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Abstract 
Petroleum hydrocarbon pollution threatens soil ecosystems, human health, and biodiversity due to its 
persistence and toxicity. This study assessed phytoremediation effectiveness using three treatments: 
Group A (Switchgrass), Group B (Sunflower), and Group C (Switchgrass, Sunflower, and 
Earthworms). Soil samples from a crude oil–polluted site at ATC Okirika, Port Harcourt, Rivers State, 
Nigeria, were tested under controlled conditions for 12 weeks. Residual hydrocarbons were analysed 
using Gas Chromatography-Mass Spectrometry (GCM-MS) after extraction with USEPA Method 
3550C. Major pollutants included ethylbenzene (4.128%), biphenyl (3.682%), fluoranthene (2.180%), 
phenanthrene (1.902%), and anthracene (1.007%). Results showed that Group C achieved the best 
remediation outcomes, with complete removal of ethylbenzene, toluene, phenanthrene, and anthracene, 
and over 70% reduction of biphenyl and fluoranthene. Group A achieved moderate efficiency, reducing 
ethylbenzene by 85% and phenanthrene by 53%, while Group B showed the lowest performance. 
Notably, Group C prevented hydrocarbon accumulation and byproduct formation, highlighting the 
synergistic effect of combined phytoremediation and vermi-remediation. The study concludes that 
integrated biological systems (Group C) provide more effective and sustainable remediation of 
petroleum-contaminated soils than monoculture phytoremediation. Incorporating polyphyto-
vermiculture models into remediation programmes is therefore recommended, particularly in 
petroleum-impacted environments. These findings contribute to growing evidence supporting eco-
friendly, cost-effective bioremediation alternatives to conventional physicochemical methods. 
 
 
Keywords: Phytoremediation, Vermiremediation, Bioremediation, Soil pollution, 
Environmental sustainability.  
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INTRODUCTION 
Soil contamination is a pervasive environmental issue resulting from accidental oil spills, 
industrial discharges, and improper disposal of petroleum products. Petroleum hydrocarbons 
are persistent contaminants stemming from these artificial activities. This kind of 
contamination poses significant ecological and human health risks due to the presence of toxic 
compounds such as polycyclic aromatic hydrocarbons (PAHs), benzene, toluene, 
ethylbenzene, and xylene (BTEX) (Abioye et al., 2017; Asiabadi et al., 2014). Baker (1994) states 
that soil contamination with complex compounds can have far-reaching negative impacts. 
These may include reduced soil fertility, disturbed nutrient cycles, and potential toxic effects 
on both plant and animal life. 
 
Petroleum contamination in Nigeria has been extensively documented as one of the 
significant environmental issues, particularly in the Niger Delta region, where oil production 
activities have led to environmental degradation and human health risks (E Ite et al., 2013; 
Wang et al., 2019; Sj et al., 2024). Such contamination is attributed to factors such as operational 
failures, pipeline vandalism, and inadequate corporate social responsibility by multinational 
oil companies (MOCs), among others (Wang et al., 2019). Equally, petroleum hydrocarbons 
have been reported to cause toxicity on human health and ecological receptors, leading to 
surface water and groundwater contamination, which pose notable environmental and health 
problems (Wang et al., 2019). Interestingly, despite the existence of environmental laws and 
the role of the Nigerian government in international environmental law, the implementation 
of these policies needs to be improved, leading to continued ecological costs and degradation 
(Tiwari et al., 2023). Moreover, compensation for oil spill victims remains a complex issue, 
with the need for a more effective legislative and administrative framework to address 
compensation for petroleum contamination (Zeb et al., 2020). The petroleum contamination in 
Nigeria has led to severe environmental and health issues, exacerbated by inadequate 
regulatory frameworks and poor implementation of environmental policies. The situation 
calls for urgent action from all stakeholders, including the government, MOCs, and non-
governmental organisations, to improve environmental management and ensure fair 
compensation for affected communities (Wang et al., 2019; Tiwari et al., 2023; Ogbu et al., 
2024). 
 
In addressing the concerns, it is imperative to note that remediating the contaminated soil 
surfaces is the least important priority. Traditional remediation approaches, such as 
excavation and chemical treatments, are frequently associated with substantial costs and may 
potentially result in additional environmental deterioration. Therefore, there is a growing 
interest in sustainable and cost-effective methods such as phytoremediation and 
vermiremediation (Yunker et al., 2002). Such options include phytoremediation and 
vermiremediation, which are recognised as green technologies for remediating petroleum-
contaminated soil. The former involves using plants to remove, stabilise, or destroy 
contaminants in soil and groundwater, while the latter employs earthworms to reduce 
pollutant concentrations in contaminated soil (Almutairi, 2019; James and Hashim, 2021).  
 
