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Abstract
In the present study, the efficiency of four different strains of Pseudomonas aeruginosa and their biosurfactants in the biore-
mediation process were investigated. The strains were found to be capable of metabolizing a wide range of hydrocarbons 
(HCs) with preference for high molecular weight aliphatic (ALP) over aromatic (ARO) compounds. After treating with 
individual bacteria and 11 different consortia, the residual crude oils were quantified and qualitatively analyzed. The bacterial 
strains degraded ALP, ARO, and nitrogen, sulphur, oxygen (NSO) containing fractions of the crude oil by 73–67.5, 31.8–
12.3 and 14.7–7.3%, respectively. Additionally, the viscosity of the residual crude oil reduced from 48.7 to 34.6–39 mPa s. 
Further, consortium designated as 7 and 11 improved the degradation of ALP, ARO, and NSO HCs portions by 80.4–78.6, 
42.7–42.4 and 21.6–19.2%, respectively. Moreover, addition of biosurfactant further increased the degradation performance 
of consortia by 81.6–80.7, 43.8–42.6 and 22.5–20.7%, respectively. Gas chromatographic analysis confirmed the ability of the 
individual strains and their consortium to degrade various fractions of crude oil. Experiments with biosurfactants revealed 
that polyaromatic hydrocarbons (PAHs) are more soluble in the presence of biosurfactants. Phenanthrene had the highest 
solubility among the tested PAHs, which further increased as biosurfactant doses raised above their respective critical micelle 
concentrations (CMC). Furthermore, biosurfactants were able to recover 73.5–63.4% of residual oil from the sludge within 
their respective CMCs. Hence, selected surfactant-producing bacteria and their consortium could be useful in developing a 
greener and eco-sustainable way for removing crude oil pollutants from soil.
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Introduction

Spillage of crude oil on soil is one of the most common 
and a destructive types of pollution, posing a serious threat 
to a wide range of life forms (Alzahrani and Rajendran 
2019). The accumulation of petroleum sludge, which is 
commonly emitted during production, refining, storage, 
and transportation, further exacerbates the degree of envi-
ronmental contamination (Ren et al. 2020). Petroleum 
sludge poses a major threat to the surrounding ecological 
system and human health due to its deleterious chemical 
composition (Rudyk 2018). Furthermore, it has been clas-
sified as hazardous waste solids in a number of countries 
(Hui et al. 2020). Crude petroleum is a complex mixture of 
organic compounds that includes a wide variety of hydro-
carbons (aliphatic and aromatic), non-hydrocarbons (con-
taining sulfur, nitrogen, oxygen and various trace metals) 
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and even some heavy metals (Saadoun 2015; Alzahrani 
and Rajendran 2019). These are mostly hazardous, particu-
larly polyaromatic hydrocarbons (PAHs), because they are 
toxic, non-polar, poorly or non-degradable, and persistent 
in nature (Saadoun 2015). The most drastic changes in soil 
properties triggered by crude oil substances are clogged 
pore spaces, which minimize soil aeration and water pen-
etration, thereby  raising bulk density and restricting the 
adequate supply of nitrogen and phosphorus sources (Abo-
sede 2013; Ahmed and Fakhruddin 2018). Such substantial 
changes negatively affect the germination and growth of 
plants in soils (Siddiqui and Adams 2002). Presence of 
such pollutants further weakens biological parameters of 
soil such as enzymatic activity and microbial counts (Zhan 
et al. 2010; Lipińska et al. 2013). Rhizospheric microbial 
diversity, which is linked to biogeochemical cycles, is 
impacted, resulting in the disruption of nutrient availabil-
ity (Zhang et al. 2016; Yu et al. 2020). As a result, land use 
is limited, resulting in financial losses, environmental con-
cerns, drop in soil quality for crop production and reduced 
long-term food security (Alzahrani and Rajendran 2019; 
Odukoya et al. 2019; Arjoon and Speight 2020). Besides, 
crops grown in a crude oil-polluted field are unsafe for 
human and animal consumption (Ordinioha and Brisibe 
2013). These contaminants have a profound effect on soil 
fauna which includes micro-arthropods (Iloba and Jarret 
2007), earthworm species (Brown et al. 2004; Contreras-
Ramos et al. 2006), and terrestrial vertebrates (Alzahrani 
and Rajendran 2019). In humans, crude oil components 
have a negative impact on the sensory system (Riihimäki 
and Savolainen 1980; Wang et al. 2014), respiratory sys-
tem (Peng et al. 2010; Altomare et al. 2013), reproduc-
tive system (Krivoshto et al. 2008; Ordinioha and Brisibe 
2013), and renal system (Kum et al. 2007; Monteiro et al. 
2017).

Thus, to safeguard the environment and public health, 
such hazardous wastes must be properly treated and han-
dled. Effective remediation of soil contaminated with 
petroleum hydrocarbon has continued to be a matter of 
eminent concern. Chemical and physical methods of reme-
diation are among the readily available solutions, but they 
are costly and do not ensure that contaminants are com-
pletely removed (Viamajala et al. 2007). Furthermore, 
these methods could cause secondary pollution and habitat 
destruction, negatively influencing humans and other spe-
cies that are in close proximity to the polluted site (Kosh-
laf and Ball 2017). Bioremediation is a suitable alternative 
to physicochemical methods and regarded as one of the 
safer, cleaner, cost-effective, and sustainable approach for 
the removal of crude oil substances from contaminated 
soil (Guo et al. 2014). The United State Environmental 
Protection Agency (USEPA) has certified it as an envi-
ronmentally benign waste management strategy that helps 

to restore contaminated areas and encourages sustainable 
development (Bharagava et al. 2020).

We previously explored four different strains of P. aer-
uginosa (PA) namely PA-OBP1, PA-OBP2, PA-OBP3, and 
PA-OBP4 and were capable of secreting rhamnolipid biosur-
factant efficiently in the presence of aliphatic hydrocarbon 
such as n-hexadecane. The pattern of rhamnolipid congeners 
production differed between the strains, with di-rhamnolipid 
being comparatively prevalent over mono-rhamnolipid 
(Bharali and Konwar 2011; Bharali et al. 2018). In the pre-
sent investigation, competence of the selected indigenous 
bacterial strains and their consortia in the degradation of 
crude oil was assessed. In addition, biosurfactant produced 
by these strains were also evaluated for their ability to solu-
bilize PAHs and separate residual crude oil from sludge. The 
aim of this study was to concentrate on bioprospecting of 
possible indigenous bacteria in order to develop an efficient 
and environmentally friendly remediation technology for the 
management of crude oil polluted soil.

