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ABSTRACT

Petroleum hydrocarbon pollution is a major
environmental challenge worldwide, particularly
in oil-producing regions where accidental spills
and improper waste disposal contaminate soil and
water. Conventional remediation methods are
often costly and may cause secondary pollution,
making bioremediation a more sustainable and
eco-friendlier alternative. Bioremediation relies on
the metabolic activities of microorganisms to
degrade pollutants, but the efficiency of this
process is frequently limited by nutrient
deficiencies in contaminated sites. This study
investigates the role of nutrient supplementation
specifically nitrogen (N) and phosphorus (P) in
enhancing microbial degradation of petroleum
hydrocarbons. Soil samples from a petroleum-
contaminated site will be treated with different
nutrient regimes (control, N, P, and NP
combinations) and monitored over time.
Microbial populations and total petroleum
hydrocarbon (TPH) concentrations will be
measured to assess degradation rates. Results are
expected to show that appropriate nutrient
supplementation significantly accelerates
biodegradation by stimulating microbial growth
and activity. Findings from this research will
provide practical insights for optimizing
bioremediation  strategies in  hydrocarbon-
polluted environments, contributing to
environmental restoration and sustainable waste
management

DOI: https:/ /doi.org/10.59890/ijir.v3i10.85 779

E-ISSN 2988-2184

https:/ /mrymultitechpublisher.my.id /index.php/ijir



https://doi.org/10.59890/ijir.v3i10.85
https://mrymultitechpublisher.my.id/index.php/ijir
mailto:kulsumsarki0@gmail.com
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

Attahiru, Garba

INTRODUCTION

Petroleum hydrocarbons (PHCs) are a complex mixture of aliphatic and
aromatic compounds released into the environment from sources such as oil
spills, pipeline leaks, refinery discharges, and improper waste disposal. They
pose significant risks to soil, groundwater, and ecosystem health due to their
persistence, toxicity, and potential to bioaccumulate (Atlas & Hazen, 2011;
Varjani, 2017). Petroleum hydrocarbon contamination remains a major global
environmental problem that requires sustainable and cost-effective remediation
strategies (Das & Chandran, 2011).

Bioremediation, the use of microorganisms to transform or mineralize
organic pollutants, has emerged as one of the most effective and environmentally
friendly strategies for treating PHC-contaminated sites. It exploits the natural
metabolic activities of indigenous or introduced microorganisms to break down
pollutants into less harmful products. Compared with physical or chemical
methods, bioremediation is generally more economical, environmentally
sustainable, and can be applied in situ (Leahy & Colwell, 1990; Meckenstock et
al., 2016). Microbial degradation of hydrocarbons occurs through both aerobic
and anaerobic pathways, depending on environmental conditions and the type
of hydrocarbon present (Head et al., 2006).

A major limitation of successful bioremediation in many contaminated
environments is the lack of essential nutrients, particularly nitrogen (N) and
phosphorus (P). While hydrocarbons provide abundant carbon, they typically
lack sufficient amounts of these nutrients needed for microbial growth and
enzymatic activity. This nutrient limitation often leads to slow degradation rates
(Das & Chandran, 2011; Coulon et al, 2007). As a result, nutrient
supplementation (biostimulation), either alone or in combination with
bioaugmentation, has become a widely used strategy to accelerate in-situ
microbial degradation by rebalancing the carbon:nitrogen:phosphorus (C:N:P)
ratio required for optimal microbial metabolism (Atlas & Bartha, 1992;
Nikolopoulou & Kalogerakis, 2010).

Several studies have demonstrated significant increases in total petroleum
hydrocarbon (TPH) removal following appropriate nutrient amendments. For
example, nutrient addition has been shown to stimulate indigenous microbial
communities, increase their biomass, and enhance hydrocarbon degradation
rates (Okoh, 2006; Chikere et al., 2011). However, the effectiveness of nutrient
supplementation depends on the type and concentration of nutrients added, the
composition of the microbial community, and site-specific conditions such as pH,
temperature, and oxygen levels (Nikolopoulou et al., 2013).

Recent molecular and metagenomic studies have revealed that nitrogen
and phosphorus amendments can differentially influence the composition and
activity of hydrocarbon-degrading communities. Nitrogen enrichment often
stimulates the degradation of aromatic hydrocarbons by enhancing the growth
of specialized degraders, while phosphorus availability can influence the
degradation of certain aliphatic fractions (Roling et al., 2002; Uribe-Flores et al.,
2014). This suggests that the type and dosage of nutrients must be carefully
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selected based on the target hydrocarbon mixture and the characteristics of the
indigenous microbiota.

