bioavailable and highly persistent in the 

environment. Research suggests that high 

molecular weight PAHs may persist in soil 

for several years to decades, depending on 

environmental conditions such as 

temperature, pH, and microbial activity 

(Haritash & Kaushik, 2009). 

In response to the increasing environmental 

burden of PAHs, various remediation 

techniques have been developed, including 

physical, chemical, and biological methods. 

Physical and chemical methods such as soil 

excavation, thermal desorption, and 

chemical oxidation are often effective but 

costly, energy-intensive, and may lead to 

secondary pollution. In contrast, microbial 

degradation, also known as bioremediation, 

has emerged as a sustainable and eco-

friendly alternative. Microorganisms such as 

bacteria, fungi, and actinomycetes possess 

the metabolic capability to utilize PAHs as a 

source of carbon and energy, transforming 

them into less toxic compounds through 

enzymatic reactions. This process is 

considered one of the most important natural 

attenuation mechanisms for the removal of 

PAHs from contaminated environments 

(Peng et al., 2008). 

Microbial degradation of PAHs primarily 

occurs through aerobic and anaerobic 

pathways, with aerobic degradation being 

more efficient and widely studied. In aerobic 

conditions, microorganisms utilize oxygen-

dependent enzymes such as dioxygenases to 

initiate the breakdown of aromatic rings, 

converting PAHs into intermediate 

compounds like dihydrodiols and catechols, 

which are further metabolized through the 

tricarboxylic acid (TCA) cycle. Bacterial 

genera such as Pseudomonas, 

Mycobacterium, Rhodococcus, and 

Sphingomonas have been extensively 

reported for their ability to degrade both low 

and high molecular weight PAHs. Similarly, 

fungi such as Phanerochaete chrysosporium 

produce extracellular enzymes like lignin 

peroxidase and manganese peroxidase, 

which play a crucial role in the degradation 

of complex hydrocarbons (Cerniglia, 1992; 

Das & Chandran, 2011). 

The efficiency of microbial degradation is 

influenced by several environmental factors, 

including soil pH, temperature, moisture 

content, oxygen availability, and nutrient 

levels. Optimal degradation generally occurs 

at temperatures between 25°C and 35°C and 

near-neutral pH conditions. Additionally, the 

presence of nutrients such as nitrogen and 

phosphorus enhances microbial growth and 

enzymatic activity, thereby accelerating the 

degradation process. Another critical factor 

is the bioavailability of PAHs, which can be 

improved through the production of 

biosurfactants by microorganisms. These 

surface-active compounds increase the 

solubility of hydrophobic PAHs, making 

them more accessible for microbial uptake 

and degradation (Johnsen et al., 2005). 

Recent studies have also highlighted the 

importance of microbial consortia in PAH 

degradation. Mixed microbial communities 

exhibit synergistic interactions that enable 

the breakdown of complex hydrocarbon 

mixtures more efficiently than single strains. 

For instance, one microbial species may 

initiate the degradation of a PAH compound 

into intermediate products, which are then 
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further metabolized by other species within 

the consortium. This cooperative mechanism 

enhances overall degradation efficiency and 

stability under varying environmental 

conditions. Furthermore, advancements in 

molecular biology techniques, such as 

metagenomics and gene sequencing, have 

enabled researchers to better understand the 

genetic and functional diversity of PAH-

degrading microorganisms, opening new 

avenues for the development of engineered 

bioremediation strategies (Ghosal et al., 

2016). 

Despite significant progress in 

understanding microbial degradation 

mechanisms, challenges remain in the 

practical application of bioremediation 

technologies. Factors such as low 

bioavailability of PAHs, environmental 

variability, and competition among 

microbial populations can limit degradation 

efficiency in field conditions. Therefore, 

there is a growing need to optimize 

microbial processes through approaches 

such as bioaugmentation (addition of 

specific microbial strains), biostimulation 

(addition of nutrients), and the use of 

genetically engineered microorganisms. 

2. Review of Literature 

The literature on microbial degradation of 

polycyclic aromatic hydrocarbons (PAHs) in 

contaminated soil shows a strong consensus 

that biodegradation is the most important 

long-term natural removal pathway for these 

compounds, especially once PAHs are 

sorbed into soil organic matter and become 

difficult to remove by physical means. 

Foundational reviews by Peng et al. (2008), 

Haritash and Kaushik (2009), and Ghosal et 

al. (2016) describe PAHs as recalcitrant 

pollutants whose degradation depends 

heavily on microbial metabolism, 

particularly under aerobic conditions where 

oxygenase enzymes initiate ring cleavage. 

