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Abstract Safe disposal of petroleum oil sludge

generated from crude oil storage tank bottom is a

major challenge for petroleum refineries across the

globe. The presence of long chain hydrocarbons in

petroleum oil sludge are known to have effects on the

environment through bioaccumulation or biosorption.

The present study was focused to develop a modified

bioremediation process using hydrocarbonoclastic

microbial-assisted biocarrier matrix (MABC) medi-

ated through biosurfactants and biocatalysts for the

efficient treatment of petroleum industrial oily sludge.

The development of hydrocarbonoclastic microbial-

assisted biocarrier matrix was confirmed by scanning

electron microscopy analysis. The biocatalysts such as

lipase, laccase, esterase and biosurfactant produced by

MABC system were found to be 40 U/mg, 18 U/mg,

36 U/mg and 220 mg/g of oil sludge respectively

using one variable at a time approach. Further, the

response surface methodology was used to determine

the optimum treatment conditions (Time, pH, Mass of

biocarrier matrix and Amount of oil sludge) for the

enhanced removal of total petroleum hydrocarbons

(TPH) present in the oil sludge and TPH was degraded

by 88.78% at Hydraulic Retention Time of 7 days.

The biodegradation of oil sludge was confirmed using

Gas Chromatography–Mass Spectrometry analysis.

Keywords Petroleum refinery oil sludge � TPH
degradation � Microbial-assisted biocarrier matrix �
Response surface methodology � Biosurfactant �
Biocatalysts

Introduction

Petroleum oil refinery is one of the major industrial

sector around the world contributing to world econ-

omy (Suganthi et al. 2018). The rapid increase in the

human population has created a significant demand in

the consumption of petroleum products to meet the

transportation, energy, human health care and cos-

metics requirements, which has led to a remarkable

growth and development of petroleum oil refining

industrial sector across the globe (Kuznetsova and

Kravchenko 2020). More particularly, during the

storage and transportation of crude oil, under the

influence of gravity difference between the lighter and
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heavier molecules present in the crude oil; heavy

hydrocarbons, metallic salts, condensed resins and

asphaltene settle at the bottom of the tank by forming

sticky and black colour aggregates, termed as ‘‘oil

sludge’’ (Ramirez and Collins 2018). The expansion of

the petroleum refining industries has been accompa-

nied with the sharp increase in the release of petroleum

oil sludge during the process of oil storage, shipment

and refining operations (Zhang et al. 2011; Hassan-

zadeh et al. 2018; Chen et al. 2019a). The petroleum

refining industry having a production capability of

105,000 barrels per day gives roughly 50 tons of crude

oil sludge (COS) per year with the specific gravity

(@15 �C) around 0.905 (Mansur et al. 2015; Al

Zubaidi 2018; Johnson and Affam 2019). It has been

estimated that, nearly 28,000 tons of COS per year in

India andmore than one billion tons of COS per year in

worldwide is generated by petroleum industries (Hu

et al. 2013; Suganthi et al. 2018). Petroleum oil sludge

mainly exists in the form of stable water-in-oil (W/O)

emulsion, having composition oil, 15–50%; water,

30–50% and inorganic solids, 10–12% (w/w) (Xiao-

gang et al. 2009; He et al. 2019). The constituents of

oil COS waste predominantly includes recalcitrant

poly-aromatic hydrocarbons (PAHs) (naphthalene,

anthracene, benzopyrene, etc.), aliphatic hydrocar-

bons (propane, pentane, hexane, octane, propene,

cyclopentene, etc.), unsaturated hydrocarbons, ali-

cyclic hydrocarbons, considerable amount of heavy

metals (lead, zinc, chromium, nickel, manganese,

cadmium, copper, iron) and NSO (nitrogen–sulfur–

oxygen compounds) (Janbandhu and Fulekar 2011;

Hu et al. 2013; Wang et al. 2018). Hence, this is

classified under hazardous waste materials in petro-

leum refining industries. PAHs and long chain

aliphatic hydrocarbons are highly persistent in the

environment and acts as carcinogens and mutagens

(DNA damage and chromosomal aberration), thereby

it causes lethal effects on the biotic as well as abiotic

factors. These constitute a big challenge to microbial

degradation of petroleum oil sludge/COS (Dhote et al.

2018). Moreover, the percolation of the untreated

hydrocarbons/partially treated hydrocarbons into the

ground water system as well as the soil nearby

treatment units becomes unavoidable (Suganthi et al.

2018). Hence, the petroleum industries must ensure

that the toxic hydrocarbons present in the COS must

undergo several stages of treatment for the removal of

recalcitrant compounds to satisfy the discharging

standards prescribed by Environmental Protection

Agency (EPA). Currently, various physico-chemical

methods such as incineration (Scala and Chirone

2004), stabilization/solidification (Karamalidis and

Voudrias 2007), solvent extraction (Zubaidy and

Abouelnasr 2010), freeze/thawing (Lin et al. 2008),

photo-catalysis (da Rocha et al. 2010), combustion

(Zhou et al. 2009), pyrolysis (Liu et al. 2009),

chemical oxidation (Ferrarese et al. 2008), ultrasonic

treatment (Xu et al. 2009), supercritical water oxida-

tion (SCWO) technology (Cui et al. 2009) and

microwave radiation technology (Kuo and Lee 2010)

are in practice due to the unavailability of efficient

eco-friendly treatment processes (Suganthi et al.

2018). However, these methods have several disad-

vantages like non-eco-friendly, in nature, low treat-

ment efficiency, hotspot of secondary toxicants, high

operational and maintenance cost and requires skilled

labour to operate (He et al. 2019; Li et al. 2020).

Hence, the cost-effective bioremediation process

such as landfilling (Aguelmous et al. 2020), land

farming (Besalatpour et al. 2011), phytoremediation

(Nanekar et al. 2015), biodegradation (Ward et al.

2003; Suganthi et al. 2018) and surfactant flushing

(Karthick et al. 2019) have gained importance in field

level applications. However, these methods were

reported to be time-consuming process, contributes

to GHGs emissions, and also their effectiveness is

limited by environmental factors (Caliman et al. 2011;

Saimmai et al. 2012; Ismail et al. 2013; Sarika Saxena

2015). As a result, the rate of degradation of the

constituents of COS is impaired and such that it

requires 6 to 8 months for the removal/degradation of

hydrocarbons in oil sludge (Hassanshahian et al.