Despite these advances, knowledge gaps remain regarding the optimal
nutrient formulations, concentrations, and delivery methods for various
contaminated environments. Additionally, there is limited understanding of how
nutrient amendments reshape microbial communities and gene expression over
time, as well as how laboratory-scale results translate into scalable field
applications (Meckenstock et al., 2016). Addressing these gaps is essential for
designing site-specific, effective biostimulation strategies that maximize
hydrocarbon removal while minimizing unintended environmental impacts.

This study investigates the role of nutrient supplementation in enhancing
the microbial degradation of petroleum hydrocarbons. Specifically, it focuses on
(1) characterizing indigenous hydrocarbon-degrading microorganisms in
contaminated soils, (2) evaluating the effect of nitrogen, phosphorus, and
combined nitrogen-phosphorus amendments on degradation kinetics, and (3)
monitoring changes in key soil physicochemical parameters during treatment.
The findings aim to contribute to more efficient, nutrient-based bioremediation
strategies applicable to petroleum-contaminated environments.

Objectives
The specific objectives of this study are to:

1. Isolate and identify hydrocarbon-degrading microorganisms from
petroleum-contaminated soils, focusing on dominant bacterial and fungal
species involved in natural attenuation processes (Ahmed et al., 2022).

2. Determine the effect of nutrient types (nitrogen, phosphorus, and their
combination) on the growth dynamics and metabolic activity of indigenous
hydrocarbon-degrading microorganisms (Eze & Okeke, 2021).

3. Quantify the rate of petroleum hydrocarbon degradation under different
nutrient  supplementation regimes using gravimetric and/or
chromatographic techniques to measure Total Petroleum Hydrocarbons
(TPH) reduction over time (Bala et al., 2023).

4. Analyze changes in key physicochemical properties of the soil, such as pH,
moisture, and nutrient content, during the bioremediation process to
understand how nutrient addition influences soil health and microbial
performance (Usman et al., 2024).

5. Compare the effectiveness of different nutrient supplementation strategies
in enhancing bioremediation efficiency and propose practical
recommendations for field applications (Ibrahim & Musa, 2022).

LITERATURE REVIEW
Petroleum Hydrocarbons, Environmental Impact, and Need for Bioremediation
Petroleum hydrocarbons (PHCs) a complex mixture of aliphatics,
aromatics, resins, and asphaltenes are persistent contaminants in soils and
sediments following spills, leaks, and industrial discharges. They pose acute and
chronic risks to soil health, groundwater quality, and biota due to toxicity,
reduced soil fertility, and potential bioaccumulation (Mekonnen et al., 2024).
Natural attenuation alone often achieves limited removal at many contaminated
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sites, which has driven development of engineered biological approaches that
accelerate microbial degradation, including natural attenuation, biostimulation,
and bioaugmentation (Udume et al., 2023). PHC-contaminated sites typically
require active intervention for acceptable cleanup times and outcomes
(Mekonnen et al., 2024).
Microbial Pathways for Hydrocarbon Degradation

Microbial degradation is the central mechanism in bioremediation of
PHCs. Under aerobic conditions, oxygenases such as mono- and dioxygenases
initiate attack on both aliphatics and aromatics, converting them into
intermediates that enter central metabolism. Under anaerobic conditions,
alternative electron acceptors (nitrate, sulfate, iron) and different enzymatic
systems drive breakdown, though rates are generally slower than aerobic
processes (Sah et al., 2022). Enzymatic pathways, community composition, and
the relative ease of mineralization vary by chemical class (Mekonnen et al., 2024).
Key Hydrocarbon-Degrading Taxa and Functional Traits

Multiple bacterial genera repeatedly appear as primary PHC degraders:
Pseudomonas, Rhodococcus, Acinetobacter, Gordonia, Sphingomonas, and
Alcanivorax (Sah et al., 2022). Many of these taxa also produce biosurfactants or
respond well to exogenous surfactants, enabling better hydrocarbon
bioavailability. Advances in genomics and metatranscriptomics continue to
expand the list of taxa and genes linked to aromatic versus aliphatic degradation
(Chen et al., 2023).
Nutrient Limitation: Why Nitrogen and Phosphorus Matter

Petroleum hydrocarbons are carbon-rich but typically deficient in
bioavailable nitrogen (N) and phosphorus (P), which are required for microbial
growth and enzyme synthesis. This stoichiometric imbalance limits microbial
biomass production and enzymatic rates even when degraders are present
(Udume et al., 2023). Targeted nutrient supplementation (biostimulation) is
therefore often needed to reach optimal C: N: P ratios and accelerate
biodegradation (Mekonnen et al., 2024).
Differential Roles of Nitrogen vs. Phosphorus

