
� � � � � � � � � � � � � 	 � 
 � �  
  � � � �  � � � �  
  � � � 
 � �  � � � � � � � � � � � 	 � � � � � � � � � � � �  � � � �  
 � � � � 
 � � � � 
 � � � � � � � 
 �  
 � � � � � � � � � � �  � � � 
 �  ! � 
 � � " � 
 # � � $

� � � � � � � � % � � $ & � � 
 � � " � 
 & � � � � � �  � � � 
 � � ' & � ' ' � � � � ( ) * ) ' * ' ) � + , , � ) � - � + � � (



Marine Pollution Bulletin 177 (2022) 113492

Available online 16 March 2022
0025-326X/© 2022 Elsevier Ltd. All rights reserved.

Strategic implementation of integrated bioaugmentation and 
biostimulation for efficient mitigation of petroleum hydrocarbon pollutants 
from terrestrial and aquatic environment 

Ipsita Dipamitra Behera a, Manoranjan Nayak b,c, Asmita Mishra a, Bhim Charan Meikap a,d, 
Ramkrishna Sen b,e,* 

a Department of Chemical Engineering, Indian Institute of Technology Kharagpur, West Bengal 721302, India 
b School of Energy Science and Engineering, Indian Institute of Technology Kharagpur, West Bengal 721302, India 
c Biorefinery and Bioenergy Research Laboratory, Amity Institute of Biotechnology, Amity University Uttar Pradesh, Noida 201313, India 
d Department of Chemical Engineering, School of Engineering, Howard College, University of KwaZulu-Natal, Durban 4041, South Africa 
e Department of Biotechnology, Indian Institute of Technology Kharagpur, West Bengal 721302, India   

A R T I C L E  I N F O   

Keywords: 
Petroleum hydrocarbon pollutants 
Biodegradation 
Bioaugmentation 
Nutrient amendment 
Bacterial consortium 

A B S T R A C T   

Release of petroleum hydrocarbon pollutants poses a serious problem to the terrestrial as well as marine 
ecosystem. This study investigated and compared the potency of different biodegradation strategies for miti-
gating total petroleum hydrocarbon (TPH) of petroleum refinery sludge by an integrated action of bio-
augmentation and biostimulation vis-à-vis separate bioaugmentation and biostimulation approaches. The 
implementation of a concomitant bioaugmentation-biostimulation strategy (BABSS) involving the indigenously 
developed bacterial consortium and poultry litter extract showed the best performance by mitigating the TPH up 
to 90.3 ± 3.7% in 21 days. The GC-FID analysis confirmed the efficacy of different TPH degradation strategies. 
The kinetic study of TPH degradation of BABSS resulted first-order with rate 0.11 day− 1. Thus, the BABSS proved 
to be more efficient in degrading TPH in an eco-friendly manner and hence, may pave the way for better 
management of petroleum hydrocarbon pollutants, while providing a sustainable solution to the disposal of 
poultry wastes.   

1. Introduction 

Petroleum hydrocarbon pollutants pose a serious problem to the 
terrestrial as well as marine ecosystem (Kapsalis et al., 2021). A massive 
quantity of petroleum oily sludge is liberated to both terrestrial and 
marine ecosystems by the petroleum refineries due to the increased 
requirement of petroleum products for our routine life. Marine 
ecosystem is the final destination of various anthropogenic pollutants 
among which, oil spills are universal problematic situations which 
severely affect the marine environment along with the human pop-
ulations nearby it (Liu et al., 2016; Mishra et al., 2019). A significant 
quantity of petroleum hydrocarbon pollutants released to the natural 
habitat, including terrestrial as well as aquatic environment during 
processing, transportation (oil spills), and by execution of the physico-
chemical process of crude oil (Dellagnezze et al., 2014; Xu et al., 2018; 
Jasmine and Mukherji, 2019; Sayed et al., 2021). Indefinite handling of 