2012). Therefore, the management of COS in

petroleum industry remains unsolved due to non-

availability of proper technological solutions. Thus,

there has been a constant research on the cost-effective

microbial treatment system for the degradation of

hydrocarbons present in the petroleum refining indus-

try oil sludge (PRIOS) in short retention time.

Bioremediation of PRIOS using indigenous

microorganisms is reported to be the most reliable

method for the treatment of complex pollutants like

oily wastes. The inherent characteristic adaptability of

the microbial community and the ability to produce

extracellular biomolecules i.e. biosurfactants and bio-

catalysts such as hydrolytic enzymes (lipase and

esterase) and oxidoreductase (laccase), play a
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significant role in the degradation of toxic hydrocar-

bons into non-toxic TCA metabolic intermediates

(Svendsen 2000; Liu 2005; Das and Chandran 2011;

Frutos et al. 2012; Ferradji et al. 2014; Parthipan et al.

2017). In this context, the application of a mixed

bacterial consortiumhas proved to bemorebeneficial in

comparison to pure culture for the complete degrada-

tion of the hydrocarbons in the PRIOS (Mukred et al.

2008; Cerqueira et al. 2011a). Suganthi et al. (2018)

reported the petroleum oil sludge bioremediation with

intermittent addition of mixed microbial consortia for

the treatment process of PRIOS to result in degradation

of TPH by 96% within 1 month duration. However, it

was concluded that the duration of treatment for the

complete removal of hydrocarbons must be reduced

significantly for the field level applications (Suganthi

et al. 2018). The complex molecular configuration of

petroleum oily waste sterically hinders their bioacces-

sibility to the conventional microbes used in the

biodegradation process and also known to cause

harmful effects on the environment through bioaccu-

mulation and biotransformation (D’Costa et al. 2017).

Hence, these conventional technologies more often fail

to remove/degrade these immiscible and dispersed

organic components due to their structural complexity

(Aguelmous et al. 2019). Therefore, the treatment

process of wastes generated from petroleum refining

industries should be composed of interactive medium

that can act as a stable microbial matrix and also to

improve the surface contact between the oil sludge and

the microbes (Chen et al. 2019b; Huang et al. 2019;

Naeem and Qazi 2020). This would improve the

accessibility of microorganisms towards the petroleum

oil sludge in such a way that the metabolism of the

constituents of oil sludge becomes more effective.

Subsequently, the degradation of hydrocarbons at an

enhanced rate can be achieved.

The focal theme of the present investigation is to

develop a sustainable microbial-assisted biocarrier

matrix system, using the agro waste (rice husk), for the

complete degradation of petroleum hydrocarbons in

the PRIOS at short retention time. It is well known,

that the process optimization is essential for the

successful development of any technology/treatment

system. Therefore, in the present study, central

composite design (CCD) mediated response surface

methodology was employed to optimize the treatment

conditions for achieving the maximum removal of

TPH using MABC.

Materials and methods

All the chemicals and medium components used in

this study were of analytical grade.

Collection of petroleum oil sludge and source

for the petroleum hydrocarbon degrading microbes

(PHC)

The petroleum refining industry oil sludge (PRIOS)

was collected from the oil storage tank of a petroleum

oil refining industry located in Chennai, Tamil Nadu.

The indigenous hydrocarbonoclastic bacterial strains

were isolated from diesel contaminated soil nearby

generator (DC), crude oil contaminated soil from

petroleum oil refinery (MS), soil acclimatized with

petroleum oil sludge near the sewage treatment plant

(STP) and soil around automobile workshop (AWS).

Soil samples were stored at 4 8C until further use.

Characterization of petroleum oil sludge

The PRIOS was characterised for its total petroleum

hydrocarbon (TPH) content followed by the compo-

nent analysis using Gas Chromatography–Mass Spec-

trometry (GC–MS) for the detection of hydrocarbons

in oil sludge.

Total petroleum hydrocarbon (TPH) analysis

The TPH in the petroleum oil sludge was analysed in

accordance with the procedure listed under EPA 418.1

analytical method with slight modifications. The oil

sludge, 1 g was extracted with DCM to remove the

dust and sand particles as precipitates. DCM was

evaporated using rotary evaporator. Then the hexane

was used to separate the TPHs from the DCM extract.

This step was repeated for 3 times. The solvent layer

having TPH was collected and evaporated in rotary

evaporator to separate out the traces of hexane. The

mass of TPH was determined gravimetrically from the

initial and final weight of extracted hydrocarbon

(Mishra et al. 2001; Tahhan and Abu-Ateih 2009).

The experiment was carried out in triplicates. The

percentage of hydrocarbon degradation was calculated

using the formula (Suganthi et al. 2018).
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Gas Chromatography–Mass Spectrometry (GC–MS)

The hydrocarbons present in the initial oil sludge (1 g)

were extracted using n-hexane, 10 ml and the solvent

layer was dried. The sample was injected into the GC–

MS instrument (Agilent Technologies, USA, 7890B

GC system coupled with 5977A MSD system)

equipped with DB5MS column (30 m length,

0.25 mm internal diameter and 0.25 l film thick-

nesses). The Flow rate of helium gas was maintained

at 1.5 ml/min. The initial set temperature was 55 �C
with 5 �C increase in temperature for every 1 min till

300 �C was reached and then held at the temperature

for 40 min. The separated compounds were compared

with reference spectra in NIST 2000 Library match

(Gojgic-Cvijovic et al. 2012).

Isolation and enrichment of hydrocarbonoclastic

microorganisms from soil sources

The indigenous hydrocarbonoclastic bacterial strains

were isolated from hydrocarbon contaminated soil

sources (mentioned under ‘‘Collection of petroleum

oil sludge and source for the petroleum hydrocarbon

degrading microbes (PHC)’’ section). For this, 1 g of

each soil samples was individually inoculated into

mineral salt medium (MSM) having composition (g/l):

MgSO4, 1.0; K2HPO4 , 0.8; CaCl2�2H2O, 0.5; NaH2-

PO4 , 0.2; FeSO4�7H2O, 0.05; CuSO4�5H2O , 0.05; and

NaCl, 0.1 and petroleum oil sludge 1% (w/v) as the

carbon and energy source. The medium pH was

adjusted to 7.0 and allowed for an incubation period

for 7 days at 35 �C and agitated at 120 rpm for the

growth and enrichment process. In 7 days interval, an

aliquot of 10 ml of culture was transferred into fresh

mineral salts medium with increasing concentration of

oil sludge [2, 4, 6, 8, 10% (w/v)] subsequently and

incubated under the same conditions. After which, the

cultures endured in the oil sludge containing medium

were isolated by serial dilution and spread platting

method. Each colony of different morphologies was

streaked to get pure isolates and stored in nutrient agar

slants for further studies.