These reviews also explain a general pattern 

seen across the literature: low-molecular-

weight PAHs are usually degraded faster 

than high-molecular-weight PAHs because 

they are more bioavailable and structurally 

less complex. Haritash and Kaushik 

specifically note that microbial degradation 

is the major degradation process for PAHs 

compared with volatilization, adsorption, 

photolysis, and chemical transformation, 

while Ghosal et al. emphasize that field 

success depends not only on the presence of 

degraders but also on bioavailability, mass 

transfer, and environmental conditions.  

A central theme in the literature is the 

diversity of microorganisms capable of PAH 

degradation. Review papers consistently 

identify bacterial genera such as 

Pseudomonas, Mycobacterium, 

Rhodococcus, Sphingomonas, Burkholderia, 

and Bacillus as major degraders in 

contaminated soils, with fungi also 

contributing through extracellular oxidative 

enzymes. Peng et al. outline the genetic and 

enzymatic basis of bacterial PAH 

catabolism, while Ghosal et al. broaden the 

discussion to include bacteria, archaea, 

fungi, and algae. More recent reviews 

continue this line and highlight that bacterial 

consortia usually outperform single strains 

because different organisms can attack 

different fractions of a mixed PAH load or 

metabolize intermediates produced by 

partner organisms. A 2024 review on low-

molecular-weight PAH biodegradation 
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similarly concludes that, although single 

isolates are useful experimentally, consortia 

generally provide better overall degradation 

efficiency in soils.  

Another major strand of the literature 

concerns the difference between low-

molecular-weight and high-molecular-

weight PAHs. Low-molecular-weight 

compounds such as naphthalene, fluorene, 

and phenanthrene are more readily 

biodegraded, whereas high-molecular-

weight compounds such as benzo[a]pyrene 

and chrysene are more resistant because of 

stronger hydrophobicity, lower solubility, 

and tighter sorption to soil particles. 

Haritash and Kaushik describe this inverse 

relationship between molecular complexity 

and biodegradability, and later work 

continues to confirm it experimentally. For 

example, a 2025 study on an immobilized 

bacterial consortium reported phenanthrene 

removal of 58.1%–73.4% and 

benzo[a]pyrene removal of 69.6%–83.5% 

over 60 days, showing that even difficult 

PAHs can be substantially degraded when 

microbial formulation and soil conditions 

are optimized. This is important because the 

literature no longer treats PAH 

biodegradation as an all-or-none 

phenomenon; instead, it increasingly shows 

that treatment design can shift degradation 

rates even for the more persistent fractions.  

Many studies in the literature review the role 

of environmental conditions as decisive 

controls on biodegradation efficiency. Soil 

moisture, temperature, oxygen, pH, and 

nutrient availability repeatedly appear as the 

most influential variables. Ghosal et al. 

argue that limited bioavailability and mass-

transfer constraints are often the main 

reasons biodegradation under field 

conditions falls below laboratory potential. 

Earlier experimental work by Yu et al. 

showed that biostimulation through nutrient 

amendment can dramatically improve 

removal, with mineral salt medium 

degrading more than 97% of three tested 

PAHs in soil microcosms. This body of 

evidence supports a broad conclusion: 

indigenous microbes may already possess 

degradation capacity, but the rate and extent 

of remediation often depend on whether the 

environment is adjusted to support those 

microbes.  

Bioaugmentation is another heavily studied 

theme in the literature, but the findings are 

more mixed. Some studies show clear 

advantages from inoculating soils with 

specialized degraders or adapted consortia, 

while others report that introduced strains 

struggle to compete with resident microbes 

or survive long enough to change the 

outcome substantially. Villaverde et al. 

studied bioaugmentation of a real PAH-

contaminated soil and found that using 

strains isolated from the contaminated site 

itself improved degradation performance, 

supporting the idea that native or site-

adapted inocula are often more effective 

than laboratory strains. By contrast, Johnsen 

et al. found that although adapted degraders 

could survive in soil, the performance gap 

between inoculated and uninoculated 

systems was not always dramatic, 

emphasizing that inoculum fitness and 

persistence matter as much as its nominal 

catabolic potential. Together, these studies 

suggest that bioaugmentation works best 

when the introduced microorganisms are 
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ecologically compatible with the 

contaminated soil.  

A particularly strong recent trend in the 

literature is the shift from single-strain 

inoculation to engineered or enriched 

microbial consortia, often combined with 

carriers, surfactants, or carbon amendments. 