Interestingly, while phytoremediation has been widely studied and applied, there is little or 
no information on vermiremediation using earthworms, such as Eisenia fetida, particularly in 
specific areas like Nigerian petroleum-contaminated soil and Kuwaiti oil-contaminated sand. 
Previous studies have shown that earthworms can effectively reduce total petroleum 
hydrocarbon (TPH) levels. However, their survival is affected by the concentration of TPH 
and environmental factors such as soil type, moisture, and temperature (Almutairi, 2019). On 
the other hand, several literature works through phytoremediation studies have identified 
various plant species, including local species, that demonstrate significant potential in 
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removing crude oil from contaminated soils, with variations in effectiveness among species 
(Chen et al., 2019; Dada et al., 2021; Li et al., 2020; Shi et al., 2019; Tang and Angela, 2019). Both 
phytoremediation and vermiremediation offer cost-effective and environmentally friendly 
solutions for treating petroleum-contaminated soils. While phytoremediation benefits from a 
diverse range of plant species capable of degrading petroleum hydrocarbons, 
vermiremediation provides a complementary approach that can be optimised by maintaining 
favourable conditions for earthworm activity. Integrating these methods could potentially 
enhance remediation efficiency, as evidenced by studies combining earthworms and bacteria 
for improved TPH removal (Ameen and Al-Homaidan, 2024). 
 
Additionally, phytoremediation leverages the natural ability of certain plants to absorb, 
accumulate, and detoxify pollutants from the soil. Sunflower (Helianthus annuus) and 
switchgrass (Panicum virgatum) are particularly promising due to their high biomass 
production and deep root systems, which enhance their capacity to remediate contaminated 
soils (Farraji et al., 2014; Fatima et al., 2016). Sunflowers (Helianthus annuus) are known for their 
hyperaccumulative properties and have been extensively studied for their ability to extract 
heavy metals and organic pollutants (Hasibuan et al., 2019).  
 
Switchgrass (Panicum virgatum), a perennial grass native to North America, has gained 
attention for its robust root network and high tolerance to environmental stress, making it a 
suitable candidate for phytoremediation (Javed and Hashmi, 2021). According to Ikeura 
(2015), switchgrass (Panicum virgatum) has garnered particular attention as a phytoremediator 
due to its rapid growth, extensive root systems, and demonstrated ability to accumulate and 
degrade petroleum hydrocarbons (Gerhardt et al., 2009). Vermiremediation, on the other 
hand, involves using earthworms to degrade and stabilise contaminants in the soil. 
Earthworms, such as Eisenia fetida, enhance microbial activity and soil aeration, thereby 
accelerating the breakdown of organic pollutants (Singh et al., 2020). The synergistic use of 
phytoremediation and vermiremediation is a potential strategy for more efficient remediation 
of petroleum-contaminated soils, hence the genesis of this research to fill that gap. 
 
Given these limitations, there is an urgent need for alternative remediation strategies that are 
both effective and environmentally sustainable, as well as economically viable. 
Phytoremediation and vermiremediation have emerged as promising bioremediation 
techniques due to their potential to leverage natural processes for contaminant degradation. 
Helianthus annuus and Panicum virgatum have shown significant potential for 
phytoremediation due to their high biomass production and extensive root systems, which 
enhance their ability to uptake and degrade contaminants (Santos et al., 2020). This research 
aims to remediate petroleum-contaminated soil using phytoremediation and 
vermiremediation methods.  
 
MATERIALS AND METHODS 
Study Area/Sampling 
The soil sample for the research was collected from ATC Okirika, Port Harcourt, Rivers State, 
Nigeria. The sampling site was selected based on accessibility and the extent of contamination 
(Yan et al., 2020).  
 
Soil Preparation and Characterisation 
The sample was stored at the Botanical Garden, under the Agricultural Department, Modibbo 
Adama University, Yola. The PAH levels in the soil were determined using gas 
chromatography-mass spectrometry (GC-MS) according to EPA Method 8015D (U.S. 
Environmental Protection Agency, 2003) before and after remediation. The initial soil 
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characterisation findings served as a reference dataset for comparison after the 
phytoremediation and vermiremediation studies. The experimental soil sample was mixed 
with 30% control farm soil obtained from the Botanical farm in Adamawa.  
 
Experimental Setup 
Phytoremediation Experiments 
Phytoremediation studies were conducted for each plant using Sunflower (Helianthus annuus), 
Switchgrass (Panicum virgatum), and spinach (Spinacia oleracea) through the planting, growth 
condition, and duration steps, as illustrated in Figure 1. 
The Sunflowers, switchgrass, and spinach seeds were sown in separate pots containing 
petroleum-contaminated soil. Control pots without plants will be maintained for comparison. 
The plants were grown under controlled conditions with regular watering and exposure to 
natural light cycles (Zand et al., 2010). Soil moisture, temperature, and nutrient levels were 
also monitored and maintained to ensure optimal plant growth. The phytoremediation 
experiments were conducted over 12 weeks to allow sufficient plant growth and contaminant 
uptake time. 
 
Vermiremediation Experiments 
Earthworms (Eisenia fetida) were used for a vermiremediation study. The earthworms were 
introduced into pots containing soil contaminated with petroleum. Control pots without 
earthworms were maintained for comparison. They were kept in a controlled environment 
with adequate moisture, temperature, and aeration to ensure their survival and activity for 
over 12 weeks (Sanderson et al., 1996), allowing sufficient time for earthworm activity and 
contaminant degradation. 
 
