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Abstract
Oily sludge generated by petroleum industries results in serious hazards to the environment due to 
its toxic effects. Microorganisms can survive in the harsh environment utilizing the pollutants as their 
sole source of carbon and energy. The present study was carried out to isolate and characterize the 
bacterial population present in the refinery wastes collected from Bongaigaon Refinery, Assam, India.
The diversity of bacteria was significantly correlated (p< 0.05) with the physicochemical characteristics 
and level of hydrocarbon content of the studied samples. A total of 36 bacterial strains were isolated 
from the oily sludge sample. Two potent hydrocarbonoclastic bacteria  were screened out based on 
their ability of degradation of petroleum hydrocarbon. The potent bacterial isolates also produced 
biosurfactants. The potent strains were identified as Pseudomonas sp. and Bacillus sp. Gravimetric 
estimation of hydrocarbon degradation and FTIR analysis revealed that these potent bacterial strains 
could remove different constituents of petroleum hydrocarbon. The indigenous bacterial isolates either 
alone or in consortium may be applied for degrading different fractions of hydrocarbon contaminants 
of the oily sludge to remediate the sludge polluted soil environment.
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INTRODUCTION
 Rapid industrialization and the enhanced 
dependency on petroleum products have led to an 
unavoidable increase in the daily generation of oily 
petroleum sludge. Petroleum and oil refineries in 
India produce 28,220 tons of hazardous sludge per 
annum1. Oil spillage occurring during the process 
of production, refining, storage, and transportation 
releases a huge amount of harmful chemicals 
and the remaining of the crude oil pollutes the 
exposed areas2. In most of the refineries in India, 
the oily sludge generated from the wastewater 
treatment plant is stored in lagoons and mixed 
with oily sludge from the crude oil tank and is 
finally disposed of in low lying areas1. The bio 
sludge and chemical sludge are dried in sludge 
drying beds in the presence of sand and gravels, 
and are often applied as manure in agriculture 
land. These dried sludge and the lagoons used for 
storage are inadequate for proper disposal and 
consequently possess significant risk and adverse 
impacts on the environment. The amount of sludge 
generated by a refinery depends on the nature of 
crude oil and the process of effluent and sludge 
treatment. Bongaigaon refinery (BRPL), Assam, has 
2.350 MMTPA of refining capacity and produces 
241.8 MTA of hazardous wastes3. The oily sludge is 
composed of total petroleum hydrocarbon (TPH) 
which is a complex mixture of aromatic, aliphatics, 
asphaltenes, Nitrogen, Sulfur and Oxygen-
containing compounds besides harmful pollutants 
and traces of heavy metals which are treated as 
hazardous wastes according to the environmental 
guidelines of the Ministry of Environment & 
Forests, Government of India4. The crude oil tank 
bottom sludge mainly consists of about 45% of 
recoverable oil which may pose serious problems 
if remains exposed to the environment. These oily 
contaminants are hydrophobic and persistent in 
nature and are recalcitrant to degradation due 
to limited water solubility5. Inefficient handling 
and disposal of these harmful pollutants have 
caused an enormous problem to the soil and water 
bodies around the refineries and oil exploration 
sites6. Oil contamination has a hazardous effect 
on flora and fauna and alters the sustainability 
of the ecosystem7. The negative impact of crude 
oil affects soil health and consequently decreases 
soil fertility and seed germination rate8. Crude oil 
is also responsible for damages to human health 

