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The present study reports on the role of the bacterium Serratia marcescens ACE2 in the corrosion behavior
of carbon steel API 5L-X60 in diesel-water systems. The effect of commercial corrosion inhibitor (CI) on
the growth of strain ACE2 and its corrosion inhibition efficiency was investigated. The corrosion rate was
evaluated using electrochemical impedance spectroscopy (EIS) and polarization techniques in the diesel-water
interface systems. The amine and carboxylic acid based inhibitor gave better efficiency in the absence of
strain ACE2 by suppression of both anodic and cathodic reactions. In the presence of the strain ACE2, the
inhibitor suppressed the cathodic reaction more significantly than the anodic reaction. The electrochemical
behavior of steel API 5L-X60 was correlated with the role of the adsorbed amine based compound and degraded
product on the metal surface. The surface morphology of the coupons in the presence/absence of the inhibitor
with ACE2 was observed by using atomic force microscopy (AFM) and revealed pitting corrosion. This
basic study is useful for the development of new approaches for the detection, monitoring, and control of
microbial corrosion in a petroleum product pipeline.

1. Introduction

Corrosion is a major cause of pipeline failure and is a
significant component affecting the operation and maintenance
costs of gas industry pipelines.1–5 The estimated pipeline
corrosion loss to the gas industry in 1996 was about $840
million/year,2 while the estimated annual cost of all forms of
corrosion to the oil and gas industries in 2001 was $13.4 billion,
of which microbially influenced corrosion accounted for about
$2 billion.5 Studies on corrosion of metals in organic-aqueous
phase have attracted considerable interest in recent years due
to their common occurrence in pipelines transporting petroleum
products.6–10 It has been reported that corrosion caused by
aqueous organic solvents can be effectively controlled by the
use of corrosion inhibitors.11–14 Most of the efficient inhibitors
used in industry are organic compounds, which mainly contain
nitrogen, sulfur atoms, and multiple bonds in the molecules
through which they are adsorbed on the metal surface. Nitrogen-
containing heterocyclic compounds are considered to be effec-
tive corrosion inhibitors. Organic film-forming inhibitors used
in the oil and gas industry are generally of the cationic/anionic
type and include imidazolines, primary amines, diamines, amino-
amines, oxyalkylated amines, fatty acids, dimer, trimer acids,
naphthaneic acid, phosphate esters, and dodecylbenzenesulfonic
acids. Their mode of action is the formation of a persistent
monolayer film adsorbed at the metal/solution interface.15–17 The
alteration of molecules of corrosion inhibitor at oil-water
interface is due to microbial degradation, which can affect their
specific performance on corrosion inhibition.18–20

The inactivation or killing of the bacteria at the interface
would effectively inhibit the production of the emulsion8 and
degradation of petroleum products including diesel. Therefore,
the identification of inhibitor/biocides that could act at the
interface is needed in pipelines transporting petroleum. Hence,
bacterial activities on diesel and the corrosion of materials in
water have been controlled by the addition of inhibitors which
are water dispersible and diesel soluble. In the present study, a
commercially available water dispersible (sparingly soluble)
inhibitor was selected and the role of Serratia marcescens ACE2
on the electrochemical behavior of API 5L-X60 in the presence/
absence of corrosion inhibitor was investigated.

2. Experimental Materials and Methods

2.1. Microorganism. S. marcescens ACE2 was isolated from
a corrosion product at the diesel-transporting pipelines in a
northwestern region of India and identified as described earlier.21

The culture was recharacterized based on the following analyses:
morphology, Gram staining, spore staining, motility, oxidase,
catalase, oxidative fermentation, gas production, ammonia
formation, nitrate and nitrite reduction, indole production test,
methyl red and Voges-Proskauer tests, citrate and mannitol
utilization test, hydrolysis of casein, gelatin, starch, urea, and
lipid.

2.2. Composition of Corrosion Inhibitor (CI). A com-
mercially available corrosion inhibitor (Finocor, India) used in
petroleum-transporting pipeline was evaluated to determine its
corrosion inhibition efficiency. The inhibitor is an amine-based
carboxylic acid compound, and its composition was examined
using a Thermo Finnigan gas chromatograph/mass spectrometer
equipped with an RTX-5 capillary column 30 m long × 0.25
mm internal diameter and flame ionization detector (FID) and
high-purity nitrogen as carrier gas. The oven was programmed
between 80 and 250 °C at a heating rate of 10 °C/min. The gas
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chromatography (GC) retention data of the inhibitor correspond-
ing to structural assignation was done after an NIST (National
Institute of Standards and Technology) library search with a
database and by mass spectra interpretation.

