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Abstract: The current study explores microbiologically influenced corrosion (MIC) of carbon 

steel API 5L X65 with and without the presence of sulfate-reducing bacteria (SRB) in CO2 
environments. The Electrochemical Impedance Spectroscopy (EIS), potentiodynamic polarisation 
and Field Emission Scanning Electron Microscopy (FESEM) techniques were employed to analyse 
the carbon steel’s corrosion behaviour. The Rp values from the EIS signify lower values denoting the 
steel’s greater corrosion rate. FESEM micrographs found a uniform corrosion on specimens without 
SRB whereas a pitting corrosion on specimens with SRB. The study concludes that SRB accelerate 
the corrosion progression due to MIC. 
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1.  Introduction  
Oil and gas carry a portion of water with varying 

volumes of gases and acids; both gases of carbon dioxide 
(CO2) and hydrogen sulphide (H2S) are the most 
common1). According to the Natural Gas Industry Annual 
Review 2017, Malaysia faces a high CO2 gas presence. In 
2011, the global average atmospheric CO2 reached 390.4 
ppm surpassing the 390 ppm limit for the first time2). 
Following the excess in CO2 and H2S, a worldwide threat 
is impending, particularly the environment3–6). These 
conditions are detrimental to the service life and 
functionality of carbon steel7). The inquiry on carbon 
dioxide corrosion, also known as sweet corrosion, 
especially on corrosion resistance of carbon steel, has 
piqued the interest of numerous researchers since the 70s. 
Steel degradation with carbon dioxide corrosion as the 
primary culprit has caused significant consequences for 
the oil and gas industries8). 

The pervasive presence of microorganisms in several 
conditions such as oilfield water formation, oilfield water 
production, seawater and cooling water has initiated the 
MIC phenomenon (microbiologically influenced 

corrosion)9). The anaerobic sulfate-reducing bacteria 
(SRB) are typically found in oilfields involving MIC 
pipelines10). MIC materialises after the production of a 
biofilm on the surface of the steel11,12). In the course of 
SRB’s metabolic activity, reduction of sulfate ions occurs 
into three forms of sulfide ions, namely H2S (soluble), HS- 
and S2- 13,14). The company of carbon dioxide (CO2), 
hydrogen sulphide (H2S), seawater and other particles 
initiate critical corrosion-related problems in oil and gas 
pipelines. 

Research on MIC involving SRB in CO2 environments 
are still lacking, especially in the Malaysian context. 
Researchers continue to explore mechanisms and 
electrochemical sequences for pitting corrosion in these 
environments. Hence, this paper seeks to study, through 
the exploitation of destructive and non-destructive 
electrochemical methods, the co-presence effects of SRB 
in CO2 environments on the corrosion behaviour of API 
5L X65.  
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2.  Materials and experimental procedure 
2.1 Microorganisms and culture 

The samples of bacteria were obtained from local crude 
oil located in Melaka, Malaysia. This study utilises stock 
cultures that went through isolation and stored in semi-
anaerobic conditions at −18°C. The stock cultures, 
consisting of two single bacteria of SRB (Desulfococcy 
multivorans and Disulfovibrio sp.), were employed to 
study corrosion on carbon steel in CO2 environments. The 
SRB were cultured in an enrichment medium known as a 
VMNI medium. The medium was incubated for three full 
days at a maintained temperature of 30°C. Subsequently, 
the SRB were centrifuged at 3500 rpm for five minutes 
before being used in electrochemical measurements15).  

 
2.2 Culture medium 

According to Zinkevich et al.16)
, the VMNI medium is 

an enrichment medium prepared specifically for culturing 
SRB in the laboratory. The medium compositions 
employed were (g/L): 0.5 KH2PO4, 1.0 NH4Cl, 4.5 
Na2SO4, 0.3 Na3C6H5O7, 0.04 CaCl2.6H2O, 0.06 
MgSO4.7H2O, 2.0 casamino acid, 2.0 tryptone, 5.0 
sodium lactate, 0.1 ascorbic acid, 0.1 thioglycolic acid, 0.5 
FeSO4.7H2O and 1.0 yeast extract. The VMNI solution 
was prepared using filtered seawater. The pH of the 
solution was then set to 7.2 ± 0.1 using 1 M NaOH. 
Subsequently, at 121°C for 15 minutes, this VMNI 
medium was autoclaved before adding 1.0 mL trace 
elements and 2.0 mL vitamins at room temperature. 
 