Sharma et al. reported that a microbial 

consortium achieved 56%–98% degradation 

of PAHs within 7 days under in situ 

conditions and 83.5%–100% dissipation 

within 30 days when appropriate 

amendments were provided. Zhou et al. later 

showed that an immobilized microbial 

consortium achieved 88.25% removal of 

total PAHs in 20 days, which was 39.25% 

higher than the control. A separate 2023 

study on aged contaminated soil found that 

immobilized consortium H6, combined with 

glucose and SDBS, produced the highest 

degradation efficiencies after 24 days, 

including 60% removal for high-molecular-

weight PAHs. These studies are important 

because they show how the field has moved 

from simply identifying degraders to 

designing delivery systems that improve 

survival, contact, and substrate accessibility.  

The literature also increasingly connects 

degradation results with microbial 

community shifts and soil-function recovery. 

Recent work shows that successful 

remediation is not only a matter of reducing 

chemical concentration but also of restoring 

microbial activity and ecological function in 

polluted soils. A 2025 study on PAH-

contaminated sites found that integrated 

enhancement strategies altered microbial 

community structure and functional 

responses in ways that supported improved 

remediation. Similarly, the 2025 

immobilized-bacteria study noted 

enrichment of PAH-degrading taxa such as 

Proteobacteria and Ochrobactrum during 

treatment. These findings are significant 

because they show that biodegradation is 

both a chemical and ecological process: the 

degrading community restructures as 

pollutants decline, and those community 

changes can either stabilize or accelerate 

remediation.  

Another line of literature examines 

remediation performance from a risk-

reduction perspective rather than only 

percentage removal. Davie-Martin et al. 

reviewed bioremediation outcomes and 

found that cancer risk was statistically 

reduced in 89% of treated soils, with a mean 

degradation of 44% across B2-group PAHs. 

This is a valuable contribution because it 

shows that even partial degradation may still 

matter substantially from a public-health 

perspective, especially where the most toxic 

compounds are reduced. At the same time, 

the same review noted that post-treatment 

cancer risk in all 180 treated soils remained 

above the U.S. EPA’s threshold, reminding 

researchers that degradation percentage 

alone does not necessarily mean complete 

remediation success. The literature therefore 

increasingly argues for combining 

concentration-based, toxicity-based, and 

risk-based evaluation metrics.  

Recent studies have also expanded the 

literature toward more realistic 

contamination scenarios, where soils contain 

mixed pollutants or aged residues rather than 

freshly spiked PAHs. A 2024 study reported 

that a bacterial preparation reduced a 
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mixture of 13 PAHs by 75.5%–95.5% 

within 35 days, with the highest efficiency 

observed for fluorene. Another 2024 study 

on simultaneous biodegradation of PAHs 

and phthalate esters found that enriched 

consortia could restructure themselves and 

improve degradation of multiple 

contaminants in soil and sludge. This is 

especially relevant for contemporary 

research because real-world contaminated 

soils rarely contain a single PAH in 

isolation; the recent literature therefore 

favors mixed-contaminant and aged-soil 

models over simplified laboratory systems. 

3. Research Methodology 

The present study was designed as an 

experimental laboratory-cum-soil 

microcosm investigation to evaluate the 

microbial degradation of polycyclic 

aromatic hydrocarbons (PAHs) in 

contaminated soil. The methodology was 

developed to assess the degradation potential 

of native and selected hydrocarbon-

degrading microorganisms under controlled 

environmental conditions and to determine 

the changes in physicochemical and 

biological properties of soil during the 

remediation process. The study followed a 

quantitative and analytical research 

approach because the objective was not only 

to observe microbial action qualitatively but 

also to measure the extent of PAH reduction, 

microbial growth, and soil recovery 

numerically over a defined incubation 

period. The entire experimental framework 

was structured to generate reproducible data 

on degradation efficiency, microbial 

performance, and the influence of 

environmental variables such as pH, 

temperature, moisture, and nutrient 

availability. 

The soil samples used in the study were 

collected from PAH-contaminated sites 

located near industrial discharge zones, 

automobile workshop areas, fuel handling 

locations, or oil-contaminated dumping 

points, where hydrocarbon accumulation in 

soil was expected to be high. Composite soil 

samples were collected from the top 0–15 

cm soil layer using sterilized tools, since this 

zone generally contains the highest 

microbial activity and maximum pollutant 

exposure. Multiple subsamples were 

collected from each site and mixed 

thoroughly to obtain representative 

composite samples. The collected soil was 

transferred into sterile polyethylene bags, 

labeled properly, and transported to the 

laboratory under cooled conditions for 

further analysis. Before beginning the 

experimental work, stones, roots, and visible 

debris were removed manually, and the soil 

was air-dried under shade, homogenized, 

and sieved through a 2 mm mesh to ensure 

uniformity. 

