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Abstract
Thermophilic bacterial communities generate thick biofilm on carbon steel API 5LX and produce extracellular metabolic 
products to accelerate the corrosion process in oil reservoirs. In the present study, nine thermophilic biocorrosive bacterial 
strains belonging to Bacillus and Geobacillus were isolated from the crude oil and produced water sample, and identified 
using 16S rRNA gene sequencing. The biodegradation efficiency of hydrocarbons was found to be high in the presence of 
bacterial isolates MN6 (82%), IR4 (94%) and IR2 (87%). During the biodegradation process, induction of the catabolic 
enzymes such as alkane hydroxylase, alcohol dehydrogenase and lipase were also examined in these isolates. Among them, 
the highest activity of alkane hydroxylase (130 µmol mg−1 protein) in IR4, alcohol dehydrogenase (70 µmol mg−1 protein) 
in IR2, and higher lipase activity in IR4 (60 µmol mg−1 protein) was observed. Electrochemical impedance spectroscopy 
and X-ray diffraction data showed that these isolates oxidize iron into ferrous/ferric oxides as the corrosion products on the 
carbon steel surface, whilst the crude oil hydrocarbon served as a sole carbon source for bacterial growth and development 
in such extreme environments.
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Introduction

The oil reservoirs consist of multiphase fluids including 
crude oil, gas and water with extreme conditions of tem-
perature, pressure and salinity (Li et al. 2007). Crude oil is 

a mixture of various aliphatic and aromatic hydrocarbons, 
which account for 75% of its total content along with resins, 
asphalts and other contents (Hao et al. 2004; Wang et al. 
2012). Crude oil, produced water and gas surroundings of oil 
reservoir facilities encompass diverse microbial communi-
ties. The action of microorganisms leads to a negative impact 
on the oil superiority and the infrastructure of the produc-
tion and transporting facilities. The crude oil biodegradation 
in the oil reservoir leads to the development of ‘heavy oil’ 
which is economically very low in price, thus making the 
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recovering process hard (Head et al. 2003; Stevenson et al. 
2011; Elumalai et al. 2017a). Microbial communities have 
the aptitude to influence the corrosion mechanisms in oil 
reservoir ecosystems by promoting growth and development, 
utilizing vital resources such as organic carbon from crude 
oil, inorganic mineral from metal surface-related electron 
donors and acceptors (Coetser and Cloete 2005; Pedersen 
2013; Liang et al. 2016; Aktas et al. 2017; Hernsdorf et al. 
2017; Elumalai et al. 2017b). Many researchers have car-
ried out culture-dependent studies in oil reservoir samples 
to examine their culturable microbial communities, includ-
ing manganese, iron oxidizers/reducers, sulphate and nitrate 
reducers (Stevenson et al. 2011; Magot et al. 2000). Many 
indigenous microbial communities contribute to an electro-
chemical process of microbiologically influenced corrosion 
(MIC), in which the microorganisms can participate and 
influence the corrosion reactions (Pillay and Lin 2013; Hajj 
et al. 2013; Elumalai et al. 2017b; Narenkumar et al. 2018). 
This pose a remarkable risk to the oil reservoir-associated 
facilities and surrounding environment due to the oil leak-
age. About 20–30% of the corrosion problems in the oil res-
ervoir are due to the microbial action (Duncan et al. 2009; 
Stipanicev et al. 2014; Parthipan et al. 2018a). The interac-
tion between the microorganisms and metal surface due to 
the electrochemical activity leads to passive layer disrup-
tions, scale formation and under deposit corrosion in pipe-
lines (Hamilton 2003; Beech and Sunner 2004; Parthipan 
et al. 2018b).