2.3 Metal samples preparation 

The API 5L X65 carbon steel pipe were cut into 
coupons with elemental compositions (wt%), C: 0.16, Si: 
0.45, Mn: 1.65, P: 0.020, S: 0.01, V: 0.09, Nb: 0.05 and 
Ti: 0.06. The coupons were machined into cuboid shapes 
with dimensions 10 mm x 20 mm x 2 mm. Later, a mould 
of non-conducting epoxy resin was prepared to embed the 
cuboid coupons and leaving an exposed area of 100 mm2. 
Each coupon was soldered with a copper wire to establish 
an electrical connection. The cuboid-shaped coupons 
without mould in epoxy were used for biofilm growth. All 
the coupons were grind using grit silicon carbide papers 
of 600, 800 and 1200, and immersed in an acetone solvent 
for degreasing. Subsequently, the coupons were cleaned 
using anhydrous ethanol, dried and kept in a desiccator. 
Before testing, the coupons were sanitised under a UV 
lamp for 30 minutes11). 

 
2.4 Surface analysis of coupons exposed to bacteria 

The Field Emission Scanning Electron Microscope 
(FESEM) technique carried out the surface analyses. In 
observing the biofilm production on the steel surface, the 
API 5L X65 coupons were incubated in a test solution 
containing SRB for 72 hours. The preparation of 
biological samples was done by soaking the coupons in 
2.5 % glutaraldehyde solution for eight hours and 

dehydrated using series of ethanol11). Next, to amplify the 
electrical conductivity, the specimen’s surface was coated 
with a thin gold film. In order to monitor the morphology 
of corrosion, the product was removed as per the guideline 
provided in the ASTM-G1-03 standards.  

 
2.5 Bacteria cell counts 

The SRB cell counts – which determines the growth 
process of SRB – were measured using Colony-Forming 
Unit (CFU) techniques by exposing the bacteria in VMNI 
medium to CO2 for 30 days at 30°C. Fig. 1 shows a 
schematic diagram of the dilution factors to measure the 
numbers of bacteria formed in CO2 environments. The 
dilution of bacterial samples was performed on certain 
days by extracting 1.0 mL of bacterial culture using a 
micropipette and dissolved in 9.0. mL of sterile seawater. 
This step was repeated for up to 7 to 10 dilution factors 
depending on the cell growth calculated on the VMNI agar 
plate. 0.1 mL of shaken solution was extracted using a 
micropipette, dropped, and spread on the agar plate for 
each dilution step. The agar plate was incubated in an 
anaerobic flask for 24–48 hours at 30°C. The numbers of 
colonies formed were calculated using the formula17): 

 

𝐶𝐶𝐶𝐶𝐶𝐶
𝑚𝑚𝑚𝑚

= 𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 𝑜𝑜𝑜𝑜 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 
𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 (𝑚𝑚𝑚𝑚)

 𝑥𝑥 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 (1) 

 

 
Fig. 1: A dilution factor for bacterial culture.  

 
2.6 Electrochemical measurements 

The electrochemical impedance spectroscopy (EIS) and 
potentiodynamic polarisation curves were executed using 
a potentiostat (Gamry References 3000). As a reference, a 
silver/silver chloride (Ag/AgCl) was employed, whereas 
a platinum rod and a coupon serve as counter electrodes 
and working electrodes. The EIS attained open circuit 
potential (OCP) when applied a 10mV signal of sinusoidal 
voltage with frequencies between 10-2 to 105 Hz. Setting 
the scan rate to 0.2 mV/s, the potentiodynamic 
polarisation curves were calculated by scanning the 
potential from -250 mV to +350 mV vs OCP. The data 
received from the polarisation curves and EIS with 
suitable equivalent circuit models were analysed using the 
Gamry Echem Analyst. 
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3.  Results and discussion 
3.1 Biofilm morphology 

FESEM imaginings for SRB biofilms after 72 hours of 
incubation are shown in Fig. 2 where vibrio and sphere 
shaped bacteria appear enveloping the entire carbon steel 
surface. The vibrio shaped bacteria, as spotted in Fig. 2, 
are typical Desulfovibrio sp. SRB cells at sizes around 1.5-
2.0 µm18). Meanwhile, the sphere or cocci shape bacteria 
reveal another strain of SRB belonging to the 
Desulfococcus multivorans sp.19). In this micrograph, the 
manifestation of SRB was indicated by a strong scent, 
seemingly to a decomposed egg. and a display of black 
VMNI broth. These attributes suggest the decrease of 
sulfate and development of H2S and FeS. Previous studies 
involving SRB discovered a similar result20). 

 

 
Fig. 2: FESEM image for the SRB biofilm formed in CO2 – 

VMNI medium 72 hours incubation at 30ºC. 
 

The biofilm development on the metal surface signifies 
the onset of MIC. The metal substrate is attached by SRB 
cells; they soon grow, replicate and generate an 
extracellular polymeric substance (EPS) resulting a 
phenomenon termed as biofilm formation. As shown in 
Fig. 2, the biofilm and MIC products have an 
inhomogeneous morphology and thickness. The metal 
substrate could barely be seen in a porous black layer21). 
The substance identical to slimes noticed on the corrosion 
produces are hypothesised as EPS. The EPS and corrosion 
products usually take up to 75-95% of biofilms volume, 
while cells occupy 5-25%.  