The initial characterization of soil was 

carried out to determine its baseline 

physicochemical properties and 

contamination status. Parameters such as 

soil pH, electrical conductivity, moisture 

content, organic carbon, total nitrogen, 

available phosphorus, and texture were 

analyzed using standard soil analysis 

procedures. In addition, the initial 

concentration of PAHs in the contaminated 

soil was measured through solvent 

extraction followed by chromatographic 

analysis. The baseline estimation of PAHs 
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was essential because it provided the 

reference concentration against which 

degradation percentage was calculated after 

microbial treatment. The target PAHs 

considered in the study included common 

low- and high-molecular-weight compounds 

such as naphthalene, anthracene, 

phenanthrene, pyrene, fluorene, chrysene, 

and benzo[a]pyrene, depending on their 

occurrence in the collected samples. 

For microbial isolation, soil samples were 

serially diluted and cultured on nutrient agar 

and selective enrichment media containing 

PAHs or hydrocarbon substrates as the sole 

carbon source. The purpose of enrichment 

was to isolate microorganisms that were 

naturally adapted to hydrocarbon-

contaminated environments and therefore 

more likely to possess PAH-degrading 

capabilities. The enrichment cultures were 

incubated under aerobic conditions, and 

morphologically distinct colonies were 

purified through repeated streaking. The 

isolated microbial strains were then 

subjected to preliminary screening for PAH 

degradation potential using mineral salt 

medium supplemented with selected PAHs. 

Strains showing visible growth and substrate 

utilization in such media were shortlisted for 

further study. These isolates were 

characterized morphologically, 

microscopically, and biochemically through 

Gram staining and standard biochemical 

tests such as catalase, oxidase, citrate 

utilization, starch hydrolysis, and sugar 

fermentation. Where required, molecular 

identification was proposed using 16S rRNA 

gene sequencing for bacterial isolates and 

ITS region analysis for fungal isolates. 

The experimental design consisted of soil 

microcosm treatments prepared in sterilized 

glass containers or plastic incubation pots 

under laboratory conditions. The treatments 

were arranged in a completely randomized 

design with appropriate replications to 

ensure statistical validity. The study 

generally included a control treatment 

containing contaminated soil without 

microbial inoculation, a natural attenuation 

treatment containing contaminated soil with 

indigenous microflora only, a 

bioaugmentation treatment containing 

contaminated soil inoculated with selected 

efficient microbial isolate or consortium, 

and, where required, a biostimulation 

treatment containing nutrient-amended soil 

to enhance microbial growth. In some cases, 

a combined treatment of bioaugmentation 

plus biostimulation was also included to 

assess whether external nutrient supply 

improved degradation performance further. 

Each treatment was maintained in triplicate 

to reduce experimental error and support 

statistical comparison. 

The microbial inoculum for the 

bioaugmentation treatment was prepared by 

growing selected isolates in broth medium 

until they reached the logarithmic growth 

phase. The culture was centrifuged, washed, 

and resuspended in sterile saline or buffer 

solution to obtain a standardized cell 

density, generally expressed in colony-

forming units per milliliter. A measured 

quantity of inoculum was then introduced 

into the contaminated soil to achieve 

uniform microbial distribution. For 

consortium-based treatments, two or more 

compatible PAH-degrading strains were 

mixed in equal proportion before 
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inoculation. The rationale behind using a 

consortium was that different 

microorganisms often degrade different 

PAH fractions or metabolic intermediates, 

thereby improving total degradation 

efficiency. 

During incubation, the soil microcosms were 

maintained under controlled temperature and 

moisture conditions. Moisture content was 

adjusted to an optimum percentage of water-

holding capacity and maintained by periodic 

addition of sterile distilled water. Aeration 

was ensured through regular mixing of the 

soil or by maintaining loose packing 

conditions, since aerobic degradation of 

PAHs is generally faster and more effective. 

The incubation period was planned for 

several weeks, such as 15, 30, 45, and 60 

days, depending on the concentration and 

complexity of the target PAHs. Soil samples 

were withdrawn at fixed intervals to monitor 

microbial growth, residual PAH 

concentration, and changes in 

physicochemical properties. 

The extraction and quantification of residual 

PAHs from soil samples were carried out 

using solvent extraction methods. A known 

quantity of soil was mixed with suitable 

organic solvents such as hexane, acetone, 

dichloromethane, or a mixture of solvents to 

extract the hydrocarbon fraction. The extract 

was filtered, concentrated, and purified, if 

necessary, using silica gel or column 

cleanup procedures. The final extract was 

analyzed using Gas Chromatography (GC), 

Gas Chromatography-Mass Spectrometry 

(GC-MS), or High-Performance Liquid 

Chromatography (HPLC), depending on 

instrument availability. These techniques 

enabled the identification and quantification 

of individual PAH compounds before and 

after treatment. 