Soil Sample Extraction 
The soil samples were air-dried and homogenised to ensure uniformity in accordance with 
ISO 11464:2006. A 5 g aliquot of each sample was weighed into a 40 mL glass centrifuge tube 
following EPA Method 3540C (1996). Surrogate standards, such as deuterated n-alkanes or 
PAHs, were added to assess extraction efficiency (EPA 8270E, 2018). The samples were 
extracted using a 10 mL mixture of dichloromethane and acetone (1:1, v/v) via ultrasonication 
for 30 minutes or mechanical shaking for 1 hour, as outlined in EPA Method 3550C (2007). 
The resulting mixture was centrifuged at 3000 rpm for 5 minutes, and the supernatant was 
collected; this process was repeated twice, and the extracts were combined (ISO 16703:2011). 
The combined extracts were dried over anhydrous sodium sulfate (ASTM D5369-93, 2018), 
concentrated to approximately 1 mL under a gentle stream of nitrogen (EPA 8270E, 2018), and 
filtered through a 0.22 µm PTFE syringe filter into a GC-MS vial (EPA 3535A, 2007). 
 
Results and Discussion 
The results obtained from this research are presented in Tables 1- 3 and Figures 3 - 6. The 
findings from the GC-MS analysis of petroleum-contaminated soils treated using different 
phytoremediation and vermiremediation experiments. The analysis focused on the 
concentration of petroleum hydrocarbon constituents remaining after 6 and 12 weeks of 
treatment using sunflower, switchgrass, spinach, Eisenia fetida (earthworms), and their 
combinations. The compounds detected include PAHs (e.g., phenanthrene, anthracene, 
fluoranthene) and monoaromatics (e.g., toluene, xylene, ethylbenzene). 
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Table 1: PAH compounds detected in the original sample 
Peak Cpd RT (min) Compound Area % Abundance FWHM 

1 4.9 Benzene 102961.42 0.410 0.1 

2 5.4 Toluene 203766.83 0.825 0.1 

3 6.3 Ethylbenzene 1019668.51 4.059 0.3 

4 6.7 m-Xylene 155804 0.620 0.2 

5 7.3 o-Xylene 407608.69 1.622 0.1 

6 7.7 Naphthalene 166709.63 0.664 0.1 

7 7.7 C3-Benzene 53342.95 0.212 0.1 

8 8.2 Biphenyl 910440.65 3.624 0.1 

9 8.3 Acenaphthene 330067.54 1.314 0 

10 8.6 Fluorene 302999.12 1.206 0 

11 8.7 Phenanthrene 469660.47 1.471 0 

12 8.9 Anthracene 248649.92 0.989 0 

13 9.1 Fluoranthene 537998.47 2.141 0 

14 9.3 Pyrene 257821.41 1.024 0.1 

15 9.3 Benzo[a]anthracene 1138201.24 4.531 0.1 

16 9.6 Chrysene 2031659.05 8.105 0 

17 9.8 Benzo[b]fluoranthene 210446.12 0.838 0 

18 9.9 Benzo[k]fluoranthene 172209.59 0.685 0 

19 10 Benzo[a]pyrene 391093.39 1.557 0 

20 10.2 Indeno[1,2,3-cd]pyrene 180072.45 0.717 0.1 

21 10.4 Dibenzo[a,h]anthracene 77694.28 0.309 0.1 

22 10.6 Benzo[ghi]perylene 196705.22 0.783 0.1 

23 10.7 C4-Naphthalene 203620.95 0.811 0.1 

Note: Cpd = compound, RT = Retention time, FWHM = Full Width at Half Maximum. 
GC-MS Results of Experimental Sample 

 
Pollution Levels 
The Gas Chromatography–Mass Spectrometry (GC–MS) analysis of the experimental soil 
sample (70:30) (Figure 3) indicates a highly contaminated matrix, distinguished by a complex 
assemblage of polycyclic aromatic hydrocarbons (PAHs), monocyclic aromatic hydrocarbons 
(MAHs), and various substituted aromatic compounds (Table 1). These compounds are 
characteristic of crude oil and petroleum derivatives, serving as robust indicators of 
hydrocarbon contamination in terrestrial environments. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3: Chromatogram of the Experimental Soil Sample (70:30) 
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As presented in Table 1, a total of 23 distinct hydrocarbon compounds were identified in the 
experimental sample. These hydrocarbons range from monocyclic Aromatics, such as 
benzene, toluene, ethylbenzene, and xylenes (BTEX group), to Polycyclic Aromatic 
Hydrocarbons (PAHs) such as naphthalene, phenanthrene, anthracene, fluoranthene, pyrene, 
chrysene, and their higher homologs, such as benzo[a]pyrene and dibenzo[a,h]anthracene. 
Similarly, substituted Aromatics such as C3-benzene and C4-naphthalene derivatives, and 
Heavy PAHs, including high-molecular-weight compounds like indeno[1,2,3-cd] pyrene and 
benzo[ghi]perylene. These compounds pose significant environmental concerns due to their 
persistence, bioaccumulative potential, and toxicological effects (ATSDR, 1995; IARC, 2010). 
 
