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Abstract: Microbiologically influenced corrosion (MIC) is a serious threat to the integrity of crude oil
pipelines. Sulphate-reducing bacteria (SRB) are the primary microorganisms responsible for MIC,
and their aggressiveness is dependent on the energy source available to them. Acetate, a common
energy source, has been shown to accelerate the corrosion of carbon steel in the presence of SRB. This
study investigated the effect of acetate on the growth of SRB and the corrosion of carbon steel plates
in simulated anaerobic conditions. The corrosion kinetics were studied using linear polarization
resistance (LPR) and weight loss immersion tests for 42 days. The samples were characterized using
Scanning Electron Microscopy (SEM) and Energy-Dispersive X-ray Spectroscopy (EDX). The results
show that the addition of acetate to cultured media significantly increased the corrosion rate of carbon
steel plates in both formation water and Postgate Medium B (PMB). This was due to increased growth
of SRB in the presence of acetate, which led to the production of more corrosive hydrogen sulphide
(H2S). The findings based on experimental data obtained from this study confirm that acetate can
accelerate the corrosion of carbon steel in the presence of SRB.

Keywords: acetate; carbon steel; microorganisms; microbiologically influenced corrosion (MIC);
sulphate-reducing bacteria (SRB)

1. Introduction

Microbiologically influenced corrosion (MIC) is a phenomenon that is induced and
accelerated by microorganism activity [1]. It is estimated that MIC is responsible for 40% of
the internal corrosion observed in pipelines, making it one of the most severe corrosion
problems faced by the oil and gas industry [2]. The presence of carbon dioxide (CO2) and
hydrogen sulphide (H2S) gases exacerbates this corrosion [3]. SRB, which are commonly
found in anaerobic environments in pipelines, are the main species leading to MIC [4].
SRB grow by utilizing nutrients from oilfield water [5]. As heterotrophic organisms, SRB
utilize carbon from organic substances and generate H2S [6]. During aerobic respiration,
SRB use sulphate as the terminal electron acceptor, turning hydrogen sulphide (H2S) into a
byproduct. [7].

Hydrogen sulphide is a colourless and highly toxic gas with a distinctive smell of
rotten eggs [8]. H2S is a product of both biological and abiotic processes produced by
SRB and causes corrosion by releasing aggressive substances such as sulphide into the
environment, destroying the protective layer of steel, forming deposits, and stimulating the
cathodic process [9,10]. Additionally, the growth rate of SRB is attributed to the reduction
in the dissolved iron concentration caused by the reaction of hydrogen sulphide followed
by the precipitation of iron sulphide. [11]. The gas dissolves to form a weak acid within
the system, dissolving steel to produce iron sulphide (FeS) and hydrogen molecules as
a corrosion byproduct. In an environment rich in hydrogen sulphide, the production
of insoluble FeS by SRB can create a galvanic cell with steel as the anode, resulting in
localized damage as the anode dissolves [12]. The toxic and corrosive nature of H2S
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poses a significant concern in the oil and gas industry [13]. The detrimental effects of this
phenomenon include pipeline damage, structural degradation, and potential hazards to
worker safety.

The organic compound acetate (C2H3O2
−) is classified under the functional group

of carboxylates [14]. Acetate is the conjugate base of acetic acid, resulting from the loss
of a proton (H+) [15]. Acetate is a significant component in several biological processes
and serves as a source of energy for organisms, including bacteria [16]. The presence of
acetate as an organic compound in pipelines through a process known as the hydrolysis of
acetic acid supports the growth of SRB [17]. The growth of SRB in pipelines can produce
more H2S, leading to the degradation of pipeline materials, mainly carbon steel [18,19].
According to the literature, when acetate is present, key genes involved in the metabolism
of SRB are activated [20]. Another research work investigated the result of using different
carbon sources on the growth and activity of SRB [19].

