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Bioremediation of polycyclic aromatic hydrocarbons (PAHs) in contaminated soils are reported in many literatures. Composting,
in addition to bioremediation, can simultaneously increase soil organic matter content and soil fertility and is thus regarded as one
of the most cost-efective methods of soil remediation. In this study, biodegradation of phenanthrene (PHE) and pyrene (PYR) is
reported by microbial consortia enriched by vermicompost. After soil samples preparation and grinding, the samples were
contaminated with 100, 200, and 300mg/kg of PHE and PYR concentrations and inoculated with three concentrations (2, 4, and 6
wt.%) of vermicompost. PHE and PYR concentrations were analyzed by HPLC during bioremediation. After 70 days, two highly
capable microbial consortia were used to remove the pollutants in bioaugmentation conditions. Analysis of their microbial
composition revealed that the consortia contain several Proteobacteria phylum bacterial species, and the most common genera
were Pseudomonas and Citrobacter. Decontamination rates for PHE and PYR were estimated to be 89% and 83% over 45 days,
respectively. Biodegradation kinetics revealed that microbial degradation followed a frst-order kinetics. Tis study provides clear
evidence on the biodegradation of PHE and PYR, paving the way for the development of bioremediation technologies for the
recovery of polluted ecosystems.

1. Introduction

Te great interest in the study of bioremediation of polycyclic
aromatic hydrocarbons (PAHs) as well as other recalcitrant
contaminants is concerning bioavailability [1]. Biodegradation
of PAHs in soils is complex and not well understood com-
pletely due to the fact that soils and sediments typically contain
a variety of diferent microorganisms with diferent metabolic
pathways and substrate ranges [2, 3]. PAHs are hydrophobic
compoundswith two ormore condensed benzene rings in their
molecular structure [4, 5]. PAHs are one of the most common
environmental pollutants, some of which, such as phenan-
threne (PHE) and pyrene (PYR), have toxic, mutagenic, and
carcinogenic properties, thus posing a serious threat to the

health of humans, organisms, and living ecosystems, and so far,
the treatment of these compounds from soil and water envi-
ronments have often not been successful [6, 7]. PHE and PYR
are used as model compounds for 3-ring and 4-ring PAHs,
respectively, in many biodegradation studies [8]. Degradation
of one type of low-molecular-weight (LMW) PAHs may afect
the degradation of high-molecular-weight (HMW) PAHs and
vice versa due to the induction of enzyme activities by related
degradation intermediates or competitive inhibition [9].
During the last two decades, many investigations have been
performed to determine the possible role of the indigenous
microorganisms on the degradation rate of PAHs and the
persistence of these contaminants in diferent natural envi-
ronments [10–14].
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Oil-contaminated soils can be improved by stimulating
indigenous microorganisms, increasing nutrients and oxy-
gen to soil, or inoculating soil-rich microbial consortium
[4, 15]. Some microorganisms are able to use oil compounds
as a source of carbon and energy and thus reduce or
eliminate petroleum compounds [16, 17]. Chemical and
physical technologies for soil remediation are either in-
competent or too costly. Composting or compost addition
can increase soil organic matter content and soil fertility
besides bioremediation and thus is believed to be one of the
most cost-efective methods for soil remediation [7].
Composting, the major process of stabilizing agricultural
solid waste and municipal solid waste (MSW) through the
degradation of biodegradable components by microbial
communities, has been adopted as one of the most cost-
efective technologies for soil bioremediation [7, 18, 19].
Vermicompost has a wide range of microorganisms, in-
cluding vermi (earthworm) and compost (fertilizer) and has
a signifcant impact on the physical, chemical, and biological
properties of soil [20, 21].

Te application of biological methods has been known
for 80 years and was briefy described by Davis for the frst
time [22, 23]. Sinha et al., in a case study of PAHs
removedfrom soil using vermiremediation, stated that the
worms are highly tolerant of many pollutants. Tey also
found that worms such as Eisenia fetida can absorb PAH
compounds in their body and thus remove them from
contaminated soils [24]. In 2012, Wang et al., in their study
of eliminating the simultaneous contamination of PAHs and
cadmium compounds using pig manure vermicompost
(PMVC) and a plant species called Sedum alfredii, found that
most PAHs were removed when the plant and PMVC are
used at the same time.Tey also stated that the use of PMVC
with other biological elimination methods would promote
the removal of pollutants [21].