2.3. Electrochemical Studies. A carbon steel electrode (API
5L-X60) was constructed by embedding square specimens in
epoxy resin. A coupon of 1 cm2 exposed area of API 5L-X60
as the working electrode, a standard calomel electrode (SCE),
and a platinum wire as counter electrode were employed for
electrochemical studies.22 The electrodes were polished using
a 600 grit abrasive grade paper, washed in distilled water,
surface sterilized by immersion in a 70% ethanol solution for 1
min, and finally dried in warm air.

Electrochemical experiments were performed (using duplicate
coupons) at 28 °C. A mixture of diesel and water (containing
120 ppm chloride ion) in the ratio 2:1 was prepared18 for
electrochemical studies. System 1 consisted of 75 mL of 1%
BH broth (magnesium sulfate, 0.20 g/L; calcium chloride, 0.02
g/L; monopotassium phosphate 1 g/L; dipotassium phosphate,
1 g/L; ammonium nitrate, 1 g/L; ferric chloride, 0.05 g/L; 120
ppm chloride; pH 7) and 150 mL of diesel. System 2 consisted
of system 1 inoculated with 2 mL of inoculum ACE2 at about
106 CFU/mL. System 3 consisted of system 1 in the presence
of 10 ppm of inhibitor. Finally, system 4 consisted of system 3
in the presence of 2 mL of ACE2 at about 106 CFU/mL. The
inoculum contained 106 CFU/mL for both systems 2 and 4. The
colony forming units (CFU) per milliliter was determined using
the standard pour plate method. All mixtures were stirred
vigorously using magnetic stirring beads for 120 h to simulate
field conditions. After 10 days, the coupons were removed and
impedance and polarization studies were conducted using the
same coupons, with care taken to avoid the disturbance of the
oxide film in the presence of bacterium for the polarization
study.

Tafel polarization curves were obtained by scanning from
the open-circuit potential or corrosion potential (Ecorr) toward
200 mV anodically and cathodically by employing separate
coupons. The scan rate was 120 mV/min. Polarization measure-
ments were carried out potentiodynamically using potentiostat
Model PGP201, with volta master-1 software. An EG&G
electrochemical impedance analyzer (Model M6310 with soft-
ware M398) was used for ac impedance measurements between
10 mHz and 100 kHz, with a 5 mV perturbation signal at the
corrosion potential.

2.3.1. Atomic Force Microscopy. The extent of corrosion
damage caused by ACE2 in the presence/absence of the inhibitor
(in systems 3 and 4) was characterized using atomic force
microscopy (AFM) analysis. The API 5L-X60 specimens of size
10 × 10 × 2.5 mm were abraded with emery paper (grade 320-
500-800-1200) to give a homogeneous surface, and were finally
polished to a mirror-finish surface using 0.3 µm alumina powder.
The polished coupons were first rinsed with deionized water

thrice, followed by degreasing with acetone, then sterilized in
70% ethanol for 4 h, and dried aseptically in air. After the
immersion period (in system 4), the specimen was removed and
ultrasonic treatment was carried out to remove the biofilm on
the metal surface.23 Pico scan 2100 model (Molecular Imaging,
USA) using gold-coated silicon nitride (Si3N4) cantilevers (force
constant 3 N/m) of 30 nm tip area operated in a contact mode
was used to capture the images of the pits on the coupon surface.

2.3.2. Fourier Transform Infrared Spectroscopy (FTIR)
Analysis. To verify the adsorption of the corrosion inhibitor and
biodegradation on the metal surface, the film formed on the
metal surface after 10 days was carefully removed and dried,
and mixed thoroughly with 2% potassium bromide (KBr). The
mixture was ground into fine powder and compressed into disks
using a hydraulic press at 100 kg/cm2. The pellets were subjected
to FTIR analysis (Perkin-Elmer, Nicolet Nexus -470) to
determine the protective film formed on the surface of the metal
coupons. The nature of the biodegradation was characterized
by FTIR analysis. In addition, the adsorption of inhibitor
components on the metal surface after 2 h immersion in inhibitor
solution at the initial period was characterized by FTIR.