Development of microbial-assisted biocarrier

matrix system onto agro-waste

After the enrichment process, the four enriched

isolates individually as well as in a consortium (five

different combinations of isolates) were allowed for

the development of microbial-assisted biocarrier

matrix (MABC) onto rice husk as 9 separate exper-

imental setup in total and this was used as a support

matrix for the growth of the organisms and to increase

the bioavailability of hydrophobic crude oil sludge.

Wherein, 10 g of rice husk was dispersed into the

100 ml of mineral salts medium containing 5% (v/v)

microbial culture and incubated for 24 h at 37 �C for

the development of microbial-assisted biocarrier

matrix (MABC)’’.

Degradation of oil sludge using microbial-assisted

biocarrier system

The developed MABC in single (four individual

isolates) and mixed cultures (five combinations of

isolates) were used for the treatment of oil sludge. The

oil sludge (PRIOS) was layered in between the MABC

as a stacking layer with the ratio of 1:1 (i.e. 5 g of oil

sludge to 5 g of MABC). To this, 40 ml of mineral salt

medium (pH 7) was added and air at ambient condition

was uniformly supplied in the entire process to initiate

the degradation. The efficiency of MABC in single as

well as in mixed cultures for the treatment of oil sludge

was monitored based on the production of biomole-

cules and TPH reduction profile. The reduction in

TPHs (percentage degradation of hydrocarbons) was

monitored for every 24 h and the procedure was

mentioned in ‘‘Total petroleum hydrocarbon (TPH)

analysis’’ section. The production of biosurfactant was

monitored by emulsification index (E24) (Saranya

et al. 2014). The activity of lipase was determined by

titrimetric method (Ramani et al. 2012) and the laccase

Degradation efficiency %ð Þ ¼ Initial weight of hydrocarbon� Final weight of hydrocarbon

Initial weight of hydrocarbon
� 100
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enzyme assay was estimated by spectrophotometric

method using ABTS (2,20-azino-bis (3-ethylbenzoth-
iazoline-6-sulphonicacid) as the substrate (Kalcikova

et al. 2014).

Lipase activity

Lipase activity was measured by titration method

(Hepziba Suganthi and Ramani 2016). For the prepa-

ration of emulsion, Distilled water containing olive

oil, 10% (v/v) and PVA, 2% (w/v) was mixed and

sonicated using ultra sonicator. The emulsified oil,

5 ml was mixed with Triton X-100, 2 ml@ 0.03% (v/

V), CaCl2 2H2O, 2 ml@ 0.075%, 3 MNaCl, 1 ml and

phosphate buffer, 4 ml (pH 7) and agitated in shaker

for 5 min at 100 rpm. To this, cell free supernatant,

1 ml was added and incubated for 15 min in an orbital

shaker. Then acetone: ethanol, 1:1 ratio was added to

arrest the enzyme reaction. The lipase activity was

calculated using the formula (Ramani et al. 2012).

Laccase activity

The cell free supernatant (crude enzyme solution),

100 ll was added to 0.1 M sodium acetate buffer,

2.8 ml (pH 4.5) and 0.5 mM ABTS, 100 ll. The

optical density of the mixed solution was measured

using UV–Visible spectrophotometer (Cary 60 UV–

Vis Spectrophotometer Agilent technologies, USA) at

k420 nm at an interval of 2 min. Laccase activity was

calculated as follows (Kalcikova et al. 2014).

Laccase activity
U

ml

� �
¼ DE � Vt

e�d * Vs

where DE change in extinction of light (/min), emolar

absorption coefficient of ABTS (/M/cm), d layer

thickness (/cm), Vt & Vs total volume measured (ml)

& volume of sample (ml).

Esterase activity

In order to estimate the esterase enzyme activity,

solution A: 50 mM Potassium Phosphate Buffer was

prepared in deionised water and adjusted to pH 7.5 and

Solution B: 100 mM O-Nitrophenyl Butyrate solution

(ONPB) was prepared using dimethylsulfoxide. Assay

sample containing solution A, 2.87 ml and solution B,

0.03 ml was mixed well by inversion. The absorbance

was measured at k420 nm. Then the cell free

supernatant (crude enzyme solution), 0.10 ml was

mixed with this mixture and the increase in OD at

k420 nm was noted for 5 min using Spectrophotome-

ter (Cary 60 UV–Vis Spectrophotometer Agilent

technologies, USA). Esterase activity was calculated

as follows (Parthipan et al. 2017).

Esterase activity
U

ml

� �

¼ D A 420nm=min Test � D A420nm=min Blankð Þ 3ð Þ dfð Þ
5:0ð Þ 0:1ð Þ

where 3 Total volume (in milliliters) of assay, 5.0

Millimolar extinction coefficient of o-Nitrophenol at

420 nm at pH 7.5, df Dilution factor, 0.1 Volume (in

milliliter) of enzyme used for the assay.

Quantitative analysis of biosurfactant

Emulsification index (E24) The biosurfactant

activity was analysed by evaluating E24 of the cell

free supernatant. For this, 2 ml of hydrocarbon

(kerosene) was mixed to the same volume of cell

free supernatant and then subjected to vortex for

2 min. The height of emulsified layer was measured

after 24 h of incubation under quiescent condition.

The E24 index (%) was calculated using the formula

(Guangming et al. 2005; Saranya et al. 2014).

Emulsification index %ð Þ

¼ Height of emulsion layer mmð Þ
Total height of the liquid mmð Þ � 100

Lipase activity
U

ml

� �
¼ Vtest � Vblankð Þ � Normality of NAOH� 1000� Total volume

Time of incubation � Volume of sample mlð Þ
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Surface tension and CMC measurement The surface

tension of the biosurfactant produced by the

microbial-assisted biocarrier system was measured

by Behring et al. (2004) methodology (Behring et al.

2004). Initially, the biosurfactant was extracted using

solvent extraction method adopted from Garcia-Reyes

and Yanez-Ocampo (2016). The calibration was done

with varying concentrations of sodium dodecyl

sulphate (SDS) solutions and tested with pure water

before estimating the biosurfactant surface tension and

CMC. The measurements were performed in

triplicate.