Material and methods

Bacterial strains and tested hydrocarbon

Four different strain of P. aeruginosa (PA), namely PA-
OBP1, PA-OBP2, PA-OBP3, and PA-OBP4 with NCBI 
accession numbers JX843423, JX843422, JX843421, and 
JX843420, respectively, were used in the present investi-
gation. For the cultivation of bacteria and associated bio-
surfactants, previously reported optimum culture condi-
tions were applied (Bharali and Konwar 2011; Bharali et al. 
2018). Different hydrocarbons, solvents, reagents, and other 
salts of analytical grade used in the present study were pur-
chased from Merck Chemicals (India) and Hi-Media (Mum-
bai, India). The crude oil and sludge were kindly provided 
by the Oil and Natural Gas Corporation Limited (ONGC), 
Jorhat, Assam, India.

Screening of petroleum hydrocarbon utilizing 
ability

The pure cultures for each bacterial strain were prepared 
with Luria Bertani broth and cultivated in an orbital incuba-
tor shaker overnight at 37 °C and 180 rpm. A 100-μl aliquot 
of the aforesaid fresh culture broth containing 1 × 108 ml−1 
microorganisms (as determined by the McFarland turbid-
ity method) was inoculated into a 250-ml Erlenmeyer flask 
containing 100 ml of mineral salt medium (MSM) which 
consists of 1 g CH4N2O, 1 g (NH4)2SO4, 1.805 g Na2HPO4, 
0.875 g KH2PO4, 0.1 MgSO4 7H2O, 25 mg CaCl2 2H2O, 
0.5 mg FeSO4 7H2O, 25 μg CuSO4 7H2O, 5 μg MnSO4 
5H2O, 5 μg H3BO3, 35 μg ZnSO4 7H2O, and 5 μg MnO3. 
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The pH of the medium was tuned to 6.8 by using 6 N HCl. 
All of the cultures were given 1% (v/v) test hydrocarbon 
and incubated on an orbital incubator shaker at 37 °C and 
180  rpm. Aliphatic hydrocarbons (pentane, n-hexane, 
heptane, iso-octane, dodecane, tridecane, n-hexadecane, 
octadecane, eicosane, triacontane, and liquid paraffin) and 
petroleum products (phenol, benzene, toluene, xylene, ker-
osene, diesel, lubricating oil, and crude oil), 1% (v/v) of 
each carbon source was added to the culture separately and 
in the case of polycyclic aromatic hydrocarbons (pyrene, 
anthracene, naphthalene, fluorine and phenanthrene), the 
culture medium was supplemented with 50 μg of each type 
of carbon source (Barkay et al. 1999). After 15 days of incu-
bation, the bacterial cells were harvested from the culture by 
centrifuging at 8000 rpm followed by washing with hexane. 
The dry weight of bacterial biomass was determined through 
standard gravimetric method.

Growth characteristics of selected bacterial strains 
in crude oil

The initial cultivation steps were same as mentioned above. 
Individually, all of the cultures were supplemented with a 
range of crude oils (1–3% v/v) and incubated at 37 °C at 
180 rpm in an orbital incubator shaker. The growth of the 
bacterial strain was monitored by determining the cell-form-
ing unit (CFU ml−1) at a time interval of 3 days for 30 days. 
Biosurfactant was isolated from the acidified culture super-
natant using acid precipitation followed by solvent extraction 
and expressed as g l−1 (Abdel-Mawgoud et al. 2009). The 
reduction in the surface tension of the culture supernatant 
was determined by Du Noüy ring method and expressed as 
mN m−1 (Abdel-Mawgoud et al. 2009; Bharali and Konwar 
2011).

Designing of bacterial consortium

From four different bacterial strains, 11 different combina-
tions were developed. Initially all the strains were grown 
in LB broth and incubated in an orbital shaker overnight 
at 37 °C with 180 rpm. For the preparation of consortium, 
aliquots of 100 μl of the aforementioned fresh culture broth 
of each bacterial strain containing 1 × 108 ml−1 microor-
ganisms (as per McFarland constant) were inoculated into 
a 250-ml Erlenmeyer flask containing 100 ml of MSM as 
per the designed combination of strains. All of the cultures 
were supplemented with 2% crude oil (v/v) and incubated 
at 37 °C and 180 rpm in an orbital incubator shaker. All of 
the culture conditions, including the consortium composi-
tion, were maintained in the second phase of the experiment, 
with the exception of biosurfactant (45 mg l−1), which was 
added separately to the culture medium. The bacterial cells 
were extracted from the culture after 30 days of incubation 

by centrifuging at 8000 rpm and washing with hexane. Using 
a standard gravimetric approach, the dry weight of bacte-
rial biomass was calculated. Degradation assay was carried 
out on the residual crude oil as described by Queiroga et al. 
(2003). The aliphatic hydrocarbons of the treated crude oil 
with selected consortia were analyzed using a gas chroma-
tograph-mass spectrometer (Wongsa et al. 2004).

Reduction of viscosity

The culture broths of the bacterial strains after 4 weeks of 
incubation with crude oil were extracted thrice with the 
equal volume of dichloromethane, dried over anhydrous 
sodium sulphate, filtered, and concentrated in vacuum. Vis-
cosity measurement was performed on Ostwald viscometers, 
which allows the determination of viscosity of the control/
treated crude oil. All determinations were carried out at 
25 °C using a concentration of 1 mg m1−1 of the extracted 
crude oil dissolved in hexane.

Solubilization of polyaromatic hydrocarbon (PHA)

The solubilization assay was carried out as described by Bar-
kay et al. (1999). Three polyaromatic hydrocarbons (PHA) 
anthracene, phenanthrene, and naphthalene were selected. 
Biosurfactant solutions were used in the increasing concen-
trations between 100 and 800 μg l–1. All experiments were 
performed in triplicate.