3. Results and Discussion

It has been reported that the growth of prokaryotic and
eukaryotic microorganisms on hydrocarbons is often associated
with the production of surface-active compounds.24–26 In
general, the degradation of hydrocarbon is accompanied by
emulsification, resulting in a more significant oil-water inter-
face.27 A number of surfactants have been isolated from
microbial cultures following the growth of bacteria and fungi
on a variety of aliphatic hydrocarbons. These emulsifiers, which
are generally extracellular, may be relatively simple glycolipids
or complex high-molecular-weight substances, often of uncertain
structure.28–30 Their production allows the uptake and utilization
of hydrocarbons and this, in turn, leads to the growth of
microbial cells, which has important implications for the oil
industry.8,31 For this reason, the effective inhibition of micro-
bially induced corrosion requires the control of bacterial
proliferation at the interface of organic and aqueous phases and
the metal surface. Water stagnation in petroleum product
pipelines and storage tanks is commonly encountered in the
petroleum industry. Microorganisms at the diesel/water interface
on materials enhance metal losses and sludge formation by
microbial corrosion.21 Water stagnation and the possibility of
abundance of bacteria in the organic-aqueous phase are
schematically presented in Figure 1. Hence, the present study
is particularly relevant to the petroleum industry, since many
suppliers are recommending sparingly soluble inhibitors in water
for petroleum-transporting pipelines.

Figure 2 shows polarization curves for API 5L-X60 steel in
the various systems. The corrosion currents for system 1 and

Figure 1. Schematic diagram showing water stagnation point in the internal of a fluid-transporting pipeline.
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that inoculated with ACE2 (system 2) were 2.95 × 10-5 and
2.93 × 10-5 A/cm2 respectively (Table 1). The corrosion
potentials for system 1 were -639 and -601 mV for the control
and system 2, respectively. This indicates that the potential of
carbon steel was shifted by ACE2 toward the anodic side. In
the presence of the inhibitor in the organic-aqueous phase
(system 3), the open-circuit corrosion potential (Ecorr) was -685
mV and the corrosion current density (Icorr) was 8.07 × 10-7

A/cm2. In system 4 (ACE2 inoculated with inhibitor in
organic-aqueous interface) the Ecorr was -603 mV and the
corrosion current was 1.32 × 10-5 A/cm2. These results indicate
that the inhibitor works better in the absence of strain ACE2.
Though the corrosion current was more or less same in both
systems 1 and 2, pitting corrosion was noted in the presence of
strain ACE2. This is due to the heterogeneity of bacterial
corrosion. Even though the inhibitor was added with bacteria
in system 4, the corrosion current was not reduced (system 4,
1.32 × 10-5 A/cm2) when compared to systems 1 and 2. This
is due to the biodegradation of inhibitor. The reduction in anodic
current can be noted in systems 2 and 3 when compared to
system 1. In system 3, a significant reduction in anodic current
occurred. It can be explained that the bacterial adsorption
reduces the anodic current in system 2, whereas in system 4
the bacterium ACE2 also degrades the organic components and
reduces the anodic current. It can be explained that the role of
bacterium ACE2 on degradation may influence the anodic
current in systems 2 and 4. The bacterium ACE2 has been
described in earlier studies,21 and has been shown to be capable

of degrading the corrosion inhibitor as a sole carbon source.
The behavior of the anodic curve in system 4 indicates that the
water-oil soluble anionic components present in inhibitor
control the anodic reaction. Besides, the reduction in cathodic
current was noted in systems 3 and 4, indicating that sparingly
water soluble components (nitrogen-based components) control
the cathodic reaction.

Values of solution resistance (Rs) and the charge transfer
resistance (Rct) were derived from impedance measurements and
are presented in Table 1 and Figure 3. The Rs values for all the
systems fall in the range of 200-436 Ω · cm2. In systems 1 and
2, the Rct values were 434 and 602 Ω · cm2, respectively. The
addition of the inhibitor increased the resistance to 3.31 kΩ · cm2.
Further, the resistance increased in the presence of ACE2 along
with the inhibitor (4.5 kΩ · cm2). The increase in Rct (4.5
kΩ · cm2) may be due to the adsorption of the inhibitor and any
bacterially degraded product. Improvement of resistance in
inhibitor system 3 is due to the adsorption of cation on metal
surface, which supports the polarization studies.