It is important to note that the "experimental sample" soil sample subjected to GC-MS analysis 
was not composed solely of petroleum-contaminated soil but was, in fact, a 70:30 blend of 
contaminated and uncontaminated farm soil (control) (Figure 4). The control soil, although 
agriculturally viable, exhibited its spectrum of hydrocarbon-related compounds such as 
lindane, di-n-butyl phthalate, nonylphenol, and various n-alkanes, as confirmed by its 
separate GC-MS profile (Figure 4). These compounds, while not derived from petroleum 
contamination, contributed to the chemical complexity of the mixed sample. Therefore, some 
of the compounds identified in Table 1 may not have originated solely from crude oil residues, 
but also from background contamination in the control matrix. 
 

 
Figure 4: Chromatogram of the control soil (farm soil) 

 
PAH Contaminant Level 
The GC-MS results with the relative abundance (% abundance) of individual compounds 
provide a clear understanding of the degree and profile of contamination in the soil. As 
presented in Table 1, the most prominent compounds by percentage were Chrysene, 
Benzo[a]anthracene, Ethylbenzene, Biphenyl, and Fluoranthene, with percentages of 8.229%, 
4.611%, 4.128%, 3.682% and 2.180% respectively. 
 
The high abundance of chrysene and benzo[a]anthracene, both of which are recognized 
carcinogens by the US EPA and IARC (Group 2B and Group 2A, respectively), indicates not 
only a severe contamination event but also an environmentally persistent and toxic residue 
that poses health risks through dermal contact, inhalation of dust particles, and potential 
leaching into groundwater (IARC, 2010; USEPA, 2017). Moreover, BTEX compounds 
(benzene, toluene, ethylbenzene, xylenes) collectively account for a significant fraction of the 
sample’s total chemical load. Benzene, in particular, is a well-known hematotoxic and 
carcinogenic compound, with a presence of 0.410%, reinforcing concerns of acute and chronic 
toxicity. 
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Again, it is worth noting that the PAH abundances observed and reported (Table 1 and Figure 
3) here reflect the chemical profile of the 70:30 mixed soil sample (experimental sample), rather 
than the pure contaminated source. Therefore, the result presented here depicts a diluted view 
of the original petroleum pollution burden. Furthermore, it must be acknowledged that some 
background hydrocarbons, including chlorinated pesticides and phthalates, may originate 
from control sources. Hence, the absolute values of the % abundance of contaminants should 
be understood in the context of both actual petroleum-derived contamination and baseline 
environmental signals from agricultural soil. 
 
GC-MS Results by Treatment Groups 
The research categorised the experiment into six different groups, as clearly outlined in 
Chapter Three. The summarised % abundance of the contaminants across treatment groups 
is presented in Table 2. 
 

Table 2: GC-MS data across treatment groups and experiment durations.  

Group 

 % Abundance 

Phenanthrene Anthracene Fluoranthene Naphthalene Biphenyl Acenaphthene Fluorene Toluene  o-
Xylene 

m-
Xylene  

Ethylbenzene 

A 
12WKS 

0.883 0.593 1.285 0.504 3.624 1.314 1.206 0.307 1.298 3.044 0.619 

A 6WKS 1.251 0.841 -- 0.531 -- -- 1.025 0.784 -- 0.471 3.085 

B 12WKS 1.118 -- 1.628 0.465 -- -- 0.916 0.537 -- 0.403 2.638 

B 6WKS 1.26 0.847 1.833 0.568 3.102 1.125 1.032 0.707 1.389 0.531 3.474 

C 12WKS -- -- 0.791 0.17 1.051 0.965 1.177 -- 1.298 0.496 -- 

C 6WKS 1.324 0.89 1.927 0.597 3.261 1.182 1.085 -- 1.46 0.558 3.653 

D 
12WKS 

-- -- 1.413 0.14 2.392 -- 0.796 0.545 0.438 0.409 -- 

D 6WKS -- -- -- -- -- -- -- -- 1.509 0.577 -- 

E 12WKS -- -- -- 0.471 0.15 -- 0.761 -- 1.151 0.44 -- 

E 6WKS -- 0.88 -- 0.496 1.298 0.531 1.097 0.66 3.247 -- -- 

F 12WKS -- -- -- 0.096 1.631 0.591 0.543 -- 0.299 0.279 -- 

F 6WKS 1.251 0.87 1.884 0.584 0.187 3.189 1.025 -- 1.428 0.546 -- 

 

Given that the starting “experimental sample” used across all treatment groups included 30% 
control soil, the evolution of certain compounds during remediation must be interpreted with 
a subtle distinction. For instance, persistent detection of substances such as lindane, 
nonylphenol, or phthalates, identified in the control sample, may not reflect incomplete 
petroleum degradation but instead indicate residual background levels from agricultural 
practices. Where such overlap is evident, distinguishing between remediation-resistant 
pollutants and background chemical noise becomes crucial in evaluating the true success of 
each treatment (Table 3). 