such as cancers, nervous disorders, liver diseases, 
respiratory problems etc9. These necessitates 
proper disposal of the crude oil wastes for 
proper maintenance of the environment. Various 
conventional methods were used for the removal 
of the contaminants from the environment; 
however, none of these methods could accomplish 
this task efficiently and eco-friendly way besides 
being costly. Most of these techniques produce 
secondary contaminants that persist in the 
environment for a longertime.
 S e ve ra l  a p p ro a c h e s  h ave  b e e n 
implemented for effective management of 
petroleum sludges, such as incineration, solvent 
extraction, chemical treatments, land farming, 
ultrasonic treatment, photocatalysis, and 
bioremediation10,11. Amongst all these techniques, 
bioremediation has been established as an efficient 
method to manage the harmful hydrocarbon 
pollutants due to their low cost and eco-friendly 
nature12. Bioremediation is a cost-effective and 
environmentally friendly technique with no chances 
of secondary environmental contamination13. The 
application of bioremediation for the treatment 
of oily sludge is, however, limited. Earlier studies 
have established that almost all hydrocarbon 
components are susceptible to degradation 
by microorganisms14. However,biodegradation 
studies of crude oil revealed that intermediate 
length of saturated hydrocarbons are more easily 
biodegradable as compared to the high molecular 
weight long and branched-chain alkanes,resins, 
asphaltenes, and cyclic aliphatic hydrocarbons15. 
Relatively little is known about the environmental 
determinants of microbial population in oily 
refinery sludge. Soil bacterial communities are 
mainly affected by the type of soil, physicochemical 
and biological properties of soil and presence of 
contaminants. Petroleum hydrocarbons do have 
strong toxic impacts on the microbial population 
which are often overlooked16. Earlier studies 
revealed that petroleum hydrocarbons have 
inhibited the microbial biomass, decreased 
phylogenetic diversity, and caused a decline 
in species richness and evenness which have 
resulted in the dominance of few species that can 
survive in the harsh environment17. Indigenous 
bacteria have adapted to metabolize or degrade 
the hydrocarbons to meet their requirement 
of carbon and energy for their growth and 
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development10,18 . The abundance of hydrocarbon-
degrading bacteria and their degrading abilities 
are dependent on the types of contaminants and 
the surrounding environmental factors19,20. Recent 
studies have identified several bacteria from a 
variety of oil-contaminated soils; some of these 
bacteria such as Achromobacter, Acinetobacter, 
Staphylococcus, Pseudomonas, Rhodococcus, 
Bacillus and Dietzia are potent hydrocarbon 
degraders21,15. Many of these microorganisms 
secrete extracellular enzymes and produce 
biosurfactants which improve mineralization 
of the hydrophobic recalcitrant hydrocarbon 
pollutants22. Biosurfactant is the surface-active 
extracellular compounds that are produced by the 
microorganisms which possess hydrophobic and 
hydrophilic groups that can accumulate between 
oil-water phase reducing surface and interfacial 
tension23. They are considered as a promising 
alternative to the chemical surfactants due to their 
eco-friendly and nontoxic nature, effectiveness 
at extreme environmental conditions, and low 
production cost24. These compounds have a 
wide range of applications in different industries 
like in remediation of petroleum hydrocarbon 
contaminants and heavy metals from different 
ecosystems and also serve as a potential agent in 
microbial enhanced oil recovery22,24. Application 
of biosurfactant producing bacteria along with 
potential hydrocarbon-degrading abilities can 
effectively accelerate the rate of bioremediation 
of hydrocarbon polluted environments due 
to their ability to promote bioavailability of 
nonpolar substrates and enhancing the affinity 
between the bacterial cell surface and oil-water 
interfaces24,25. The present study on isolation of 
bacteria from oily refinery sludge, therefore, will 
help in understanding the distribution of bacterial 
communities in harsh environments besides 
knowing the potent indigenous oil degraders 
adapted to the harsh local environments. 

MATERIALS AND METHODS
Sample collection
 Refinery sludge samples were collected 
from the sludge waste pit of Bongaigaon oil refinery 
owned by Bongaigaon Refinery and Petrochemicals 
Ltd. (BRPL), Assam, India (26°31’00.81’’N; 90° 31’ 
53.85’’ E). The sludge samples collected included 
Oily Sludge (SAB1), Biological sludge mixed with 