Confirmation of microbial growth onto biocarrier

matrix (rice husk) using SEM analysis

The morphology of the carrier matrix [i.e. rice husk

(RH)] before and after the impregnation of efficient

mixed microbial consortium (labelled as SW1, SW2,

and SW3 strains) (RH-SW) that showed higher

efficiency in the treatment process (Fig. 1) was

analysed by scanning electron microscopy (SEM) to

confirm the aggregation of the microbial consortium

onto rice husk (RH-SW) which could be mediated by

the secretion of extracellular matrix.

Identification of potential hydrocarbonoclastic

microorganisms by 16SrRNA sequencing

The three mixed (SW1, SW2, and SW3 strains)

microbial consortia present in microbial- assisted

biocarrier matrix system were observed to be capable

of producing biocatalysts and biosurfactants and also

effectively degraded hydrocarbons within short dura-

tion (7 days). The synergistic effect of the mixed

microbial consortia was found to be higher in degrad-

ing hydrocarbons and producing the biocatalysts as

well as biosurfactants than the individual strains.

Hence, the three strains were identified by 16S rDNA

sequencing. The target 16S rRNA region of isolated

bacterial DNAwas amplified using colony polymerase

chain reaction (PCR) method. The forward primer,

27F (50-AGA GTT TGA TCC TGG CTC AG-30) and
reverse primer 1492R (50-CGG CTA CCT TGT TAC

GAC TT-3) and PCR 262 Master Mix (Thermo

Scientific Phusion Flash High-Fidelity) were used to

execute the amplification. The agarose gel elec-

trophoresis (1%) was performed to monitor the

molecular weight of amplicons. PCR products were

purified with Biorad PCR 269 Clean-UpKit. The

obtained 16S rRNA gene sequences were lined-up by

means of the Bioedit and CLUSTALW software

(Mohan et al. 2020). Then, the deduced sequence was

SW1 SW 2 SW 3 SW 4 SW 1+SW4SW 2+SW4 SW3+SW4 SW1+2+3 SW1+2+3+4
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transferred to the 16S rDNA data base system to obtain

other closely related sequences, Further, the phyloge-

netic tree was constructed using neighbour joining

method.

Optimization of process parameters

for the simultaneous production of biomolecules

and oil sludge biodegradation through one variable

at a time approach using MABC system

After the preliminary screening on the oil sludge

degradation and production of enzymes and biosur-

factant, three mixed microbial consortia having (SW1,

SW2 and SW3 strains) was found to be efficient

among the other isolates and it was selected for the

studies on the optimization of treatment conditions for

the enhanced production of biomolecules (biocatalyst

such as lipase, esterase and laccase and biosurfactant)

and degradation of TPH present in the oil sludge using

the three mixed (SW1, SW2 and SW3 strains)

microbial-assisted biomatrix system. The important

parameters such as time (0–8 d), pH (3–10), and

amount of oil sludge (10, 20, 30 g) and mass of RH-

SW (10, 20, 30 g) in the ratio (1:1, 1:2, 1:3, 2:1 and

3:1) were selected. The optimization of treatment

conditions were studied using one variable at a time.

The biosurfactant and biocatalyst production (as

lipase, esterase and laccase) and TPH degradation

profile were monitored.

Optimization of oil sludge treatment conditions

using central composite design (CCD)-Response

surface methodology (RSM)

The biodegradation rate of petroleum refining industry

oil sludge (storage tank bottom oil sludge) was

analysed based on the TPH removal (%). RSM is a

mathematical modelling tool that was employed to

study the significant factors such as time, pH, amount

of oil sludge and mass of microbial-assisted biocarrier

matrix and also their interaction among them on the

TPH removal (%). The boundary parameters were

selected in the range as time (5–9 d), pH (6.0–10.0),

amount of oil sludge (0–20 g) and mass of RH-SW

(10–40 g) for the effective TPH removal from oil

sludge. The central composite design (CCD) in

Design—Expert software, version 8.0.7.1 (Stat Ease

Inc. Minneapolis, USA, trial version) was selected to

design the experiment and to analyze the interaction of

significant factors on TPH removal. The above

mentioned independent variables were studied at three

different levels and a series of experiments (n = 30)

were carried out. The evaluation of the analysis of

variance (ANOVA) was carried out using statistical

analysis. The model equation used for the analysis was

given below as Eq. (1)

Y ¼ a0 þ
Xk

i¼1

aixi þ
Xk

i¼1

aix
2
i þ

X
i\j

aijxixj ð1Þ

where Y is the predicted response, k is the number of

factors, a0 is the design factor of interest, ai and aij are

coefficients. The significance of the model was

analysed statistically using f-test of ANOVA and the

coefficient of determination to measure the goodness

of fit. The R2 value determines the accuracy and

quality of the above polynomial model. The model

was validated by performing the experiment for three

times using the optimized conditions obtained from

RSM. The high and low levels of significant factors

tested in response surface methodology were provided

in Table 1.

GC–MS analysis of petroleum oil sludge

after the treatment process

The petroleum oil sludge, after the biodegradation

using the microbial-assisted biocarrier matrix system

at optimized conditions was subjected for component

characterization (GC–MS analysis) to find out the

conversion of hydrocarbons into the metabolic inter-

mediates such as acids and alcohols. The metabolites

(fatty acids and alcohols) formed after the treatment of

oil sludge were analyzed using GC–MS (Suganthi

et al. 2018). The treated sample (aqueous) was

extracted using equal volume of hexane and the

solvent was evaporated using rotary vacuum evapo-

rator. The extracted sample was mixed with of

methanol, 20 ml and of concentrated sulphuric acid,

1 ml and subjected for derivatization. After the

derivatization, the sample was injected into the GC–

MS instrument, Agilent Technologies GC–MS 5973

equipped with DB5MS column (length, 30 m ID,

0.25 mm and film thickness, 0.25 l). The initial set

temperature was 70 �C with incremental increase in

temperature by 10 �C for every 10 min till 260 �Cwas

reached and then held for 20 min. The separated
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compounds were identified, using NIST 2000 library

match.

Molecular weight determination of extracted

biomolecules (SDS-PAGE)

The molecular weight of the extracted crude biosur-

factant (BS) and biocatalysts were determined by

sodium dodecyl sulfate polyacrylamide gel elec-

trophoresis (SDS PAGE) (Laemmli 2011).

