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Abstract

The degradation problem of petroleum products arises since hydrocarbon acts as an excellent
food source for a wide variety of microorganisms. Microbial activity leads to unacceptable level
of turbidity, corrosion of pipeline and souring of stored product. The present study emphasizes
the role of Bacillus cereus ACE4 on degradation of diesel and its influence on corrosion of API
SLX steel. A demonstrating bacterial strain ACE4 was isolated from corrosion products and 16S
rRNA gene sequence analysis showed that it has more than 99% similarity with B. cereus. The
biodegradation and corrosion studies revealed that B. cereus degraded the aliphatic protons and
aromatic protons in diesel and is capable of oxidizing ferrous/manganese into oxides. This is the first
report that discloses the involvement of manganese oxidizer B. cereus ACE4 on biodegradation of
diesel and its influence on corrosion in a tropical country pipeline.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Many studies have indicated the importance of microbial tampering of stored hydrocar-
bon fuels, which leads to the blocking of pipelines and filters, reducing fuel quality and
resulting in corrosion of pipeline [1]. Corrosion, the major hallmark of pipeline failure,
is the main component affecting the operation and maintenance costs of petroleum indus-
try pipelines [2,3]. It has been anticipated that 40% of all internal pipeline corrosion in the
gas industry can be attributed to microbial corrosion [4]. It has been estimated that
microbially influenced corrosion (MIC) causes hundreds of millions of dollars in damage
to the production, transport, and storage of oil every year in the United States oil industry
alone [5].

Generally the major bacteria involved in the microbially influenced corrosion are anaer-
obic sulfate reducing bacteria (SRB) [6-8]. However, aerobic bacteria and fungi may also
participate in the corrosion process [9—11]. The microorganisms influence the corrosion by
altering the chemistry at the interface between the metal and the bulk fluid [12,13]. The
most extensively studied microorganisms in relation to biocorrosion are the sulfate-reduc-
ing bacteria (SRB), whose participation in corrosion was evidenced decades ago [14]. SRB
have been repeatedly detected in oil- and gas-producing facilities, as well as in transporta-
tion and storage facilities and are most likely the cause for the biocorrosion, souring and
biofouling problems that often arise at these sites [6,15-17]. The injection of sulfate-con-
taining seawater into the reservoirs during the secondary recovery of oil favors the prolif-
eration of this type of bacteria. Therefore, most of the research on microbially influenced
corrosion has focused on SRB. However, recent studies suggest that SRB need not be pres-
ent in abundance in all microbial communities responsible for microbially influenced cor-
rosion [18,19]. We recently noticed corrosion in the absence of SRB in diesel and naphtha
pipelines [20-22]. Hence, importance of chemolithotrophic bacteria on corrosion is very
essential in petroleum product pipeline.

Dickinson and Lewandowski [23], Olesen et al. [24], Dexter and Maruthamuthu et al.
[25]and Maruthamuthu et al. [26] concluded that the biomineralized manganese oxides on
the stainless steel surface were responsible for the electrochemical behavior of the metal
and suggested that the reaction controlling the process was the same as that in alkaline
batteries:

MnO, + H,O + e~ — MnOOH + OH™ E; = +382mVSCE

Besides Maruthamuthu et al. [21] and Rajasekar et al. [22] noticed the manganese cor-
rosion behavior of oxidizing bacteria in diesel and naphtha pipelines, respectively, and
proposed a corrosion mechanism on the role of chemolithotrophic bacteria on API
S5LX steel.

Biocorrosion studies involving the use of natural individual species obtained from
industrial systems are scarce. However, such studies would better address the actual prob-
lem and increase the understanding of the microbial species involved in microbial corro-
sion and their interactions with metal surfaces which will be the basis for the
development of new approaches for the detection, monitoring and control of microbial
corrosion in industrial facilities. In the present study, we investigated the role of Bacillus
cereus ACE4, individual dominant species identified from the corrosion products of a die-
sel pipeline, on biodegradation of diesel and its influence on the corrosion of API 5LX
steel.
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2. Materials and methods
2.1. Isolation of bacteria, media composition and culture condition

The corrosion product was collected from a cross-country pipeline in North India, which
transports petroleum products such as kerosene, petrol and diesel. This pipeline has intermit-
tent petroleum product delivery cum pressure booting stations at different locations. Severe
corrosion and microfouling problems have been observed in the pipeline even though corro-
sion inhibitor was added. About 300 kg of muck (corrosion product) was removed from a
200 km stretch distance of the pipeline within 30 days due to microbial corrosion [21].
The corrosion product was pushed out of the pipeline by pigs (cylindrical device used for
cleaning the interior pipeline). The corrosion products were collected in sterile containers.