 
Table 3: Major compounds unique to the control sample vs. the contaminated sample 

Compound Detected in Control? Detected in Contaminated Soil? Likely Origin 

Chrysene (high) Yes (16.03%) Yes (8.1%) Mixed sources 

Benzo[a]anthracene No Yes (4.6%) Petroleum 

Lindane Yes (12.4%) No Agricultural pesticide 

Toluene Yes (3.9%) Yes (0.8%) Both (soil and crude) 

Di-n-butyl phthalate Yes (11.0%) No Plastic/Control only 

Fluoranthene No Yes (2.1%) Petroleum only 
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Group A (Switchgrass) 
The GC-MS chromatograms and spectra for Group A, where Switchgrass (Panicum virgatum) 
was applied as the sole phytoremediation agent, demonstrate measurable remediation 
activity. The chromatogram at week 6 showed numerous distinct peaks (Figure 5a), 
particularly within retention times (RT) between 5.4 and 9.6 minutes, representing a suite of 
monoaromatic and polyaromatic hydrocarbons, including toluene, ethylbenzene, biphenyl, 
and phenanthrene. Moderate degradation was observed; however, higher concentrations of 
phenanthrene (1.251%) and ethylbenzene (3.085%) persisted. However, at week 12, these 
peaks exhibited a marked reduction in both height and area, indicating progressive 
degradation or transformation of these compounds (Figure 5b).  
 

 
Figure 5(a): Chromatogram of Group A after 6 weeks 

 
Spectral profiles associated with these peaks confirmed the presence of medium-weight PAHs 
(e.g., phenanthrene, fluoranthene) as well as lighter hydrocarbons (e.g., toluene and 
ethylbenzene). Diagnostic mass-to-charge (m/z) ratios consistent with the fragmentation 
patterns of these compounds further validated their identification. The reduction in peak 
intensity between 6 and 12 weeks strongly supports the role of Switchgrass in promoting 
rhizodegradation, likely through enhanced microbial activity in the rhizosphere and the 
release of root exudates that stimulate biotransformation. However, reductions in 
polyaromatic compounds, biphenyl (3.624%) and m-xylene (3.044%), remained dominant 
(Figure 5b). 
 
The observed decrease in the abundance of several hydrocarbons suggests that Switchgrass 
alone possesses the capability to remediate moderately polluted soils, especially those 
dominated by lighter PAHs. However, heavier and more recalcitrant compounds such as 
chrysene and benzo[a]pyrene persisted, albeit in reduced concentrations, indicating the limits 
of remediation without additional biological inputs. 
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Figure 5(b): Chromatogram of Group A after 12 weeks 

 
Group B (Sunflower) 
Group B employed Sunflower (Helianthus annuus) as the sole phytoremediative species. The 
chromatographic profile at week 6 was dominated by peaks representing low molecular 
weight hydrocarbons (Figure 6a) such as ethylbenzene, fluorene, and toluene, as well as 
medium-weight PAHs like anthracene and pyrene. Notable presence of fluoranthene 
(1.833%), ethylbenzene (3.474%), and biphenyl (3.102%) was observed. By week 12, some 
attenuation of these peaks was evident (Figure 6b), especially among the lighter compounds, 
although the decline was less pronounced than that observed in Group A. Additionally, there 
was a decrease in fluoranthene to 1.628%, while toluene and m-xylene remained over 0.5% 
(Figure 6b). 

 
Figure 6(a): Chromatogram of Group B after 6 weeks 

 
Spectral data supported the persistence of heavier hydrocarbons, with strong signals and 
characteristic fragmentation patterns remaining detectable for fluoranthene, phenanthrene, 
and pyrene. Although peak areas were slightly reduced, the presence of these compounds at 
notable intensities suggests that Sunflower’s phytoremediation efficacy is somewhat limited, 
particularly in the absence of synergistic organisms or co-treatment methods. 
 
Generally, group B showed fair but suboptimal degradation performance. The moderate 
decline in peak areas over time indicates that while Sunflower can support the biodegradation 
of certain hydrocarbon pollutants, its shallower root system and potentially lower 
rhizospheric microbial activity may restrict its overall remediation capacity compared to 
deep-rooted grasses like Switchgrass. 
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Figure 6(b): Chromatogram of Group B after 12 weeks 

 
Group C (Sunflower + Switchgrass + Earthworms) 
Group C, which combined Switchgrass, Sunflower, and earthworms (Eisenia fetida), 
exhibited the most impressive remediation results. The chromatogram (Figure 7a) at week 6 
revealed a typical polluted profile with multiple prominent peaks, but by week 12 (Figure 7b), 
a dramatic reduction in both the number and intensity of peaks was evident. This reduction 
was most significant for both volatile organic compounds and polycyclic aromatic 
hydrocarbons (PAHs). Notably, effective reduction in naphthalene (0.597%) and biphenyl 
(3.261%) was observed at week 6 (Figure 7b).  

 
Figure 7(a): Chromatogram of Group C after 6 weeks 

 
The GC-MS spectra at 12 weeks showed a remarkably clean baseline (Figure 7b), with only 
faint or undetectable signals for previously dominant pollutants such as toluene, biphenyl, 
phenanthrene, and fluoranthene. The suppression of characteristic mass spectra peaks (e.g., 
m/z 178 for phenanthrene and m/z 202 for fluoranthene) indicated near-complete 
degradation or transformation of these compounds. It is noteworthy that at week 12, there 
was a marked decline in PAHs; specifically, fluoranthene reduced to 0.791%, biphenyl to 
1.051%, and naphthalene to 0.170%. 
 