Assay on residual petroleum

Verification experiment of hydrocarbon degradation was 
carried out on the residual petroleum products by using 
combined solvent extraction and column chromatographic 
techniques as described by Queiroga et al. (2003). All the 
extracts were dried at room temperature over anhydrous 
Na2SO4 and concentrated in vacuum. The residual hydro-
carbon components were determined gravimetrically. All 
experiments were performed in triplicates.

Gas chromatographic (GC) analysis of degraded 
petroleum products

The separated aliphatic hydrocarbons of crude oil after 
treatment with selected bacteria and their consortium were 
further evaluated using a gas chromatograph-mass spec-
trometer, as described by Wongsa et al. (2004) (Clarus 600, 
Perkin Elmer, USA). The column temperature was kept at 
50 °C for 5 min before being raised to 280 °C for crude oil 
analysis. All analyses were conducted with a 20:1 split ratio. 
The carrier gas was helium, with a flow rate of 0.8 ml min−1. 
The temperature of the injector was set at 250 °C.
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Separation of residual crude oil from petroleum 
sludge

The petroleum sludge was mixed with acid-washed sterile 
sand to achieve the sludge concentration between 1 and 9% 
(w/w). The sludge samples weighing 20 g of the five con-
centrations were transferred to 250 ml Erlenmeyer flasks 
containing 100 ml of aqueous biosurfactant solution (0.001, 
0.01 and 0.1% w/v) separately and kept at constant shaking 
(100–180 rpm) between 3 and 18 days at room temperature. 
After the treatment, the culture flasks were allowed to settle 
for few hours and the treated sludge samples were recovered. 
The total petroleum hydrocarbon (TPH) of the sludge sample 
after treatment was estimated and expressed as residual TPH 
(Joseph and Joseph 2009). Flask receiving sludge sample 
with only water was kept as control.

Results

Ability of the bacterial strains to utilize different 
petroleum hydrocarbons

The growth performances of the bacterial strains on differ-
ent hydrocarbon sources are presented in Fig. 1. The bacte-
rial strain PA-OBP1 followed by PA-OBP3 and PA-OBP4 
exhibited the highest growth in dodecane, tridecane, hexade-
cane- and octadecane-supplemented media as evident from 
the production of bacterial biomass. However, the bacterial 
isolate PA-OBP3 exhibited almost similar biomass produc-
tion in hexadecane, and octadecane-supplemented media 
but lower in tridecane, and dodecane supplemented media. 
Among the tested aromatic hydrocarbons such as benzene, 
toluene, and xylene, the bacterial strains PA-OBP4, PA-
OBP3 and PA-OBP1 exhibited growth on toluene but not 
by the PA-OBP2 strains. The bacterial strains PA-OBP4, 
PA-OBP3, and PA-OBP1 showed slow growth on the PAHs 
including phenanthrene and anthracene and exhibited no 
growth on pyrene and fluorene. Only PA-OBP3 grew on a 
naphthalene-supplemented medium, out of the four bacteria 
tested. The bacterial strains exhibited better growth in die-
sel-, crude oil-, and kerosene-supplemented media as evident 
from the bacterial biomass.

Effect of crude oil on bacterial growth

When the crude oil concentration exceeded 2.0%, the 
bacterial biomass production was significantly reduced 
as a result of the drastic reduction in growth. The same 
are presented in Fig. 2. Figure 3 shows scanning electron 
microscopic images of bacterial strains grown on MSM 
supplemented with crude oil. The bacterial cells appear 
in dense clumps, which could be due to the type of carbon 

source used. All four strains morphologically appeared 
as rods shaped with a short- to the mid-size range. The 
cell surfaces appeared to be smooth and devoid of any 
irregularities. Figure 4 represents the CFU ml−1 of the 
bacterial cultures, which were monitored over the course 
of 30 days.

Reduction in the viscosity of crude oil

The bacterial strains efficiently reduced the viscosity of 
the crude oil after 30 days of treatment under laboratory 
conditions. Results clearly indicated the ability of bacterial 
strains to degrade the different fractions of crude oil that in 
turn changed the physicochemical properties of the crude 
oil (Hao et al. 2004). When bacterial strains PA-OBP1, PA-
OBP2, PA-OBP3, and PA-OBP4 were used, viscosity of 
crude oil was substantially reduced from 48.7 to 34.6, 38.9, 
36.2, and 39.6 mPa s, respectively.

Biodegradation of crude oil by the bacteria strains

The bacterial strains were found to be efficient in hydrocar-
bon degradation. Table 1 shows that the strains PA-OBP4 
and PA-OBP1 both showed high levels of aliphatic hydro-
carbon degradation, with 73.0 and 72.8%, respectively. The 
strains PA-OBP3 and PA-OBP2, on the other hand, degraded 
aliphatic hydrocarbons at a rate of 71.8 and 67.5%, respec-
tively. The bacterial strain PA-OBP3, which was accompa-
nied by PA-OBP4, PA-OBP1, and PA-OBP2, demonstrated 
greater degradation of the aromatic fraction, with 31.8, 30.3, 
25.2, and 12.3% efficiency, respectively. The strain PA-OBP4 
degraded NSO compounds the most (14.7%), followed by 
PA-OBP3, PA-OBP1, and PA-OBP2, which degraded 13.5, 
11.5, and 7.3%, respectively. Figure 5 depicts the GC profiles 
of aliphatic fractions of crude oil after 30 days of treatment 
with the bacterial strains and a control.