Media used throughout for this study were Bushnell Hass medium (BH) consisting of
magnesium sulphate — 0.20 gm/1, calcium chloride — 0.02 gm/1, monopotassium phosphate
1 gm/l, dipotassium phosphate — 1 gm/l, ammonium nitrate — 1 gm/l, ferric chloride —
0.05 gm/1, pH 7. For isolation of diesel degraders, 1 gm of corrosion product sample
was transferred to 250 ml of Erlenmeyer flask containing 100 ml of BH broth plus diesel
(10 g17') and incubated at 30 °C in a rotatary shaker at 150 rpm until turbid growth was
observed. The bacterial culture was diluted and spreaded on BH agar plates containing
diesel (10 g17!) as carbon source for selective isolation of diesel degraders. Individual col-
onies were purified by repeated streaking on BH agar plates containing 10 g1~ and a
degradation test was conducted with purified isolates.

2.2. Bacterial identification

2.2.1. Biochemical and physiological test

The purified strains were identified by biochemical test according to key described by
Bergey’s manual of determinative bacteriology [27] and the dominating genus was identi-
fied by molecular technique (16s rRNA). These cultures were characterized depending on
their morphology, gram staining, spore staining, motility, oxidase, catalase, oxidation fer-
mentation, gas production, ammonia formation, nitrate and nitrite reduction, indole pro-
duction test, methyl-red and Voges—Proskauer test, citrate and mannitol utilization test,
hydrolysis of casein, gelatin, starch, urea and lipid. Ten genera were identified in the cor-
rosion product. The following genera were identified by bio-chemical test: Bacillus sp.,
Micrococcus sp., Vibrio sp., Pseudomonas sp., Thiobacillus sp., Ochrobium sp., Xantho-
bacter sp., Gallionella sp., Legionella sp. and Acinetobacter sp. The dominating genus
among the culturable organisms Bacillus sp. has been selected for further study, which
was about 50% in pumping station II [28]. Among culturable bacteria, this isolate
ACE4 has shown high diesel degradation efficiency when compared to other isolates.
Hence, the genus Bacillus sp. was selected for further identification by 16s rRNA analysis
for biodegradation and corrosion studies.

The strains B. cereus ACE4 was checked by leucoberblin blue spot test [29] to find
whether this strain accumulate manganese. The pure culture of B. cereus ACE4 of individ-
ual isolate was streaked repeatedly with an inoculation loop on pre-prepared sterile Mn
agar (Hi-media, Mumbai) plates separately. Plates were wrapped in plastic bags to prevent
desiccation after few days and incubated at 37 °C for 12 days. Brown colour colonies were
observed in the petriplates and scored as “manganese oxidizer” by noticing the appearance
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of brown coloration in the colonies. The colonies were picked up and smeared on a filter
paper (Whatmann No. 1), using a sterile inoculation loop. Then 0.04% of Leukoberbelin
blue (LBB) was added on the filter paper, with the subsequent scrapping of the smear with
the inoculation loop. Blue colour was formed after a few minutes on bacterial colonies,
which indicated the accumulation and conversion of manganese to manganese-di oxide
by manganese oxidizers.

2.2.2. Amplification, cloning and sequencing of 16S rRNA gene

Genomic DNA was extracted according to Ausubel et al. [30]. Amplification of gene
encoding for small subunit ribosomal RNA was done using eubacterial 16S rDNA primers
(forward primer S’AGAGTTTGATCCTGGCTCAG3' (Escherichia coli positions 8-27)
and reverse primer 5ACGGCTACCTTGTTACGACTT3' (E. coli positions 1494-
1513)) [31]. Polymerase chain reaction (PCR) was performed with a 50-pl reaction mixture
containing 2 pl (10 ng) of DNA as the template, each primer at a concentration of 0.5 uM,
1.5 mM MgCl, and each deoxynucleoside triphosphate at a concentration of 50 uM, as
well as 1 pl of Taq polymerase and buffer as recommended by the manufacturer (MBI Fer-
mentas). PCR was carried out with a Mastercycler Personal (eppendorf, Germany) with
the following program: initial denaturation at 95 °C for 1 min; 40 cycles of denaturation
(1 min at 95 °C), annealing (1 min at 55 °C), and extension (2 min at 72 °C); followed
by a final extension at 72 °C for 5 min. The amplified product was purified using GFX™
PCR DNA and Gel Band Purification kit (Amersham Biosciences) and cloned in pTZ57R/T
vector according to the manufacturer’s instruction (InsT/Aclone™ PCR Product Cloning
Kit, MBI Fermentas) and transformants were selected on LB medium containing ampicil-
lin (100 pg/ml) and X-gal (80 pug/ml). Sequencing was carried out using ABI PRISM 310
Genetic Analyzer (PE Applied Biosystems). For sequencing reaction Big Dye Ready Reac-
tion DyeDeoxy Terminator Cycle Sequencing kit (Perkin—Elmer) was employed. The
obtained partial 16S rDNA sequence was then submitted to a BLAST [32] search to obtain
the best homology sequences.