treatment water (SAB2), and treated sludge 
samples from sludge drying bed which contain 
very little quantity of crude oil (SAB3). Each sludge 
sample was collected in sterilized polybags with 
the help of a sterile spatula and was immediately 
transported to the laboratory and stored at 4°C, 
until further analysis. The collected samples were 
crushed and separated from large debris. A non-
contaminated soil sample (SAB4) was collected as 
a control sample to study the differences in the 
bacterial diversity.
Physicochemical analysis
 The temperature of the samples 
was measured on-site with the help of a soil 
thermometer. The moisture content was measured 
gravimetrically by the oven drying method26. 
The pH of the sample was measured in soil 
and water suspension (1:5 ratio) using a digital 
pH meter27. The total organic carbon (TOC), 
available phosphorous (AP), total nitrogen (TN), 
and available potassium (AK) contents were 
determined by following standard methods28,29. 
Estimation of total petroleum hydrocarbon (TPH) 
content in the sludge sample was determined 
gravimetrically 29. 
Isolation and enumeration of bacteria
 Different culture media such as Nutrient 
Agar (NA), Reasoner’s 2A (R2A) agar, (HiMedia 
Laboratories, India), and Soil Extract Agar (SEA) 
were used for the isolation of heterotrophic 
bacteria. About 1 g of sample was dissolved in 
normal saline solution and serial dilutions were 
prepared (10-6). 0.1 ml aliquot was placed on the 
agar plates containing different media using the 
spread plate method. Bacterial colonies in agar 
plates were determined by spread plate method30. 
Bacterial population was determined as colony 
forming units after 48 h of incubation at 30°C. The 
bacterial colonies on R2A agar were determined 
after 5 days of incubation. Enrichment culture 
method using the Bushnell Hass medium BHM 
(HiMedia Laboratories, India) supplemented with 
2% crude oil as the sole carbon source was used to 
isolate the cultivable hydrocarbonoclastic bacteria. 
Sterilization of crude oil was done separately by 
autoclaving the crude oil at 121°C for 15 minutes. 
Enrichment was done by incubating the BHM 
flasks on a rotary shaker at 150 rpm for 7 days at 
30°C. After 7 days of incubation, the first stage of 
inoculums were transferred to another set of flask 
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containing fresh media with crude oil as the sole 
carbon source and incubated for three days. After 
three subsequent transfers, liquid culture was 
serially diluted and each dilution was inoculated 
in Bushnell Haas Agar plates. All plates were 
incubated at 30±1° C for 24-48 h and colonies were 
counted. Triplicate plates were maintained for 
each plate assay. The identification of the isolates 
was carried out based on their colony and cellular 
morphology and biochemical characteristics 
based on Bergey’s Manual of determinative 
bacteriology31.
Screening of the bacterial isolates for hydrocarbon 
degradation
 The isolated bacteria were screened for 
their ability to degrade petroleum hydrocarbon 
by assessment of bacterial growth on Petroleum 
Agar plates using Bushnell Hass agar media. 2, 6- 
Dichlorophenol Indophenol (2,6-DCPIP) oxidation 
test was used for hydrocarbon degradation32. The 
change in colour from blue to colorless (reduction) 
of DCPIP, an electron acceptor dye, indicated the 
degradation of crude oil by bacterial isolates. The 
ability of the isolates to grow in Bushnell Hass Broth 
supplemented with 2% crude oil was observed and 
their Optical Density was determined.
Screening of the isolates for biosurfactant 
production
 The isolates were screened for their 
ability to produce biosurfactant by Drop collapse 
test 33, Emulsification assay34, and CTAB methylene 
blue agar test35. The emulsification activity of the 
bacterial strains was obtained in terms of their 
stability in hydrophobic sources. The stability of 
the emulsion in oil-water was calculated by adding 
2ml of culture supernatant in 2 ml of kerosene 
and allowing it to stand for 24h to determine the 
height of the emulsion layer. Emulsification assay 
for the isolates were calculated as emulsification 
index using the following formula-

Emulsification index=                  X100Height of emulsified layer
Total height of the mixture

Selection of Efficient Hydrocarbon Degrading 
Bacterial isolates
 Efficient crude oil-degrading bacteria 
were selected depending on their growth in crude 

oil-enriched condition with slight modification of 
methods described earlier36. Bacterial isolates 
were cultured in nutrient broth and their optical 
density (OD) was measured. For the screening 
5 ml of bacterial culture with OD600=1, of each 
isolate that showed positive results for DCPIP 
test and growth on petroleum agar plates (Table 
3) were inoculated into 250 ml Erlenmeyer flask 
containing 200 ml of Bushnell Haas medium(BHM) 
enriched with 2% crude oil and incubated at 
30°C in a shaking incubator at 200 rpm shaking 
conditions for 7 days. Another set of flask with 
the same composition without the inoculation 
of bacteria were maintained as control. Bacterial 
growth was determined in the medium of each 
flask at 0th day and 7th days by taking the optical 
density at 600nm with the help of UV- Vis-
spectrophotometer. Sets of flasks were inoculated 
to study the degradation rate of crude oil after an 
interval of 15 days up to 60 days of incubation. 
Degradation studies of the bacterial strains were 
determined as the percentage of degradation by 
gravimetric estimation of residual hydrocarbon 
after an interval of 15 days29. After incubation for 
60 days, the residual crude oil was extracted by 
following the extraction procedure using DCM as 
the solvent, and then the extract was centrifuged 
for 5 min at 10,000g/4°C. The supernatant was 
rota-evaporated and the gravimetric estimation of 
the residual oil after a definite incubation period 
was calculated. Degradation of TPH was estimated 
using the following equation:

Percentage 
reduction of =      X100
TPH(%)

intial weight of TPH - final weight of TPH
initial weight of TPH

Analysis of crude oil degradation by FTIR analysis
 Residual oil, after degradation assay, was 
subjected to FTIR analysis to study the breakdown 
of complex hydrocarbons. Liquid hydrocarbon 
samples were milled with potassium bromide 
(KBr) to form a very fine powder. This powder 
was then compressed into a thin pellet which was 
analysed using Fourier transform infrared (FTIR) in 
the region of mid IR 400–4000 cm-1 with 16-scan 
speed37. FTIR was performed to determine the 
functional group present in hydrocarbon before 
and after degradation in the sample.
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Molecular identification of potent hydrocarbon-
degrading bacterial isolate
 Bacterial genomic DNA was extracted 
from the bacterial isolates grown on nutrient 
broth using standard protocol38. PCR amplification 
of the genomic DNA was carried out using the 
universal primers 27F and 1492R having reaction 
conditions set at 94°C for 3 min, followed by 35 
cycles of 94° for 30 sec, 55°C for 30 sec and 72°C 
for 90 sec and then final extension at 72°C for 5 
min. Amplification products were analysed on 
1.5% (w/v) agarose gels in TAE buffer. 16S rDNA 
amplicon from each strain was sequenced, and the 
data were searched using NCBI-BLAST search tool 
for identification of the strain type. The sequence 
was submitted to the NCBI GeneBank . 
Statistical analysis
 Bacterial population number was 
transformed into log10cfu before performing 
the statistical analysis. All tests were performed 
in triplicates and results are expressed as mean 
± Standard Deviation (n=3). One way analysis of 
Variance was calculated to analyse the differences 
among the mean of different assays. Statistically 
significant difference between means was 
determined by calculating the least significant 
differences (LSD).

RESULTS
Physicochemical analysis
 Phys icochemical  propert ies  and 
microbiological characterization of the oily sludge 
sample are summarized in Table 1. Oil content 
in the sludge sample is considered as one of 
the most hazardous content in the oily sludge. 
The temperature of the samples was higher 
(36.03±0.49°C) than the average temperature 
of the region (33.16±0.28°C).Oil content i.e. the 
extractable Total Petroleum Hydrocarbon (TPH) 
was present in a higher amount in the sample 
SAB1, followed by SAB2, SAB3, and absent in the 
control sample SAB4 (Table 1). Moisture content 
was highest in the SAB2, followed by SAB1, SAB4, 
and SAB3. The pH of the studied sample was 
found to be basic in nature and varied significantly 
(p<0.05) among the samples. Electric conductivity 
(EC) varied significantly among the study sites and 
it was highest for the control soil and decreased 
with the rise in the level of contamination. Total 
organic carbon was higher in the oily sludge due Ta
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to higher content of petroleum hydrocarbons 
and significant variations were found among the 
samples. Total nitrogen, available phosphorous and 
potassium content varied significantly amongst the 
studied samples. The ratio between total carbon 
and nitrogen determines the fertility of the soil 
and a reduction of the value was observed with 
higher contamination level in the samples.
Isolation and enumeration of bacteria
 A total of 36 bacterial strains were 
isolated from the collected samples using NA, R2A, 
SEA, and BHM culture media. The total number 
(CFU counts per g of soil) of heterotrophic bacteria 
was highest in the control soil (SAB4)when the NA 
medium was used and it varied from 2.7× 105 to 

16.9 × 106  in the samples. The bacterial population 
number in the same varied from 1.5 × 104 to 5.2 
× 105and 10 × 102 to 1.8 × 103 respectively when 
R2A and SEA medium were used for isolation 
(Fig.1). However, the highest population number 
of hydrocarbon-degrading bacteria in enrichment 
culture in BHM medium amended with 2% crude 
oil was 2.8 × 103, 2.4× 103, 2.0 × 103 and 0.22 × 
103 respectively in SAB1, SAB2, SAB3 and SAB4.
The refinery sludge with 40% crude oil (SAB1) 
harboured the lowest bacterial population 
number. NA and R2A were the most suitable 
media for the isolation of heterotrophic bacteria 
from contaminated as well as non-contaminated 
soil. The use of SEA media enabled-isolation of 