these petroleum refinery sludge (PRS) and petroleum hydrocarbons has 
adverse effects on human health besides environmental issues as it is 
recalcitrant and persistent in nature (Basak et al., 2020). Petroleum 
sludge is primarily composed of aliphatic hydrocarbons, including al-
kanes, alkenes, and alkynes, polyaromatic hydrocarbons, and toxic 
heavy metals (Cerqueira et al., 2014). Along with it also contains 5–85% 
of total petroleum hydrocarbons (TPH) based on its different processing 
techniques (Jasmine and Mukherji, 2015). Petroleum hydrocarbons 
have been found to be mutagenic and carcinogenic and cause respiratory 
and health issues to human beings, as well as endanger to aquatic life 
and terrestrial animals (Sayed et al., 2021). The toxic effects of petro-
leum hydrocarbon also caused damage to the phytoplankton and algae 
of the marine ecosystems, which imbalance the marine food chain 
(Mishra et al., 2019). As sequel to these negative effects, petroleum 
pollutants are considered as hazardous waste (USEPA, 2004; Cerqueira 
et al., 2014; Mishra et al., 2021). 

Considering the toxicity of petroleum hydrocarbons, it is essential for 
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In the present study, a two-step bioaugmentation strategy (TSBS) was implemented by using indigenous bacterial 
consortium to enhance the degradation of total petroleum hydrocarbons (TPH) from petroleum refinery sludge 
(PRS). A bacterial consortium was developed using four indigenous isolated strains, Dietzia sp. IRB191, Dietzia 
sp. IRB192, Staphylococcus sp. BSM19 and Stenotrophomonas sp. IRB19 from PRS. The optimum conditions of 
pH, temperature, and sludge concentration were 7, 34 ◦C, and 2% (w/v), respectively, for maximum TPH 
degradation, obtained using one variable at a time approach. Under the optimal culture conditions, the devel-
oped consortium was inoculated twice to the culturing medium, at the beginning (0th day) and again on the 10th 
day for implementing a novel TSBS. The maximum TPH degradation of 91.5 ± 2.28% was found with TSBS, 
which was 1.18 times higher than that of SSBS (77.3 ± 2.6%) in 15 days of incubation. GC-FID study also 
confirmed that the TPH present in the PRS was effectively degraded by the bacterial consortium with TSBS. The 
TPH degradation by using TSBS proceeded according to the first-order kinetics with a rate constant of 0.155 d− 1. 
Hence, biodegradation using a TSBS can be considered an effective and eco-friendly process for safe disposal of 
petroleum refinery sludge.   

1. Introduction 

The growing demand of petroleum products has led to the generation 
of a huge amount of petroleum hydrocarbon pollutants through re-
fineries and petrochemical industries to the environment (Koolivand 
et al., 2019; Varjani, 2017). Mainly, oil refineries generate petroleum 
sludge during the crude oil production, pre-treatment, processing, the 
oil-water separation system, and from the bottom of storage tanks 
(Gholami-Shiri et al., 2017; Jasmine and Mukherji, 2015; Varjani and 
Upasani, 2019). Petroleum refinery sludge (PRS) is a complex mixture of 
hydrocarbons, water, and toxic heavy metals. Organization for Eco-
nomic Co-operation and Development (OECD) countries, United States 
Environmental Protection Agency (US-EPA), USA, and India have 

recognized and stated oily waste as hazardous material due to their 
mutagenic, carcinogenic, and toxic properties (USEPA, 2004). Improper 
disposal of these pollutants may cause mutation or death of plants as 
well as animals (Poddar et al., 2019). Moreover, the accumulation of 
these pollutants to the environment represents a hazardous to human 
health, aquatic life and decreases soil fertility (Basak et al., 2020; Poddar 
et al., 2019; Poi et al., 2018; Varjani and Upasani, 2019). Therefore, 
hydrocarbon rich sludge requires effective treatment and proper 
disposal to ensure environmental safety. 

Several physicochemical methods, such as incineration (Zhou et al., 
2009), froth flotation (Ramaswamy et al., 2007), solvent extraction 
(Taiwo and Otolorin, 2009), pyrolysis (Qin et al., 2015) and ultrasonic 
treatment (Sivagami et al., 2019), chemical treatment by addition of 
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