2.3. Utilization of diesel by B. cereus ACE4

Bacterial culture ACE4 pre-cultured overnight at 30 °C in BH broth medium was trans-
ferred to a 250 ml of Erlenmeyer screw capped flask (to prevent loss of volatile diesel
hydrocarbon) containing 100 ml of BH plus 10 g 17" of diesel. Cells are grown for 30 days
at 30 °C with shaking at 150 rpm, and diesel hydrocarbons remaining in the culture med-
ium were determined. The control (uninoculated) was incubated parallel with experimen-
tal system to monitor abiotic losses of the diesel substrate.

2.4. Diesel degradation analyses

At the end of the 30 days of incubation period, the residual diesel was extracted with an
equal volume of dichloromethane. Evaporation of solvent was carried out in a water bath
at 40 °C. The resultant solution of diesel (1 pl) was analyzed by gas chromatography/mass
spectrometry (GC-MS), nuclear magnetic resonance spectroscopy (NMR) and fourier
transform infrared spectroscopy (FT-IR).

GC-MS (Thermo Finnigan) has been equipped with a RTX-5 capillary column (30 m
long x 0.25 mm internal diameter) and the carrier gas constitutes high pure nitrogen. The
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oven temperatures programming was 80-250 °C, with arise of 10 °C/min. To determine
the extent of degradation, various hydrocarbon components of diesel was quantified by
interpreting the areas of individual peaks and expressing as percentage of degradation rel-
ative to the amount of the corresponding peak remaining in the appropriate abiotic con-
trol samples. The chromatographic ratios C,s/farnesane, C,;/pristane and Cg/phytane
were calculated from the peak heights. NMR analysis (Bruker, 300 mHz) was used to
detect the protons of the nuclei in the diesel compound. The sample of diesel was dissolved
using deutrated chloroform solvent. Tetra methyl silane (TMS) was used as a reference
standard. The FT-IR spectrum (Perkin—Elmer, Nicolet Nexus —470) was taken in the
mid IR region of 400-4000 cm ™' with 16-scan speed. The samples were mixed with spec-
troscopically pure KBr in the ratio of 1:100 and the pellets were fixed in the sample holder,
and the analysis was carried out. Infrared peaks localized at 2960 cm ™' and 2925 cm ™!
were used to calculate the CH,/CHj ratio (absorbance) and functional group of both ali-
phatic and aromatic components present in diesel.

2.5. Corrosion studies

2.5.1. Weight loss method

Steel API 5SLX (C — 0.29 max., S — 0.05 max., P — 0.04 max., Mn — 1.25 max.) coupons
of size 2.5 cm x 2.5 cm were mechanically polished to mirror finish and then degreased
using trichloro ethylene. In the present study, 500 ml of diesel with 2% water containing
120 ppm chloride has been used as the control system, while 500 ml diesel with 2% of water
containing 120 ppm chloride inoculated with 2 ml of ACE4 inoculum (about 10®8 CFU/ml)
was used as the experimental system. After 7 days, the coupons were removed and pickled
in pickling solutions, washed in water and dried with air drier. Final weights of the six cou-
pons in each system were taken and the average corrosion rates were calculated. The stan-
dard deviation for each system is also presented.

2.5.2. Electrochemical analysis

For electrochemical studies, a mixture of diesel and water (containing 120 ppm chloride
ion) in the ratio, 2:1 was made [33]. The API 5LX steel coupons was embedded in araldite
with an exposed area of 1.0 cm? as a working electrode. In the present study, 75 ml of 1%
BH broth (containing 120 ppm chloride) and 150 ml of diesel has been used as the control
system, while 75 ml of 1% BH broth (containing 120 ppm chloride) and 150 ml of diesel
500 ml diesel inoculated with 2 ml of inoculum ACE4 about 10° CFU/ml was used as
the experimental system. The mixtures were stirred vigorously for the periods of 48 and
120 h. After the 4th and 10th day, the coupons were removed and potentiodynamic polar-
ization were carried out by using potentiostate model PGP201 with volta master-1-soft-
ware. A coupon of API 5LX 1cm? as working electrode, a standard calomel electrode
(SCE) and a platinum wire as counter electrode were employed for polarization study.
The Tafel polarization curves were obtained by scanning from the open circuit potential
towards 200 mV anodically and cathodically. The scan rate was 120 mV/min.