 
3.2 The growth process of bacteria 

Fig. 3 shows the 30-day development curve of SRB 
populations in the VMNI medium with CO2 at 30°C. The 
SRB growth curve can be divided into four phases: a lag 
phase (initial phase), an exponential phase, a stationary 
stage, and a decline phase. Day one to five is the lag phase 
for SRB. In this phase, the bacterial cells begin to adapt to 
the environment, and the number of cells is low as the cell 
is still new to divide. After five to ten days, the growth 

process of SRB begins to enter the second phase 
(exponential phase). The highest number of cells can be 
found in this phase. The number of bacteria increased 
rapidly and can hypothetically achieve their maximum 
number18). In the second phase, on day ten, the bacterial 
metabolism occurs at a high rate as a result of rapid cell 
growth and increased cell numbers. In addition, nutrients 
as an energy source are consumed to the maximum22). As 
a result of these bacterial cells’ metabolism activity, 
biofilms will form and accelerate the carbon steel 
surface’s corrosion process. The stationary phase of SRB 
was observed after day ten until day 19. In the third phase, 
the number of bacteria started to decline and were steadily 
maintained. After day 19, the numbers of bacteria begins 
to decrease, indicating a decline in bacterial metabolic 
activity23). In the decline phase, the amount of nutrients 
that is the carbon source is no longer able to meet the cells’ 
needs. This decline causes bacterial cells to slow down24). 

 

 
Fig. 3: Growth curves phase of SRB in CO2 gas flow at 

30°C for 30 days. 
 

3.3 Electrochemical impedance spectroscopy (EIS) 
The non-destructive electrochemical test known as the 

electrochemical impedance spectroscopy (EIS), in this 
study, was adopted to examine electrochemical reactions 
of MIC on the coupon surface 25). The EIS measurements 
were conducted at 30ºC during 14 days of immersion with 
a continuous CO2 gas flow. The control conditions are 
specimens immersed in CO2 environments without the 
presence of SRB. Fig. 4 demonstrates the Nyquist 
diagrams for the steel specimens through a 14-day test 
with and without SRB in CO2 environments. The 
impedance loops of control conditions (Figure 4a), on 
daily tests, are usually greater than those measured with 
SRB; more significant readings indicate lesser corrosion 
occurrence. The impedance loops of specimens without 
SRB decreased with more time of exposure, indicating 
that the corrosion has increased over time26). In the first 
four days with the presence of SRB (Figure 4b), the sizes 
of semicircle increased, but decreased on day seven. On 
the fourth day, the Nyquist plot diameter attains the 
highest reading signifying that the presence of SRB may 
begin to develop biofilms on the surface of the steel11). 
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Fig. 4: The Nyquist plot of (a) without and (b) with SRB 
within a 14-day test. 

 
Fig. 5 illustrates the circuits used to obtain the entire 

data of EIS in CO2 environments. Fig. 5a presents the 
electrical circuit manipulated to tailor the SRB data; 
whereas, Fig. 5b presents the circuit model without SRB. 
Rs is the solution resistance, whereas Rf is the resistance, 
and Qf is the constant-phase elements of the surface film. 
On the other hand, Rct is the charge-transfer resistance, Qdl 
is the double-charge layer’s constant-phase element, and 
W is the Warburg impedance. The circuit capacitance is 
replaced by the constant phase element (Q) through 
deliberating the corroded steel specimen’s heterogeneity. 
The Q and Zq impedances are measured by the following: 

𝑍𝑍𝑄𝑄 =  𝑌𝑌0−1 (𝑗𝑗𝑗𝑗)−𝛼𝛼  (2) 
ω indicates the angular frequency (rads), and Y0 and α 

are exponents signifying the specimen deviation from an 
ideal capacitive behaviour27).    
 

 
Fig. 5: Electrochemical circuits to design the EIS data: (a) 

with SRB, (b) and (c) without SRB. 
 

Fig. 6 shows Rp values’ time dependence, which was 
fitted from EIS data for SRB, where the Rp is the outline 
of Rf and Rct, Rp = Rf + Rct. Rp is the inverse proportion of 
the corrosion value. Generally, a greater Rp reveals a 
lesser steel corrosion rate. From the data, the Rp readings 
in the company of SRB are lesser than those without SRB. 
Such observation conforms that SRB exert severe 
corrosion effects on carbon steel.  

 
Fig. 6: The changes of Rp values from EIS fitted data with 

and without SRB in a CO2 environment.  