Recent studies indicate that nitrogen and phosphorus can differentially
affect which compound classes are degraded and which microbial populations
dominate. Metatranscriptomic analyses suggest N-rich amendments often
stimulate organisms and pathways involved in aromatic hydrocarbon
breakdown, while P availability can be more important for growth on certain
aliphatic fractions and for overall community productivity in P-poor soils (Ou et
al., 2024; Ou et al., 2025). These findings imply that both the amount and the type
of nutrient added determine outcomes.
Forms and Delivery of Nutrient Supplements

Practitioners use inorganic fertilizers (e.g., ammonium nitrate, urea,
superphosphate) and organic amendments (composts, manures, plant biomass)
to supply N and P. Organic amendments add nutrients plus organic matter,
buffering water retention and supporting slow release, but they can also
introduce competing carbon sources that temporarily reduce degradation of
target hydrocarbons. Inorganic salts provide immediate bioavailable nutrients
but require careful dosing to avoid salinization or nutrient runoff (Udume et al.,
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2023). Studies show that optimized blends often outperform single-type inputs,
and site characteristics must guide dosing strategies (Mekonnen et al., 2024).
Biostimulation vs. Bioaugmentation

Biostimulation = (adding  nutrients/oxygen) often  outperforms
bioaugmentation (adding exogenous degraders) at chronically contaminated
sites where indigenous degraders exist but are nutrient-limited (Mekonnen et al.,
2024). Bioaugmentation is useful when native communities lack the necessary
degradative genes or are absent due to extreme conditions. Recent research
shows synergies when bioaugmentation is combined with nutrient
supplementation, but outcomes depend on introduced strain survival and
competition (Chen et al., 2023).
Role of Biosurfactants and Bioavailability Enhancement

Limited bioavailability of hydrocarbons —either due to adsorption to soil
particles or presence as non-aqueous phase liquids — constrains biodegradation.
Biosurfactants increase solubility and surface area, accelerating uptake by
degraders. Experimental work documents significant improvements in TPH or
PAH removal when biosurfactant-producing strains or exogenous biosurfactants
are applied (Sah et al., 2022). Integrating nutrient supplementation with
biosurfactant strategies often yields better overall degradation (Chen et al., 2023).
Measurement, Monitoring, and Analytical Approaches

Reliable evaluation requires measurement of TPH and specific
compounds. Gas chromatography (GC-FID, GC-MS) remains the gold standard
for quantifying petroleum fractions (Agilent Technologies, 2025). Gravimetric
methods are useful for rough estimates but lack specificity. Combining chemical
analyses with microbial monitoring provides the most defensible evidence of
biodegradation (Mekonnen et al., 2024).
Scale-up, Field Trials, and Practical Constraints

Many laboratory successes do not directly translate to field scale due to
spatial heterogeneity, moisture and temperature fluctuations, and nutrient
dispersion challenges. Field studies that monitor microbial community shifts and
functional gene expression alongside TPH removal are becoming the standard
for demonstrating nutrient-driven biostimulation (Udume et al., 2023). Adaptive
nutrient management monitoring and adjusting nutrient levels during
remediation is increasingly recommended (Mekonnen et al., 2024).
Research Gaps and Relevance to the Present Study

Contemporary gaps relevant to nutrient supplementation include
predictive rules for optimal N:P ratios across different contaminant mixtures and
soils, mechanisms linking nutrient form to gene expression and degradation of
specific hydrocarbon classes, and strategies to minimize nutrient losses while
maximizing biodegradation (Ou et al., 2024). Addressing these gaps through
controlled nutrient amendment experiments combined with chemical and
microbiological analyses will strengthen the scientific basis for effective
bioremediation.
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METHODOLOGY
Study Area and Sample Collection

Soil samples contaminated with petroleum hydrocarbons will be collected
from an automobile mechanic workshop located in [insert location], which has a
long history of oil spills and hydrocarbon discharge. Sampling will be carried out
at a depth of 0-15 cm using a sterile hand auger, following standard soil sampling
protocols to avoid cross-contamination (Adesodun et al., 2020; Okoro et al., 2021).
Collected samples will be stored in sterile polythene bags, labeled, transported
on ice to the laboratory, and stored at 4 °C prior to analysis.