2.5.3. Surface analysis

A computer controlled X-ray diffraction technique (XRD), JEOL Model JDX-8030
was used to scan the corrosion products between 10° and 85° — 20 with copper Ka radi-
ation (Ni filter) at a rating of 40 kV, 20 mA. The dried corrosion products were collected
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and crushed into a fine powder and used for XRD analysis for determining the nature of
oxides present in the corrosion product. To verify the adsorption of degraded diesel hydro-
carbon products on the metal surface after the electrochemical study in control and inoc-
ulated system, the film formed on the metal surface was carefully removed and dried,
mixed thoroughly with potassium bromide (KBr) and made as pellets. These pellets are
subjected to FT-IR spectra (Perkin—Elmer, Nicolet Nexus —470) to find out the nature
of film formed on the surface of the metal coupons. The surface morphological character-
istics of the control and experimental coupons API 5L.X were observed under scanning
electron microscope (SEM) (Hitachi model S-3000 H) at magnification ranging from
50x to 200x operated at accelerating voltage of 25 kV.

3. Results
3.1. Characterization of ACE4

The diesel hydrocarbon biodegradative strain ACE4 was isolated from the corrosion
product of diesel transporting pipeline. The preliminary identification of ACE4 by
biochemical test indicated that the isolate belonged to the genus Bacillus sp. Phenotypic pro-
file of strain ACE4 is shown in Table 1. Fig. 1 shows the formation of blue colour on the pure
strain ACE4. LBB spot test confirms the presence of manganese oxide deposition by bacte-
ria. The redox stain (LBB) indicates the accumulation and conversion of manganese by bac-
terium ACE4. Hence, it can be claimed as B. cereus ACE4 is manganese oxidizer.

3.1.1. 16S rRNA gene sequence analysis

Amplification of gene encoding for small subunit ribosomal RNA of ACE 4 was done
using eubacterial 16S rDNA primers. The 16S rDNA amplicons derived from ACE4 was
cloned in pTZ57R/T vector. The recombinant plasmid (pACE4, harboring 16S rDNA

Table 1
Phenotypic profile of strain ACE4

Positive for biochemical test Negative for biochemical test
Catalase Indole production
Cytochrome oxidase Starch hydrolysis
Voges—Proskauer Utilization of
Reduction of nitrate Sucrose, galactose, adonitol, arabinose
Gelatinase, casein hydrolysis Cellobiose, inulin, sorbitol, mannose
Utilization of p-glucose, fructose, Lactose, melibiose,
maltose, salicin, trehalose, xylose raffinose, rhamnose

Mannitol, inositol

Fig. 1. Detection of manganese accumulation by Bacillus cereus ACE4 using leucoberblin blue (LBB) spot test
(duplicate samples).
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insert) was partially sequenced. The sequence obtained was matched with the previously
published sequences available in NCBI (National Centre for Biological Information) using
BLAST. Sequence alignment and comparison revealed more than 99% similarity with B.
cereus. The nucleotide sequence data have been deposited in GenBank under accession
number AY912105.

3.2. Degradation analyses

Biodegradation of diesel hydrocarbon by B. cereus ACE4 was confirmed by gas-chroma-
tography—mass spectroscopy (GC-MS) analyses, nuclear magnetic resonance spectroscopy
(NMR) and fourier transform infrared spectroscopy (FT-IR). No evaporation of diesel fuel
from the screw capped flasks was observed throughout the experiments. From the GC-MS
analysis, it was observed that the uninoculated system (diesel) consists of mixture of hydro-
carbon from C, to C, consist of n-alkanes, branched alkanes (Pristane, Phytane) together
with aromatic hydrocarbon having naphthalene derivatives and substituted naphthalene
(Fig. 2a). Inoculated system of B. cereus ACE4 degraded almost all the n-alkanes (Cjo—
C,0) and many of the branched alkanes found in diesel (Fig. 2b). Overall, the bacterium
is capable of utilizing a broad range of alkanes and aliphatic components present in diesel.