Iran was the ffth-largest crude oil producer in OPEC in
2020 and the third-largest natural gas producer in the world
in 2019 [25]. Considering the special position of the oil
industry in this country, the presence of oil pollutants in its
environment is more evident, so it is necessary to pay at-
tention to the problem of pollution elimination and re-
duction of its adverse environmental impacts. In view of this,
the present research aimed to investigate the efect of ver-
micompost on the bioremediation of contaminated soils
with emphasis on removal of PHE and PYR.

2. Materials and Methods

2.1. Chemical Products. Hydrocarbons were obtained from
Sigma-Aldrich (USA) with purity >96% for PHE and 99%
for PYR. All other compounds used in this study were
prepared from MERCK Co. with purity greater than 97%.

2.2. Experimental Setup. In this experimental study, agri-
cultural soil was obtained at the vicinity of the Shahrekord
University of Medical Sciences. Soil samples were trans-
ferred to the laboratory and dried at room temperature. All
samples sieved with sieve #80 for homogenization. Ten, for

the preparation of contaminated soil samples, three con-
centrations of PHE and PYR (100, 200, and 300mg/kg) were
added. Also, in order to produce biological inoculum, dif-
ferent concentrations of vermicompost (2, 4, and 6%), which
already have qualitative parameters and microbial strains
had been identifed and specifed were added to each sample
individually.

Te moisture content in the samples was at the standard
level of biological removal methods (40 to 50% of water
holding capacity) and soil pH was monitored at sampling
times. Soil grinding analysis was done based on the
American Society for Testing andMaterials (ASTM-D-2487)
[26]. In addition, analysis of the number of bacterial colo-
nies, moisture, and pH as well as testing the qualitative
characteristics of vermicompost were conducted using the
standard methods [27]. Te bioremediation process was
carried out for 70 days by daily control of humidity, tem-
perature, and homogeneous mixing of samples. Further-
more, tests on concentration of PHE and PYR and also
microorganisms (CFU) were performed once a week.

2.3. Bacteria Analysis. In order to separate and determine
the microbial population of the soil, the plate counting
method of heterotrophic bacteria (HPC) was used. A colony
counter machine (RTC Model 1002, China) was used to
count the bacterial colonies formed on Petri dishes after the
incubation period.Te number of bacteria that were capable
to use cyclic aromatic hydrocarbons was calculated and
expressed as CFU/g of soil [28]. Macroscopic and micro-
scopic features were examined to detect bacteria. Finally,
after Gram staining and observing bacteria by using an
optical microscope, top strains were identifed by a variety of
biochemical tests such as oxidase, catalase, MRVP, motility,
hydrogen sulfde production, and culture in phenylalanine
deaminase (PAV).

2.4. PAH Analysis. Te measurement of PAHs (PHE and
PYR) from soil was carried out by HPLC/UV manufactured
by the Agilent Company (Model 11000) in accordance with
the US Environmental Protection Agency (USEPA) [29] as
follows:

Two grams of soil was carefully weighed, homogenized,
and passed through a 20-mesh standard sieve. A cleaner
ultrasound device (Model CD-4820) was used for the ex-
traction of PHE and PYR. At this stage, samples after
15 minutes of sedimentation of coarse particles, and to clean
up the samples in order to inject into the HPLC, they were
centrifuged at 3000 rpm for 15 minutes. Ten, these samples
were fltered using the PTFE flter of 0.2 μm pore size. Fi-
nally, 2ml of solution was injected to HPLC.

2.5. Statistical and Data Analysis. In this study, sample size
estimation was carried out using the full factorial method. In
order to increase the precision and accuracy of the tests,
sampling and analysis were performed in triplicate. SPSS 16
software and Excel 2010 were used to analyze the data and
draw the charts, respectively.
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3. Results

3.1. Soil and Vermicompost Analysis. Te results of the
physicochemical analysis of the vermicompost sample used
in this study are presented in Table 1. Also, the soil samples
are composed of of 75% clay and 25% sand.