The exceptional performance of this group may be attributed to the synergistic interaction 
between phytoremediation and vermiremediation processes. Earthworms enhanced aeration, 
microbial dispersal, and the bioavailability of hydrophobic organic compounds, thereby 
accelerating microbial degradation pathways. This group effectively mitigated contamination 
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across a broad range of hydrocarbon types, including both LMW and HMW PAHs, 
demonstrating the superiority of integrated biological approaches for complex pollution 
scenarios. 

 
Figure 7(b): Chromatogram of Group C after 12 weeks 

 
Group D (Switchgrass + Sunflower) 
In Group D, a combination of Switchgrass and Sunflower was used without the inclusion of 
earthworms. Chromatograms at week 6 (Figure 8a) showed a broad range of hydrocarbon 
peaks, similar in profile to Groups A and B. The Highest concentration of o-xylene (1.509%) 
and m-xylene (0.577%) was observed. However, by week 12, moderate reductions in peak 
intensity were observed for compounds such as ethylbenzene, acenaphthene, and 
phenanthrene (Figure 8b). Additionally, notable residual peaks remained for pyrene, 
fluoranthene, and chrysene, suggesting incomplete degradation. 
 

 
Figure 8(a): Chromatogram of Group D after 6 weeks 

 
While significant reduction in fluorene (0.796%), toluene (0.545%), and phenanthrene (not 
detected) was observed at week 12 (Figure 8b), spectra associated with these persistent peaks 
retained strong ion fragments indicative of their molecular structures, demonstrating limited 
breakdown. The dual-plant system offered a cumulative effect, particularly in terms of root 
coverage and microbial stimulation; however, the absence of vermibiological interaction 
limited overall efficiency. 
 
This group demonstrated intermediate performance, outperforming individual plant systems 
but not as effectively as the treatment enhanced with vermiremediation. The findings suggest 
that combining different plant species can enhance the breadth of remediation, but may 
require additional support from soil fauna or microbial inoculants to achieve optimal 
outcomes. 
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Figure 8(b): Chromatogram of Group D after 12 weeks 

 
Group E (Spinach) 
The use of Spinach (Spinacia oleracea) in Group E yielded poor remediation outcomes. GC-MS 
chromatograms from both week 6 and week 12 were densely populated with intense peaks, 
many of which showed minimal change over the study period (Figure 9a and b). At week 6, a 
moderate degradation profile was observed, with fluorene (1.097%) and o-xylene (3.247%) 
present. Compounds such as toluene, m-xylene, phenanthrene, and benzo[a]pyrene remained 
highly abundant at 12 weeks, with only marginal decreases in peak areas (Figure 9b). 

 
Figure 9(a): Chromatogram of Group E after 6 weeks 

 
Additionally, week 12 marked a decrease in aromatic hydrocarbons. Biphenyl dropped to 
0.150%, naphthalene to 0.471%, and fluorene to 0.761% (Figure 9b). 
Spectral data further confirmed the continued presence of multiple hydrocarbon pollutants. 
The strong, reproducible fragmentation patterns in the spectra suggest minimal chemical 
alteration or degradation of the compounds in the soil matrix. 
 
Spinach, being a shallow-rooted plant with limited biomass and rhizosphere influence, 
appears to lack the necessary biological mechanisms to promote effective phytoremediation. 
The data indicate that this plant species is unsuitable for petroleum hydrocarbon-
contaminated environments and highlight the importance of selecting appropriate vegetation 
based on root structure, exudate chemistry, and ecological compatibility. 
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Figure 9(b): Chromatogram of Group E after 12 weeks 

 
Group F (Vermiremediation Only) 
Group F relied solely on earthworms (Eisenia fetida) without any plant inputs. At week 6, high 
acenaphthene (3.189%), fluoranthene (1.884%), and ethylbenzene (not detected) were 
observed (Figure 10a). The chromatograms indicated a substantial reduction in light 
hydrocarbons such as benzene, toluene, and ethylbenzene by week 12, as evidenced by the 
near disappearance of their respective peaks. However, heavier hydrocarbons, especially 
chrysene and fluoranthene, persisted in moderate concentrations. 

 
Figure 10(a): Chromatogram of Group F after 6 weeks 

 
Notably, the chromatogram (Figure 10b) showed reduced acenaphthene (0.591%), fluorene 
(0.543%), and naphthalene (0.096%)—indicative of progressive biotransformation.  
GC-MS spectra showed diminished signals for many lighter PAHs, while heavier compounds 
still exhibited measurable intensities. This suggests that the biotransformation processes 
mediated by earthworms and their gut microbiota are effective at degrading volatile and low 
molecular weight compounds but have limited influence on more hydrophobic, recalcitrant 
pollutants. 
 