The NMR spectra (Fig. 3a) of control system (pure diesel) show major peaks at 0-3
chemical shifts (J). It indicates the presence of aliphatic protons. The other peaks at 6-7
chemical shifts (0) indicates the presence of benzene ring. In the ACE4 inoculated system
the new peaks obtained in the range between 3 and 5 chemical shifts (J), indicates the addi-
tion of oxygen with carbon atoms (—-O—CH,-). In the presence of B. cereus, aliphatic pro-
ton (0-3 chemical shifts (0)) peaks and benzene peaks (6—7 chemical shifts (0)) disappeared
because of biodegradation (Fig. 3b). From this it is evident that aliphatic protons (CH,—
CH,) are completely broken by bacterial species, and converted as (-O-CH,) group. Fur-
ther, it is certain that the strain is involved in the utilization of both aliphatic and aromatic
hydrocarbons present in the diesel.

In Fig. 4a, the FT-IR spectra of control system (uninoculated system) shows the charac-
teristic band at 2952 cm ', 2920 cm ! and 2852 cm ™! (C—H aliphatic stretch); 1459 cm ™' and
1376 cm ™' (CH def for methyl group), 722 cm ™', 743 cm ™', 699 cm ™' (meta disubtituted ben-
zene) and 873 cm ™!, 810 cm ™! (disubstituted benzene). FT-IR spectra of experimental system
(inoculated with ACE4) shows the characteristic bands (Fig. 4b) at 2853 cm ' and 2904 cm ™!
(C— H aliphatic stretch); free OH peaks at 3315 cm ™!, 1632 cm ™' (C=C stretch); 1461 cm ™!
and 1376 cm™! (CH aliphatic stretch for methyl groups). A new peak at 1632 cm™! appeared
which indicates a carbonyl group (C=O0) stretch. The absence of aromatic nuclei peaks at
847 cm !, 809 cm™ !, 873 cm™ !, 722 em ™!, and 743 cm™! (Mono and di substituted benzene)
indicates the utilization of aromatic hydrocarbon. The intensity of C—H aliphatic stretches at
2954 cm™!, 2923 cm™" and 2854 cm ™' decreased. It points out the aliphatic hydrocarbon
degradation (Fig. 4b). After 30 days of growth in BH broth containing 1% diesel, B. cereus
was capable of utilizing both the aliphatic and aromatic hydrocarbon present in diesel.

3.3. Corrosion studies

3.3.1. Weight loss method
In the control system (uninocualted), the weight loss was 30.4 mg whereas in the pres-
ence of B. cereus ACE4 the weight loss was 57.5 mg (Table 2).
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Fig. 2. GC-MS profiles of diesel oil extracted from the aqueous phase of BH medium after 30 days of incubation
at 30 °C with and without inoculation with Bacillus cereus ACE4. (a) GC-MS profiles of abiotic control
(uninoculated). (b) Inoculated with ACE4. C10-C21, n-alkanes (numbers designate the number of C atoms); Br,
branched alkanes; Na, substituted naphthalenes; Pr, pristane; Ph, phytane. The alkane, naphthalene, phytane,
and pristane peaks were identified by comparison of their retention times and mass spectra with authentic
standards.

3.3.2. Electrochemical analysis

Fig. 5 shows the polarization curve for steel API 5LX in diesel-water system in presence/
absence of bacteria on 4th and 10th day. On 4th day, the corrosion current for control sys-
tem is 4.025 x 107> A/cm? while in presence of bacteria the current is 2.62 x 107> A/cm?
(Table 3). The corrosion potential for control system is —711 mV vs. SCE and in presence
of bacteria the potential value is —879 mV vs. SCE at 4th day. On the 10th day, the corrosion
current for control and experimental system is 1.085 x 107> A/cm? and 3.666 x 10~° A/cmz,
respectively. The nature of the curves for the 4th day, both anodic and cathodic curves
shifted to left side, which indicates that the bacterium ACE4 suppresses both anodic and
cathodic reactions. It may be due to the production of metabolic activity of ACE4 by
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Fig. 4. Fourier-Transform Infrared Spectrum of diesel and diesel inoculated with Bacillus cereus ACE4. (a) FT-
IR spectrum of diesel and (b) FT-IR spectrum of diesel inoculated with ACE4.