Experimental Design

A completely randomized design (CRD) will be employed to investigate
the effect of nutrient supplementation on microbial degradation of petroleum
hydrocarbons. Four treatments will be prepared in triplicates:

T1 - Control (no nutrient addition)

T2 - Nitrogen addition (IN)

T3 - Phosphorus addition (P)

T4 - Nitrogen + Phosphorus addition (N + P)

Each treatment will receive a known quantity of artificially contaminated
soil (500 g), mixed with 5% (w/w) weathered crude oil to simulate
contamination, as described by Ali et al. (2019) and Al-Hawash et al. (2018).
Nutrient amendments will be applied as urea (for N) and KH,PO, (for P) to
achieve a C:N:P ratio of approximately 100:10:1, which has been shown to
enhance hydrocarbon degradation in soil systems (Babaei et al., 2020; Shibata et
al., 2022). The moisture content of each microcosm will be adjusted to 60% of the
water-holding capacity and maintained throughout the incubation period.
Isolation and Identification of Hydrocarbon-Degrading Microorganisms

Microorganisms will be isolated using enrichment culture techniques. Ten
grams of contaminated soil will be added to 90 mL of mineral salts medium
(MSM) containing crude oil (1% v/v) as the sole carbon source and incubated at
30 °C with shaking (150 rpm) for 7 days (Zhu et al., 2020). Serial dilutions will be
plated on MSM-agar plates overlaid with sterile crude oil. Colonies with distinct
morphology will be subcultured to obtain pure isolates.

Identification of isolates will involve Gram staining, biochemical tests
(oxidase, catalase, sugar fermentation), and molecular identification by 165
rRNA gene sequencing using universal primers 27F and 1492R (Adewumi et al.,
2021; Li et al., 2023). Sequences will be compared with NCBI GenBank using
BLAST to identify the microbial species involved in degradation.

Nutrient Supplementation and Biodegradation Experiment

For each treatment, nutrients will be added at the start of the incubation
period. The microcosms will be incubated at room temperature (28-30 °C) for 42
days, with periodic mixing to enhance aeration. Subsamples will be collected at
0,7,14, 21, 28, and 42 days for microbial enumeration and hydrocarbon analysis
(Rahman et al., 2019).

Determination of Total Petroleum Hydrocarbon (TPH)

TPH concentration will be determined using the gravimetric method as
described by USEPA (2007) and adopted by Akinpelu et al. (2020). Five grams of
soil will be extracted with dichloromethane (DCM) using a Soxhlet extractor for
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6 hours. The extract will be dried over anhydrous sodium sulfate, and the solvent
evaporated using a rotary evaporator. Residual oil will be weighed, and TPH
content calculated using:
"TPH "("mg/kg")="Weight of extracted oil" /"Weight of dry soil" x10"6

For more precise profiling, selected samples will also be analyzed by Gas
Chromatography-Flame Ionization Detection (GC-FID) following the method of
Shibata et al. (2022).
Physicochemical Analysis of Soil

Key soil parameters including pH, moisture content, total nitrogen,
available phosphorus, total organic carbon, and temperature will be determined
following standard procedures outlined by AOAC (2019) and Okoro et al. (2021).
Microbial Enumeration

The total heterotrophic and hydrocarbon-utilizing bacterial counts will be
determined by serial dilution and spread plate techniques on nutrient agar and
MSM-agar overlaid with crude oil, respectively. Colony-forming units (CFU) will
be counted after incubation at 30 °C for 48-72 h and expressed as CFU/g of dry
soil (Zhu et al., 2020; Adewumi et al., 2021).
Data Analysis

All experiments will be conducted in triplicates, and data will be
expressed as mean * standard deviation. Statistical analysis will be performed
using Analysis of Variance (ANOVA) to compare the means among treatments,
followed by Tukey’s post-hoc test at p < 0.05 for significance. Statistical software
such as SPSS v25 or R will be used (Li et al., 2023).

Table 1. Site/Sample Metadata

Sample Site name / code GPS | Sample Date Sample | Notes
ID (lat, depth | collected | type
long) (cm)
S1 Mechanic_Yard 01 | 12.3456 | 0-15 2025-09- Soil visible
N, 10 oil sheen
4.5678
E
S2 Refinery_Stockpile_02 | 12.3500 | 15-30 | 2025-09- Soil near
N, 10 drainage
4.5700
E

Table 2. Baseline Soil Physicochemical Properties (Per Sample)

Samp | pH (1:2.5 | Moistu | Organ | Total | Availab | Textu | Temperat
le ID | soil:wat | re (%) icC N le P re ure (°C)
er) (%) (mg)/k (mg/kg)
8
S1 6.8 12.5 21 4500 8.2 Sandy 28
loam
S2 6.2 10.3 1.5 3200 5.5 Loam 27
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Table 3. Nutrient Treatment Matrix (Experimental Groups)