This group displayed moderate overall remediation capability, particularly in reducing VOCs 
and lighter PAHs. However, without the rhizospheric influence of plant roots and associated 
microbes, complete remediation was not achieved. These findings underscore the 
complementary role of earthworms in a holistic bioremediation framework but suggest that 
they are best utilised in combination with phytoremediation strategies for more 
comprehensive pollutant removal. 
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Figure 10(b): Chromatogram of Group F after 12 weeks 

 
Comparative Degradation Efficiency 
To make sense of the research findings, it is important to interpret and compare the 
Phytoremediation Results at 12 Weeks. Thus, this subsection presents a critical analysis of the 
efficacy of phytoremediation treatments by comparing the residual concentrations (as 
percentage abundance) of selected hydrocarbons in each experimental group to those in the 
original (unremediated) petroleum-contaminated soil. Specifically, comparison was focused 
on compounds of toxicological significance, representing both low and high-molecular-
weight hydrocarbons. 
 
Group A – Switchgrass (Panicum virgatum) 
Switchgrass is widely studied for its robust root architecture and its capacity to stimulate 
rhizospheric microbial activity in hydrocarbon-contaminated soils (Gerhardt et al., 2009).  
After 12 weeks of remediation, significant changes were observed in the concentrations of 
various pollutants. Phenanthrene decreased from an initial level of 1.902% to 0.883%, 
representing a notable 53.6% reduction. Similarly, anthracene declined from 1.007% to 0.593%, 
which means a 41.1% decrease. Fluoranthene also showed a reduction, dropping from 2.180% 
to 1.285%, representing an approximately 41% decrease. 
 
A remarkable change was observed in toluene, a volatile monoaromatic hydrocarbon, which 
experienced a significant drop from 0.825% to 0.307%, representing a reduction of 
approximately 62.8%. Ethylbenzene, a dominant pollutant in the original sample, was 
significantly reduced from 4.128% to 0.619%, representing a decrease of approximately 85%. 
However, it is noteworthy that m-xylene saw an increase, rising from 0.620% to 3.044%. This 
change is likely attributed to the microbial conversion of ethylbenzene or a redistribution 
among xylene isomers during the process of partial degradation (Abioye et al., 2012). 
 
Switchgrass demonstrated moderate to high degradation efficiency, especially against 
ethylbenzene and phenanthrene. The rise in m-xylene might indicate transformation or 
incomplete degradation pathways, requiring further metabolic analysis. Overall, Switchgrass 
shows promise in degrading both LMW and HMW hydrocarbons. 
 
Group B – Sunflower (Helianthus annuus) 
Sunflower has demonstrated its remarkable ability to assist in environmental remediation 
through its deep-rooting system and metabolic tolerance to pollutants, making it a candidate 
for both phytoextraction and phytodegradation (Tejeda-Agredano et al., 2013; Zhang et al., 
2023; Konda and Chileshe, 2023). In this research, phenanthrene levels were significantly 
reduced from 1.902% to 1.118%, resulting in an impressive decrease of approximately 41%. 
Similarly, fluoranthene experienced a reduction from 2.180% to 1.628%, reflecting a decrease 
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of about 25.3%. Fluorene also showed a decline, dropping from 1.227% to 0.916%. 
Additionally, the ethylbenzene content was reduced from 4.128% to 2.638%, corresponding to 
a modest decrease of 36%. Notably, anthracene and biphenyl were not detected in the 
samples, suggesting either complete removal or that their concentrations fell below detection 
thresholds. Furthermore, toluene saw a reduction of around 35%, showcasing the sunflower's 
potential in eliminating volatile aromatics. 
 
While sunflower showed selective efficacy against LMW hydrocarbons, its performance was 
less consistent compared to Switchgrass. The absence of anthracene and biphenyl might be 
attributed to effective uptake or transformation. Still, the residual ethylbenzene and m-xylene 
levels signal incomplete degradation. 
 
Group C – Combined Phytoremediation + Vermi-remediation 
This treatment group integrates plant-microbe-soil-fauna interactions, enhancing pollutant 
breakdown through synergistic mechanisms, including enzymatic degradation by 
earthworms and improved microbial colonisation (Sinha et al., 2008). 
 
In group C, significant progress was made in reducing various pollutants. Fluoranthene saw 
a remarkable decrease from 2.180% to 0.791%, which reflects an impressive reduction of 
63.7%. Similarly, naphthalene was reduced from 0.664% to 0.170%, amounting to 
approximately a 74.4% reduction. Other compounds also exhibited notable declines; 
acenaphthene and fluorene were brought down to 0.965% and 1.177%, respectively. Biphenyl 
experienced a dramatic drop to 1.051%, indicating a reduction of about 71.4%. Additionally, 
m-xylene decreased from 0.620% to 0.496%, representing a 20% reduction. Encouragingly, 
some compounds, such as phenanthrene, anthracene, ethylbenzene, and toluene, were not 
detected, suggesting either complete degradation or successful transformation below 
detection limits. 
 
Group C shows the highest remediation efficiency among all the groups, especially in 
eliminating both volatile and persistent HMW hydrocarbons. The combined 
phytoremediation and vermi-remediation strategy synergistically improved breakdown 
processes. Earthworms likely facilitated soil aeration and microbial access, enhancing the 
catabolism of hydrophobic PAHs. 
 