Biodegradation of crude oil by bacterial consortium

The dry biomass yield from 11 different consortia are pre-
sented in Fig. 6. Combination number 7 and 11, named 
as consortium I and II exhibited the highest dry biomass 
production of 2.72 ± 0.3 and 3.33 ± 0.1 g l−1, respectively, 
in the MSM supplemented with crude oil within 30 days. 
Consortium I and II were efficient in degrading 78.6–80.4% 
of aliphatic, 42.4–42.7% of aromatic, and 21.6–19.2% of 
NSO compounds in 30 days of culture (Table 2). The addi-
tion of biosurfactant (45 mg l−1) produced by the bacte-
rial strain PA-OBP1 to both consortia did not result in a 
substantial increase in crude oil degradation, implying that 
externally added biosurfactant has a minimal undeviating 
positive effect on the biodegradation process (Table 2). Gas 
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Fig. 1   Ability of the bacte-
rial strains to utilize different 
components of crude petroleum. 
Results represent mean ± SD of 
three individual experiments
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chromatographic analyses of the aliphatic fractions of treated 
crude oil with individual bacterial consortia I and II and in 
combination with biosurfactant are presented in Fig. 7.

Biosurfactant‑mediated solubilization 
of polyaromatic hydrocarbons (PAH)

In the presence of biosurfactants, the impact of biosur-
factants on the solubility of PAHs including phenan-
threne, anthracene, and naphthalene was studied. Figure 8 
shows that biosurfactants had a significant impact on the 

solubilization of the three PAHs studied. Biosurfactant 
from strain PA-OBP3 showed the highest phenanthrene 
solubilization, followed by PA-OBP4. When it came to 
anthracene, the biosurfactant from the bacterial strain PA-
OBP4 displayed a higher degree of solubilization than the 
biosurfactants from the PA-OBP3 and PA-OBP1 strains. 
Only the biosurfactant from PA-OBP4 stain was found to 
substantially solubilize naphthalene.

Fig. 2   Influence of different 
concentrations of crude oil on 
a growth and b biosurfactant 
production of P. aeruginosa 
strains within 30 days of incu-
bation period. Results represent 
mean ± SD of three individual 
experiments
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Separation of residual crude oil from the petroleum 
sludge by the biosurfactant

Results demonstrated that biosurfactants are more effec-
tive at removing total petroleum hydrocarbons (TPH) from 
petroleum sludge than water alone. The overall petroleum 
hydrocarbon content of the sludge was estimated to be 
around 785 ± 130 g kg−1. Oil separation was possible up to 
7% (w/w) sludge concentrations, but there was no further 
increase in the release of residual crude oil from the sludge 
above this concentration because they were unable to form 
homogeneous slurry, as shown in Fig. 9a. The amount of 
residual crude oil released increased over time, but there 
was no further after 15 days of treatment in the presence of 
constant shaking, as seen in Fig. 9b, release in the volume 
of residual oil escalated when the flasks were shaken con-
stantly as compared to when they were shaken only occa-
sionally or not at all. The release of oil increased as the 
rpm value increased, but there was a substantial decrease in 
residual oil separation above 120 rpm as shown in Fig. 9c. 
As shown in Fig. 9d, PA-OBP4 biosurfactant separated the 
most (73.5%), followed by PA-OBP1, PA-OBP3, and PA-
OBP2, which separated 70.3, 69.5, and 63.4% of residual 
crude oil, respectively, from petroleum sludge after 15 days 
of treatment. Water was used as a control, and it separated 
between 13% of the residual crude oil. The dense deposition 
of crude oil layer near the surface of the washing solution 

in an Erlenmeyer flask containing sludge and aqueous bio-
surfactant solution indicates the effective separation process 
(Fig. 10).

It could be seen that the separated crude oil from the 
sludge in the presence of aqueous biosurfactant solution gets 
adhered over the surface of the Erlenmeyer flask..

Discussion

All the four strains of P. aeruginosa were initially cultured 
in MSM supplemented with 23 different hydrocarbons 
along with crude oil individually to distinguish whether or 
not they can utilize petroleum as its sole carbon and energy 
source. Among the tested hydrocarbons, bacterial strains 
performed well in MSM supplemented with n-hexadecane, 
as we have previously mentioned in Bharali et al. (2018). 
The four strains have quite different preferences for aliphatic 
hydrocarbons. As evidenced by the generation of biomass, 
dodecane, tridecane, n-hexadecane, and octadecane were 
favoured above the others. None of the strains was capable 
to utilize eicosane and triacontane. As indicated by the bac-
terial strains’ utilization of crude oil, which is detailed later 
in the section, the biosurfactant produced by the bacterial 
strains undoubtedly aids in the assimilation of hydrophobic 
compounds. On the other hand, the inability to use specific 
types of aliphatic hydrocarbons is most likely owing to the 
inherent capacities of selected bacterial stains. The n-alkane 
hydroxylase system, for example, is necessary for the 

Fig. 3   Scanning electron micrograph of bacterial strains showing growth crude oil A P. aeruginosa OBP1, B P. aeruginosa OBP2, C P. aerugi-
nosa OBP3 and D P. aeruginosa OBP4
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degradation of long-chain alkanes, and its efficiency differs 
across bacteria that degrade hydrocarbons (Ji et al. 2013; Pi 
et al. 2016). Moreover, with the increase in the chain length 
of alkanes, the hydrophobicity of the molecule increases 
which in turn makes the molecules less soluble in water 
and reduces the bioavailability (Zhang et al. 2005). Several 
studies reported the capability to use aliphatic chains in the 
range of C5–C13, C8–C16, C12–C24, C12–C34, C6–C28, 
C12–C32 and C12–C28 by various of Pseudomonas spp. 
(Smits et al. 2002; Chaerun et al. 2005; Naik and Sakthivel 
2006; Mehdi and Giti 2008). Such a wide range of aliphatic 
alkane preferences among the genus Pseudomonas spp. 
strongly suggests strain specificity.