Table 2

Corrosion rate of steel API 5LX

System Weight loss Corrosion rate
(mg) (mm/y)

Control system: 500 ml diesel + 2% water (120 ppm chloride) 304 +22 0.1059

Experimental system: 500 ml diesel + 2% water (120 ppm 57.5+1.1 0.2003

chloride) + Bacillus cereus ACE4

phosphate based compounds and oxygen consumption in the electrolyte. On 10th day, the
potential goes to negative side from —601 mV to —717 mV vs. SCE. In control, slight passiv-
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Fig. 5. Polarization curves for API 5LX in diesel water system in presence/absence of ACE2 at different periods.

Table 3
Polarization study for API 5LX in presence/absence of ACE4
Systems Immersion  E.ory by (mV/ b (mV/ Loy
periods (mV)  decade) decade) (A/cm?)
(days)
Control system
75 ml of 1% BH broth 4 -711 158 206 4.025%107°
(containing 120 ppm chloride) 10 —601 283 94 1.085%x 107>

and 150 ml of diesel

Experimental system
75 ml of 1% BH broth 4 —-879 330 278 2.62%x107°
(containing 120 ppm chloride) and 150 ml 10 =717 106 121 3.666 x 107°
of diesel and inoculated with 2 ml of
inoculum ACE4 about 10° CFU/ml

ation can be noticed. At the same time the anodic curve shifted to right side and enhances the
anodic current on 10th day where the Tafel corrosion current is lower in bacterial system. It
can be assumed that though i, does not show any significant variation on 10th day the for-
mation of pit on the metal sample may be the reason for the higher anodic current.

3.4. Surface analysis

Fig. 6a and b present the details of XRD data corresponding to the phases present in
the corrosion product sample collected from control and experimental systems. a-Iron
oxide hydroxide (a-FeO(OH)), ferrous hydroxide (Fe(OH),) and ferrous chloride (FeCl,)
were observed in the control system (Fig. 6a). More intensity peaks of o-ferric oxide
(Fe,03), a-iron oxide hydroxide a-FeO(OH), ferric chloride (FeCly), ferrous hydroxide
(Fe(OH),) and A-manganese di oxide (A-MnQO,) were noticed in the experimental system
(Fig. 6b). XRD results reveal the presence of ferric oxides (Fe,O3) and manganese oxides
(A-MnO,) indicating the role of B. cereus ACE4 on manganese/iron deposition during the
formation of corrosion product and accelerate the microbial corrosion directly on the
pipeline. The confirmatory test by leucoberblin blue also supports the XRD observation.
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Fig. 6. Analysis of corrosion product on steel API 5LX exposed to ACE4 by XRD analysis. (a) XRD pattern of
corrosion product — control system. (b) XRD pattern of corrosion product of experimental system, inoculated
with ACEA4.

Since it is a redox strain, it turns blue colour while adding Leucoberblin blue in the pure
culture of bacteria (Fig. 1).

The FT-IR spectrum of the surface film on the metal surface after polarization study in
presence/absence of ACE4 is shown in Fig. 7. In control system Fig. 7a (uninoculated) the
peak at 1023 cm ™' is due to the presence of -C—O- stretch for -C—O—C— group. A peak at
668 cm ™! indicates the presence of FeO stretch and the peak at 472 cm ™' due to C—CI bond.
In presence of bacteria (Fig. 7b) the peaks are noted in the range of 2921 and 2852 cm ™,
which are assigned to the presence of -CH- aliphatic stretching for aliphatic hydrocarbon
present in the diesel. The peak at 1651, 1559, 1459 and 1541 cm ™" are due to COO ™~ (carbox-
ylate anion). This peak may be formed due to the bacterial exopolymer secretion. A peak at
1021 cm ™! indicates the presence of stretching for —-C—O- stretch for —-C—-O—C— group. A
peak at 749 cm ! indicates the presence of FeO and the high intensity of this peak indicates
more iron oxide formation by the ACE4. The peak at 472 cm ™' is due to C-CI bond.

The surface morphological characteristics of the control and experimental steel API
SLX coupons were observed under scanning electron microscope. Fig. 8a—c show the
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Fig. 7. Fig. 5. Surface film on the metal surface in presence/absence of ACE4 (a) Control (b) ACE4.

Fig. 8. Scanning electron microscopy (SEM) indicating that the bacterial strain ACE4 is capable of influencing
corrosion. (a) SEM of API 5LX (control system) (b) SEM micrograph of steel APl SLX surface, showing
localized attack, following exposure to ACE4. (c) Closer view of the pit on the surface of API 5LX steel.
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SEM micrograph of the API 5LX steel coupons after 7 days of exposure in the bacteria
inoculated system and uninoculated system after removing the corrosion products and
biofilm. Uniform corrosion was noticed in control system (Fig. 8a) whereas in experimen-
tal system severe pitting attacks were observed over the surface of steel (Fig. 8b). Fig. 8c
shows the magnification of the pit and the size of the pit was about 200 pm in diameters.