Table 2. Screening of bacterial isolates for hydrocarbon degradation abilities and biosurfactant production (‘+++’ 
maximum growth; ‘++’ average growth; ‘+’ slow growth; ‘-’ no growth )

Bacterial Growth on DCPIP Growth on  Biosurfactant production
strains Petroleum  activity Bushnell Haas
 Agar plates  media + 2%  Drop  CTAB Methylene E24%
   crude oil  collapse blue agar
   (OD at 600nm) test test

SAB02 +++ + 0.36 +ve -ve 30
SAB06 +++ + 1.32 +ve +ve 78
SAB07 ++ - 0.65 +ve -ve 45
SAB09 +++ + 1.20 +ve +ve 70
SAB10 + + 0.24 -ve -ve 20
SAB13  + + 0.43 -ve -ve -
SAB15 ++ - 0.05 +ve -ve -
SAB24 ++ - 0.56 +ve -ve -
SAB29 ++ + 0.62 +ve -ve 35
SAB36 ++ - 0.08 +ve -ve -

Fig. 1. Variation in bacterial population number (log cfu) when different culture media were used for isolation along 
with the level of TPH content in the studied samples
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most of the hydrocarbon-degrading bacteria 
from the oily sludge. Bacterial population number 
decreased with the increasing level of hydrocarbon 
content in different samples (Fig. 1). Studies on the 
physicochemical characteristics of the collected 
samples indicated a significant negative correlation 
between TPH and bacterial population number 
(p<0.05). A significant positive correlation was 

obtained between bacterial population number 
and temperature, moisture content, EC, TN, and 
AP. However, the correlation between bacterial 
population number and pH, TOC, and AK was 
negative though significant (p <0.05).
 All the contaminated sites were mainly 
dominated by Pseudomonas sp and Bacillus sp  
(Fig. 2). The relative abundance of bacterial 

Table 3. Percentage degradation of crude oil by four bacterial strains at different interval of time after incubation 
(Data mean of 3 replicates ± SE)

Strains(culture ID) Days of Initial Final concen. % TPH degradation
 incubation concen.(I) (g) (F)(g) (I-F)/I×100
    
Pseudomonas strain I 0 2.246±0.06 2.246±0.56 -
(SAB09) 15 2.246±0.06 1.453±0.24 35.29
 30 2.246±0.06 1.084±0.27 51.72
 45 2.246±0.06 0.893±0.09 60.21
 60 2.246±0.06 0.443±0.22 80.27

Pseudomonas strain II 0 2.525 ± 0.82 - -
(SAB02) 15 2.525 ± 0.82 2.031±0.20 19.56
 30 2.525 ± 0.82 1.887±0.56 25.24
 45 2.525 ± 0.82 1.767±0.66 30.01
 60 2.525 ± 0.82 1.381±0.78 45.28

Bacillus sp 0 2.321 ± 0.26 - -
(SAB06) 15 2.321 ± 0.26 1.641±0.75 29.26
 30 2.321 ± 0.26 1.270±0.45 45.24
 45 2.321 ± 0.26 1.103±0.74 52.46
 60 2.321 ± 0.26 0.879±0.23 62.13  

Micrococcus 0 2.841± 0.78 - -
sp(SAB29) 15 2.841± 0.78 2.268±0.75 20.16
 30 2.841± 0.78 2.088 ±0.23 26.48
 45 2.841± 0.78 1.461 ±0.74 48.56
 60 2.841± 0.78 1.384 ±0.45 51.26