Thermophilic bacteria can tolerate up to 55 °C in oil res-
ervoir such as Moorella sp., Gelria sp., and Pseudomonas 
sp. that have the ability to degrade n-alkanes under thermo-
philic conditions (Zhou et al. 2005, 2013). Geobacillus sp. 
can use a wide range of hydrocarbons including, aliphatic 
hydrocarbons, naphthalene, pentadecane, hexadecane and 
heptadecane as sole carbon sources under chlorate-reduc-
ing, nitrate-reducing, and methanogenic conditions at 
50 °C (Sorkhoh et al. 1993; Zheng et al. 2011; Bao et al. 
2014; Shen et al. 2015; Parthipan et al. 2017a; Elumalai 
et al. 2017a). During biodegradation of crude oil, the tem-
perature helps to increase the rate of hydrocarbon degra-
dation (Shimura et al. 1999). Many thermophilic bacteria 
from genus Bacillus, Thermus, Thermococcus, Thermotoga, 
Mycobacterium and Geobacillus were reported to degrade 
the hydrocarbons (Feitkenhauer et al. 2003; Chamkha et al. 
2008; Hesham et al. 2012). In hydrocarbon biodegradation, 
the metabolic enzyme activity is considered to be a vital 
parameter for the oxidation of n-alkanes (Watkinson and 
Morgan 1990; Sikkema et al. 1995; Elumalai et al. 2017a; 
Parthipan et al. 2017b). Multiple genes for alkane hydroxy-
lase can utilize versatile alkanes (Van Beilen et al. 2002).

Many hydrocarbon-degrading bacteria are involved in 
microbial corrosion of carbon steel API 5LX in petroleum-
transporting pipelines/storage tanks (Mortazavia et al. 2013; 

Kristensen et al. 2015; Shekoohiyan et al. 2016; Parthipan 
et al. 2017c, 2018c). Over the metal surface, the presence of 
microorganisms leads to the formation of biofilm due to the 
accumulation of microbial metabolites termed as extracel-
lular polymeric substance (EPS), consisting of lipopolysac-
charides, nucleic acids, proteins, and carbohydrates (Beer 
et al. 1994; Li et al. 2015; Narenkumar et al. 2016). The 
physiochemical properties between metal and microbe inter-
action are due to the electrical charge and hydrophobic phe-
nomena. In addition, EPS can modify the morphology and 
chemistry of the metal surface which lead to the formation of 
complexes with a redox potential on the metal surface. Such 
modification of physiochemical properties on metal surface 
due to microbial actions on the environment, the metabolism 
electrochemically enhances the corrosion process (Hamilton 
2003; Alabbas et al. 2012).

MIC is initiated with small pit formation due to microbial 
action (Parthipan et al. 2017d). Slime-forming aerobic bac-
teria, Pseudomonas, form thin films with corrosion deposits 
on metal surfaces (Little and Ray 2002; Pillay and Lin 2013; 
Rajasekar et al. 2017). Some of the iron-oxidizing bacterial 
genus such as Gallionella, Sphaerotilus, Crenothrix, Lepto-
thrix, Bacillus, Clonothrix and Lieskeella were identified and 
reported as corrosion-causing bacteria (Mishra and Singh 
2012; Parthipan et al. 2017e). Thermophilic bacteria have 
the ability to promote biofilm development and cause MIC 
on metal surfaces. The biodegradation potentialities of the 
thermophilic bacterial communities on microbial corrosion 
of carbon steel in oil reservoir are less studied so far. So, the 
present study deals with the isolation of the thermophilic 
bacterial strains from the oil reservoir samples (crude oil and 
produced water) and examining their potentiality of biodeg-
radation/biocorrosion behaviour in carbon steel API 5LX. 
This study would contribute in understanding the involve-
ment of thermophilic bacterial species towards microbial 
corrosion and biodegradation.