Results and discussion

Characterization of petroleum oil sludge

The petroleum refining industry oil sludge (PRIOS)

was obtained from the petroleum oil refinery located in

Chennai, Tamil Nadu and was analysed for total

petroleum hydrocarbon content (TPH) content and

GC–MS analysis. The presence of heavy metals was

determined using ICP-OES analysis.

Total petroleum hydrocarbon content analysis (TPH)

Petroleum refining industry oil sludge (PRIOS) con-

taining hydrocarbons were extracted using solvent

extraction method. The solvent was evaporated and

the hydrocarbons (TPHs) were quantified using gravi-

metric method (EPA 8015). The TPH presented in the

initial oil sludge (before treatment) was found to be

40% (w/w). Few reports on storage tank bottom oil

sludge stated that the TPH content of oil sludge usually

ranges 14–40% and the TPH percentage depends on

age of oil sludge in storage tank (Mishra et al. 2001;

Suganthi et al. 2018).

GC–MS analysis

The presence of aliphatic and aromatic hydrocarbons

in the PRIOS was confirmed using GC–MS analysis

and they are presented in Fig. 8a, the peaks were

numerous with higher abundance in the GC–MS

chromatogram of untreated petroleum oil sludge

(Fig. 8a), The GC–MS spectrum reveal that the initial

oil sludge contains both heavy and light chain

hydrocarbons (C14 to C34) such as Tridecane, 7 methyl

Tetradecane, Pentadecane, Hexadecane, Heptadecane,

Naphthalene, 2,3,6-trimethyl Pentadecane, 2,6,10-

trimethyl Octadecane, Hexadecane, 2,6,10,14-tetram-

ethyl Nonadecane, Heneicosane, Docosane, Tetra-

cosane and Tetratriacontane. This result indicates that

there are large numbers of long chain aliphatic

hydrocarbons and few aromatic hydrocarbons are

present in the oil sludge (PRIOS). Several reports also

the specified the wide range of complex hydrocarbons

(C14 to C34) in crude oil sludge (Gojgic-Cvijovic

et al. 2012; Cheng et al. 2014; Bilen Ozyurek and

Seyis Bilkay 2020).

Isolation and enrichment of hydrocarbonoclastic

bacterial strains

The organisms were isolated from various oil-con-

taminated soil sources such as diesel contaminated soil

nearby generator (DC), crude oil contaminated soil

from petroleum oil refinery (MS), soil acclimatized

with petroleum oil sludge near the sewage treatment

plant (STP3) and soil around automobile workshop

(AWS). (Wherein, 1.0 g of each soil sample was

separately dispersed into 100 ml (pH 7.0) of mineral

salt medium, containing 1.0 g of petroleum tank

bottom oil sludge (as the sole source of carbon) and

further, the process of enrichment and isolation of

hydrocarbonoclastic bacterial strains were carried out

as explained in the ‘‘Isolation and enrichment of

hydrocarbonoclastic microorganisms from soil

Table 1 High and low

levels of significant factors

tested in response surface

methodology with coded

levels

Factors Levels of factors

- 1 ? 1

X1 Time (d) 6 8

X2 pH 7 9

X3 Amount of oil sludge (g) 5 15

X4 Mass of biocarrier matrix (RH-SW) (g) 20 40
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sources’’ section). In which, four distinct isolates were

obtained from the above mentioned sources and were

labelled as SW1, SW 2, SW3, SW4. These isolates

were selected for further biodegradation studies and

their combined effect was determined based on the

biomolecules production and TPH degradation.

Development of microbial-assisted biocarrier

matrix system onto agro-waste

The experimental set up for the bioremediation of

petroleum oil sludge using the microbial-assisted

biomatrix system was designed as mentioned under

the subheadings ‘‘Development of microbial-assisted

biocarrier matrix system onto agro-waste’’ and

‘‘Degradation of oil sludge using microbial-assisted

biocarrier system’’ sections.

The enriched bacterial isolates individually and in

the combinations of them with the culture density/

optical density (OD) of 1.0/mL (w/v) were fixed and

used for the development of microbial-assisted bio-

carrier system onto rice husk for the degradation of oil

sludge. The treatment profile such as reduction

percentage in TPH, biosurfactant activity, lipase and

laccase enzyme activity were monitored at regular

interval of time and they are presented in Fig. 1.

Amongst the four individual isolates collected from

various sources and their five combinations, three

mixed (labelled as SW1, SW2, and SW3) consortia,

showed comparatively better TPH reduction by

60 ± 3%, Emulification index E24, (biosurfactant

activity), 36 ± 1%; lipase activity, 110 ± 4 U/ml

and laccase activity, 23 ± 1.5 U/ml. Therefore, the

mixed microbial consortia, was selected for the

degradation studies on PRIOS. The microbial produc-

tion of biosurfactant and the extracellular enzymes

such as lipase, laccase and esterase plays an important

role in the biodegradation of hydrocarbons present in

the petroleum oil sludge (Suganthi et al. 2018;

Parthipan et al. 2017). The synergistic activity of

mixed microbial consortia (SW1, SW2 and SW3

strains) could be highly favourable for the efficient

bioremediation of hydrocarbons.

SEM analysis of biocarrier matrix

The morphology of rice husk (carrier matrix) before

and after the formation of microbial-assisted biocar-

rier matrix was observed under SEM.

‘‘The SEM image of initial rice husk (RH) (Fig. 2a)

depicts that the presence of rough surface and void

space on the rice husk, which contributes for the

attachment of bacterial strains. The SEM image of

RH-SW (Fig. 2b) shows the prominent attachment/

aggregation of microbial biomass onto rice husk. The

attachment/aggregation of microbes might be con-

tributed by the release of extracellular polysaccharides

produced by the microbial cells (Costa et al. 2018).

The RH-SW system could increase the utilization rate

of oil sludge for the microbial degradation due to the

increase in surface contact of oily medium and the

microbial matrix (Huang et al. 2019). More

Fig. 2 SEM images of a Rice husk (RH), b Microbial-assisted biocarrier matrix (RH-SW)

123

Biodegradation (2020) 31:385–405 393



particularly, the biocarrier matrix (rice husk) facili-

tates the fine attachment of microbes and could greatly

assist in bioaugmentation process. Hence, these 3

bacterial strains (SW1, SW2 and SW3) were selected

and identified by 16S rDNA sequencing.