Fig. 2. Relative abundance of bacterial genera in different study sites.
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isolates was lowest in the oily sludge samples 
SAB1, followed by SAB3 and SAB2 compared to the 
control sample SAB4 (Fig. 2). It was observed that 
the diversity of heterotrophic bacteria decreased 
with the increasing concentration of crude oil in 
the oily sludge. 
Screening of the bacterial isolates for hydrocarbon 
degradation
 All the 36 bacterial strains were screened 
for the ability to degrade hydrocarbon. Ten 
bacterial strains showed positive growth response 
on petroleum agar plates and were also positive for 
other screening tests carried out for hydrocarbon 
degradation (Table 2). These potent isolates (10) 
were further tested for their ability to degrade 
crude oil in culture broth with 2% crude oil as the 
sole carbon source. The strain SAB09 exhibited 80% 
degradation in 60 days and maximum degradation 
being observed after 15 days of incubation while 
the degradation rate of strain SAB06 varied from 
29.26 to 62.13% in 60 days (Table 3).
 While screening the isolates for 
biosurfactant production, it was observed that all 
the biosurfactant producing isolates didn’t possess 
oil degrading abilities (Table 2). Hence, based on oil 
degradation and biosurfactant production abilities 
isolates SAB06 and SAB09 were selected as the 
potent hydrocarbon degraders (Table 2, Table 3). 
Degradation of crude oil by the two potent 
isolates
 Out of the ten isolates that grew on 
petroleum agar plates, 08 isolates showed 
positive results for drop collapse test and two 
isolates showed positive results on CTAB agar 
plates indicating the production of rhamnolipids. 
Only 6 isolates showed emulsification index (%) 
ranging from 20% - 78%, while no emulsification 
was observed in the case of 4 isolates (Table 2). 
Depending upon the results of the screening tests, 
isolates SAB06 and SAB09 were selected as the 
potent biosurfactant producing isolates.
 These two isolates not only produced 
biosurfactant but also showed the maximum 
emulsification index (78% and 70% respectively) 
(Table 2) as well as a high rate of petroleum 
hydrocarbon degradation. The isolate SAB09 
exhibited a high rate of degradation of hydrocarbon 
(80.27 %) followed by SAB06 showing 62.13% 
degradation during 60 days of incubation (Table3). 

The two isolates were identified as Pseudomonas 
sp.( MT250346) and Bacillus sp.(MT250345).
Analysis of crude oil degradation by FTIR analysis
 Degradation of crude oil by the two potent 
bacterial isolates was confirmed by FTIR analysis. 
The results of the un-inoculated control sample 
were compared with that of the inoculated (SAB06 
and SAB09) samples. The Infrared (IR) spectral data 
were obtained after 60 days of incubation of the 
inoculated samples using Spectrum 2 Perkin-Elmer 
FTIR spectrometer. The spectra were scanned in 
the 400-4000 cm-1range.The spectra were plotted 
as intensity versus wavenumber(cm-1). The peaks 
and the representing compounds in the FTIR 
graph are studied. Functional groups before and 
after degradation study were also identified. Most 
of the compounds are assigned as the aliphatic 
groups. Although all the samples possessed an 
absorption bands in similar regions; however, 
certain differences were observed in the FTIR 
spectra of the treated and non-treated samples. 
The control crude oil sample showed a significant 
strong absorption peak at 3134.33 cm-1 indicating 
the presence of O-H stretching of the Carboxylic 
group. Peak at 2980.01 was due to C-H stretching of 
alkane and a weak peak at 2381.39 corresponded 
to the O=C=O stretching (Supplementary Fig. 1). A 
strong absorption band at 1394.05 indicated C-H 
bending in the aliphatic compounds. The medium 
absorption peak at 1600.92 was assigned to the 
C=C stretching of conjugated alkene and a medium 
band at 723.31 cm-1 indicated the presence of the 
C=C alkene group. 
 FTIR spectra of the crude oil sample 
inoculated with SAB06 (Supplementary  
Fig. 2) showed a strong intensity band at 1394.05 
indicating the presence of an aliphatic group. The 
peaks in the region 2840-3000 which corresponds 
to the C-H stretching in the aliphatic group was 
absent in both the treated sample. The assigned 
peaks at 3166.59 and 3129 of the treated samples 
by bacteria corresponds to the O-H stretching of 
primary alcohol. Absorption band of both the 
treated samples at 728.57 and 720.79 represents 
CH2 bending of aliphatic compounds. New 
peaks were observed in both treated samples at 
1109.51 indicating the formation of C=O stretching 
of secondary alcohol which might be due to 
degradation of n alkane. Band at 1394.05 which 
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was observed in the control sample as a strong 
peak was also found in the sample inoculated with 
SAB06, however, the peak disappeared after the 
treatment of SAB09 (Supplementary Fig.3) and a 
new strong peak was formed at 1401.81 indicating 
O-H bending of alcohol. A new peak was observed 
at 3166.59 which corresponds to =C-H stretching in 
aromatic compounds. It was observed in the study 
that there is a significant change in transmittance 
in the treated sample which represents the 
degradation of complex hydrocarbon compounds 
to simpler compounds with the help of bacteria.