Materials and methods

Site description and reservoir conditions

Oil reservoir was located in the Cauvery river basin, Karai-
kal, India (latitude 10.7694° and longitude 79.6155°). The 
oil reservoir in the Cauvery basin has been flooded with 
crude oil, produced water and methane gas for the past 
30 years. Two reservoirs AKM 08 (station-I) and KMP 12 
(station-II) were selected (based on their severe corrosion 
problems among other wells) for collection of crude oil and 
produced water samples. The depth of the both reservoirs 
was in the range of 2200–2700 m below the sea level and 
temperature ranged from 45 to 55 °C. The crude oil and 
produced water mixture were collected using sterile 1-L 
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sample containers (ten numbers) to fulfil capacity from 
both well-heads after 5–7-min flushing. The containers were 
tightly sealed and kept in an ice box and immediately trans-
ported to the laboratory for further analysis. The crude oil 
and produced water were separated using a separator fun-
nel. Crude oil API (American Petroleum Institute) gravity 
should be 960–9800 kg m−3. Physicochemical characteristics 
of oil reservoir-produced water were obtained from the oil 
company and verified by inductively coupled plasma mass 
spectrometry (ICPMS), and are shown in Supplementary 
Table S1.

Isolation of bacteria

The collected crude oil and produced water samples were 
serially diluted  (10−3–10−6) using 60% sodium chloride 
solution. 1 mL of each dilution was poured directly into the 
sterile Petri dishes followed by pouring of selective medium 
(iron agar, manganese agar and Thiobacillus agar). The com-
position of each selective media was described as earlier 
(Rajasekar et al. 2007a, b). The poured plates were incu-
bated under aerobic conditions at 50 °C for 2–5 days. After 
incubation, bacteria were enumerated and isolated. The iso-
lated colonies were streaked onto the respective medium to 
obtain pure culture. Partial identification was carried out 
using morphological and biochemical tests as described ear-
lier (Rajasekar et al. 2007a, b).

Identification of bacteria by 16S rRNA gene 
sequencing

1 mL of overnight grown bacterial culture was used to 
isolate the genomic DNA as described by Rajasekar et al. 
(2010). The isolated DNA was amplified with 16S rRNA 
gene using universal primers 518F (5′-CCA GCA GCC GCG 
GTA ATA CG-3′) and 800R (5′-TAC CAG GGT ATC TAA TCC 
-3′). The process conditions of PCR were performed with a 
50 µL reaction mixture encompassing of 2 µL DNA (10 ng) 
as the template, forward and reverse primers (0.5 µM), and 
1.5 mM of  MgCl2 and 50 µM of dNTPs along with 1 µL of 
TaqDNA polymerase and buffer as suggested by the manu-
facturer (Himedia, Mumbai). PCR was carried out with a 
Mastercycler Personal (Eppendorf) with the following pro-
gramme: initial denaturation at 95 °C for 1 min; 40 cycles 
of denaturation (3 min at 95 °C), annealing (1 min at 55 °C), 
and extension (2 min at 72 °C); followed by the final exten-
sion (at 72 °C for 5 min). The amplified product was puri-
fied by purification kit (Himedia, Mumbai). Then, amplified 
DNA was employed for 16S rRNA gene sequencing and the 
similarity analyses (BLAST program) as described earlier 
(Rajasekar et al. 2010).

Biodegradation study and analytical methods

Bushnell–Hass (BH) medium was utilized for biodegra-
dation experiments. Selected isolates MN6, IR4 and IR2 
were pre-cultured overnight at 50 °C in sterile BH broth 
with glucose as carbon source. Biodegradation study initi-
ated with the inoculation of individual isolates (initial load 
2.1 × 106 CFU mL−1) in sterile 100 mL BH broth in a 250-
mL flask with 1% of filtre sterilized crude oil. The sterility 
of the crude oil was checked by plating method. The BH 
medium with sterile crude oil served as an abiotic control. 
All the experiments were done in triplicates and incubated 
aerobically on orbital shaker (150 rpm) at 50 °C for 15 days. 
The optimum growth rate of bacterial culture during the 
biodegradation study was monitored using UV spectro-
photometer (JASCO V-630) at  OD540. Characterization of 
total hydrocarbon fractions and changes in the functional 
group during biodegradation were analyzed by gas chro-
matographic–mass spectrometry (GC–MS) model Agilent 
7890A, Restek Rxi-5 MS (30 m × 0.25 mm × 0.25 µm). Phy-
tone  (C20) was used as an internal standard for GC-MS and 
Fourier-transform infrared spectrum (FTIR, Perkin Elmer 
version 10.4.00), respectively. The detailed procedures of 
GC–MS, FTIR and biodegradation efficiency were carried 
out as described earlier (Rajasekar et al. 2007a, b). The 
extra-cellular enzymes, viz., alkane hydroxylase, alcohol 
dehydrogenase and lipase assay, were estimated according 
to previous literature (Mishra and Singh 2012).