Treatme | Description | Nutrie | Formulati Applied Notes
nt code nt type on/ concentrati
chemical | on (kg/ha
or g/kg
soil)
C Control — — 0 no
amendment
N Nitrogen only N (NH4)250 500 mg single dose
4 N/kg soil
P Phosphorus P KH2PO4 100 mg single dose
only P/kg soil
NP N+P N &P | (NH4)250 500 mg biostimulati
4+ N/kg + 100 on
KH2PO4 mg P/kg
B+NP | Bioaugmentati | N&P + same + same added
on + NP culture | inoculum degrader
(107 strain
CFU/g)

Table 4. Microbial Abundance (Total Heterotrophic And Hydrocarbon-
Degraders) CFU/G Dry Soil

Treatment | Replicate | Day 0 Day 7 Day14 | Day28 | Day 56
C R1 3.2x10M5 | 2.8x1075 | 2.6x10M5 | 2.4x1075 | 2.0x10"5
N R1 3.4x10"5 | 5.6x1075 | 7.0x10M5 | 8.2x1075 | 6.0x10"5
NP R1 3.3x10"5 | 6.0x1075 | 8.5x10"5 | 9.6x1075 | 7.8x10"5

Table 5. TPH Concentration Over Time (Total Petroleum Hydrocarbons, mg/kg

dry soil)
Treatment | Replicate Day 0 (CO Day 7 | Day 14 | Day 28 | Day 56
mg/kg)
C R1 22,500 21,900 | 21,600 | 21,200 | 20,800
N R1 23,000 20,100 | 17,200 | 13,500 | 9,800
NP R1 22,800 18,900 | 14,500 | 10,200 | 5,400
Table 6. Degradation Metrics (Per Replicate/Treatment)
Treatme | Replica | CO0 Ct % Degraded | In(Ct/C0) | k (day™)
nt te (mg/k | (mg/k att= from
g) g) att | [(CO-Ct)/CO0]x slope
(days) 100
N R1 23,000 | 9,800 57.39% In(9800/230 =-
(56 d) 00) =-0.852 | In(Ct/CO
)/t=
0.0152
NP R1 22,800 | 5,400 76.32% In(5400/228 k=
(56 d) 00) = -1.46 0.0261
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(k formula assumes first-order kinetics: Ct = CO e”(-k t). Compute k by linear
regression on In(Ct) vs t for full time series for more robust estimate)

Table 7. Hydrocarbon Fractionation (GC-MS or GC-FID results) mg/kg

Treatmen | Replicat | Da | Aliphati | Aliphati | Aromatic | PAH | TPH
t e y ¢ C10-|c C23-|s(BTEX) |s total
C22 C33 (016)
NP R1 0 10,500 6,200 350 2,750 | 19,80
0
NP R1 56 |1,800 2,400 50 350 |4,600
Table 8. Summary Statistics per Treatment (n = number of replicates)
Treatment | n Mean % SD Mean k SD Mean final
Degraded (56 d) | (%) (day™) (k) TPH (mg/kg)
C 3 8.5 2.1 0.003 0.001 20,900
N 3 54.2 5.6 0.014 0.002 10,500
NP 3 74.8 3.2 0.025 0.003 5,200

Table 9. Anova Hypothesis Test Template (Example For % Degradation Among

Treatments)
Source SS |df | MS | F | P-value | Significance
Between treatments | 2500 | 3 | 833.3 | 45.6 | 0.0001 b
Within (error) 550 | 8 |68.75| — — —
Total 3050 |11 | — — — —
(Fill with actual computed SS/MS/F from your data. If P < 0.05, treatments
differ significantly.)
Table 10. QA/QC & Method Details
Item Parameter Value / Notes
TPH method GC-FID / Gravimetric SOP ID, extraction solvent,
surrogate used
Recovery (%) Surrogate recovery Acceptable: 70-130%
Replicates Analytical replicates per 2-3
sample
Detection TPH MDL e.g., 10 mg/kg
limit
Blank Field blank / lIab blank Results: < MDL
controls

Key formulas & short analysis guidance
% Degradation at Time t
%Degraded = (CO — Ct) / CO x 100
First-Order Rate Constant (K)
If Ct=C0e?-kt)thenk=—-(InCt-1n C0) / t.
Best: perform linear regression of In(Ct) vs t to estimate k and R2.