DISCUSSION
 Soil is a vital resource for all kinds 
of life forms. Addition of hydrocarbon to soil 
increases the bulk density of soil, decreases 
pore space, reduces water infiltration into 
soil consequently inhibiting plant growth39. 
Polyaromatic hydrocarbon (PAH), which is the 
main constituent of oily refinery sludge possess 
a great threat to the environment due to its toxic 
effect, mutagenicity, and carcinogenicity29. Owing 
to the increased awareness of the environmental 
protection, an effective eco-friendly method for 
the treatment of these hazardous compounds 
is the need of the hour. The oily sludge in the 
present study is characterized by basic nature, 
high content of hydrocarbon (TPH), low nitrogen, 
higher organic carbon, lower level of potassium, 
and phosphorus40. A high amount of TPH content in 
the oily sludge marked the level of contamination 
in the studied samples. The physicochemical 
characteristics varied significantly amongst the 
study sites (p< 0.05). Soil pH and TOC were 
positively correlated with hydrocarbon content 
which is similar to the results obtained in other 
studies41. Higher total organic carbon content in 
the oily sludge may be attributed to the addition 
of carbon content to the soil in the form of oily 
sludge compared to the control soil. Total nitrogen 
content (TN) and available phosphorous (AP) are 
important macronutrients present in soil which is 
important for the plants as well as microorganisms. 
Our results indicated a decline in the content of 
both nitrogen and phosphorous with an increase 
in contamination which was also reported in other 
studies42. Study sites SAB1 and SAB 2 didn’t differ 
significantly as regards to total nitrogen content. 
The variation, however, was significant among 

other sites. The ratio of total organic carbon 
and nitrogen increased with the increase in the 
content of crude oil in the soil. The higher C:N ratio 
indicated degradation of soil quality in the studied 
sites. Available phosphorous varied significantly 
among the study sites. Decrease in total nitrogen 
and available phosphorus in the contaminated 
sites may be due to an increase in carbon 
content in the soil which might have altered the 
nutritional balance in the soil indicating low soil 
quality. It was noted that the oily sludge sample 
shared commonality in characteristics concerning 
the different physicochemical characteristics 
compared to the control soil sample.
  Soil microorganisms are omnipresent 
and they play an important role in maintaining 
the quality of the soil. Bacterial diversity in oily 
sludge was studied to gain knowledge of the 
bacterial community inhabiting the polluted 
environment. Isolation and characterization of 
the bacterial isolates are required to implement 
efficient bioremediation strategies.Bacterial 
population number and diversity varied 
significantly with the level of hydrocarbon content 
in the studied samples. Hydrocarbon content 
harmed the heterotrophic bacterial population 
number, however, the population number of 
hydrocarbonoclastic bacteria varied positively 
with the level of contamination. It was observed 
that the bacterial diversity was reduced with 
an increase in the oil content in the samples 
compared to the control sample (Fig. 2). However, 
with the increase in hydrocarbon content, 
the abundance of particular bacterial genera 
increased limiting the growth of other bacterial 
genera43.Studies revealed that the organisation 
of the bacterial communities in the contaminated 
sites is dependent on the level of contamination 
and their responses to the contaminants44. Our 
study on bacterial diversity is inconsistent with 
the previous studies which indicated that the 
presence of hydrocarbons in soil has resulted 
in the occurrence of certain groups of bacteria 
that have adapted to the harsh environment45. 
Although hydrocarbon contaminants are found to 
affect microbial diversity, some of these bacteria 
can utilize the harsh hydrocarbon pollutants as the 
source of carbon and energy which results in the 
development of hydrocarbon resistant bacteria 
communities46. The genus Pseudomonas have 
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been reported as potent hydrocarbon degraders in 
many oil degradation studies45,47,48. Earlier studies 
reported that strains of Pseudomonas aeruginosa 
can degrade about 90-95% of diesel and kerosene 
in 21 days and 72 % TPH was degraded over a 
period of 4 weeks49. Degradation by Bacillus sp was 
also reported by earlier studies50. The isolation of 
culturable bacteria from refinery sludge enabled us 
to understand the hydrocarbon-degrading ability 
of the indigenous bacteria 51. Our studies revealed 
that the enrichment culture studies enhanced the 
isolation of hydrocarbonoclastic bacteria form the 
hydrocarbon contaminated soil and it is positively 
correlated with the level of hydrocarbon content.
One of the limitations in the degradation of 
petroleum hydrocarbon is the bioavailability 
of these contaminants to bacteria due to 
hydrophobic nature and low water solubilities. In 
such cases, the application of potent biosurfactant 
producing bacteria can emulsify or solubilize the 
hydrocarbons making the substrates available 
to the microorganisms and decreases the 
surface tension of oil-water interface, thereby, 
enhancing the rate of degradation52. Some of the 
hydrocarbonoclastic bacterial strains isolated in 
this study are potent producers of biosurfactants. 
Earlier studies have reported the increased rate 
of degradation of n –hexadecane by Bacillus sp 
in the presence of rhamnolipid biosurfacatant53. 
The application of rhamnolipid produced by 
Pseudomonas strain also enhanced the rate of 
degradation of hydrocarbon54. Pseudomonas 
and Bacillus strain have biosurfactant producing 
abilities which are found to be effective for 
efficient removal of crude oil from contaminated 
sites which is consistent with other studies55. 
Promising results were achieved in many studies 
for enhancement of hydrocarbon degradation by 
application of biosurfactant producing bacteria 
which is a solution for decontamination of 
petroleum polluted soil56,38,57. However it has been 
studied that all the biosurfactant producing strains 
don’t have an efficient degradation ability which 
is similar to the present study58.
 The efficiency of biodegradation depends 
on the biodegrading capabilities of the indigenous 
bacteria as foreign bacteria that are applied 
exogenously sometimes fail to adapt to the 
new environment and perform degradation 