Biocorrosion, electrochemical studies and surface 
analysis

As described earlier by Rajasekar et al. (2007a, b), carbon 
steel API 5LX ((in weight %) of 0.07 C, 1.36 Mn, 0.008 
Ti, 0.003 S, 0.004 P and balance Fe) was used for biocor-
rosion studies. The coupons were machined to the small 
squares with size of 2.5 cm × 2.5 cm with 0.4 cm thickness 
and used for weight loss study. For electrochemical imped-
ance spectroscopy (EIS) studies, carbon steel coupon was 
embedded with epoxy resin with an exposed area of 1.0 cm2 
(10 mm × 10 mm × 1 mm) used. Coupons were prepared as 
described earlier (Rajasekar et al. 2010). Weight loss and 
EIS coupons positioned in a 1000-mL Erlenmeyer flask with 
500 mL of sterile autoclaved produced water acted as control 
system I. Similar to system I, other three systems were inoc-
ulated with 2 mL (about  106 CFU mL−1) of individual strains 
such as MN6, IR4 and IR2, and marked as the experimental 
system II, III and IV, respectively. All experiments were car-
ried out in triplicates and incubated at 50 °C for 15 days in 
static and aerobic conditions. Total viable bacterial count 
was enumerated during the corrosion study using stand-
ard plate count method. At the end of biocorrosion study, 
weight loss coupons were removed and pickled in cleaning 
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solutions as described by American society for testing and 
materials (ASTM) standard G1-81. The corrosion rates of 
each system were calculated according to ASTM standard 
(Parthipan et al. 2017e). Corrosion products were collected 
from each coupon and were subjected to X-ray diffraction 
(XRD, BRUKER-8030, Germany) analysis for determining 
the nature of oxides. At end of the study, the working elec-
trode (1-cm2 coupon) was removed from each system and 
further analyzed using EIS (CHI608E-CH Electrochemical 
analyser). At steady-state conditions, open circuit potential 
(OCP) and impedance were carried out in a frequency range 
of 0.1–105 Hz using a 10 mV min−1. The potentiodynamic 
polarization measurements were carried out by polarizing in 
range between − 200 and 200 mV at scan rate of 0.002 V s−1 
with respect to corrosion potential (Ecorr). The measurements 
were made in a conventional three-electrode electrochemical 
cell coupled with a potentiostat (Xu et al. 2013).

Results and discussion

Bacterial analysis

Both iron and manganese agar plates have considerable 
numbers of the bacterial colonies in the both sampling sites 
as mentioned in the Supplementary Table S2. All the iso-
lated strains showed good growth at 50 °C within 24–72 h. 
Biochemical characterization studies revealed that all the 
isolates belong to the genera Geobacillus and Bacillus. 
These strains can grow in halophilic conditions (produced 
water contains high amount of chloride ranging from 59,303 
to 86,269 mg L−1). Totally, 44% of the strains (four strains 
including EIR1, IR2, IR3, and IR4) were identified in sta-
tion-I and 56% (five strains including IR5, IR6, MN2, MN4 
and MN6) were identified in station-II as shown in Sup-
plementary Table S3. Gram-positive bacterial species were 
found to be dominantly present in both oil reservoir stations, 
which may due to the capability of endospore formation by 
the Gram-positive bacteria (bacilli). The phylogenetic tree 
was constructed based on the neighbour-joining analysis 
of the 16S rRNA gene sequences as shown in Fig. 1. Two 
strains of Bacillus species were identified as B. licheniformis 
isolated from iron and manganese agar, respectively. All the 
isolates have the aptitude to grow in minimal media with 
crude oil as sole carbon source.