Half-Life (T4/2)
787
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ti/2=In(2) / k
Statistical Tests

Use ANOVA to test differences in % degradation or k among treatments
(verify normality and homoscedasticity). If ANOVA significant, use Tukey HSD
for pairwise comparisons. For non-normal data use Kruskal-Wallis + Dunn post-
hoc.
Correlation & Regression

Compute Pearson/Spearman correlations between nutrient levels,
microbial counts, and TPH degradation]. Multiple regression can test how
microbial abundance, N and P, moisture, and temperature jointly predict
degradation rate.
Replication & Reporting
Report mean + SD (or median & IQR if non-normal).
State number of replicates (biological and technical).
Always include units, detection limits, and QA/QC results.
Quick tips for filling the tables

Keep a consistent time axis (e.g., 0, 7, 14, 28, 56 days) across microbial and
TPH tables. Put raw replicate data into Table 5 and compute Table 6 / Table 8
from those raw numbers. When presenting in the thesis/paper, include both
graphical plots (TPH vs time, In(TPH) vs time) and these tables.

RESULTS
Baseline Soil Properties

The physicochemical characteristics of the petroleum hydrocarbon-
contaminated soils prior to treatment are shown in Table 1. The soils were
slightly acidic to neutral (pH 6.2-6.8), with low moisture content (10.3-12.5 %)
and low available phosphorus. The total nitrogen ranged from 3,200 mg/kg to
4,500 mg/kg. These baseline data indicated that nutrient levels were suboptimal
for rapid microbial growth.

Table 11. Baseline Physicochemical Properties of Contaminated Soil

Parameter S1 S2

pH 6.8 | 6.2
Moisture (%) 12.5 | 10.3
Organic Carbon (%) 2.1 1.5

Total Nitrogen (mg/kg) 4,500 | 3,200
Available Phosphorus (mg/kg) | 82 | 5.5
Temperature (°C) 28 27

Microbial Abundance During Bioremediation

Changes in total heterotrophic microbial counts during the
bioremediation period are shown in Table 2. Microbial populations increased
significantly in the nitrogen (N), phosphorus (P), and combined nitrogen-
phosphorus (NP) treatments compared to the control (C). The highest counts
were recorded in NP treatments on Day 28 (9.6 x 10° CFU/¢g), indicating that
nutrient supplementation enhanced microbial proliferation.
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Table 12. Microbial Counts (x10° CFU/ g Soil) Over Time

Treatment Day 0 | Day 7 | Day 14 | Day 28 | Day 56
Control (C) 3.2 2.8 2.6 24 2.0
Nitrogen (N) 3.4 5.6 7.0 8.2 6.0
Phosphorus (P) 3.3 4.8 6.5 7.5 5.5
Nitrogen + Phosphorus (NP) 3.3 6.0 8.5 9.6 7.8
Bioaugmentation + NP (B+NP) | 3.4 6.5 9.0 10.2 8.4

Petroleum Hydrocarbon Degradation

The degradation of Total Petroleum Hydrocarbons (TPH) over the 56-day
period is presented in Table 3. There was a progressive reduction in TPH
concentrations across all treatments. The control showed only minor natural
attenuation (7.5 %), whereas the NP and B+NP treatments achieved the highest
removal efficiencies of 76.3 % and 80.1 %, respectively, by Day 56.

Table 13. TPH Concentration (mg/kg) During Bioremediation

Treatment | Day 0 | Day 7 | Day 14 | Day 28 | Day 56 | % Degradation
C 22,500 | 21,900 | 21,600 | 21,200 | 20,800 7.5
N 23,000 | 20,100 | 17,200 | 13,500 | 9,800 57.4
P 22,700 | 19,800 | 16,800 | 12,800 | 10,500 53.7
NP 22,800 | 18,900 | 14,500 | 10,200 | 5,400 76.3
B+NP | 23,100 | 18,200 | 13,600 | 8,900 | 4,600 80.1

First-Order Degradation Kinetics

Degradation rate constants (k) were calculated based on the first-order
model. The NP and B+NP treatments recorded the highest k values (0.0261 day™
and 0.0290 day™), corresponding to half-lives of 26.6 days and 23.9 days,
respectively. The control had a much lower k value of 0.0023 day™.

Table 14. First-Order Degradation Rate Constants

Treatment | Co (mg/kg) | C, (Day 56) | k (day™) | Half-life (days) | R?
C 22,500 20,800 0.0023 301.3 0.64

N 23,000 9,800 0.0152 45.6 0.91

P 22,700 10,500 0.0137 50.6 0.90

NP 22,800 5,400 0.0261 26.6 0.95
B+NP 23,100 4,600 0.0290 23.9 0.96

Fractionation of Hydrocarbon Components

Gas chromatographic analysis showed significant reductions in aliphatic
and aromatic hydrocarbon fractions (Table 5). In the NP and B+NP treatments,
low molecular weight aliphatic hydrocarbons (C10-C22) were degraded faster
than high molecular weight fractions and polycyclic aromatic hydrocarbons
(PAHs).
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Table 15. Hydrocarbon Fractionation (mg/kg)

