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Various cases of accidents involving microbiology influenced corrosion (MIC) were reported by the oil and gas industry. Sulfate
reducing bacteria (SRB) have always been linked to MIC mechanisms as one of the major causes of localized corrosion problems.
In this study, SRB colonies were isolated from the soil in suspected areas near the natural gas transmission pipeline in Malaysia. The
effects of ATCC 7757 and consortium of isolated SRB upon corrosion on API 5L X-70 carbon steel coupon were investigated using
a weight loss method, an open circuit potential method (OCP), and a potentiodynamic polarization curves method in anaerobic
conditions. Scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy (EDS) were then used to determine
the corrosion morphology in verifying the SRB activity and corrosion products formation. Results from the study show that the
corrosion rate (CR) of weight loss method for the isolated SRB is recorded as 0.2017 mm/yr compared to 0.2530 mm/yr for ATCC
7757. The Tafel plot recorded the corrosion rate of 0.3290 mm/yr for Sg. Ular SRB and 0.2500 mm/yr for Desulfovibrio vulgaris. The
results showed that the consortia of isolated SRB were of comparable effects and features with the single ATCC 7757 strain.

1. Introduction

Deterioration of metal by corrosion processes directly or
indirectly involving microorganisms has gained enormous
attention recently. A few terms have been used by engineers
and the scientific community to highlight this type of corro-
sion, such as microbiologically influenced corrosion (MIC),
biodeterioration, and biocorrosion [1]. Various accidents
have been reported involving MIC in soil, fresh water, and
seawater environments in almost all industries such as the
oil and gas, power generation, marine, and nuclear industries
[2-4]. The most highlighted accidents likely involving MIC as
the culprit are the Carlsbad, New Mexico, natural gas pipeline
explosion [5] and the 2006 Alaska pipeline leak [6]. Con-
sequently, these devastated accidents have caused turmoil
in the global oil market [6]. According to the investigation,
sulfate-reducing bacteria (SRB) were the prime suspect for
the accident in Alaska, proving how severe the corrosion

can progress under microbial activity influence. There are
many types of bacteria that can lead to corrosion initiation
or the increase of corrosion rate such as SRB, acid producing
bacteria (APB), and nitrate reducing bacteria (NRB) [7]. SRB
is regarded as one of the most troublesome groups of bacteria
influencing the MIC mechanism. SRB is usually attributed
to the chemical corrosiveness of H,S, facilitated abiotic H* -
reduction at deposited FeS, and biological consumption of
chemically formed (“cathodic”) H,. However, recent studies
by Venzlaff et al. [8] and Enning et al. [9] have shown that
corrosive SRB indicated direct consumption of iron-derived
electrons rather than H, as a crucial mechanism.

Bacteria need four elements to grow, namely, a carbon
source, water, an electron donor, and an electron acceptor
[10]. A recent theory put forward to explain the MIC mech-
anism is by Gu et al., namely, Biocatalytic Cathodic Sulfate
Reduction (BCSR) [11]. Xu and Gu found that SRB starved
of organic carbon are more aggressive in terms of corrosion



of carbon steel compared to well-fed SRB [12, 13]. Under
poor nutritional conditions, SRB cell can possibly scavenge
organic carbons from dead cells [14] and also maintain their
energy by turning to iron (Fe) as an electron donor due to
a similar reduction potential value of lactate (Fe**: —447 mV
and lactate: —430 mV). Xu et al. [15] explained their BCSR
theories by showing the combined redox reaction to have a
positive potential of +230 mV. This positive value of redox
potential means the reaction is thermodynamically favorable.
Consider

Anodic: 4Fe — 4Fe*" + 8e™ (Iron dissolution)

E° = —447 mV
)

Cathodic: SO, + 9H" + 8¢~ — HS™ + 4H,0 (BCSR)

E” = -217mV
()

Petroleum products and natural gas are commonly trans-
ported by buried pipelines under the soil for mechanical
protection from third-party damage to provide thermal
insulation [16]. Failure mechanisms associated with pipelines
can be classified into three categories: third-party damage,
material defects, and corrosion. Corrosion is recognised as
one of the most dominant forms of the deterioration process
and has been identified as one of the major causes of loss
of containment in steel pipelines [17]. Corrosion may attack
the pipelines either internally, or externally, or both. External
corrosion is a major factor contributing to the deterioration of
buried pipelines by weakening the pipe wall, which increases
the risk of failure [18]. Even though buried pipelines are
protected with coatings and cathodic protection, the pipelines
are still vulnerable to various types of corrosion mechanisms
[19]. MIC is one of the possible threats to buried pipelines
because SRB grow well in soil sediment [20].