According to 16S rRNA gene sequencing studies, ther-
mophilic isolates exhibited 100% of DNA homology to B. 
licheniformis MN6 (KP338616), G. stearothermophilus IR4 
(KP338613) and G. thermoparaffinivorans IR2 (KP338611). 
These results suggest an interspecies level of relatedness 
between the identified groups (Nazina et al. 2001). Mein-
tanis et al. (2006) pointed that around 154 thermophilic 
bacteria were identified in the soil, sea water and sediment 

samples collected from volcano of Santorini at Nea Kameni 
Island, and those isolates were subjected to screening for 
alkane hydroxylase (alkJ) gene. This report confirmed the 
role of specific gene (alkJ) that played a key role in degrada-
tion of alkanes. Among 154 strains reported, ten strains had 
these genes. Besides, the dominant strains, Geobacillus sp. 
and Bacillus sp. were identified in high-temperature oil field 
for the first time in Indian oil reservoir (Marchant and Banat 
2010). Occurrence of microbes in oil facilities are the one of 
the key factors for biodegradation and corrosion problems.

Biodegradation study

Thermophilic bacterial isolates utilized crude oil as sole 
carbon source with an increase in growth and cell prolifera-
tion as shown in Fig. S1. Especially, the strain IR4 had the 
highest growth compared to others. FTIR spectra (Fig. 2a) 
of crude oil in control system showed characteristic bands at 
2850 cm−1 (=CH3 stretching mode), 2714 cm−1 (=CHO in 
aldehydes), 1634 cm−1 (C=O in tertiary amide), 1449 cm−1 
 (CH2 in aliphatic compounds), 1374  cm−1  (CH3 in ali-
phatic compounds), 1069 cm−1 (C–O–C aliphatic ethers) 
and 877 cm−1 (CH out of plane), respectively. Figure 2b–d 
shows the FTIR spectrum after biodegradation of crude oil 
in the presence of MN6, IR4 and IR2. Based on the FTIR 
spectrum, it was noticed that the spectra of metabolites (in 
terms of functional groups) greatly differed in the presence 
of bacteria compared to control. The decreased intensity of 
broad peaks at 877–1634 cm−1 showed the major metabo-
lites corresponding to  CH3 and  CH2 groups of aliphatic com-
pounds, C=O in tertiary amide, =CH3 and =CHO in alde-
hydes were degraded by MN6, IR4 and IR2 strains. GC–MS 
chromatogram of the crude oil degradation is shown in 
Fig. S2. The GC retention data of the crude oil matching to 
structural assignations were done after a library search of 
a database and the mass spectra interpretation is presented 
in Fig. S2a–d. GC–MS profile of crude oil biodegradation 
with bacterial strains MN6, IR4 and IR2 (Supplementary 
Table S4) showed the biodegradation efficiency (BE) of the 
individual strains as 82%, 94%, and 87% for MN6, IR4 and 
IR2 respectively. The GC–MS analyses of degraded crude 
oil samples showed multiple peaks that are grouped based on 
the carbon numbers present in each compound. Some known 
compounds were also identified in this study and confirmed 
after matching with library.