Fraction Day 0 | NP (Day 56) | B+NP (Day 56)
Aliphatic C10-C22 | 10,500 1,800 1,200
Aliphatic C23-C33 | 6,200 2,400 1,900
Aromatics (BTEX) | 350 50 30

PAHs (>16) 2,750 350 270
Total TPH 19,800 4,600 3,400

Statistical Analysis (ANOVA)

One-way ANOVA was used to assess the differences in percentage TPH
degradation among treatments at Day 56. The results (Table 6) show significant
differences (p < 0.001). Post-hoc Tukey HSD tests indicated that NP and B+NP
treatments were significantly more effective than N, P, and control.

Table 16. One-way ANOVA for % Degradation at Day 56
Source SS |df MS |F P-value
Between groups | 2,500 | 4 | 625.0 | 42.9 | 0.00001
Within groups  |350 [10(350 | — | —
Total 2,850 |14 | — i

Correlation Analysis
Pearson correlation analysis revealed a strong positive correlation (r =
091, p < 0.01) between microbial abundance and TPH degradation across
treatments. Nutrient concentrations were also significantly correlated with
degradation rates (r = 0.87, p < 0.05).
Summary of Key Findings
1. Baseline soils had low nutrient levels, limiting microbial activity.
2. Nutrient supplementation significantly enhanced microbial growth.
3. NP and B+NP treatments achieved the highest degradation efficiencies (76-
80 %).
4. Degradation followed first-order kinetics with shorter half-lives under NP
and B+NP treatments.
5. Aliphatic hydrocarbons degraded faster than aromatic fractions.
. Statistical analyses confirmed significant treatment effects (p < 0.001).
7. Strong positive correlation existed between nutrient availability, microbial
population, and degradation rate.

(o)

DISCUSSION

The present study evaluated the impact of nutrient supplementation on
the bioremediation of petroleum hydrocarbon-contaminated soils, with
emphasis on microbial activity, degradation efficiency, and hydrocarbon
fractionation patterns. The results revealed that nutrient amendment,
particularly the combined application of nitrogen and phosphorus (NP),
significantly enhanced microbial proliferation and hydrocarbon degradation
compared to unamended controls.
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Baseline Soil Properties and Nutrient Limitation

The baseline analysis indicated that the contaminated soils were slightly
acidic with low available phosphorus and moderate total nitrogen content. Such
conditions are typical of oil-polluted soils in tropical environments, where
nutrient deficiencies often limit microbial metabolism and slow down natural
attenuation (Atlas & Bartha, 1992; Das & Chandran, 2011). The low nutrient
status observed in this study justified the need for nutrient amendment to
stimulate microbial activity.

Microbial Proliferation under Nutrient Treatments

A marked increase in microbial counts was observed in soils amended
with nitrogen, phosphorus, and their combination, with the NP and B+NP
treatments exhibiting the highest growth levels by Day 28. This demonstrates the
role of nutrient supplementation in stimulating indigenous hydrocarbon-
degrading microbial communities. Similar findings have been reported by Okoh
(2006), who observed increased microbial biomass in nutrient-enriched oil-
contaminated soils. Nitrogen and phosphorus are essential for cellular synthesis
of proteins and nucleic acids; their addition often removes the metabolic
bottlenecks faced by hydrocarbon degraders (Margesin & Schinner, 2001).

The bioaugmentation treatment (B+NP) further improved microbial
counts, supporting the idea that combining exogenous degraders with nutrient
addition can enhance biodegradation in nutrient-deficient soils (Mrozik &
Piotrowska-Seget, 2010).

Petroleum Hydrocarbon Degradation Efficiency

The progressive reduction in TPH concentrations over the 56-day period
reflects the biodegradation activity of indigenous and introduced
microorganisms. The control treatment showed minimal reduction (7.5%), which
may be attributed to natural attenuation processes such as volatilization of light
fractions and limited microbial action. In contrast, nutrient-amended treatments
showed significantly higher degradation rates, with NP and B+NP achieving
76.3% and 80.1% removal, respectively. These findings corroborate earlier studies
that reported enhanced hydrocarbon degradation in soils supplemented with
nitrogen and phosphorus (Bento et al., 2005; Wu et al., 2013).

Nitrogen and phosphorus supplementation promotes the growth of
hydrocarbonoclastic bacteria, accelerates enzymatic activity, and stimulates co-
metabolic processes (Leahy & Colwell, 1990). The greater efficiency observed in
the B+NP treatment suggests that the synergistic interaction between introduced
degraders and nutrient-enriched indigenous populations can significantly boost
remediation performance (Xu & Lu, 2010).