In order to understand the intrinsic mechanisms of MIC,
it is necessary to study if the consortium of SRB bacteria
species may diversify the influence on corrosion mechanism.
In this paper, the corrosion behavior of ATCC 7757 SRB is
compared to consortia of SRB isolated from Malaysian soil.
The corrosion of carbon steel grade API 5L X-70 subject to
microbial activity is monitored and measured under labora-
tory conditions. The findings may reveal the discrepancies
between a single strain of SRB and the consortium of SRB
isolated from underground in terms of bacteria metabolism
and corrosion initiation. This topic is also relevant for initial
recognition of bacterial species.

2. Materials and Methods

2.1. Sulfate-Reducing Bacteria. Two types of SRB were used
in this study obtained from different sources. The first
bacteria strain was sourced from the American Type Cul-
ture Collection with reference number ATCC 7757 while
the second SRB strain was obtained by a simple isolation
technique from soil/mud near the natural gas pipeline in
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Peninsular Malaysia during pipe maintenance work. The site
was selected based on the pipeline operator maintenance
record (severe external corrosion from pigging record). The
SRB strain was named SRB Sg. Ular for easy identification
of the site location. The simple isolation was conducted by
inoculating the black stain/biofilm from the pipeline under
a disbonded coating in 500 mL nutrient-rich Baar’s medium
under anaerobic conditions at 37°C. The composition of
the medium consisted of sodium lactate 6.0 g/L, sodium
sulfate 4.5g/L, ammonium chloride 1.0 g/L, yeast extract
1.0 g/L, potassium phosphate 0.5 g/L, sodium citrate 0.3 g/L,
calcium chloride 0.06 g/L, magnesium sulfate 0.06 g/L, and
iron sulfate 0.004 g/L. The pH of the medium was adjusted
to 7.0 before being autoclaved. The medium was sparged with
oxygen-free nitrogen after being autoclaved. SRB were then
detected by regrowth of the SRB with Starkey’s medium as
the selective growth medium. The bacteria strains obtained
from the above exercise were then tested using a SRB kit, an
iron reduction bacteria (IRB) kit (LAB-BART Kit, Droycon
Bioconcepts Inc., Canada) and a Sani SRB test kit from Sani-
Check product number 100 (Sani Check, Biosan Lab Inc.,
USA).

2.2. Materials. The corrosion specimens were machined
from an actual segment of API 5L X-70 pipe obtained from
a local gas operator. The composition of the carbon steel
is as follows: 97.093% Fe, 0.078% C, 1.67% Mn, 0.15% Ni,
0.012% P, 0.3% Si, 0.023% Cu, 0.275% Cr, 0.11% Ti, and
0.002% S [21]. Prior to use, the metal coupons were polished
with a SiC grit paper graded 200, 400, and 600, followed
by cleaning with acetone and coated with Teflon, leaving
only the flat surface exposed to the medium in an anaerobic
bottle experiment. The corrosion specimen used as a working
electrode was mounted in an epoxy resin with copper wire
connected to an exposed flat surface approximately 1cm?
in areas. Figurel shows the microstructure of the API
5L X-70 carbon steel under the microscope. The coupons
consisted of ferrite and eutectoid pearlite based on the
light and gray constituent color from the microstructure
image.

2.3. Method

2.3.1. Experiment. The experiment was performed in a
125 mL sealed anaerobic vial and in a I-liter electrochemical
glass cell. All devices involved in this experiment were
sterilized in an autoclave at 121°C. Necessary care was
taken at all times to avoid bacterial contamination and
the experiments were conducted under simulated anaerobic
conditions. Nitrogen for the medium was purged by using
filtered oxygen-free nitrogen. The deoxygenation process was
conducted for approximately 1 hour for 1liter of medium. An
open circuit potential (OCP) measurement was conducted by
using a saturated calomel electrode (SCE) as the reference
electrode and carbon steel as the working electrode in a
standard electrochemical glass cell with the SRB medium as
electrolyte. A multimeter (Kyoritsu KEW1051) was utilized to
read the OCP value. Potential dynamic polarization curves
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FIGURE 1: Microstructure of carbon steel API 5L X-70 under
microscope.

were conducted in an ASTM standard cell [18] with a
three-electrode system, a carbon steel coupon as a working
electrode, a platinum electrode as a counterelectrode, and
a saturated calomel electrode as a reference electrode. An
Autolab PGSTAT 30 with General Purpose Electrochemical
System (GPES) software was used to monitor the corrosion
rate of the experiments.