In the presence of thermophilic bacterial strains, sig-
nificant changes in the functional groups of hydrocarbon 
compound suggested the effective degradation of both 
aliphatic and aromatic hydrocarbons by thermophilic 
bacterial strains. GC–MS analysis too confirmed the 
complete degradation of light and heavy chain hydro-
carbons by MN6, IR4 and IR2 strains. Involvement of 
bacterial enzymes leads to the degradation of short-chain 
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hydrocarbons by microbes, thus rendering early solubil-
ity of the crude oil. The turbidity of the culture too con-
firmed the growth of the cells in the presence of crude oil. 
The ‘degraded’ crude oil products were found along with 
bacterial emulsifying agents (Parthipan et al. 2017e). Via-
ble bacterial count data too indicated that the 1% of crude 
oil had a positive effect on bacterial growth. The thermo-
philic bacterial strains, G. stearothermophilus and Bacil-
lus sp., isolated from Volcano Island have been reported 
to effectively degrade the hydrocarbon in extreme envi-
ronment. Previously, Geobacillus sp. and Bacillus sp. 
have been reported to be present in oil-polluted soil and 
petroleum reservoirs, and were found to utilize crude oil 
as a sole carbon and energy sources (Maugeri et al. 2002).

Role of degradative enzymes in the biodegradation 
of crude oil

Figure  3A shows the induction of alkane hydroxylase 
(120 µmol mg−1 protein) by Bacillus licheniformis MN6, 
130 µmol mg−1 protein by Geobacillus stearothermophilus 
IR4 and 110 µmol mg−1 protein by Geobacillus thermopar-
affinivorans IR2 between 6 and 10 days of crude oil deg-
radation. Alcohol dehydrogenase-induced degradation of 
crude oil by three bacterial strains is shown in Fig. 3B. The 
intensity of peaks was found to be proportional to the activ-
ity of alcohol dehydrogenase during degradation of crude oil 
with different incubation periods. Maximum alcohol dehy-
drogenase activity was found in the presence of Bacillus 

Fig. 1  Neighbour-joining 
tree based on 16S rRNA gene 
sequences, showing phyloge-
netic relationships between 
sequences of the bacterial 
phylum Firmicutes. Red dot 
indication refers to identified 
thermophilic isolates. Numbers 
at nodes specify bootstrap val-
ues > 50% from 1000 replicates. 
GenBank accession numbers are 
presented in parentheses. The 
scale bar represents sequence 
divergence
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licheniformis MN6 (70 µmol mg−1 protein) followed by 
Geobacillus stearothermophilus IR4 (60 µmol mg−1 protein) 
and Geobacillus thermoparaffinivorans IR2 (58 µmol mg−1 
protein). Likewise, Lipase enzyme was also found to be 
produced by all the three bacterial strains throughout deg-
radation process. On analyzing the level of enzyme induc-
tion, it was initially slow and later increased rapidly after 
5th day of incubation. Figure 3C shows fascinatingly high 
crude oil degradation in MN6-induced lipase (55 µmol mg−1 
protein), IR4 showed 60 µmol mg−1 protein and IR2 showed 
50 µmol mg−1 protein. The induction of alkane hydroxylase 
was noted to have a direct impact on the degradation process 
of crude oil during different incubation periods. Amongst 
all other three enzymes, alkane hydroxylase enzyme activ-
ity was noted to be highly induced, thus confirming their 
key role in the degradation process than other enzymes (Wu 
et al. 2014; Parthipan et al. 2017b).

An interesting observation of higher degradation capa-
bility of hydrocarbon by IR4 was due to the presence of 
thermo-stable enzyme. These enzymes were reported to 
play an important role in the degradation of hydrocarbons 

(Marchant and Banat 2010; Wolicka and Borkowski 2012). 
Shorter chain n-alkanes were degraded completely com-
pared to heavy chains such as n-heptadecane and n-octa-
decane (Zhang et al. 2012; Liu et al. 2015). Biodegradation 

Fig. 2  FTIR spectra of crude oil biodegradation by thermophilic bac-
teria (a) control, (b) B. licheniformis MN6, (c) G. stearothermophilus 
IR4 and (d) G. thermoparaffinivorans IR2