The growth of bacterial strains on aromatic hydrocar-
bons was insignificant as compared to that on aliphatic 

hydrocarbons. Among the aromatic compounds, only tolu-
ene was found to be utilized by the strains, but in limited 
quantity. The results are consistent with the observation of 
Jones and Edington (1968) who reported that only 0.5% 
of a large group of soil organisms could utilize aromatic 
hydrocarbons. The preference for PAHs as carbon source 
was found to be quite diverse among the strains. Cerniglia 
(1993) reported that only a small number of bacteria were 
capable of completely mineralizing large molecular weight 
PAHs. Preference for toluene, anthracene and phenanthrene 
as the carbon source could be attributed to their site of 
isolation from those environments, which are frequently 
contaminated by aromatic and polyaromatic fractions of 
crude oil. As evidenced by the amount of bacterial bio-
mass, significant growth was seen in diesel-, crude oil-, and 

Fig. 4   Time profile of a growth 
and b surface tension values 
of the culture broth by the P. 
aeruginosa strains in MSM sup-
plemented with 2% crude oil. 
Results represent the mean of 
three independent experiments
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kerosene-supplemented media. A greater portion of diesel, 
crude oil and kerosene contains aliphatic hydrocarbons 
and are reported to be more prone to microbial degrada-
tion (Wongsa et al. 2004; Adebusoye et al. 2007; Mehdi 
and Giti 2008). The preference for carbon substrates among 
the studied bacterial strains of P. aeruginosa is quite differ-
ent, and the aliphatic rich hydrocarbons were found to be 
better than complex hydrocarbons. Such behaviour, clearly 
confirms the efficient alkane utilizing ability. The overall 
preference of hydrocarbons was found to be in the order 
of n-hexadecane > octadecane > diesel > crude oil > tride-
cane > dodecane > kerosene > lubricating oil as evident from 
the increase in the bacterial biomass production. Such anom-
alous behavior of the bacterial strains clearly suggests that 
the preference towards carbon sources for their sustenance 
entirely depends on the type of bacterial strains. Moreover, 
the effect of the nutrient medium and particularly the carbon 
source on the synthesis of biosurfactant is still under study 
(Perfumo et al. 2006). According to Primeia et al. (2020), 
microorganisms that produce biosurfactants build their 
own micro-environment, which promotes emulsification by 
releasing certain compounds such as biosurfactants through 
various mechanisms such as quorum sensing.

The growth of all four strains accelerated with rising 
crude oil concentrations until they reached their maximum 
value, after which they levelled off. Within 2% of crude oil, 
all four strains grew faster, but after that, growth slowed 
dramatically, as seen by a decrease in CFU. The exact reason 
for such behavior is not well understood, but it is thought 
to be related to one or more of the following primary fac-
tors: crude oil nature and quantity (Ma et al. 2015), enzyme 
inhibition (Leahy and Colwell 1990) and oxygen limitation 
(Wongsa et al. 2004), all of which are considered to have a 
negative impact on degradation. Furthermore, the ability to 
tolerate different crude oil concentrations is determined by 

the type of bacterium, which differs between species and 
even strains. Strict aerobic P. aeruginosa uses oxygen for 
hydrocarbon degradation and as an acceptor in cell meta-
bolic processes (Koshlaf and Ball 2017). Since oxygen mol-
ecules are bound to the C terminal cluster and sub-termi-
nal chain of n-alkanes by monooxygenase or dioxygenase 
enzymes during the early stages of hydrocarbon biodegra-
dation, an adequate supply of oxygen is essential (Sierra-
Garcia and de Oliveira 2013). Wongsa et al. (2004) stated 
that the inadequate availability of oxygen in shake-flask 
cultures might be accountable for the reduced growth of P. 
aeruginosa WatG on petroleum refined products like kero-
sene and diesel, and reported it to be an oxygen-intensive 
metabolic process. Leahy and Colwell (1990) reported that 
the effects of toxicity, enzyme inhibition, and oxygen limita-
tion were minimized by using relatively low concentrations 
of hydrocarbons. According to Mehdi and Giti (2008) the 
high concentration of crude oil reduced the growth rate of 
the different crude oil degrading bacterial strains of Pseu-
domonas, Rhodococcus and Bacillus.

In the crude oil-supplemented media, the bacterial 
strains grew in a nearly identical fashion. Initially, bac-
terial growth accelerated within the 6–9 days of the cul-
tivation process. Rise in the bacterial growth may be due 
to the accumulation of alcoholic compounds, which are 
produced as result of terminal and sub-terminal oxidation 
pathways of alkanes. Apparent exponential phases were seen 
between 09 and 24 days of incubation, which was believed 
to be caused by the accumulation of fatty acid derivatives. 
Fatty acids are formed when aldehydes or methyl ketones 
are oxidized (Sierra-Garcia and de Oliveira 2013). Fur-
ther, towards 27 days of cultivation, CFUs of the bacterial 
cultures declined indicating that they had reached the sta-
tionary phase. This phase is generally characterized by an 
equipoise state of cell multiplication and death. The most 
possible reason for the reduction in bacterial growth may be 
due to nutrient scarcity or the adaptation of bacteria to use 
compounds that are more complex in nature (Shao and Wang 
2013). After 06 days of inoculation, the surface tension in 
the cultures was reduced to around 32.7–46.8 mN m−1, indi-
cating that the bacteria were towards the end of lag phase of 
their growth. The possible cause for the initiation of biosur-
factant production in the early exponential phase could be 
due to availability of hydrocarbons as the source of carbon 
through pseudo-solubilization. After, 09–12 days of bacte-
rial growth, the surface tension of the cultures were fur-
ther reduced about 32.5–40.6 mN m−1, which was mainly 
towards the stationary phase of growth. Such behaviour 
might be due to the release of cell bound biosurfactant into 
the culture broth (Déziel et al. 1999). Biosurfactants can 
help with hydrocarbon degradation efficiently by two key 
mechanisms.  first, by increasing the microorganisms' access 
to substrate. Second, by modifying the bacterial cell surface 

Table 1   Degradation of aliphatic, aromatic and NSO fractions of 
crude oil by P. aeruginosa strains after 30 days of treatment in liquid 
culture

Determination based on crude oil 2.0  ml (1.857  g). Results repre-
sented mean ± SD of three individual experiments

Bacterial strain Aliphatic frac-
tion degraded 
(%)

Aromatic frac-
tion degraded 
(%)

NSO 
compounds 
degraded (%)