3.4 Potentiodynamic polarisation 

Fig. 7 shows the potentiodynamic polarisation coupon 
curves for SRB after a 14-day incubation. In the company 
of SRB, the polarisation curves indicate an accelerated 
reaction in both anodic and cathodic branches. The Ecorr 
reading shifted to the negative direction with SRB 
indicating an enhanced steel corrosion activity. The 
corresponding electrochemical fitting parameters were 
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itemised in Table 1. The corrosion current density (icorr) 
with SRB at the value of 8.55 x 10-6 A cm-2 was 
considerably larger than (icorr) for the control specimen 
(3.82 x 10-6 A cm-2). The value of icorr is proportionate to 
the steel’s corrosion rate28). The corrosion rate values 
obtained from the fitting data indicate that SRB 
contributes a higher value of 0.397 mm/yr than 0.177 
mm/yr recorded by the controlled condition. It is 
suggested that higher corrosion materialised when the 
samples were immersed in SRB compared to those 
without SRB. Thus, the analysis denotes that SRB 
enhanced the process of corrosion. The curve in Fig. 7 
shows a “passive” behaviour at the anodic branch with the 
presence of the SRB consortium. This behaviour indicates 
that the potential of the carbon steel significantly 
increased, pointing to the passivation possibility on the 
steel surface29). 

 

 

 
Fig. 7: Potentiodynamic polarisation curves in the with and 

without SRB after a 14-day test. 
 

Table 1. The measurement of potentiodynamic polarisation data for SRB after a 14-day test under the fitting of electrochemical 
corrosion parameter. 

 
3.5 Carbon steel’s surface morphology 

The corrosion surface morphologies for the carbon steel 
coupons with and without SRB after a 14-day immersion 
is presented in Fig. 8. In the coupons exposed to the CO2 
environment without SRB (as shown in Figure 8a), the 
steel surface was enveloped by uniform corrosion. 
Meanwhile, in the solution containing SRB as depicted 
through Fig. 8b, a tiny pitting corrosion is spotted. From 
the evidence gathered, the activity of SRB not just 
accelerate the corrosion but promotes pitting corrosion. 
These results could support the data acquired from 
potentiodynamic polarisation curves indicating the 
passivity of the steel submerged along with SRB. 

 

 
 

 

 
Fig. 8: Corrosion morphology of carbon steel (a) without 

and (b) with SRB within 14 days of testing. 

3.6 Corrosion behaviour of SRB in CO2 environment 

This study exhibits that SRB can thrive in CO2 
environments (Fig. 2 and 3). SRB can utilise the electron 
supply from CO2 to grow sessile SRB cells27). 
Consequently, more sessile SRB cells attach themselves 
onto the steel’s surface and contribute to progression of 
corrosion30). The presence of both SRB and CO2 

accelerate the steel corrosion in the solution22). Besides 
contributing to the growth of SRB, CO2 is able to partake 
in steel MIC by directly attaining electrons from Fe31): 

4Fe2+ + SO4
2- + 5H+ + 3HCO3

- →  

FeS + 3FeCO3 + 4H2O (3) 
The acceleration of carbon steel corrosion with SRB in 

Bacteria  
Ecorr  
(V) 

Icorr  
(A/cm2) 

Corrosion rate 
(mm/yr) 

Beta a 
(V/decade) 

Beta c 
(V/decade) 

No SRB -0.659 3.82 x 10-6 0.177 0.2890 0.1400 
SRB -0.724 8.55 x 10-6 0.397 0.0542 0.1132 
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solutions containing CO2 gas is shown in the corrosion 
rate value in Table 1. The existence of SRB substantially 
stimulates both anodic and cathodic reactions (Figure 7), 
hence, accumulating corrosion current densities (Table 1). 
 
4.0 Conclusion 

Bacteria cell counts from CFU techniques shows that 
SRB could survive well in CO2 environments. The 
FESEM micrograph depicted a distribution of SRB, 
featuring vibrio and sphere shapes belonging to 
Desulfovibrio sp and Desulfococcus multivorans sp. The 
Rp value from EIS indicates lower values suggesting a 
higher rate of corrosion. The values of corrosion rate 
obtained from polarisation fitting data indicate that SRB 
contribute a higher value of 0.397 mm/yr than the 
controlled specimen (0.177 mm/yr). It is shown that the 
presence of SRB, due to MIC, will quicken the corrosion 
process. 
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Nomenclature 

MIC Microbiologically Influenced Corrosion 
SRB Sulfate-Reducing Bacteria 
EIS Electrochemical Impedance Spectroscopy 
FESEM Field Emission Scanning Electron 

Microscopy 
CFU Colony-Forming Unit 
Rp Polarisation resistance 
Rs Solution resistance 
Rct Charge transfer resistance 
Q Constant phase element 
Qdl Double layer 
W Wardburg 
Ag/AgCl Silver/Silver Chloride 
OCP Open Circuit Potential 

 
Greek symbols 
ω angular frequency (rads), 

 
Subscripts 

corr corrosion 
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