In the presence of the inhibitor, the impedance curve shows
two capacitive loops. The first capacitive loop is small when
compared to the second. The first capacitive loop is well-defined
with a high-frequency range. The high-frequency part represents
the formation of the intact part of the adsorbed film.32 In system
4 (presence of ACE2 with inhibitor), a semicircle can be noticed
which indicates the activation control (anodic reaction). It reveals
that the degraded product of inhibitor adsorbs on the metal
surface and influences the electrochemical behavior of the metal.
Even though the degraded anionic product of inhibitor enhances

Figure 2. Polarization curves for API 5L-X60 in diesel-water system, in
the presence/absence of ACE2 for different systems: system I, 500 mL of
diesel + 2% water; system II, 500 mL of diesel + 2% water + ACE2;
system III, 500 mL of diesel + 2% water + 10 ppm corrosion inhibitor;
system IV, 500 mL of diesel + 2% water + ACE2 + 10 ppm corrosion
inhibitor.

Table 1. Polarization and Impedance Parameters for API 5L-X60 in the Presence/Absence of Inhibitor

polarization data impedance data

system
no. system

Ecorr

(mV)
ba

(mV/decade)
bc

(mV/decade)
Icorr

(A/cm2)
Rs

(ohm)
Rct

(Ω · cm2)
Cdl

(Faraday/cm2)

1 75 mL of 1% BH broth (containing 120 ppm
chloride) and 150 mL of diesel

-639 159 166 2.95 × 10-5 200 434 8.15 × 10-5

2 75 mL of 1% BH broth (containing 120 ppm
chloride) and 150 mL of diesel + ACE2

-601 188 168 2.93 × 10-5 256 602 2.42 × 10-3

3 75 mL of 1% BH broth (containing 120 ppm
chloride) and 150 mL of diesel + corrosion inhibitor

-685 134 127 8.07 × 10-7 292 3.31 8.44 × 10-8

4 75 mL of 1% BH broth (containing 120 ppm chloride)
and 150 mL of diesel + ACE2 + corrosion inhibitor

-603 128 431 1.32 × 10-5 436 4.5 2.96 × 10-7

Figure 3. Impedance curves for API 5L-X60 in diesel-water system, in
the presence/absence of ACE2 for different systems: system I, 500 mL of
diesel + 2% water; system II, 500 mL of diesel + 2% water + ACE2;
system III, 500 mL of diesel + 2% water + 10 ppm corrosion inhibitor;
system IV, 500 mL of diesel + 2% water + ACE2 + 10 ppm corrosion
inhibitor.
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the resistance, the anodic current was more or less same as the
control (system 1) in the polarization curve. Hence, the
selections of good nonbiodegradable anodic components in a
good inhibitor or a good biocide are important criteria for
petroleum product pipelines.33,34 In systems 1 and 2 the first
capacitive loop is relatively small when compared to the second.
The loop in low frequency is not clearly defined, whereas the
low-frequency data points are associated with the Faradaic
processes occurring on the bare metal through defects and pores
in the adsorbed diesel components on the metal surface. The
double layer capacitance (Cdl) values were 8.15 × 10-5, 2.42
× 10-3, 8.44 × 10-8, and 2.96 × 10-7 F/cm2 in systems 1, 2,
3, and 4, respectively. The capacitance of system 1 is due to
the corrosion of API 5L-X60 (8.15 × 10-5). The capacitance
was highest in system 2 (with strain ACE2), which is due to
the heterogeneity and negative charge of the biofilm on the metal
surface.

The capacitance was lower in the presence of the inhibitor
(with and without the bacterium ACE2). This indicates that the
inhibitor adsorbs and reduces the charges present on the metal
surface. The capacitance value of system 4 is higher compared
to that of system 3. The enhancement of the capacitance in
system 4 may be due to the adsorption of degraded product on
the metal surface.

From the GC retention data of the corrosion inhibitor, the
structural assignment after the NIST library search with a
database and by mass spectral interpretation is presented in Table
2, and the solubility data for the inhibitor components are
presented in Table 3. It was observed that the corrosion inhibitor
consists of aliphatic hydrocarbons including cyclohexane, octa-
decyne, n-hexadecanoic acid, propenic acid octyl ether, tetrade-
cane, and aromatic carbons including benzene 1,2-diethyl,
pyridine, and phenol. The major component is oleic acid. The
inhibitor is an amine-based carboxylic acid compound. The
solubility data also indicate the nitrogen-based pyridine com-
ponents dissolve in water and influence the cathodic behavior
of API 5L-X60 (Table 2).