Remediation Effectiveness  
The remediation effectiveness of all experimental groups was summarised and presented in 
Table 4.4. Generally, the effectiveness of phytoremediation is in the following order: C > F > 
D > A > B > E. 
 
While comparative degradation percentages indicate substantial remediation in certain 
groups, especially Group C, it is important to recognise that the baseline hydrocarbon profile 
itself included contributions from the control soil. Therefore, the complete disappearance of 
specific compounds, particularly those not present in the pure petroleum-contaminated 
matrix, may not reflect actual remediation of petroleum products but rather the metabolic loss 
or dilution of agriculturally derived compounds. 
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Table 4: Summary of Remediation Effectiveness by Group 

Group Light HC Removal Heavy PAH Removal Overall Effectiveness 

A Moderate Moderate Moderate 

B Fair Low Fair 

C High High Very High 

D Moderate Moderate Moderate 

E Low Low Poor 

F High Moderate Good 

 
The research highlighted distinct findings regarding the effectiveness of different groups in 
hydrocarbon remediation. Group A, which consists of switchgrass, exhibits notable efficacy 
in addressing monoaromatic hydrocarbons and certain polyaromatic hydrocarbons; however, 
it also shows a tendency for isomer accumulation. On the other hand, Group B, represented 
by sunflowers, demonstrates overall lower efficiency in pollutant reduction, yet still plays a 
role in facilitating some degree of remediation. In contrast, Group C, which combines both the 
plant matter and earthworms, emerges as the most effective option, showcasing a 
comprehensive and consistent reduction in hydrocarbon pollutants. Therefore, the combined 
application of sunflower, switchgrass, and earthworms (Group C) achieved the most 
consistent reduction across all hydrocarbon classes by 12 weeks. This suggests that a 
synergistic approach involving both the plants and earthworms may offer a promising and 
sustainable pathway for remediation efforts (Singh et al., 2020; Gerhardt et al., 2009; Tejeda-
Agredano et al., 2013). Monoculture treatments (Groups A and B) were less efficient, especially 
in degrading heavier PAHs such as biphenyl and fluoranthene (Johnsen et al., 2004; Patel et 
al., 2020). Spinach (Group E) performed moderately well but showed persistence of o-xylene 
and m-xylene (Harms et al., 1999). Vermiremediation alone (Group F) was especially effective 
in breaking down naphthalene and acenaphthene (Singh et al., 2020; Tejeda-Agredano et al., 
2013; Mihelcic and Luthy, 1988). These findings validate the ecological potential of integrated 
bioremediation systems for the detoxification of petroleum-contaminated soils, particularly 
those polluted with persistent HMW PAHs 
 
CONCLUSION 
These research findings demonstrated that phytoremediation and vermiremediation, 
especially when combined, provide a synergistic advantage in remediating petroleum-
contaminated soils. The GC-MS data validate that Group C yielded the lowest residual 
hydrocarbon concentrations across most target pollutants, including PAHs and 
monoaromatics. The observed degradation of naphthalene, toluene, and xylene is consistent 
with earlier findings that highlight the robust rhizodegradation potential of both sunflower 
(Helianthus annuus) and switchgrass (Panicum virgatum). This effectiveness is largely 
attributed to their extensive root systems that increase the bioavailability of hydrocarbons and 
stimulate rhizospheric microbial communities, enhancing the breakdown of various organic 
pollutants (Gerhardt et al., 2009; Tejeda-Agredano et al., 2013). 
 
Furthermore, the role of earthworms such as Eisenia fetida in promoting bioremediation is 
well-established. Earthworms can stimulate soil microbial activity, enhance soil aeration, and 
improve organic matter decomposition, all of which facilitate the degradation of semi-volatile 
organic compounds (Singh et al., 2020). This synergistic effect was evident in the 
vermiremediation groups, particularly Group F, where the degradation of acenaphthene and 
fluorene was markedly enhanced. Notably, the significant decrease in biphenyl and 
phenanthrene observed in Group C by week 12 provides strong evidence that integrated 
bioremediation approaches—combining plants and earthworms—are more effective than 
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monoculture treatments for the remediation of complex hydrocarbon mixtures (Chaudhry et 
al., 2005; Gerhardt et al., 2009). For large-scale remediation of petroleum-contaminated soils, 
the use of multi-agent systems involving robust deep-rooted species (such as Switchgrass), in 
combination with vermiremediation agents (e.g., earthworms), is recommended to achieve 
comprehensive contaminant reduction. Additionally, spinach and other shallow-rooted leafy 
crops should not be considered viable phytoremediation agents for hydrocarbon pollutants, 
and their application in polluted sites should be avoided to prevent food-chain contamination. 
There is also a need for continuous monitoring and extension of the remediation period 
beyond 12 weeks may further enhance degradation rates, especially for persistent HMW 
PAHs. And to actualise the findings on a large scale, it is also recommended that similar 
experiments be conducted under field conditions to validate greenhouse findings and account 
for environmental variability. 
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