4. Discussion

Microbiologically influenced corrosion is one of the well documented phenomena in
corrosion, which causes deleterious effect on petroleum product pipeline, storage tanks
and various industries. The diverse group of bacteria and fungi has been reported in
hydrocarbon degradation [34-39]. In oil pipelines, water can also stratify at the bottom
of line if the velocity is less than that required to drain water and sweep it through the
pipeline system. Liquids (hydrocarbon) stratify along the bottom of the pipe, with water
forming a separate layer beneath the liquids where hydrocarbon degradation occurs at the
interface easily by microbes [21]. Hence, the role of bacteria on degradation and corrosion
is an important area in petroleum product pipelines. However, there are only few reports
available on involvement of individual bacterial species on diesel degradation and corro-
sion. This is the first study that enlightens the role of manganese oxidizer B. cereus ACE4
on biodegradation and corrosion process in a tropical country pipeline. Previous micro-
biological studies have concluded that SRB play a major role in microbially influenced
corrosion [4,6,8,40,41]. Phylogenetic characterization and environmental scanning micros-
copy analysis of corrosive consortium of sour gas pipeline revealed the low abundance of
SRB in sour gas pipeline [18,19]. These studies demonstrate that SRB need not be present
in abundance in all microbial communities responsible for microbially influenced corro-
sion in petroleum industry. The bacterial strain ACE4 was isolated from diesel transport-
ing pipeline where SRB could not be noticed in the pipeline. It can be explained that flow
velocity may create uniform distribution of oxygen, which may suppress the distribution
of SRB [19]. Hence, an investigation on the role of dominating facultative anaerobic
species and manganese oxidizer B. cereus ACE4 on corrosion process is worthwhile in
the diesel pipeline in the absence of SRB.

16S rRNA gene sequence analysis of the demonstrating bacterial strain ACE4 isolated
from the corrosion product showed close similarity (about 99%) with B. cereus. This iso-
late has the capacity to degrade the diesel hydrocarbon as well as to accelerate the corro-
sion process. The ACE4 degrade both aliphatic and aromatic hydrocarbon present in the
diesel. In the present study, FT-IR reveals the absence of aromatic nuclei peaks at
847 cm!, 809 cm ™!, 872 cm™ !, 722 em™!, and 743 cm ™! (Mono and di substituted ben-
zene) during degradation process (Fig. 3b). GC-MS results reveal that bacterium ACE4
utilized almost all the n-alkanes (-CH,~CH,-) and moderately attacked the branched alk-
anes including phytane, pristane and naphthalene derivatives (Fig. 1b) which is a common
feature of many other hydrocarbon degraders [42,43]. It was reported that benzene is con-
verted to catechol (an orthohydroxy phenol) and fission occurs between the carbon atoms
being two hydroxyl groups to form cis—cis-muconic acid which is then converted into 3-
oxoadipic acid via the action of a catechol 1, 2-oxygenase [44]. During degradation n-alk-
anes were converted into (-O—CH,—) which was identified in NMR studies (Fig. 2b). The
conversion was due to hydrogen consumption and the very rapid addition of oxygen in the
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place of hydrogen by bacterial metabolic activity [20,21]. Overall, the bacterium is capable
of utilizing a broad range of alkanes and aliphatic components present in diesel.

Weight loss study indicates the bacterial corrosion on the metal surface. The electro-
chemical study carriedout at the 4th day indicates the bacterium ACE4 suppress both ano-
dic and cathodic reaction where as at 10th day, ACE4 accelerates the anodic reaction and
reduces the cathodic reaction. It can be explained that due to the adsorption of degraded
products with Fe*" (organometallic components) on the metal surface, it may be reduce
the current flow on the metal surface which does not show significant difference in i, val-
ues [45]. Leucoberblin blue test (Fig. 1) confirms that the ACE4 is able to oxidize the man-
ganese present in the metal into oxides. Hence, it can be concluded that this strain ACE4 is
also capable of producing oxides of iron and manganese [46,47]. The enzymatic processes
are classified by three groups of organisms: (i) Those which oxidize dissolved Mn*" and (ii)
organisms which oxidize Mn?" prebound to certain solids. Both groups utilize oxygen as
the terminal electron acceptor and certain organisms may derive useful energy from this
reaction. Group (iii) organisms oxidize dissolved Mn*" by the metabolic H,O, via cata-
lase. All manganese oxidizing bacteria known so far are aerobes and the oxidation of
Mn*" is often closely related to the oxidation of Fe*'. The most manganese oxidizing
bacteria form manganese oxides in the cell envelope or completely outside the cell, we
may speculate about the possibility of a direct coupling of a Mn redox enzyme to a metal
substrate. If this is the case, we could expect anodic potential shifts of passive metals
without massive (observable) formation of MnO,. A similar situation arises if we assume
that the manganese oxide, produced by cells on the surface of a metal is reduced immedi-
ately by corrosion currents when it is formed. This could mean large corrosion rates for
non-passivating metals such as carbon steel [48].