activities59. The degradation of hydrocarbons 
was characterized by the difference in the initial 
and final concentration of hydrocarbon in the 
culture media52. Biodegradation of crude oil 
in the present study was visible after 7 days of 
incubation. Degradation of crude oil components 
by the potent bacterial strains was further 
confirmed by FTIR analysis. FTIR analysis has 
been used by various researchers to classify the 
dominant petroleum hydrocarbon fractions in the 
contaminated sites based on the carbon chain 
length60,61,37. Application of FTIR study was also 
reported in the study of microbial degradation 
of hydrocarbon contaminants62,63. The presence 
of functional groups such as alcohols, phenols, 
aliphatic hydrocarbons were due to the presence 
of petroleum hydrocarbons in the studied 
samples62. It was observed from the FTIR spectra 
that although some similar characteristics peaks 
were observed in all the samples but their 
intensity decreased in the bacteria inoculated 
samples and many peaks disappeared after the 
treatment with bacteria which is similar to other 
studies63. Some new bands were also observed 
which may correspond to new compounds arising 
due to bacterial oxidation of the hydrocarbon 
compounds. In the present study, the alkene 
compounds were not degraded totally which was 
observed in the IR peaks of the treated samples. 
The presence of O-H and C-H bonds indicated 
the presence of alkane groups of hydrocarbon in 
the samples. The results of FTIR analysis showed 
the degradation of most of the compounds in 
the treated sample. It can be attributed that 
degradation using Pseudomonas sp and Bacillus sp 
could be used as efficient remediation techniques 
as these bacteria could remove up to 80% of 
crude oil in 60 days of treatment as observed in 
the present study. Hence, the potential of these 
hydrocarbonoclastic bacteria could be applied for 
bioremediation of the hazardous oily wastes.

CONCLUSION
 The results of the present study 
established that crude oil content of soil negatively 
influence the indigenous bacterial population 
number as well as diversity. The crude oil 
contamination also significantly affects the soil 
physicochemical properties e.g. moisture content, 
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TOC, available nitrogen, and available phosphorus 
which finally affects the nutritional properties 
of soil. Two potent strain Pseudomonas sp. 
(MT250346) and Bacillus sp. (MT250345) isolated 
during the present study showed the capability 
of degrading crude oil by utilizing the same as 
the source of carbon and energy. The potent 
hydrocarbon degraders isolated in the present 
study may be applied for biodegradation purposes 
because they have already been adapted to the 
harsh environment. Biosurfactant production 
abilities of these potent bacterial isolates have 
aided in their beneficial role in the bioremediation 
of contaminated sites. The potential of these 
hydrocarbonoclastic bacterial isolates as degrading 
agents of petroleum hydrocarbons indicates the 
importance of biological treatment as the most 
promising alternative for the removal of hazardous 
pollutants from the environment.
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