Fig. 3  Quantification enzyme assay A alkane hydroxylase, B alcohol 
dehydrogenase and C lipase activity during crude oil biodegradation 
by thermophilic bacterial isolates: (a) B. licheniformis MN6, (b) G. 
stearothermophilus IR4 and (c) G. thermoparaffinivorans IR2. Error 
bars on the graph signify the standard deviation (SD) of triplicate 
samples (P < 0.002)
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efficiency of MN6 and IR2 showed higher n-alkane deg-
radation rate than branched alkanes with higher carbon 
compounds (C26). Our observation was supported by ear-
lier report (Cunha et al. 2006) on the capability of enteric 
bacterium, Serratia marcescens, to degrade diesel/naphtha 
hydrocarbon in oil facilities (Rajasekar et al. 2007a, b).

Biocorrosion study and surface analysis

Bacterial isolates showed an excellent growth in carbon steel 
surface (Fig. S3). It revealed that all the strains can form 
biofilm on carbon steel surface. Based on the weight loss 
experiment, the corrosion rate of carbon steel in the pres-
ence/absence of corrosive bacterial system was recorded. 
The corrosion rates in control were noted as 0.95 ± 0.1, MN6 
1.70 ± 0.1, IR4 2.12 ± 0.2 and IR2 1.59 ± 0.2 mm year−1 in 
system I, II, III and IV, respectively. The XRD spectra of the 
corrosion product in control system and other bacterial sys-
tems are presented in Fig. 4. The X-ray diffraction peaks at 
2Ѳ = 27.4°, 31.9°, 45.6°, 56.3° and 66.1° revealed the exist-
ence of Fe(OH2), FeO(OH) and ע-FeOOH, respectively. The 
XRD pattern of the corrosion product in the presence of 
thermophilic bacterial strains MN6, IR4 and IR2 are shown 
in Fig. 4b–d. It can be clearly noted that all the peak intensi-
ties of system-III were increased than other systems, which 

indicates that the corrosion rate is higher in the presence of 
strain, IR4. The presence of thermophilic bacterial species 
in produced water can form biofilms, thus accelerating the 
corrosion reaction.

Immersion of carbon steel in produced water with bac-
terial strains leads to metal deterioration due to microbial 
action. Aerobic thermophilic bacterial strains increase the 
corrosion rate compared to mesophilic bacteria with increas-
ing of exposure time (Almeida and Franca 1999). The XRD 
data revealed that the corrosion reaction of carbon steel API 
5LX occurs as follows: in solution phase, oxygen molecule 
gets reduced into  OH− ions, and the iron gets oxidized to 
ferrous ions  (Fe2+) and reacts with the dissolved oxygen 
to form lipidocrocite (ע-FeOOH). After the formation of 
 FeOOH on metal surface, the reaction slows down the-ע
reactive iron and limits the oxygen diffusion (Elumalai et al. 
2017b). Initial corrosion product, Fe(OH)2, gets oxidized 
by bacterial strains to form lepidocrocite FeOOH and ferric 
oxides in oxygen environment, thus forming a crystalline 
phase with rhombic structure on metal surface (Hajj et al. 
2013). XRD patterns revealed the presence of Fe(OH)2 in 
bacterial systems, thus confirming the of corrosion acceler-
ated by bacterial metabolites.