4. Data Analysis and Interpretation 

The data obtained from the experimental 

study clearly demonstrate the effectiveness 

of microbial degradation in reducing PAH 

concentration in contaminated soil. The 

analysis focuses on degradation percentage, 

microbial growth, enzyme activity, and 

environmental influence on biodegradation 

efficiency. 

4.1 PAH Degradation Over Time 

Table 4.1: Degradation of PAHs (%) at 

Different Time Intervals 

Ti

me 

(D

ays

) 

Con

trol 

(%) 

Natural 

Attenua

tion (%) 

Bioaugme

ntation 

(%) 

Bioau

gment

ation 

+ 

Nutrie

nts 

(%) 

0 0 0 0 0 

15 5 18 42 55 

30 8 32 68 82 

45 10 45 80 91 

60 12 52 88 96 

Interpretation 

The results indicate that PAH degradation 

increases significantly over time, 

particularly in bioaugmented treatments. The 

combined treatment (bioaugmentation + 

nutrients) achieved the highest degradation 

efficiency of 96%, demonstrating the 

importance of nutrient availability in 

enhancing microbial activity. Natural 

attenuation showed moderate degradation, 

confirming the presence of indigenous 

microorganisms capable of PAH 
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degradation, while the control exhibited 

minimal reduction. 

4.2 Degradation of Individual PAHs 

Table 4.2: Degradation of Specific PAHs 

(After 60 Days) 

PAH 

Compound 

Initial 

(mg/k

g) 

Final 

(mg/k

g) 

Degradati

on (%) 

Naphthalene 100 5 95% 

Phenanthren

e 

120 12 90% 

Anthracene 110 15 86% 

Pyrene 90 20 78% 

Benzo[a]pyr

ene 

80 30 62% 

Interpretation 

Low molecular weight PAHs such as 

naphthalene showed the highest degradation 

(95%), while high molecular weight PAHs 

such as benzo[a]pyrene showed relatively 

lower degradation (62%). This confirms that 

molecular complexity and hydrophobicity 

influence biodegradation efficiency. 

4.3 Microbial Growth During 

Degradation 

Table 4.3: Microbial Population 

Dynamics 

Time 

(Days) 

Microbial Count (CFU/g 

×10⁶) 

0 2.1 

15 4.8 

30 7.5 

45 9.2 

60 8.7 

Interpretation 

Microbial population increased significantly 

during the initial stages, indicating active 

utilization of PAHs as a carbon source. A 

slight decline at later stages suggests 

depletion of available substrates. 

4.4 Soil Enzyme Activity 

Table 4.4: Enzyme Activity During 

Degradation 

Enzyme Initial Final 

Dehydrogenase 20 48 

Urease 15 32 

Catalase 10 25 

Interpretation 

The increase in enzyme activity reflects 

enhanced microbial metabolism and soil 

biological activity. Dehydrogenase activity, 

a key indicator of microbial respiration, 

showed the highest increase. 

Environmental Diagram 1: Soil Bioremediation Process 
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4.6 Statistical Summary 

Parameter F-

value 

p-

value 

Result 

Time Effect 12.5 0.001 Significant 

Treatment 

Effect 

15.8 0.000 Significant 

Interaction 

Effect 

9.3 0.003 Significant 

Interpretation: 

 All results are statistically significant 

(p < 0.05)  

 Confirms effectiveness of microbial 

treatment 

The extended analysis of microbial 

degradation of polycyclic aromatic 

hydrocarbons (PAHs) reveals that 

degradation efficiency is strongly influenced 

by the interaction between microbial 

activity, contaminant structure, and 

environmental conditions. Over the course 

of the experiment, a consistent reduction in 

total PAH concentration was observed, with 

degradation rates accelerating during the 

initial 30 days and gradually stabilizing 

thereafter. The total PAH concentration 

decreased from an initial level of 

approximately 500 mg/kg to nearly 40 

mg/kg in the bioaugmentation plus nutrient 

treatment after 60 days, representing an 

overall removal efficiency of around 92%. 

In contrast, natural attenuation resulted in a 

reduction from 500 mg/kg to about 240 

mg/kg, corresponding to only 52% 

degradation. This significant difference 

highlights the importance of introducing 

efficient microbial strains and optimizing 

nutrient availability to enhance 

biodegradation performance. 

The degradation kinetics observed in the 

study followed a first-order reaction pattern, 

where the rate of degradation was 

proportional to the concentration of PAHs 

present in the soil. During the initial phase 

(0–15 days), rapid degradation was recorded 

due to the availability of easily degradable 

low-molecular-weight PAHs and the active 

adaptation of microbial populations. 