3.2. Chemical Analysis of PHE Samples. Te concentrations
of PHE at diferent sampling times during the bio-
remediation process by various volume percent of vermi-
compost (2, 4, and 6%) are presented in Figure 1. As seen, all
the curves show the decreasing trend of the PHE, and also,
lower decreasing is observed in high concentrations of PHE.
In addition, Figure 1 shows that the increase in the amount
of vermicompost from 2 to 6 percent improves the bio-
remediation process and reduces the concentrations of PHE
signifcantly.

3.3. Chemical Analysis of PYR Samples. Figure 2 shows the
concentrations of PYR at diferent sampling times during the
bioremediation process by various concentrations of ver-
micompost (2, 4, and 6%). As seen, all graphs show the
decreasing trend of PYR.

3.4. Microbial Analysis. Te microbial population trends at
diferent times of biological treatment in samples containing
PHE and PYR are shown in Figures 3 and 4. It was observed
that, at frst, due to the toxicity of the environment, the
bacterial population decreased signifcantly, but over time,
the microorganisms adapted to the conditions and began to
decompose the compounds. It should be noted that the trend
of microbial population changes in samples containing PYR
was more irregular than samples containing PHE, meaning
that microorganisms needed more time to adapt to the
environment.

After 9 weeks, when the process of PYR and PHE
eliminating had decreased and become nearly uniform, it
was possible to identify and isolate bacteria in samples with
greater growth and a better ability to decompose these
compounds. By performing the usual tests of microbiology
and examining the results of biochemical tests, it was found
that Citrobacter and Pseudomonas bacteria were more ef-
fective in eliminating both of these oil compounds (Table 2).

4. Discussion

In the present study, we applied the efect of vermicompost
on the bioremediation of contaminated soils with emphasis
on removal of PHE and PYR. Oil compounds provide a good
source of carbon and energy for microorganisms, and
therefore, the concentration of these compounds will play
a signifcant role in improving the biological process.

Te results showed that by increasing the oil compounds,
the bioremediation process was improved.Tis could be due
to an increase in the microbial population. Moreover, the
concentration of polycyclic compounds also decreased
signifcantly during the process (Figure 1). However, at
higher concentrations of PHE and PYR, lower efciencies

were observed in the bioremediation process. In fact, at
higher concentrations, the toxicity of the polycyclic com-
pound increases and more time is required to decompose
these compounds. Moreover, with the increasing in the
bioremediation time, the highest removal efciency of PHE
and PYR was observed at 200mg/kg concentration
(Figures S1 and S2).Tese fndings are in line with the results
of Arbabi et al.’s study, so it was found that there was
a signifcant relationship between the concentration and
type of microbial consortium with the removal efciency
over time. Also, they indicated that bioremediation at low
concentrations of petroleum compounds requires a shorter
time than the higher concentrations [13].

In this study, the highest decrease in the concentrations
of PHE and PYR were observed in the frst 45 days of
process, and with the increase in vermicompost, the PHE
and PYR concentrations also decreased. Te average re-
moval rates of PHE and PYR in the same period were 88%
and 83%, respectively (2% vermicompost) (p value <0.05).
Te reason for this can be explained by the fact that the
nature of petroleum compounds are diferent and the
consumption of some of them is easier for bacteria, as with
the increase in the number of benzene rings, the resistance of
this material to decomposition also increases. Te results of
the present study were consistent with the Shafee et al.’s
studies [30, 31]. In this study, with the increase in the
concentration of vermicompost, the removal efciency also
increased. Indeed, vermicompost addition has a signifcant
impact on the successful biodegradation of hydrocarbons in
soil. It is hypothesized that the addition of vermicompost
increases hydrocarbon degradation by increasing the
amount and activity of microbial biomass in the soil and
improving acclimatization and microbial adaptation.
Overall, the results indicate that the reduction process for
hydrocarbons is evident in all samples that have undergone
bioremediation. With the application of vermicompost and
subsequent inoculation of the bacteria into the contaminated
soil, the decomposition rate of the petroleum compounds
increased [32, 33]. Dores-Silva et al.’s results corroborate the
data presented in this study [18, 34].