Control 12.6 ± 0.8 10.3 ± 0.6 04.7 ± 0.2
P. aeruginosa 

OBP1
72.8 ± 0.2 25.2 ± 0.6 11.5 ± 0.5

P. aeruginosa 
OBP2

67.5 ± 0.7 12.3 ± 0.9 07.3 ± 0.1

P. aeruginosa 
OBP3

71.8 ± 0.3 31.8 ± 0.8 13.5 ± 0.4

P. aeruginosa 
OBP4

73.0 ± 0.3 30.3 ± 0.3 14.7 ± 0.7
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to increase its surface hydrophobicity and hydrophobic sub-
strates can be combined more easily (Mulligan and Gibbs 
2004). As a result, hydrophobic substrates can more readily 
interact with bacterial cells. The steady surface activities 
between 15 and 24 days of culture indicated the optimum 
level of biosurfactant production by the bacterial strains near 
to their stationary phase. Biosurfactant production increased 
as growth progressed from the late exponential to the early 
stationary period, indicating that it was produced as a sec-
ondary metabolite. Various strains of P. aeruginosa were 
reported to show an over-production of rhamnolipid when 
cultures reached their stationary phase of growth (Lotfabad 

et al. 2009; Makkar et al. 2011; Abbasi et al. 2012; Müller 
et al. 2012). Despite maintaining the same culture condi-
tions, the four P. aeruginosa strains showed a significant 
difference in growth behaviour and biosurfactant develop-
ment patterns. Discrepancies in growth dynamics may be 
linked to the constitutive aspect of the organism’s hydro-
carbon assimilation capacity or to the strains’ adaptation to 
previous exogenous hydrocarbon exposure. This could be 
followed by simultaneous development of the capability to 
use the oil and/or its catabolic products as carbon and energy 
sources (Adebusoye et al. 2007).

Fig. 5   Gas chromatographic 
analysis of the saturate fraction 
of crude oil after treatment with 
bacterial strains. A Control 
without treatment, B P. aerugi-
nosa OBP1, C P. aeruginosa 
OBP2, D P. aeruginosa OBP3, 
and E P. aeruginosa OBP4
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In comparison to the control, the leftover crude oil after 
treatment with the bacterial strain had lower viscosity. The 
use of microbes in degrading long-chain alkanes might have 
several benefits such as minimizing paraffin precipitation or 
deposition problem along the production flow line, reduc-
tion of the viscosity of crude oil, increase in API gravity 
value and finally reduction of both pour point and paraffin 
content of crude oil (Etoumi et al. 2008). Moreover, the bio-
surfactants produced during the bacterial growth on crude 
oil additionally reduces its viscosity by altering the surface 
and interfacial energy of the system, thereby increasing 
the mobility of crude oil in the pipelines. She et al. (2011) 
employed indigenous Bacillus strains that produce biosur-
factants to degrade the higher fractions of crude oil. They 
also reported the improvement in the flow characteristics 
of crude oil after the treatment in a petroleum reservoir of 
Daqing Oilfield. According to Gudiña et al. (2012) Bacillus 
strains were able to degrade long alkyl chains and thereby 
lowered the viscosity of hydrocarbon mixtures. These 
reports supported our view of using the indigenous biosur-
factant producing bacterial strains in reducing the viscosity 
of crude oil.

The bacterial strains were found to be effective at degrad-
ing hydrocarbons. The degree of degradation of aliphatic, 
aromatic, and NSO-containing hydrocarbons varied greatly 
across the bacterial strains. This is generally linked to the 
enzyme efficiency and the biosurfactant released by the bac-
terium. It has been reported that P. aeruginosa possesses 
two homologous AlkB hydroxylases that are activated in 
different ways depending on the length of the hydrocarbon 
chain present, allowing it to degrade a wide range of alkanes 
(Liu et al. 2014; Muriel-Millán et al. 2019). Results clearly 
established that the strains of P. aeruginosa are efficient in 
degrading aliphatic fractions as compared to other exist-
ing components of crude oil. The evidence of petroleum 
hydrocarbons being used by bacterial strains supports these 
results. Further, the degradation of crude oil by the bacterial 
strains was verified through GC. GC analyses of the ali-
phatic fractions of treated crude oil with the bacterial strains 
showed a similar response of degradation, but different in 
details. Bioconversion of crude oil components leads to the 
enrichment of the lighter fractions of hydrocarbons having 
shorter retention time. The bacterial strains were competent 
in degrading crude oil and efficiently degraded n-alkanes in 

Fig. 6   Biomass of bacterial con-
sortia in MSM supplemented 
with 2% crude oil. Results 
represented mean ± SD of three 
individual experiments

Table 2   Degradation of 
aliphatic, aromatic and NSO 
fractions of crude oil by 
bacterial consortia and in 
presence of biosurfactant after 
30 days

Determination on the basis of crude oil 2.0 ml (1.849 g). Results represented mean ± SD of three individual 
experiments

Bacterial strain Aliphatic fraction 
degraded (%)

Aromatic fraction 
degraded (%)

NSO compound 
degraded (%)

Control 12.2 ± 0.5 08.9 ± 0.5 05.2 ± 0.7
Consortium I 78.6 ± 0.5 42.7 ± 0.7 21.6 ± 0.3
Consortium II 80.4 ± 0.8 42.4 ± 0.4 19.2 ± 0.4
Consortium I + biosurfactant 80.7 ± 0.3 43.8 ± 0.5 22.5 ± 0.7
Consortium II + biosurfactant 81.6 ± 0.7 42.6 ± 0.2 20.7 ± 0.5
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the range of C9–C18. Previous studies showed that alkane 
with C14–C20 carbon atoms permits abundant growth for 
most of the bacteria (Mishra et al. 2004; Balachandran et al. 
2012). In the present investigation, bacterial strains were not 
much efficient in utilizing aromatic and polyaromatic com-
pounds. The predominance of mineralization of aliphatic 
over aromatic hydrocarbons with greater rate of degradation 
by the bacterial community was reported by several authors 
(Lal and Khanna 1996; Vinas et al. 2002; Adebusoye et al. 
2007). The batch culture of each bacterial strain has a spe-
cific selection of preferred substrates, rendering it less effec-
tive at using the complex hydrocarbon mixtures found in 

crude oil (Adams and Jackson 1996). According to Lal and 
Khanna (1996), bacteria usually degrade crude oil by using 
alkanes or light aromatic fractions, while heavier molecular 
weight aromatics, resins, and asphaltenes are recalcitrant. 
Adebusoye et al. (2007) reported that the individual organ-
isms such as Corynebacterium spp., Acinetobacter lwoffii 
and P. aeruginosa could only metabolize a restricted spec-
trum of hydrocarbon substrates. Biodegradation studies con-
ducted by Sharma and Pant (2000) showed that 50% of the 
aliphatic fractions of the crude oil of Assam (India) were 
degraded by the isolates of Rhodococcus. Several studies 
have found that the kind of oil and its molecular makeup 