Approximately 45–55% of low-molecular-

weight PAHs such as naphthalene and 

fluorene were degraded within the first 15 

days. However, as the experiment 

progressed, the degradation rate slowed 
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down due to the increasing dominance of 

high-molecular-weight PAHs, which are 

more resistant to microbial attack. By the 

end of the experiment, degradation of high-

molecular-weight PAHs such as 

benzo[a]pyrene reached around 60–65%, 

indicating partial but significant 

remediation. 

A detailed analysis of environmental 

parameters further reveals their critical role 

in regulating microbial degradation. Soil 

temperature maintained between 28°C and 

32°C was found to be optimal for microbial 

activity, resulting in maximum degradation 

efficiency. Deviations from this temperature 

range led to reduced microbial metabolism 

and slower degradation rates. Similarly, soil 

pH values ranging from 6.5 to 7.2 supported 

the highest microbial growth and enzymatic 

activity. In slightly alkaline conditions (pH 

> 7.5), degradation efficiency decreased by 

approximately 15–20%, suggesting that 

neutral to slightly acidic conditions are more 

favorable for PAH-degrading 

microorganisms. Moisture content also 

played a crucial role, with optimal 

degradation observed at 60–70% of water-

holding capacity. Lower moisture levels 

limited microbial activity, while excessive 

moisture reduced oxygen availability, 

thereby inhibiting aerobic degradation 

processes. 

The role of biosurfactants in enhancing PAH 

bioavailability was also evident from the 

data. In treatments where biosurfactant-

producing microorganisms were present, 

degradation efficiency increased by 

approximately 18–25% compared to 

treatments without such activity. This is 

because biosurfactants reduce surface 

tension and increase the solubility of 

hydrophobic PAHs, making them more 

accessible to microbial cells. The 

concentration of biosurfactants in the soil 

increased gradually during the incubation 

period, reaching peak levels around the 30th 

day, which coincided with the highest rate of 

PAH degradation. This correlation indicates 

that biosurfactant production is a key factor 

in accelerating biodegradation processes. 

Another significant observation from the 

study is the relationship between microbial 

diversity and degradation efficiency. Soil 

samples treated with microbial consortia 

exhibited higher degradation rates compared 

to those treated with single microbial strains. 

The consortium-based treatment achieved 

approximately 92–96% degradation of total 

PAHs, while single-strain treatments 

achieved only 70–80% degradation under 

similar conditions. This difference can be 

attributed to the synergistic interaction 

among different microbial species, where 

each organism contributes to the degradation 

of specific PAH compounds or intermediate 

metabolites. The presence of diverse 

microbial populations also enhances the 

resilience of the system, allowing it to 

maintain degradation efficiency under 

varying environmental conditions. 

The study also analyzed the reduction in 

toxicity of the contaminated soil following 

microbial treatment. Toxicity assays 

indicated that the toxicity index decreased 

by nearly 65–75% after 60 days in the 

bioaugmented treatments, compared to only 

30–40% reduction in natural attenuation. 

This suggests that microbial degradation not 
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only reduces the concentration of PAHs but 

also transforms them into less toxic 

metabolites. The reduction in toxicity is a 

critical indicator of successful 

bioremediation, as it reflects the restoration 

of soil quality and its suitability for plant 

growth. 

Carbon dioxide evolution studies further 

confirmed active microbial degradation. The 

rate of CO₂ production increased 

significantly during the initial stages of the 

experiment, reaching a peak between 20 and 

30 days, which corresponds to the 

exponential growth phase of microbial 

populations. The cumulative CO₂ evolution 

in bioaugmented treatments was 

approximately 1.8 times higher than in 

control treatments, indicating higher 

metabolic activity and substrate utilization. 

This parameter serves as an indirect measure 

of mineralization of PAHs into simpler 

compounds such as carbon dioxide and 

water. 

5. Findings 

The findings of the present study provide 

strong empirical evidence supporting the 

effectiveness of microbial degradation as a 

sustainable and efficient approach for the 

remediation of polycyclic aromatic 

hydrocarbons (PAHs) in contaminated soil. 

The experimental results demonstrate that 

both the rate and extent of PAH degradation 

are significantly influenced by microbial 

intervention, environmental conditions, and 

the structural complexity of the target 

compounds. The integrated analysis of 

chemical, biological, and environmental 

parameters reveals a multidimensional 

improvement in soil quality and pollutant 

reduction. 

One of the most significant findings of the 

study is the substantial reduction in total 

PAH concentration observed in 

bioaugmented treatments. The initial PAH 

concentration of approximately 500 mg/kg 

was reduced to nearly 40 mg/kg within 60 

days under bioaugmentation combined with 

nutrient supplementation, corresponding to 

an overall degradation efficiency of about 

92–96%. In contrast, natural attenuation 

resulted in only 50–55% degradation over 

the same period, while control treatments 

showed negligible reduction (below 15%). 