Electrochemical studies

Figure 5A shows the impedance spectra of Nyquist plot for 
carbon steel API 5LX in control and experimental systems. 
The Nyquist plots in the presence of thermophilic bacte-
ria are shown in Fig. 5A(b–d) corresponding to MN6, IR4 
and IR2 strains. All the bacterial systems were observed as 
depressed semi-circular curves, thus representing the biofilm 
formation with pores of corrosion products on metal sur-
face. The observation of depressed semicircle in Fig. 5A(b) 
indicated the activation control reaction occurred due to the 
interaction between metal and heterogeneous nature of bac-
terial biofilm on metal surface. The electrochemical param-
eters in the absence/presence of bacterial isolates are pre-
sented in Supplementary Table S5. According to obtained 
results, thermophilic bacterial system showed lower Rct 
values (7.78, 1.22 and 1.67Ω) than the control (41.93Ω). 
Figure 5B shows the Tafel polarization curves exposed to 
bacteria and control system, respectively. On visualizing, 
higher anodic current density was noted in the absence of 
bacteria than the bacterial system. Hence, it can be under-
stood that the anodic dissolution occurred highly in the 
presence of bacteria. Tafel analysis data (Ecorr, Icorr, βa, βc) 
are shown in Supplementary Table S5. Increased corrosion 
current (Icorr) values of 28.18 µA cm−2, 39.81 µA cm−2 and 
32.31 µA cm−2 of carbon steel API 5LX metal in all the bac-
terial systems II–IV were noted when compared to control 
system-I (17.82 µA cm−2). This could be due to the forma-
tion of corrosion on metal surface as reported by Xu et al. 

Fig. 4  XRD characterization of the corrosion product obtained from 
the carbon steel API 5LX by thermophilic bacteria isolates (a) con-
trol, (b) B. licheniformis MN6, (c) G. stearothermophilus IR4 and (d) 
G. thermoparaffinivorans IR2
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(2013) and Qu et al. (2014). Corrosion potential from Ecorr 
− 658 to − 677 mV exhibited the positive shift thus strongly 
supporting the activity of thermophilic bacteria on corrosion 
scale formation on a metal surface as shown in Fig. 5B.

Electrochemical studies reported that the lowest resist-
ance in IR4 was due to the acceleration of higher corrosion 
by bacterial biofilm (Alabbas et al. 2012). This result was 
in concordance with the weight loss, XRD data, thus prov-
ing the acceleration of corrosion process by thermophilic 
bacterial strains on the metal surface. The bacteria-exposed 
metal surface contained the combination of iron oxides, 
 Fe2O3 layer, which affected the charge transfer resistance. 
Ecorr typically showed a slightly higher electrochemical 
activity and enhanced redox quality on the metal surface, 
which were probably due to the bacterial metabolic activity, 
a most important phenomena in MIC investigation studies 
(Alabbas et al. 2012; Narenkumar et al. 2017). As seen in 
Fig. 5B, the anodic curves were almost same and cathodic 
curves were different in all bacterial system. It demonstrated 
that the cathodic hydrogen evolution process occurred at the 

metal surface leading to the bacterial consumption of hydro-
gen from iron along with water, thus contributing and accel-
erating the corrosion process. Further, these results indicated 
that electrochemical transfer processes on metal oxidation 
contributed to the electrochemical response (Davidova et al. 
2012). Lenhart et al. (2014) suggested that the corrosion due 
to biofilm presence on the metal surface might be due to pit-
ting or localized corrosion.

Conclusion

The biodegradation efficiency and biocorrosion behaviour of 
carbon steel API 5LX in produced water by B. licheniformis 
MN6, G. stearothermophilus IR4 and G. thermoparaffini-
vorans IR2 have been investigated. Among the isolates, IR4 
was found to efficiently accelerate the corrosion process with 
a corrosion rate of 2.12 mm year−1 on carbon steel API 5LX. 
GC-MS analysis showed the BE of hydrocarbon was about 
94%. Subsequently, the degradative enzymes such as alkane 
hydroxylase and alcohol dehydrogenase were found to play 
a vital role in the crude oil degradation process. EIS and 
XRD data too clearly supported the presence of oxidized fer-
rous ion into ferrous/ferric oxides as corrosion product. This 
work primarily focused on the culture-dependent method to 
implicate the importance of thermophilic bacteria strains 
towards biocorrosion of crude oil reservoir facility. These 
strains were also found to oxidize the iron and manganese 
into oxides and utilize the hydrocarbon as sole carbon source 
in oil reservoir environment. The understanding of the role 
of thermophiles in the oil reservoir conditions will assist 
in the selection of suitable biocides/inhibitor for control 
of biocorrosion in the oil reservoir and oil-contaminated 
environments.
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