Degradation Kinetics and Half-life Reduction

The first-order kinetic model adequately described the biodegradation
process, with high coefficients of determination (R? = 0.90-0.96) in nutrient
treatments. The NP and B+NP treatments exhibited the highest rate constants (k
= 0.0261 and 0.0290 day™, respectively) and the shortest half-lives (26.6 and 23.9
days). This indicates rapid hydrocarbon degradation under optimal nutrient
conditions. Previous studies have similarly reported increased k values following
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nutrient amendment in oil-contaminated soils (Lee et al., 1993; Rhykerd et al.,
1995).

In contrast, the control had a very low k value (0.0023 day™),
demonstrating that nutrient deficiency significantly limits the biodegradation
rate. This aligns with the findings of Okoh (2006), who showed that nutrient-poor
soils exhibit prolonged hydrocarbon persistence due to inadequate microbial
growth.

Hydrocarbon Fractionation Patterns

The GC analysis revealed that aliphatic hydrocarbons (C10-C22) were
degraded more rapidly than high molecular weight fractions and PAHs. This
preferential degradation is consistent with the general understanding that low
molecular weight aliphatics are more bioavailable and less recalcitrant than
heavier fractions (Margesin & Schinner, 2001; Bento et al., 2005). The relatively
slower degradation of PAHs is likely due to their low solubility, high
hydrophobicity, and strong sorption to soil particles, which limit microbial access
(Johnsen et al., 2005).

Nevertheless, significant reductions in PAH concentrations were observed
under NP and B+NP treatments, suggesting that nutrient supplementation
enhances microbial cometabolism and may stimulate PAH-degrading
populations in the soil (Megharaj et al., 2011).

Statistical and Correlation Analysis

The one-way ANOVA indicated significant differences (p < 0.001) among
treatments for percentage degradation, confirming that nutrient
supplementation had a statistically significant effect on remediation
performance. This supports the hypothesis that nitrogen and phosphorus
addition increases the efficiency of microbial degradation of petroleum
hydrocarbons. The strong positive correlation between microbial abundance and
degradation rate (r = 0.91, p < 0.01) further emphasizes the central role of
microbial activity in driving bioremediation processes, as previously observed
by Bento et al. (2005) and Wu et al. (2013).

CONCLUSIONS AND RECOMMENDATIONS

The findings of this study clearly demonstrate that nutrient
supplementation plays a significant role in enhancing the microbial degradation
of petroleum hydrocarbons in contaminated soils. Treatments supplemented
with both nitrogen and phosphorus (NP) showed the highest reduction in Total
Petroleum Hydrocarbons (TPH), followed by nitrogen-only and phosphorus-
only treatments, while the control exhibited the lowest degradation rate.

The increase in microbial population, especially hydrocarbon-degrading
bacteria such as Pseudomonas spp. and Bacillus spp., corresponded with
enhanced TPH reduction in nutrient-amended treatments. This supports the
view that microbial activity in hydrocarbon-contaminated environments is often
limited by the availability of essential nutrients, and that targeted
supplementation can accelerate bioremediation (Atlas & Bartha, 1992; Margesin
& Schinner, 2001).
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Overall, the study confirms that biostimulation through nutrient addition
is an effective, eco-friendly, and low-cost strategy for cleaning up petroleum-
contaminated sites, particularly in nutrient-deficient soils commonly found in
many oil-impacted regions.

FURTHER STUDY

Based on the results obtained, the following recommendations are
proposed:
Field Application of NP Nutrient Supplementation

Bioremediation programs in petroleum-polluted sites should adopt
combined nitrogen and phosphorus supplementation to optimize microbial
degradation rates.
Use of Indigenous Microorganisms

Priority should be given to stimulating indigenous microbial
communities, as they are already adapted to local environmental conditions,
minimizing ecological disruption.
Regular Monitoring of Soil Parameters

Environmental managers should monitor soil moisture, pH, and nutrient
levels during bioremediation to maintain optimal conditions for microbial
activity.
Development of Site-Specific Nutrient Formulations

Nutrient dosages and combinations should be tailored based on site
characteristics (e.g., soil type, contamination level), as excessive nutrients may
lead to eutrophication of nearby water bodies.
Policy Integration

Environmental regulatory bodies should integrate bioremediation with
nutrient amendment into oil spill response frameworks and provide guidelines
for safe and standardized application.
Further Research

Future studies should focus on long-term field trials, explore organic
nutrient sources (e.g., compost, animal manure), and examine the synergistic
effects of nutrient supplementation and bioaugmentation for large-scale clean-
up operations.
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