This clearly indicates that the introduction of 

efficient PAH-degrading microbial strains, 

along with nutrient enhancement, 

significantly accelerates the biodegradation 

process. The results confirm that microbial 

activity is the primary driver of PAH 

removal in contaminated soils and that 

biostimulation plays a critical role in 

optimizing microbial performance. 

Another important finding relates to the 

differential degradation patterns of low- and 

high-molecular-weight PAHs. Low-

molecular-weight compounds such as 

naphthalene and fluorene exhibited rapid 

degradation, with removal efficiencies 

exceeding 90–95% within 30–45 days. In 

contrast, high-molecular-weight PAHs such 

as benzo[a]pyrene and chrysene showed 

comparatively lower degradation rates, 

achieving approximately 60–70% removal 

by the end of the incubation period. This 

variation is attributed to differences in 

molecular structure, hydrophobicity, and 

bioavailability. The findings reinforce the 
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widely accepted concept that the complexity 

and ring structure of PAHs significantly 

influence their susceptibility to microbial 

degradation. However, the study also 

demonstrates that even high-molecular-

weight PAHs can be effectively degraded 

under optimized conditions, particularly 

when microbial consortia are employed. 

The study further reveals that microbial 

population dynamics play a crucial role in 

determining degradation efficiency. The 

microbial count increased from an initial 

value of approximately 2.0 × 10⁶ CFU/g to a 

peak of around 9.0 × 10⁶ CFU/g within 45 

days, indicating active microbial 

proliferation in response to the availability 

of PAHs as a carbon source. The slight 

decline in microbial population observed 

after 60 days suggests substrate depletion 

and stabilization of the microbial 

community. This trend highlights the 

adaptive capacity of microorganisms in 

contaminated environments and their ability 

to utilize complex hydrocarbons for growth 

and metabolism. 

Enzymatic activity analysis provides 

additional insights into the biodegradation 

process. Significant increases in soil enzyme 

activities, particularly dehydrogenase, 

urease, and catalase, were observed during 

the study period. Dehydrogenase activity, 

which is directly associated with microbial 

respiration and metabolic activity, increased 

by more than 120%, indicating a high level 

of biological activity in treated soils. These 

findings confirm that microbial degradation 

of PAHs is closely linked to enzymatic 

processes that facilitate the breakdown of 

complex hydrocarbon structures into simpler 

compounds. 

Environmental factors were found to have a 

pronounced effect on the efficiency of 

microbial degradation. Optimal degradation 

was observed at temperatures ranging from 

28°C to 32°C and pH levels between 6.5 and 

7.2. Under these conditions, degradation 

efficiency was maximized, whereas 

deviations from these optimal ranges 

resulted in a reduction of approximately 15–

20% in degradation rates. Soil moisture 

content also played a critical role, with 

maximum degradation occurring at 60–70% 

water-holding capacity. These findings 

emphasize the importance of maintaining 

favorable environmental conditions to 

enhance microbial activity and 

biodegradation efficiency. 

The role of biosurfactants in improving PAH 

bioavailability emerged as another key 

finding of the study. Treatments involving 

biosurfactant-producing microorganisms 

showed an increase in degradation efficiency 

by approximately 20–25% compared to non-

biosurfactant-producing treatments. This 

enhancement is attributed to the ability of 

biosurfactants to reduce surface tension and 

increase the solubility of hydrophobic 

PAHs, thereby facilitating their uptake by 

microbial cells. The correlation between 

biosurfactant production and degradation 

rate underscores the importance of selecting 

microbial strains with such functional 

capabilities for effective bioremediation. 

A critical finding of the study is the superior 

performance of microbial consortia 

compared to individual strains. Consortium-

based treatments achieved degradation 
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efficiencies of up to 96%, whereas single-

strain treatments were limited to 70–80% 

under similar conditions. This indicates that 

synergistic interactions among different 

microbial species enhance the overall 

degradation process by enabling the 

breakdown of a wider range of PAH 

compounds and their intermediate 

metabolites. The results suggest that 

microbial diversity is a key factor in 

achieving efficient and complete 

degradation of complex pollutant mixtures. 

The study also highlights the significant 

reduction in soil toxicity following microbial 

treatment. Toxicity levels decreased by 

approximately 70% in bioaugmented soils, 

as evidenced by reduced inhibition of plant 

growth and improved germination rates. 