Identification of potential hydrocarbonoclastic

microorganisms by 16S rDNA sequencing

The organisms that exhibited better biodegradation

ability of hydrocarbons as well as the production of

biomolecules (biosurfactant and biocatalysts) in the

microbial-assisted biocarrier matrix system (RH-SW)

were identified as Enterobacter hormaechei, Serratia

rubidaea, Stenotrophomonas acidaminiphila by 16S

rRNA sequencing. The sequences of Enterobacter

hormaechei, Serratia rubidaea, Stenotrophomonas

acidaminiphila were submitted to NCBI GenBank

and obtained the accession number as MK603175,

MK816976 and MK816977, respectively. The phylo-

genetic tree was constructed using the Neighbour-

joining method (Ref. Fig. S1 in the supplementary

material).

There are few reports in the literature regarding the

isolation of hydrocarbonoclastic bacteria from the oil

sludge as well as hydrocarbon contaminated soil

sources. Various strains such as Pseudomonas,

Stenotrophomonas and Bacillus sp. were identified

from the hydrocarbons-contaminated areas and were

stated to have degradation capacity of oil sludge

(Tuleva et al. 2005; Cerqueira et al. 2011a; Fernández-

Luqueño et al. 2011; Thavasi et al. 2011; Suganthi

et al. 2018). It has been reported that the strain

Stenotrophomonas acidaminiphila was isolated from

the anaerobic sludge used for the treatment of

petrochemical effluents and used for bioremediation

of oily wastes (Assih et al. 2002).

Studies on the optimization of process parameters

using RH-SW-one variable at a time approach

The effect of parameters such as time (0–8 d), pH

(3–10), and amount of petroleum oil sludge and mass

of biocarrier matrix (RH-SW) ratio (1:1, 1:2, 1:3, 2:1

and 3:1) were studied for the production of biomole-

cules and degradation of hydrocarbons in oil sludge

(TPH). The effect of time on the production of

biomolecules and TPH degradation were monitored.

All other parameters such as pH 7.0, oil sludge, 10 g

and mass of biocarrier matrix (RH-SW) in the ratio of

(1:1) with respect to oil sludge, were kept constant.

The enzyme activity (lipase, laccase, and esterase), the

biosurfactant activity in terms of emulsification index

and the TPH reduction profile were determined from

samples collected at different period of time using the

protocols mentioned previously.

In the Fig. 3, the data illustrated that the enzyme

activity such as lipase (128 ± 3 U/ml), laccase

(48 ± 1.5 U/ml) and esterase (42 ± 1.5 U/ml) activity

were gradually increased and attained the maximum

value at day 7 and thereafter a slight decrease in the

enzyme activity was observed. The biosurfactant

activity (38 ± 2 (%) E24) was found to be the

maximum on day 7 and remains stable as the time of

degradation was increased. Hence, the maximum

reduction in percentage of TPH (66 ± 2%) content

was also occurred on 7th day beyond which the

percentage degradation of TPH remains the same.

Secondly, the effect of pH on biomolecules production

and TPH degradation was analysed. The initial

medium pH was adjusted from pH (3, 4, 5, 6, 7, 8,

9) and the mass of biocarrier matrix (RH-SW) and oil

sludge ratio (1:1) were kept constant. The treatment

profile was monitored at regular time interval. The

enzyme activity (lipase, laccase, and esterase), the

biosurfactant activity and the TPH reduction were

estimated.

The Fig. 4 shows that the lipase activity was

maximum at pH 8 (136 ± 4 U/ml) and the laccase

enzyme (52 ± 1 U/ml) was higher at pH 7 and pH 8.

The esterase activity (54 ± 1.5 U/ml) was found to be

the maximum at pH 8. Similarly the biosurfactant

activity, E24 was also increased to 44% at pH 8 and

thereafter it was reduced. Therefore, the maximum

TPH degradation, in oil sludge (68 ± 1%) was also

recorded at pH 8. Hence, the initial medium pH was

optimized to be pH 8 for further experiments. The

studies have reported that in bioremediation process,

the lipase acts as primary enzyme for the microbial

uptake of oily substance is highly induced at pH 8

(Boran and Ugur 2010; Suganthi et al. 2018). Finally,

by keeping the initial pH of the medium at 8 and time

as constant, the amount of oil sludge and the mass of

biocarrier matrix (RH-SW) ratio was varied from (1:1,

1:2, 1:3, 2:1 and 3:1). The degradation profile was

analysed after day 7th day of inoculation. At the end of

treatment process the pH of the fermented medium
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was around pH 6.5–6.8, due to the conversion of

hydrocarbons into acid and alcoholic by-products.

From the Fig. 5, the data showed that the increase in

oil sludge ratio results in the time delay for the

production of biomolecules and reduction in TPH

content. This is due to the physiological properties

exhibited by the oil sludge that provides sterical and

structural hinderers to the biomass, because of the

insufficient amount of interactive medium (RH-SW)

for the accessibility of oil sludge. Whereas, when the

ratio of biocarrier matrix was increased, the enzymes

and biosurfactant production were gradually

improved. At 1:3 (oil sludge: RH-SW) ratio, the

maximum TPH removal percentage, (87 ± 1) was

attained.

The biomolecules produced by (biosurfactants and

biocatalysts) microbial (Enterobacter hormaechei,

Serratia rubidaea, Stenotrophomonas
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acidaminiphila) assisted biocarrier matrix system at

the optimum culture conditions are presented in

Table 2. The crude enzymes were extracted from the

cell free supernatant at the optimum time and checked

for their specific activity. The pH of culture super-

natant was adjusted to 2.0 and subjected for 24 h

incubation. The separated pellet was extracted using

chloroform: methanol (1:1) ratio. The yield of biosur-

factant was measured.

Surface tension and CMC of extracted crude

biosurfactant

The critical micelle concentration (CMC) of the

biosurfactant was determined by measuring the sur-

face tension of BS (as mentioned under the subheading

‘‘Surface tension and CMC measurement’’ section).

The extracted biosurfactant was dissolved in the 1 M

phosphate buffer pH 7 and the surface tension was

measured at varying concentrations of biosurfactant.