Fig. 7   Gas chromatographic 
analysis of the saturate fraction 
of crude oil after treatment with 
A control, B Consortium I, C 
Consortium II, D Consortium 
I + biosurfactant, and E Consor-
tium II + biosurfactant
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are closely related to the extent of oil and total petroleum 
hydrocarbon biodegradation (Balachandran et al. 2012). The 
present study showed that the presence of crude oil in the 
culture medium had no detrimental effect on the bacterial 
strain’s ability to synthesize biosurfactant and might assist 
in the biodegradation of high molecular weight n-alkanes 
(C12–C18). Lee et al. (2018) reported that when indigenous 
bacteria degrade crude oil, they produce biosurfactants that 
enhance emulsification and make crude oil degradation more 
favorable.

The properties and rate of breakdown of complex mix-
tures of petroleum hydrocarbon vary greatly which deter-
mines the degree of bioremediation (Yasin et al. 2013). 
Formulation of efficacious microbial consortium could be 
a troubleshooter to the issue of limited remediation process. 
Individual bacterial strains can only metabolize a restricted 
spectrum of hydrocarbon substrates; thus, heterogeneous 

populations with high enzymatic capabilities are needed to 
speed up and expand petroleum biodegradation (Ghazali 
et al. 2004). In 30 days of culture, combination number 7 and 
11, labelled consortium I and II, were found to be effective in 
degrading 78.6–80.4% of aliphatic, 42.4–42.7% of aromatic, 
and 21.6–19.2% of NSO containing compounds. Both con-
sortia, which included all four distinct strains of P. aerugi-
nosa except PA-OBP2 in consortium I, were found to digest 
crude oil efficiently. The consortia were able to degrade up 
to 42.7% of the aromatic fraction of crude oil, which no sin-
gle bacteria could do (Table 2). This is most likely due to the 
fact that the consortium members’ enzyme and biosurfactant 
work in tandem. Mixed cultures have the ability to secrete 
a wider range of enzymes that are needed to catalyze vari-
ous reactions involved in degradation process compared to 
a single bacterial culture (Ghazali et al. 2004). Degradation 
of aromatic fraction supports the co-metabolism behaviour 

Fig. 8   PAH solubilization assay showing the decrease in the avail-
able phenanthrene, anthracene and naphthalene concentration with 
increasing concentration of biosurfactants produced by a P. aerugi-

nosa OBP1, b P. aeruginosa OBP2, c P. aeruginosa OBP3, and d P. 
aeruginosa OBP4. Values are the mean of three independent experi-
ments ± standard deviation
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and synergistic interactions among members of the consor-
tium. The metabolic intermediates produced by one bacterial 
strain could be utilized by the other members of the consor-
tium as the substrate for their growth and biosurfactant pro-
duction (Mulligan 2005). According to Ghazali et al. (2004), 
biodegradation of complex hydrocarbons frequently neces-
sitated the cooperation of multiple species. This is especially 

true for pollutants like crude oil, which are made up of a 
variety of chemical chemicals. In designing a consortium, 
solubility and accessibility of the hydrophobic compounds 
available in the crude oil are the two key aspects. The rate 
of solubility of the crude oil is a significant limiting fac-
tor in its biodegradation. Since only 0.02% of crude oil is 
soluble in water, hence there is a need for emulsification 

Fig. 9   Effect of different 
parameters on the separation 
of residual crude oil from the 
petroleum sludge a sludge con-
centration, b treatment period, 
c shaking, and d biosurfactant 
concentration. Values are the 
mean of three independent 
experiments ± standard devia-
tion
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of the crude oil in the medium (Chhatre et al. 1996). To 
analyze the influence of biosurfactant (45 mg l−1) produced 
by the bacterial strain PA-OBP1 on the degradation pro-
cess, it was added to both consortia. Since the biosurfactant 
from the PA-OBP1 strain has higher surface activity than 
biosurfactants from other strains, it was selected (Bharali 
et al. 2018). Both consortia II and I appeared to degrade 
aliphatic and aromatic components of crude oil at identi-
cal rates in the presence and absence of additional biosur-
factant (Table 2). Our previous experiments showed that in 
the presence of crude oil, all members of the consortium 
could produce biosurfactant. Therefore, it is conceivable that 
the total biosurfactant, which includes both externally added 
and internally produced biosurfactants, accumulates in the 
culture medium. Further, through the mobilization process, 
such accumulated biosurfactants may aid in the bioavail-
ability of crude oil to bacterial cells. Biosurfactants support 
the rate of biodegradation by emulsifying and increasing 
the solubility of hydrophobic compounds. By emulsifying 
the hydrocarbons, biosurfactants aid in microbial uptake 
of crude oil and degradation. Biosurfactants can raise the 
pseudo-solubilization of hydrophobic substrates because of 
their specificity and degradability (Karlapudi et al. 2018). 
Further, the GC analysis of the aliphatic fractions of crude 
oil confirmed the enhancement in the degradation pro-
cess (Fig. 7). Gas chromatographic profile of the saturated 
fraction of the crude oil inoculated with Consortia I and 
II exhibited much reduced noise level as compared to the 
non-inoculated medium (Fig. 7). Presence of certain distinct 
unreduced peaks indicates the accumulation of bacterial by-
products which are not degraded further by the members of 
the consortia. The results clearly established that both con-
sortia along with the biosurfactant were capable of degrad-
ing the various components of crude oil.