The FTIR spectrum of the pure corrosion inhibitor is shown
in Figure 4A. The N-H stretching bands in the range of

3250-3400 cm-1 and 2662 cm-1 are due to the presence of
amine group. The aromatic C-H stretching band was observed
at 3050 cm-1. The methyl (CH3) and methylene (CH2) aliphatic
saturated C-H stretching bands were observed at 2922 and 2856
cm-1, respectively. The N-H stretching band can be noticed
at 2662 cm1. The aromatic overtone band or olefinic ()C-H)
is observed in the range 1900-1800 cm-1. The CdO stretching
band observed at 1700 cm-1 is due to the presence of carboxylic
acid group. The peaks at 1376 and 1620 cm-1 show the presence
of carboxylate anion, which confirms the presence of carboylic
acid component in the inhibitor. The peak at 1554 cm-1 is due
to aromatic CdC stretching band, and the peak at 1456 cm-1

is due to aromatic C-C stretching band. The C-N asymmetric
stretching was observed at 1397 cm-1, and C-N symmetric
stretching was observed at 1304 cm-1.

After 2 h immersion of the corrosion inhibitor, the following
components were observed (in Figure 4B). The wavenumber
1234 cm-1, indicating the presence of NH group, shows that,
within 2 h, pyridine was adsorbed on the metal surface. Peaks
at 3250-3400 cm-1 (NH), 2914-2840 cm-1 (-N-H), 2354
cm-1 (-NH-), 1601 cm-1 (COO-), 1416 cm-1 (-CdC-
stretch for aromatic compounds), 1097 and 1051 cm-1 (-C-O-
for primary alcohol), 751 and 652 cm-1 (disubstituted benzene
ring), 544 and 503 cm-1 (alcohol -OH out-of-plane bending),
and 474 and 415 cm-1 (chloride) were detected on the metal
surface.

The FTIR spectrum for the inhibitor added in system 3 (after
the 10th day) after electrochemical study is shown in Figure
4C. All the peaks observed on the metal surface were similar
to that on the metals after 2 h immersion of the inhibitor. The
wavenumber 1234 cm-1, however, was not detected. This
indicates that pyridine dissolved in water, with minimal adsorp-
tion on the metal surface. Peaks at 3300-3400 cm-1 indicate
the presence of N-H stretching bands. A peak at 2950 cm-1

indicates -C-H stretching in the aliphatic components. A peak
near 3000 cm-1 indicates the presence of )C-H stretching in
aromatic components. Peaks at 1370 and 1610 cm-1 indicate
the presence of carboxylate anion. A peak at 1670 cm-1

indicates the -CdC stretch for aliphatic compound, and a peak
at 1585 cm-1 indicates -CdC stretch for aromatic compound.

Table 2. Gas Chromatography-Mass Spectral Data of Corrosion
Inhibitor

retention time
(min) compounds

0.90 1-hexadecanol
1.00 3-nonen-2 one
1.07 1-octadecyne
1.10 cyclohexane, 1-methyl-2-propyl
1.24 2-propenic acid octyl ether
1.35 benzene, 1,2,3,5-tetramethyl
1.72 tetradecane, 1-chloro
1.55 benzene, 1,2-diethyl
11.22 n-hexadecanoic acid
13.16 oleic acid
13.35 pyridine, 2-tridecyl
14.30 pyridine, 2-tridecyl
15.14 pyridine, 2-tridecyl
15.94 phenol, 2,6-di(tert-butyl)-4-(cyclohexanylidene)amino

Table 3. Solubility Data for the Corrosion Inhibitor
Components47–50

composition molecular mass chemical formula solubility in water

oleic acid 282.5 C18H34O2 insoluble
aminophenol 109.11 C6H7NO 0.60%
diethylbenzene 134.22 C10H14 0.0017%
hexadecanoic acid 256.42 C16H32O2 insoluble
pyridine 79.10 C5H5N unlimited solubility

Figure 4. Surface film on the metal surface in the presence of the corrosion
inhibitor with ACE2. (A) Pure corrosion inhibitor. (B) Corrosion inhibitor:
2 h immersion period. (C) Corrosion inhibitor: system 3. (D) Corrosion
inhibitor with ACE2: system 4.