The Fig. 6 indicates, as the concentration of

biosurfatant increases the surface tension decreased

and reached a minimum surface tension of 24.12 mN/

m occurred at 30 mg/ml of BS. Beyond this the surface

tension remains same is due to the commencement of

biosurfactant aggregation (micelle formation). Hence,

the CMC of biosurfactant produced by RH-SW system

was estimated to be 30 mg/ml.
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Table 2 Yield of biomolecules in terms of specific activity

and percentage reduction in TPH content of oil sludge using

one variable at a time optimization

Parameters Values

Lipase activity 40 (U/mg)

Laccase activity 18 (U/mg)

Esterase activity 36 (U/mg)

Biosurfactant (mg/g of oil sludge) 220 (mg/g)

Degradation of TPH 87 ± 1%
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Statistical optimization for the effective

degradation of oil sludge (TPH)

The interactive effects between four significant

parameters selected (time, pH, amount of oil sludge

and mass of RH-SW) were analysed using RSM by

employing CCD analysis. The multiple regression

analysis was applied to get a second-order quadratic

polynomial equation to predict TPH removal percent-

age with respect to coded factors as mentioned below,

TPH removal %ð Þ ¼ þ 86:67 þ 5:58 � A

� 1:67 � B þ 8:29 � C þ 3:90 � D

þ 5:57 � A � B þ 1:72 � A � C

þ 6:42 � A � D � 0:14 � B � C

� 2:31 � B � D � 0:61 � C � D

� 13:16 � A2 � 9:14 � B2 � 16:42 � C2

� 13:36 � D2

where A, B, C, D are time (d), pH, amount of oil sludge

(g) and mass of RH-SW (g) respectively.

The sign and value of the coefficient of each term in

the polynomial equation exemplify the impact of

respective term on the TPH removal/degradation.

Analysis of variance (ANOVA)

The fitness of the proposed second-order response

surface model by a mean square method was verified

through analysis of variance (ANOVA) and summa-

rized in Table 3. The F test and p values was assessed

to verify the statistical significance of the equation as

quoted in (Table 3). The p value represents the

significance of each coefficient, which is used to

understand the pattern of the mutual interactions

among the best factors (Morando et al. 2014).

Generally, the ‘‘prob[F’’ less than 0.0500 signify

the model is significant and the values above 0.1000

indicate the model terms are not significant (Kuila

et al. 2011). The ANOVA showed that, among the four

selected factors, A (time), B (pH) and C (Amount of oil

sludge) had considerable effects of the TPH removal

(%).

Table 3 ANOVA for TPH

removal in oil sludge-CCD

(RSM)

Source Degree of freedom Mean square F value P value prob[F

Model 14 1259.79 106.12 \ 0.0001 (significant)

Residual 15 11.87

Lack of fit 10 16.09 4.67 0.0154 (not significant)

Pure error 5 3.44

Total 29

R2 0.9900

Model Degree of freedom Coefficient estimate P value

A-time (d) 1 601.38 \ 0.0001

B-pH 1 55.70 0.0468

C-amount of oil sludge 1 1474.70 \ 0.0001

D-mass of RH-SW 1 325.85 0.0001

AB 1 391.25 \ 0.0001

AC 1 30.12 0.1321

AD 1 419.46 \ 0.0001

BC 1 0.30 0.8756

BD 1 83.91 0.0179

CD 1 5.43 0.509

A2 1 4608.23 \ 0.0001

B2 1 2088.13 \ 0.0001

C2 1 7235.82 \ 0.0001

D2 1 4784.47 \ 0.0001

123

Biodegradation (2020) 31:385–405 397



The F value 106.12 for TPH removal (%) suggests

the pure error is not significant and indicative of the

goodness of the formulated model. The regression

coefficient (R2) was used to analyse the precision of

the model. The R2 value of 0.9900 designates the

accuracy and satisfactory fitting of the proposed

quadratic model to the data obtained. The above

points signify the good competency of the second-

order polynomial model proposed for elucidation of

TPH removal/ degradation using RH-SW. The coef-

ficient of variance is a statistical measure that explains

the degree of precision of the experiment

(Parameswaran et al. 1979). The coefficient of vari-

ance (%) value of 7.65 directs the further steering of

the proposed model. The observed results were found

to be nearer to the predicted values, which exhibits the

relatedness of the model and performed experiments.

Localization of the optimum conditions

In the Fig. 7, the 3D-response surface plots were

presented to investigate the interactions between two

variables with respect to TPH removal. The 3D

graphical response surface plot peaks indicates that

Fig. 7 Response surface plot for TPH removal (%) byMABCs as the function of a time (d) and pH, b time (d) and amount of oil sludge

(g) and c time (d) and mass of RH-SW (g)
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the optimal value of the selected variables was within

the design limits. The coordinates of the central point

within the highest contour level denotes the optimum

point for each significant factors (Puri et al. 2002). The

plots showed that the TPH removal (88.78%) was

attained the maximum, at the optimum conditions i.e.

time, 7.23 d; pH, 7.95; amount of oil sludge, 11.2 g

and mass of biocarrier matrix (RH-SW), 30.95 g. The

TPH removal/degradation efficiency depends on the

optimum treatment conditions of the RH-SW system.

In the context to the above results, one of the key

factors affecting the biodegradation efficiency is the

complexity of petroleum oil sludge and its rheological

properties. This impairs the bioavailability of oil

sludge towards microbes (Aguelmous et al. 2019;

Singh and Kumar 2020) The development of micro-

bial-assisted biocarrier matrix system (RH-SW) acts

as a fixed contacting medium between the oil sludge

and biomass that favours bioavailability of oil sludge

to the microbial metabolism (Huang et al. 2019).

Hence, rapid hydrocarbon degradation through

hydrolysis and oxidation by 88.78% was achieved

using CCD experimental design (RSM) which is

significantly mediated by the enhanced production of

biosurfactants. Yield of the biosurfactant through the

microbial-assisted biocarrier matrix system was

220 mg/g of oil sludge, this is comparatively higher

value than other researchers reported using suspension

treatment system and other conventional biological

treatment models (Zheng et al. 2012).

Biosurfactants are characterized by organic mole-

cules containing a hydrophilic (head) and hydrophobic

(tail) moieties, giving them the ability to act in the

interface of different non-polar compounds which is

greatly influenced by the uptake of hydrophobic

micelles (hydrocarbons) (Nitschke and Pastore 2002;

Sacramento et al. 2009). Das et al. (2009) reported the

direct the influence of biosurfactant concentration on

emulsification of hydrocarbons and the heavy metal

removal at a specific critical micelle concentration of

the biosurfactants (Das et al. 2009). The production of

biocatalysts such as lipase, laccase and esterase that

catalyze the conversion of toxic hydrocarbons into

simpler form (acids and alcoholic by-products) which

is possible for the microorganism to take up as nutrient

thereby facilitating the complete degradation of

hydrocarbons through intercellular metabolism

(Svendsen 2000; Ferradji et al. 2014; Da Fonseca

et al. 2015).