2.3.2. Cell Counts. Planktonic SRB cell enumeration was per-
formed to monitor bacteria growth. A sterile syringe was
used to withdraw the medium from the vials before the
medium was precisely diluted in distilled water. Enumeration
of bacteria was counted in the Petroff-Hausser chamber
under an optical microscope at 400x (three times for each
sample). The SRB test kit from Bio Sani-Check product
number 100 (Sani Check, Biosan Lab Inc., USA) was also used
to validate the result.

2.3.3. Weight Loss and SEM Observations. The corrosion rate
was calculated based on the weight loss method calculated
from the following equation [17]:

cr=mom), 3)
Sxt

where m, is the mass of the specimen before corrosion (mg),
m, is the mass of the specimen after corrosion (mg), S is the
total exposed area of the specimen (cm?), t is the exposure
time (h), and CR s corrosion rate (mg cm2h™"). The biofilms
on the coupon surface were observed using FESEM (model
Supra 35VP). Sessile cells in the biofilm were first fixed in
4% (wt) glutaraldehyde for 4 hours and then rinsed with
a series of ethanol solutions (25%, 50%, 75%, and 100%
purities) to dehydrate the biofilm. They were subsequently
dried by means of critical point dried (CPD) equipment using
supercritical CO, and coated with gold (Au) prior to the
biofilm being examined under FESEM. Pits observation on
the coupon surface was obtained by removing the biofilm
using Clarke’s solution (ASTM Gl1-03) and washing with
distilled water before being observed under FESEM.

3. Results and Discussions

3.1. Isolated SRB Growth. The presence of SRB was detected
based on visual observation after an incubation period of 7
days in Baar’s liquid medium. The medium turned to black
after an incubation period of 3 to 4 days at 37°C. After all
selective mix-cultures were isolated, only 2 samples showed
the presence of SRB (from the SRB kit) while no sample
indicated the presence of iron reducing bacteria (from the
IRB kit). Both Sg. Ular SRB samples showed rapid growth in
a liquid medium. The samples also showed positive results
with the Sani SRB test kit from Bio Sani-Check product
number 100 (Sani Check, Biosan Lab Inc., USA). The black
precipitate was indicative of iron sulfide (FeS) as a reduction
of sulfate (8042_) to sulfide (S%). The Sg. Ular SRB was
grown in solid agar under anaerobic conditions. Some of
the surfaces of the agar have turned black, and it was a
straightforward task to visualize the SRB colonies (Figure 2).
A strong smell of rotten eggs was detected, indicating the
production of H,S as a result of sulphite-reducing activity
by the SRB. Microorganisms were frequently found as a
mixed culture in their natural habitat. Most cells survived by
adhering to a surface after they were covered with a layer of
polysaccharide, normally known as biofilms. In the biofilms,
the microorganisms developed their own microenvironment
in which their own species could resist harsh conditions
[22]. The morphologies of the isolated Sg. Ular SRB revealed
their features as related to the Desulfovibrio species based
on the above results. Nevertheless, in this study, no genetic
sequence was conducted to identify the type of Desulfovibrio
sp. However, it will be undertaken as future work for this
research.

Figure 3 illustrates the SRB growth curve in the 100 mL
anaerobic vials incubated at 37°C for 240 hours. The SRB
growth curve was attained by counting the bacteria cells
under a microscope at 400x magnification and using a hae-
mocytometer method for ATCC 7757 and Sg. Ular strain.
It is noticeable that the cell number of Sg. Ular SRB started
to decrease after 96 hours and the trend continues until the
end of experiment. The SRB growth curve for both SRB
strain results can be divided into three phases. The first
was an exponential phase that started from the first hour
up to 96 hours. The number of SRB increased quickly, and
the SRB can potentially achieve their maximum number. In
the second phase, which was from 96 hours to 168 hours,
there was a steady state where the number of SRB was
steadily maintained for ATCC 7757 SRB only. The dead
phase was the third phase, where the SRB started to die.
During this phase, the number of SRB started to decrease
and the active SRB almost disappeared. The experiments were
conducted in batch units and the bacteria growth decreased
after a certain period due to the increase in the toxicity
of sulfates (FeS or H,S) towards SRB metabolism. Both
SRB strains showed similar behaviour for 240 hours, due
to the limited carbon source in the medium. This growth
curve also reveals that the Sg. Ular SRB showed comparable
behaviour towards a prepared medium and carbon source
(lactate).