6928 Ind. Eng. Chem. Res., Vol. 47, No. 18, 2008



Peaks at 1306 and 1280 cm-1 indicate the presence of -C-N
stretch for primary aromatic amine, and a peak at 1050 cm-1

indicates the presence of -C-O stretch for primary alcohol.
The wavenumber 1715 cm-1 indicates the presence of an
aldehyde group. The aromatic para-disubstituted compounds
were observed at 800-850 cm-1. This indicates that the
adsorbed corrosion inhibitor consists of amine-based and
carboxylic acid (oleic acid) compounds.35 The major compo-
nents of -NH- did not adsorb on the metal surface. Although
N-H is water soluble, the adsorption is poor. Electrochemical
study, however, shows that the water-soluble components N-H
suppress the cathodic reaction. The solubility of NH in water
suppresses the corrosivity of water along with suppression of
cathodic reaction of API 5L-X60.

In the presence of the inhibitor inoculated with ACE2 (Figure
4D), the majority of the peaks at 1554 (CdC), 1456 (-C-C-),
1397 (C-N), 1304 (C-N), and 968 and 722 cm-1 (disubstituted

benzene) are absent from system 4 on the metal surface. It can
be explained that ACE2 utilized the carboxylate anions and
cations like NH.18,19,21 Hence, the corrosion current was more
or less same as that for system 1. The inhibitor adsorbed on
steel acts as a cathodic inhibitor by retarding the transfer of
hydrogen and chloride from the bulk solution to the mild steel/
solution interface. Because amine inhibitors function as adsor-
bates, their inhibition performance primarily relies on the
adsorption bond between the atoms in the metal and inhibitor
molecules.36 Sheng et al.37 reported that the nitrogen atoms in
the 2-methylbenzimidazole molecule had an affinity toward mild
steel and anchors on the metal surface via the amine bond.
Nitrogen-containing organic heterocyclic compounds were
considered to be excellent chelate-forming substances with
several transition metals.38–41 This indicates that the efficiency
of corrosion inhibitor has been decreased by bacterial degrada-
tion.17

Figure 5. AFM images of API 5L-X60 carbon steel surface exposed to inhibitor system 3. (a) Two-dimensional topographic images of the corroded coupon
surface (28 × 28 µm). (b) Cross-sectional analysis determining the surface morphology. (c) Three-dimensional topographic images of the corroded coupon
surface steel.
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The new peaks (system 4) at 1464 and 1378 cm-1 were noted
due to CH chemical shift for the CH3 group. The peak at 1021
cm-1 indicates the presence of the stable -C-O-C- group.
The peak at 534 cm-1 indicates the presence of iron peak.42

Though complex was formed on the metal surface, the degrada-
tion of inhibitor/diesel at the interface which act as humic
substance (organic substance) results in a high supply of
electrons to the metal surface and accelerates the corrosion.43

It can be inferred that the corrosion inhibitor coordinated with
Fe2+ through the -C-O-C- and carbonyl oxygen, resulting
in the formation of Fe2+ corrosion inhibitor complex on the
metal surface. In the present study, a water-soluble component
(pyridine) dissolves in water and inhibits corrosion in the

absence of bacterium ACE2. At the same time, ACE2 prefers
the interface between organic and inorganic for utilizing energy
from the organic phase where the oil-soluble inhibitor compo-
nents (oleic acid, aminophenol, hexadecaneic acid) were con-
sumed as the energy source rather than pyridine-based compo-
nents. The biodegradation efficiency of this bacterium ACE2
and the corrosion rate of API 5L-X60 in the different systems
in presence of ACE2 have been described in earlier studies.21

The extent of corrosion damage caused by the ACE2 in the
presence/absence of inhibitor was assessed by profiling the pits
on the coupon surface after the removal of biofilm. Representa-
tive pits were captured using AFM by randomly selecting four
different areas on each coupon after exposure to the ACE2