Since ferric/manganese has high affinity to oxygen, it takes oxygen from (-O-CH,-)
and encourages the formation of ferric/manganese oxides and accelerates the corrosion
and again (-CH,~CH,-) was formed. It can be explained that since electrons are needed
continuously for ACE4 for its activity, it converts the Fe*" to Fe*", Mn** to Mn®" and
forms ferric oxides (Fe,O3) and manganese oxides (MnO,) by continuous addition of oxy-
gen. This bacterium is capable of oxidizing manganous ions to manganic ions with con-
comitant deposition of manganese di oxide and dense accumulation on metal surface
and promotes corrosion. Jones et al. [49] suggests that the insoluble product is a mixture
of ferric oxide (FeO3) and ferric hydroxide (Fe(OH)3), in which an approximate formula is
FeO(OH),,. The ferric ions are not precipitated completely, especially in the acidic crevice
regions. Ferric ions in solution serve as highly oxidizing species and tend to accelerate cor-
rosion. Moreover, in waters containing chloride ions, iron-oxidizing bacteria may be
directly involved in the production of ferric chloride which is an extremely corrosive sub-
stance that can concentrate under nodules [50,51]. Chloride ions can migrate into a crevice
location by neutralizing the increased charge via anodic dissolution and then combine with
the oxidation of ferrous and manganous ions to ferric and manganic ions by ACE4 and it
is observed in the corrosion products (Fig. 4b).

In the present study, though complex is formed on the metal surface, due to the degra-
dation of diesel at the interface act as humic substances resulting in the high supply of elec-
tron to the metal surface and accelerates the corrosion. It can be inferred that the degraded
diesel hydrocarbon coordinated with Fe*" through the -C-O-C— and carbonyl oxygen
resulting in the formation of Fe*" hydrocarbon complex on the metal surface. The corro-
sion damage observed on the steel surface exposed to the isolate ACE4 was more severe
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pitting attack on the steel (Fig. 8b and c) than the damage observed under control system
(Fig. 8a). It is observed that the cavities created by bacterium, bioleached the tunnels
through the iron/manganese oxides deposit as a result of microbiologically influenced cor-
rosion [52].

Based on the overall result we put forward the hypothesis. It can be concluded that the
degraded organic compounds in diesel accelerate the formation of ferric oxide, subse-
quently the ACE4 encourages the corrosion process by formation of Fe,Os. Degraded car-
bon (diesel) acts as a good nutrient for bacteria, which increases the proliferation of
bacteria on the steel and determine the nature of degradation and corrosion.

=
l =
Benzene
+ Dxidation
(-CH3-CHz)n ——— (-O-CH;"),
n-alkanes 2+ a4
Mn Fe <C12
Mn®* Fe,0;+ FJD FeCls
(-CHy-CHy)p

5. Summary

In summary, this studies provided the first look on the role of B. cereus ACE4 in bio-
degradation of diesel and in the corrosion process in a tropical country pipeline. It can be
concluded that B. cereus ACE4 is one of the most proficient diesel degrader among the
culturable organisms isolated from corrosion product collected from diesel transporting
pipeline. It is a major aromatic and aliphatic degrader that breaks the benzene ring and
aliphatic (-O—-CH,-) chain allowing inclusion of oxygen and accelerating the corrosion
by ferric oxide formation in diesel environment. The presence of manganese and ferric oxi-
des in the corrosion products indicated that B. cereus ACE4 is capable of converting the
ferric and manganese on metal into oxides and accelerates severe pitting attack on the sur-
face of steel API 5LX. This investigation clearly indicates the possibility of break down of
diesel by B. cereus ACE4 at the stagnant areas of the pipelines. Eventhough, these bacteria
could be useful in the bioremediation of diesel polluted habitat, their presence in diesel
pipeline and transportation facilities would lead to the reduction in the quality of diesel
and in turn economic loss.
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