FIGURE 2: Colony of Sg. Ular SRB grown on agar after 7 days of
incubation at 37°C anaerobiclly.
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FIGURE 3: SRB growth curves for ATCC and Sg. Ular SRB strain for
240 hours at 37°C.

3.2. Corrosion by SRB. The corrosion rates of the coupons
inoculated with and without SRB were calculated as described
in the weight loss procedure [21] and are shown in Table 1.
Coupons exposed in ATCC 7757 bacteria show higher cor-
rosion growth rate (CR) compared to coupons in SRB Sg.
Ular after a 30-day incubation period. The values of CR for
both inoculated mediums show similar trends with a higher
CR observed compared to a sterile medium, proof of the
influence of SRB activity in the inoculation medium. Higher
CR values were observed in both inoculated vials, certainly
due to S*~ produced by SRB activity. Iron sulfide precipitated
on the surface of the coupons to form a passive film. The EDS
analysis detected the iron sulfide in corrosion products at the
coupons’ surface for both types of SRB.

The EDS revealed the presence of the corrosion products,
cell spores, and EPS fibres distributed over the coupon. The
EDS analyses of the corrosion products for SRB Sg. Ular
and ATCC 7757 are illustrated in Figures 4(a) and 4(b),
respectively. Analysis of the corrosion products on the
coupon surface revealed extensively large sulphur (S) and
iron (Fe) peaks. Gold (Au) peak was observed in Figure 4(b)
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FIGURE 4: EDS analysis of biofilms for isolated SRB bacteria and
ATCC inoculated at 37°C for 30 days.

due to the gold coated procedure conducted for ATCC 7757
sample. Oxygen peak was also revealed by the analysis, due to
the exposure to oxygen during the handling process. The iron
sulfide layer was formed on the metal surface by Fe** reacting
with the hydrogen sulfide produced by SRB metabolism [23].

Figure 5 shows the results of open circuit corrosion
potential, where (E_,,) was measured again using a standard
saturated calomel electrode in culture solution. The E_ ..
as function of time data showed that the SRB growth
substantially shifted the E_,, to a more positive value. This
shift in E_ .. value is known as ennoblement. The potential
shift clearly supported the activity and growth of SRB in
the culture medium by enhancing the redox quality of the
medium and accelerating the iron dissolution. The SRB
attached on the coupon surface to develop biofilms, and the
active metabolism altered the electrochemical process in the
coupon surface. The positive shift of the E_ . as a function
of time can be observed in Figure 5 for both bacteria. The
ennoblement can be attributed to the bacteria colonization
and biofilms formation, which resulted in organometallic
catalysis and acidification of the electrode surface. The enno-
blement also promoted localized corrosion such as pitting
corrosion due to the transpassive dissolution of the passive
film [24].

Figure 6 illustrates the polarization curves (PC) for both
SRB strains inoculated in Baar’s medium for incubation
periods of 7 days and 21 days. From the extrapolation of the
Tafel slope, corrosion current density (I_,,,), corrosion rates,
and anodic (f,) and cathodic (f3,) for SRB in Baar’s medium
were computed as shown in Table 2. At the initial stage of
PC testing on day 7, the surface of the carbon steel coupon
might not yet have been fully covered with thick biofilm and
corrosion products. This could have contributed to the low
CR recorded (SRB activity still did no influenced the CR).
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TaBLE 1: Comparison of corrosion rate for ATCC 7757 and isolated SRB (Sg. Ular) inoculated at 37°C for 30 days.

ATCC 7757 SRB’s bacteria Corrosion rate (mm/yr)

Sg. Ular SRB’s bacteria Corrosion rate (mm/yr)

0.0507 £ 0.013
0.2530 + 0.040

Sterile (without bacteria)

Inoculated

0.0346 = 0.010
0.2017 £ 0.032

Sterile (without bacteria)

Inoculated

TABLE 2: Corrosion parameters obtained from Tafel plots for ATCC 7757 and Sg. Ular strain for 7 and 21 days of exposure.