Figure 6. AFM images of corroded API 5L-X60 carbon steel surface exposed to ACE2 with the inhibitor system. (a) Two-dimensional topographic images
of the corroded coupon surface (28 × 28 um). (b) Cross-sectional analysis determining the diameter of pit on the surface (0.7 µm). (c) Three-dimensional
topographic images of the corroded coupon surface steel (pit size height). (d) Cross-sectional analysis determining the depth of pit on the surface (pit size,
1.6 µm).
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inoculated system. Figure 5a,b and Figure 6a-d show the two-
and three-dimensional topographic images of the corroded
coupon surfaces (28 × 28 um) collected from systems 3
(inhibitor) and 4 (inhibitor with strain ACE2) after 10 days
immersion. Figure 5a,b shows the surface topography of the
inhibitor-added metal surface, where no significant pits on the
surface (Figure 5c) were observed when compared to system 4
(Figure 6c). This reveals that the inhibitor forms a thin film on
the metal surface and inhibits the corrosion. Figure 6b,d shows
the cross-sectional analysis of pit surfaces, where the diameter
and depth of the pit were 0.7 ( 0.12 µm and 1.6 ( 0.14 µm,
respectively. This indicates that ACE2 accelerates the pitting
corrosion on API 5L-X60 and also reduces the corrosion
inhibition efficiency of the inhibitor. S. marcescens ACE2 is a
facultative anaerobe, and biochemical tests indicate the presence
of catalase and cytochrome oxidase. ACE2 has a peroxidase
enzyme, which produces hydrogen peroxide for the degradation
of corrosion inhibitor/diesel products. Moreover, it produces
catalase that overcomes the toxic nature of hydrogen peroxide,
breaking it down into water and oxygen.44–46 During the
respiratory process, oxygen is consumed by ACE2 and converted
into water, wherein H+ is utilized from the degraded inhibitor
product and electrons are supplied by cytochrome oxidase
enzyme.

It can also be assumed that ACE2 favors the Fenton reaction41

(eqs 1 and 2) by reducing ferric iron, leading to the production
of hydroxyl radicals that can damage any biological macro-
molecules.

1/2O2 + 2H++ 2efH2O (1)

Fe2++H2O2f Fe3++OH• +OH- (2)

It is inferred that the formation of Fe3+ combines with OH-

ions and degraded products to form an iron-organic complex
as corrosion product (Figure 4D). Hydrogen and carbon are
consumed by ACE2 from hydrocarbon present in the inhibitor.
The oxygen from peroxide and H+ molecules from the degraded
products combine with Fe2+ to produce Fe3+. Since this
bacterium lives in low-pH environments,42 Fe3+ formation is
encouraged by peroxide production and corrosion according to
eq 2.

ACE2 further converts ferric ion to ferric oxides by inclusion
of oxygen from the degraded products (eq 3), and finally the
ferric organic complex may be formed as a corrosion product
on the metal surface, as observed in the FTIR analysis (system
4).

Fe2++ 1/4O2 +H-f Fe3++H2O2 (3)

Moreover, AFM studies have been carried out to examine
the surface morphology of the coupons (Figure 5a,b). Pitting
corrosion was detected in system 4. In the absence of the
bacterium and in the presence of the corrosion inhibitor, a
corrosion inhibition efficiency of about 48% was noted.21 In
the presence of inhibitor and the bacterium ACE2, the inhibition
efficiency was reduced; the corrosion rate was effectively double
that of the control. The results indicate that bacterium ACE2
degrades the inhibitor, which is consistent with our earlier
observation21 and reduces the efficiency of the inhibitor.17

Hence, this bacterium reduces both anodic and cathodic inhibitor
components by a degradation process that reduces the inhibition
efficiency.

4. Conclusions

The performance of an organic film forming corrosion
inhibitor was assessed for its corrosion inhibition efficiency for

API 5L-X60 steel in a petroleum product containing bacterial
contaminant ACE2. The bacterial attachment is heterogeneous
in nature, which enhances the pitting corrosion of metal surface
API 5L-X60 (system 2). In the presence of the bacterium, the
inhibitor enhances the anodic reaction and suppressed the
cathodic reaction significantly more than in the presence of
inhibitor system 3. The electrochemical behavior of API 5L-
X60 was correlated with the role of adsorbed amine-based
compound and degraded product on the metal surface. A severe
pitting type of corrosion was observed in system 4 (inhibitor
with strain ACE2) when compared to system 3 (inhibitor). The
reduction of anodic current in system 2 may be due to the
biosurfactant production by ACE2 and form an intact surface
film on the metal surface in low chloride environment. The
surface film formed by the inhibitor along with strain ACE2
on metal surface was characterized. The many functional groups
of inhibitor peaks including the -NH- stretch (water-soluble
components) completely disappeared due to the utilization of a
sole carbon source for bacterial growth. This shows that the
strain ACE2 was able to accelerate the pitting corrosion by the
utilization of inhibitor as a sole carbon source. The present study
reveals that nonbiodegradable anodic and cathodic components
of the inhibitor are needed in petroleum product pipelines in
order to avoid the microbial degradation of corrosion inhibitors
for higher corrosion inhibition efficiency.
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