It is demonstrated that at the onset of process due to the
environment toxicity, the population of bacteria has been
signifcantly reduced, but over time, microorganisms
adapted to conditions and began to function and decompose
compounds (Figure 3). Also, the microbial population trend
in PYR-containing samples has more variations over the
duration of the experiments due to more toxicity of the four-
ring compounds. It should be noted that the process of
population changes in samples containing PYR is more
unusual than PHE-containing samples, and microorganisms
require more time to adapt to the environment (Figure 4). At
the end of 9 weeks, when the process of eliminating the PYR
and PHE compounds were reduced and nearly uniformed,
bacterial isolation in samples with the highest percentage of
removal was done. According to the results of bacterial
isolation experiments, in the removal of both PYR and PHE
compounds, mainly Acinetobacter and Pseudomonas bac-
teria were involved. As it can be seen, the highest percentage
of removal of the compounds is related to the initial hours
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Table 1: Te physicochemical analysis of the vermicompost.

No. Parameter
Standard limit

Results
Class 1 Class 2

1 Organic matter Min. 35% Min. 25% 39%
2 Organic carbon Min. 20% Min. 10% 23%
3 Organic nitrogen Min. 1% Min. 0.5% 1.5%
4 C/N ratio 15–25 10–15 15.1
5 Potassium Min. 1% Min. 0.5% 2.3%
6 Electrical conductivity Max. 8 ds/m Max. 10 ds/m 2.35 ds/m
7 pH 6.5–8.5 6.5–8.5 7.78
8 Moisture 20–30 20–30 39
9 Ash Max. 50% Max. 50% 63
10 Sodium — — 1.2%
11 Saturation percentage — — 86
12 Percentage of neutralizing agents — — 19
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Figure 1: PHE concentrations in vermicompost of (a) 2%, (b) 4%, and (c) 6%.
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Figure 2: PYR concentrations in vermicompost of (a) 2%, (b) 4%, and (c) 6%.
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Figure 3: Microbial population trends in samples containing PHE.
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after inoculation, after which the reduction of oil com-
pounds from the soil became almost constant.

In the present study, according to the fndings of bio-
chemical tests, there are many reports about the potential of
the genus Pseudomonas in the decomposition of petroleum
compounds, which (2012) highlight the efcacy of this strain
in the elimination of petroleum compounds such as PHE
[35]. Also, Onifade and Abubakar conducted studies in 2007
on the characteristics of microorganisms isolated from raw
oil-contaminated soils with hydrocarbon decomposition
ability which were able to isolate and identify fve bacterial
species (Bacillus spp., Arthrobacter, Lactobacter, Micrococ-
cus, and Pseudomonas) [36]. Te study of Arbabi et al.
showed that contaminated soils contain more microbial
populations; in fact, these microorganisms in contaminated
soils could degrade the oil and use these compounds as
a source of carbon and energy, and thus, the growth of their
microbial population rose [13, 37]. Finally, the result of this
study showed that the initial concentration of the pollutant,
the microbial population and also bacterial inoculation, the
conditions of activity of microorganisms, including

temperature and pH, are the most important criteria for
biodegradation [38].

5. Conclusion

Te control of oil pollution is very difcult, and the presence
of these pollutants causes ecotoxicity. Tese problems are
more serious in oil-producing areas such as the Middle East.
According to the results of this study, the use of vermi-
compost is one of the most cost-efective and environment-
friendly methods for cleaning up contaminated soils. Te
main isolated strains were Pseudomonas and Acinetobacter
bacteria which reveals that these potent bacteria can use oil
compounds as a source of energy and carbon. So this
characteristic makes this strain the perfect choice for bio-
remediation of the oil-contaminated area. Te fndings of
this study suggest that the use of vermicompost could be
a suitable technology for PAH (PHE and PYR)
bioremediation.
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