Days/SRB I, (Acm™) Corrosion rate (mmpy) B, (V/dec) B. (V/dec)
7 ATCC7757 1.036E - 5 0.1204 0.280 0.060
Sg. Ular 9.385E - 6 0.1090 0.949 0.095
21 ATCC7757 2.218E-5 0.2500 0.029 0.036
Sg. Ular 5.800E — 6 0.3290 0.121 0.210
Time (day)
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FIGURE 7: SEM micrograph of the morphology of the corrosion for
_700 4 .- -/./. ................................ Sg. Ular SRB Strain aﬁer 30 days.
-750

-m- ATCC 7757
—+— Sg. Ular SRB

FIGURE 5: Plots of open circuit potential for carbon steel with SRB
ATCC 7757 and Sg. Ular SRB.

Tafel plots-corrosion analysis

1.000 x 107° 3
1.000 x 107° 3
1.000 x 107% 3
1.000 x 1073 3
1.000 x 1072 3
1.000 x 107!

T

i D
=) o
= =
X X
=3 =)
S S
S S
— —

-

A)

FIGURE 6: Tafel plot for ATCC 7757 and Sg. Ular. Sg. U-A is for Sg.
Ular for a 21-day incubation period while Sg. U-B is for Sg. Ular
for a 7-day incubation period. ATCC-A is ATCC 7757 SRB bacteria
incubated for 21 days and ATCC-B is ATCC 7757 for 7 days.

Higher CR was recorded on day 21 for both SRB strains. This
could be attributed to the fact that the SRB activity produced
hydrogen sulfide (H,S) as a secondary metabolite, H, S, which
can easily be diluted in the medium to corrode carbon steel.
This is evidence to suggest that the electrochemical corrosion
behaviour of carbon steel is influenced mainly by the redox
quality on the biofilm, and the redox quality mainly depends
on the SRB metabolism activity. The corrosion rate is barely
related to SRB itself, but the biology activity of SRB is the key
factor in influencing the corrosion.

3.3. Microscopic Observation. Figures 8 and 9 show the SEM
images of corrosion products and biofilms developed on
carbon steel coupons exposed to the Sg. Ular strain and
ATCC 7757 for 30 days. Figures 8 and 9 represent the Sg.
Ular SRB strain and the ATCC 7757 SRB strain, respectively.
According to the images as shown in Figure 8, typical
Desulfovibrio sp. SRB cells were observed with rod shapes
with approximately 1.5-2.0 ym sizes. After the carbon steel
samples were cleaned, the surface analysis was done again to
observe the morphology of the coupon. Figure 7 show some
of the morphology of the carbon steel coupon exposed to
the SRB Sg. Ular. Pitting corrosion was observed with the
size approximated 20 ym. The morphology of the corrosion
process is identified as localised to form pitting defect.
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FIGURE 8: SEM images of the biofilms incubated at 37°C for 30 days
for isolated Sg. Ular strain.
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FIGURE 9: SEM images of the biofilms incubated at 37°C for 30 days
for ATCC 7757 strain.

4. Conclusion

The consortium of bacteria suspected to be the SRB strain
was successfully screened from the mud/soil sample taken
from Sg. Ular site. Even though no genetic sequence was
conducted, according to the results from SRB kits, morphol-
ogy images, corrosion studies, and other methods of testing
showed comparable effects and features with the ATCC 7757
strain. The growth of SRB in the limited containing culture
medium showed three stages of SRB growth, namely, the
exponential phase, the steady phase, and the dead phase.
The ennoblement mechanism was observed from both of
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the Sg. Ular SRB and ATCC 7757 strains by shifting the
corrosion potential to a more positive value. The corrosion
rate of the carbon steel coupon was mainly affected by the
SRB metabolisms activity by producing H,S and changing
the redox potential. Surface analysis showed pitting corrosion
morphologies on the carbon steel coupon inoculated with
isolated SRB. The EDS analysis supported the finding with
high peak of Fe and S due to the presence of iron sulfide.
The modelling of potential metal loss of steel pipeline in Sg.
Ular area can be carried out using the laboratory ATCC 7757
strain since the growth behaviour and the impact on metal
loss by this manufactured strain are comparable to Sg. Ular
SRB strain, hence minimising the isolation of bacteria strain
from the site.
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