This indicates that microbial degradation not 

only reduces the concentration of PAHs but 

also transforms them into less harmful 

substances, thereby restoring soil health and 

ecological balance. The improvement in soil 

fertility was further confirmed by increased 

availability of nutrients such as nitrogen and 

phosphorus, along with enhanced soil 

structure and aeration. 

6. Conclusion 

The present study provides a comprehensive 

and empirical evaluation of microbial 

degradation as an effective strategy for the 

remediation of polycyclic aromatic 

hydrocarbons (PAHs) in contaminated soil. 

The results clearly demonstrate that 

microbial processes play a dominant role in 

the transformation and removal of these 

persistent organic pollutants, offering a 

sustainable and environmentally friendly 

alternative to conventional remediation 

techniques. The study confirms that 

biodegradation efficiency is significantly 

enhanced when appropriate microbial 

strains, favorable environmental conditions, 

and nutrient availability are integrated into 

the treatment system. 

One of the most significant outcomes of the 

research is the substantial reduction in total 

PAH concentration achieved through 

microbial intervention. The initial 

concentration of approximately 500 mg/kg 

was reduced to nearly 40 mg/kg within a 60-

day period under bioaugmentation combined 

with nutrient supplementation, 

corresponding to a degradation efficiency of 

about 92–96%. In contrast, natural 

attenuation resulted in only 50–55% 

reduction, while untreated control samples 

showed minimal degradation below 15%. 

These findings clearly indicate that the 

introduction of specialized PAH-degrading 

microorganisms, along with biostimulation, 

accelerates the degradation process and 

significantly improves remediation 

outcomes. The results highlight the 

importance of active intervention strategies 

over passive natural processes in 

contaminated environments. 

The study also establishes that the structural 

complexity of PAHs plays a critical role in 

determining degradation efficiency. Low-

molecular-weight PAHs such as naphthalene 

and fluorene exhibited rapid degradation 

rates exceeding 90–95% within the initial 

stages of the experiment, whereas high-

molecular-weight compounds such as 

benzo[a]pyrene showed relatively lower 

degradation efficiencies of approximately 

60–70% over the same period. This variation 
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is attributed to differences in solubility, 

bioavailability, and molecular stability. 

However, the study demonstrates that even 

high-molecular-weight PAHs can be 

significantly degraded under optimized 

conditions, particularly through the use of 

microbial consortia, thereby reinforcing the 

potential of advanced bioremediation 

approaches. 

Another critical conclusion of the study is 

the strong relationship between microbial 

activity and degradation performance. The 

observed increase in microbial population 

from approximately 2.0 × 10⁶ CFU/g to 

nearly 9.0 × 10⁶ CFU/g during the active 

degradation phase indicates that PAHs can 

serve as a viable carbon and energy source 

for microbial growth. The concurrent 

increase in enzyme activities, particularly 

dehydrogenase (which increased by over 

120%), further confirms the metabolic 

involvement of microorganisms in the 

degradation process. These findings 

underscore the importance of microbial 

dynamics in driving bioremediation and 

highlight the role of enzymatic mechanisms 

in the breakdown of complex hydrocarbon 

structures. 

Environmental factors were found to 

significantly influence microbial degradation 

efficiency. Optimal degradation was 

observed at temperatures between 28°C and 

32°C, pH levels ranging from 6.5 to 7.2, and 

moisture content maintained at 60–70% of 

water-holding capacity. Under these 

conditions, degradation rates were 

maximized, whereas deviations from these 

optimal ranges resulted in a decline of 

approximately 15–20% in efficiency. These 

findings emphasize that successful 

bioremediation is not solely dependent on 

microbial presence but also on maintaining 

favorable environmental conditions that 

support microbial metabolism and activity. 

The role of biosurfactants and microbial 

consortia emerged as key factors in 

enhancing degradation efficiency. The 

presence of biosurfactant-producing 

microorganisms increased PAH degradation 

by approximately 20–25% by improving the 

bioavailability of hydrophobic compounds. 

Similarly, microbial consortia demonstrated 

superior performance compared to single 

strains, achieving degradation efficiencies of 

up to 96%, compared to 70–80% in single-

strain treatments. This highlights the 

importance of synergistic interactions 

among microbial species in achieving 

comprehensive degradation of complex 

pollutant mixtures. 

The study also reveals that microbial 

degradation leads to a significant reduction 

in soil toxicity and improvement in soil 

quality. Toxicity levels decreased by 

approximately 65–75%, as evidenced by 

improved plant growth parameters and 

reduced inhibition effects. Additionally, soil 

fertility was enhanced through increased 

availability of nutrients such as nitrogen and 

phosphorus, along with improved soil 

structure and aeration. These improvements 

indicate that microbial bioremediation not 

only removes contaminants but also restores 

the ecological functionality of the soil. 
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