Water solubility of some of the hydrophobic organic 
compounds (HOCs) could be increased with the addition 
of synthetic surfactant or biosurfactant (Eddouaouda et al. 
2012). The solubilization assays of selected PAHs clearly 
showed that with the increase in the concentration of 

biosurfactants upto a range of 45–120 mg l−1 could reduce 
the amount of available undissolved PAHs in the aqueous 
mixture. PAHs were effectively solubilized by biosurfactants 
at levels below or above their CMC. However, when the 
concentration of biosurfactants produced by the bacterial 
strains was increased above their respective CMC values, 
solubilization was far more pronounced. Such behaviour of 
the biosurfactants is in view of the fact that the concentration 
of biosurfactants above the CMC enhances the formation 
of micelle causing the undissolved organic components to 
dissolve within the micelle structure facilitating microbial 
uptake and bioremediation (Yin et al. 2009). Phenanthrene 
was solubilized to a noticeable extent by biosurfactants from 
all four bacterial strains. Yin et al. (2009) reported the solu-
bilization of phenanthrene at 50 mg l−1 of rhamnolipid pro-
duced by P. aeruginosa strain S6. Das et al. (2008) showed 
that the solubilization of anthracene increases with the 
increase in rhamnolipid concentration beyond 100 mg l−1. 
Further, differences in the degree of solubilization by the 
biosurfactants might be due to differences in the physico-
chemical characters of the tested PAHs and the types of 
rhamnolipid congeners present in the biosurfactants (Abdel-
Mawgoud et al. 2009; Salihu et al. 2009).

Petroleum sludge not only contains large amounts of 
harmful environmental contaminants, but also carries a 
substantial portion of recyclable resources, such as extract-
able and refractory petroleum hydrocarbons with high poten-
tial value (Hu et al. 2020). Recycling of petroleum sludge 
can be used to reduce not only the quantity and level of 
contaminants, but also the consumption of non-renewable 
resources (Hui et al. 2020). Currently, there is a growing 
understanding and popularity of cleaner development, and 
green operating strategies that promote sustainability and 
other eco-friendly techniques. Among these technologies, 
recycling has emerged as the most environmentally friendly 
alternative for petroleum sludge disposal and treatment. As 
a result, in recent years, more emphasis has been placed 
on developing technologies for the recycling and safe treat-
ment of petroleum sludge (Hu et al. 2020). In this regard, 

Fig. 10   Separation of residual crude oil from the petroleum sludge after washing with biosurfactant solution of A P. aeruginosa OBP1, B P. aer-
uginosa OBP2, C P. aeruginosa OBP3 and D P. aeruginosa OBP4
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use of bacterial-derived biosurfactant for petroleum sludge 
recycling is desirable because it meets both environmental 
and ecological sustainability goals. In fact, it was reported 
that the preparation of homogeneous slurry could be a criti-
cal factor in the treatment of sludge, which could limit the 
process (Déziel et al. 2000). The disturbance caused by the 
continuous shaking further separated the loosely bound oil 
droplets from the soil particles due to the reduction of inter-
facial tension. With the increase in the biosurfactant concen-
tration, there was increase in the removal of residual crude 
oil from the sludge. The decrease in surface and interfacial 
tension caused a gradual decrease in the capillary force that 
holds soil and oil together. This further enhanced the contact 
angle between soil and oil, resulting in a change in the wet-
tability of the system. The interfacial tension of the system 
decreased gradually until it reached its CMC after which it 
remained constant. The effect is most likely caused by the 
physicochemical features of biosurfactants and the coupled 
behaviour of surfactant/crude oil/soil systems (Urum and 
Pekdemir 2004). The CMC of the biosurfactant developed 
by PA-OBP1, PA-OBP2, PA-OBP3, and PA-OBP4 has pre-
viously been determined and reported to be 45, 105, 90, and 
65 mg 1−1, respectively (Bharali and Konwar 2011; Bharali 
et al. 2018). A successful attempt in using biosurfactant to 
recover oil from the sludge was also reported by Yan et al. 
(2012), Chirwa et al. (2017) and Liu et al. (2018, 2020). 
Joseph and Joseph (2009) separated the residual oil from the 
petroleum sludge generated from the crude oil refinery by 
directly inoculating the strains of Bacillus spp. and with the 
addition of the cell-free culture supernatant of the bacteria. 
Helmy et al. (2010) used a biosurfactant generated by Azo-
tobacter vinelandii AV01 to improve oil recovery from oil 
sludge and recovered up to 15% of the oil. According to Sai-
kia and Deka (2013), P. aeruginosa RS29, a biosurfactant-
producing strain, could extract up to 55.5% of hydrocarbon 
from refinery sludge using CFCS. Synthetic surfactant such 
as sodium dodecyl sulphate (SDS) is effective for the separa-
tion of residual oil from the sludge but is severely hazardous 
to the environmental components (del Mar Sánchez-Peinado 
et al. 2010; Wyrwas et al. 2011). Therefore, the applica-
tion of biosurfactant appears to be more beneficial over the 
chemical surfactants because of their biodegradability, lower 
toxicity and effectiveness at severe temperatures, pH and 
salinity (Abdel-Mawgoud et al. 2009; Lotfabad et al. 2009; 
Makkar et al. 2011; Abbasi et al. 2012; Bharali et al. 2018).

Conclusion

In the present investigation, the indigenous four biosur-
factant-producing P. aeruginosa strains were found to be 
effectively utilizing a wide spectrum of petroleum as sup-
ported by increase in biomass and degradation profiles. 

Two effective bacterial consortia, i.e. consortium I, which 
includes all the strains except for P. aeruginosa PA-OBP2, 
and consortium II, with all the four strains, revealed to bio-
degrade different components of crude oil more efficiently 
than the individual strains. Such behaviour supports the idea 
that the most efficient combination of microbes in a mixed 
culture will ensure the effectiveness of the petroleum deg-
radation process. Furthermore, incorporating biosurfactant 
externally to the consortium improved the biodegradation 
process. The biosurfactants produced by the strains were 
effective at solubilizing PAHs within their CMCs and were 
able to recover a significant amount of residual crude oil 
from the petroleum sludge. Thus, bacterial strains and con-
sortiums that can synthesize biosurfactant and degrade crude 
oil could be used as an efficient bioremediation tool. Appli-
cation of such approaches reduces toxic contaminants and 
ensures environmental protection, and thereby contributes 
to achieving ecological sustainability.
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