‘‘The major bottle neck in the previously reported

suspension culture system is the duration of treatment

process (i.e. nearly 30 days) which could be due to the

rheological nature (density, viscosity and surface

tension) of PRIOS (Suganthi et al. 2018). This

duration of treatment/Hydraulic Retention Time

(HRT) was significantly reduced with the application

of developed MABC system as the biocarrier matrix

(rice husk) improves the surface contact between

PRIOS and microbes and acts as the stable interacting

medium during the solid state/attached growth type of

treatment process, which is the major reason for the

increase in degradation rate of oil sludge within short

duration of time (i.e. 7 days). In addition to this, the

use of mixed culture in the development of MABC

system could provide synergistic effect in terms of

attachment of microbes to the carrier matrix, biomo-

lecules production yield and the rate of biocatalytic

conversion of hydrocarbons when compared with the

application of pure culture system (Fig. 1). Therefore,

the observed results indicated that the use of mixed

microbial consortia for the development of MABC

system and its application for the treatment of PRIOS

has greater advantages by means of greater efficiency

of treatment in short duration over the use of

suspension and pure culture system’’.

Characterization of treated oil sludge using GC–

MS analysis

The GC–MS spectrum of untreated petroleum oil

sludge (Fig. 8a) reveals the presence of both heavy

and light chain hydrocarbons (C14 to C34). In the

untreated oil sludge, the peaks were numerous with

higher abundance, whereas, after treatment with the

RH-SW, peak height and the number of peaks were

decreased after 7th day of inoculation. The initial

chromatogram shows that the petroleum oil sludge

contains the hydrocarbons ranges between C14 and

C34. The GC–MS of treated oil sludge (Fig. 8b)

indicated that the toxic hydrocarbons present in the

crude oil sludge were converted into their respective

metabolic intermediates such as fatty acids and

alcohols represented in Table 4.

The metabolic intermediates/products listed in

Table 4 were also shown in few reported GC–MS

analysis for treated oil sludge literatures (Gargouri

et al. 2011; Suganthi et al. 2018). From the GC–MS

spectrum of treated oil sludge (Fig. 8b), it is inferred
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that the microbial consortia present in the microbial-

assisted biocarrier matrix (RH-SW) system has

degraded the hydrocarbons present in the oil sludge.

Since, RH-SW system is capable of producing the

required amount of biosurfactants and biocatalysts

that facilitates degradation of hydrocarbon ranges

from C14 and C34. Also, the mechanistic approach of

MABC system, towards the degradation of hydrocar-

bons was represented in Fig. 9. The terminal/sub-

terminal methyl group oxidation of hydrocarbons

Fig. 8 GC–MS spectra of a untreated and b treated petroleum oil sludge
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Table 4 List of compounds

in treated oil sludge
Retention time (min) Compounds

29.876 9-Heptadecanol

32.739 Hexadecanoicacid,methyl ester

33.923 3,7-Dimethyl dibenzothiophene

35.888 9,12-octadecadienoic acid (Z,Z0)-methyl ester

36. 086 9-Octadecenoic acid-methyl ester

37.600 1-Heneicosyl formate

39.839 Octadecanoic acid 10-hydroxy methylester

43.135 Docosanoic acid, methyl ester

Fig. 9 Mechanistic approach of the MABC system in the degradation of petroleum oil sludge
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takes place during the degradation thereby converted

into primary alcohols and then to respective aldehydes

and finally converted into corresponding fatty acids

(listed in Table 4). These fatty acids subsequently

enter into intracellular b-oxidation pathway for the

further oxidation into CO2 and H2O (complete min-

eralization) (Varjani 2017).

Therefore, the study confirms that the microbial-

assisted biocarrier matrix (MABC) system is highly

efficient, economical for the bioremediation of

petroleum tank bottom oil sludge within short duration

(7 days) when comparing to the previous conventional

bioremediation studies (Yudono et al. 2010; Cerqueira

et al. 2011b; Suganthi et al. 2018).

SDS-PAGE

The SDS-PAGE showed the molecular weight of the

extracted biosurfactant and crude biocatalysts

obtained from MABC.

In the Fig. 10a three intense bands were observed

which corresponds to the molecular weight such as

50 kDa, 45 kDa and 35 kDa of biosurfactants, respec-

tively. Similarly in Fig. 10b four bands were clearly

observed in crude enzymes and their molecular weight

was found to be 70 kDa, 52 kDa, 35 kDa and 22 kDa,

respectively.

Conclusion

‘‘The microbial-assisted biocarrier matrix (MABC)

system was successfully developed and the significant

factors such as time, pH, amount of petroleum oil

sludge and mass of biocarrier matrix (RH-SW)

responsible for the production of biomolecules and

degradation of hydrocarbons presented in PRIOS were

optimized in this study, using Response Surface

Methodology (RSM). The treatment duration, sludge

generation and the operational stability are considered

as the major limitations of conventional treatment

system which is due to the structural complexity of

PRIOS that greatly affects its bioaccessibility. There-

fore, the requirement of low-cost and environmentally

friendly surface-contacting material between the

enriched hydrocarbonoclastic microbial isolates and

oil sludge is considered to be the most important

phenomenon. On these attributes, the present study

confirms that the MABC system works as the

stable surface interacting medium which leads to the

enhanced production of biomolecules (biosurfactant

and biocatalysts) by increasing the bioavailability of

petroleum oil sludge to the microbes, thereby achiev-

ing the efficient degradation of petroleum oil sludge in

7 days duration. Also, with the application of MABC

system, the bioaccumulation of toxic hydrocarbons

can be minimized and converted into non-toxic end

products, this was confirmed by GC–MS analysis.

Hence, the present study can be considered as a better

alternate for the conventional bioremediation pro-

cesses as it overcomes the hurdles faced by the

existing treatment system. Moreover, the treatment

process used in the present study would be highly

helpful for the petroleum oil refining industries to

manage the bulk amount of fuel tank bottom

petroleum oil sludge/hydrocarbon containing wastes

in the effective manner’’.
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