SRB and acetate metabolism are shown in Figure 1 below, where acetate enters the
SRB cell when it undergoes metabolism. SRB possess a transportation mechanism that
facilitates the uptake of acetate from the surrounding environment [21]. Acetate is capa-
ble of penetrating the bacterial cell through transport proteins or via diffusion across the
cell membrane [22]. Acetyl-CoA synthesis activates acetateithin in the bacterial cell [23].
Acetyl-CoA is a pivotal molecule in cellular metabolism and functions as a substrate for
acetate entry into various metabolic pathways [24]. The acetyl-CoA obtained from acetate
metabolism undergoes entry into the Krebs cycle, also referred to as the citric acid cycle [25].
This cycle comprises a sequence of biochemical reactions within the cell’s mitochondria or
cytoplasm [24]. In this cycle, acetyl-CoA is oxidized to produce the reducing equivalents
Nicotinamide Adenine Dinucleotide + Hydrogen (NADH) and an Adenosine Triphosphate
(ATP) molecule [26]. SRB employ the reduction reactions produced in the citric acid cycle
or the reduction of sulphate ions [27]. The reduction process comprises multiple enzymatic
reactions by particular enzymes within the bacterial cell. The transfer of reducing equiva-
lents occurs towards the sulphate molecule, leading to the generation of H2S. However, it
is important to note that the findings of this research remain unknown and not proven, as
they have not been published or made available to the scientific community for validation.

Metals 2023, 13, x FOR PEER REVIEW  3  of  18 
 

 

 

Figure 1. The metabolism of SRB and acetate. 

2. Experimental Details 

Two experiments were conducted, designated as Case A and Case B. The Case A set-

up involved carbon steel coupons in formation water with 3% NaCl to simulate the con-

dition in a pipeline environment. Case B used Postgate Medium B (PMB), which is com-

monly used in laboratory media to support the growth of SRB. Using both set-ups allowed 

us to gain a better understanding of the role of acetate and SRB activity in MIC. 

2.1. Material 

A carbon steel plate of A283 Grade C was used, whose chemical composition and 

physical properties are presented in Table 1 [28] and Table 2 [29,30]. The SEM image of 

carbon steel A283 Grade C as received is shown in Figure 2. 

Table 1. Chemical composition of carbon steel plate A283 Grade C. 

Element  C  Si  Mn  P  S  Cu (min) 

Content (%)  0.24  0.15–0.40  0.90  0.035  0.04  0.20 

Table 2. Physical properties of carbon steel plate A283 Grade C. 

Material 
Yield Strength ksi 

(Mpa) 

Tensile Strength 

ksi (Mpa) 
Elongation 8 Inch Elongation 2 Inch 

A283 Grade C  30 (205)  55–75 (380–515)  22  25 

Figure 1. The metabolism of SRB and acetate.

This research study contributes to the engineering field by exploring the intricate
mechanism of MIC of carbon steel under anaerobic conditions. It specifically focuses on
the significance of SRB in MIC and the utilization of acetate as a carbon source for SRB
metabolism. The study provides a comprehensive analysis of the interactions between SRB,
acetate, and corrosion in the oil and gas industry. The findings of this study contribute
novel insights into microbiological corrosion mechanisms and the intricate interactions



Metals 2023, 13, 1974 3 of 17

between bacteria, organic compounds, and pipeline materials. This understanding can be
effectively applied in the development of corrosion control strategies that specifically target
the problem areas.

The remaining paper structure is organized as follows. Experimental details are
discussed through related work in Section 2. Section 3 presents the results obtained from an
experiment that was conducted. Section 4 presents the discussion, and Section 5 provides
the conclusions.

2. Experimental Details

Two experiments were conducted, designated as Case A and Case B. The Case A
set-up involved carbon steel coupons in formation water with 3% NaCl to simulate the
condition in a pipeline environment. Case B used Postgate Medium B (PMB), which is
commonly used in laboratory media to support the growth of SRB. Using both set-ups
allowed us to gain a better understanding of the role of acetate and SRB activity in MIC.

2.1. Material

A carbon steel plate of A283 Grade C was used, whose chemical composition and
physical properties are presented in Table 1 [28] and Table 2 [29,30]. The SEM image of
carbon steel A283 Grade C as received is shown in Figure 2.

Table 1. Chemical composition of carbon steel plate A283 Grade C.

Element C Si Mn P S Cu (min)

Content (%) 0.24 0.15–0.40 0.90 0.035 0.04 0.20

Table 2. Physical properties of carbon steel plate A283 Grade C.

Material Yield Strength ksi (Mpa) Tensile Strength ksi (Mpa) Elongation 8 Inch Elongation 2 Inch

A283 Grade C 30 (205) 55–75 (380–515) 22 25
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2.2. Test Matrix and Solution Preparation

Case A represents the corrosion of carbon steel in simulated formation water with 3%
NaCl and saturated CO2. In contrast, Case B represents the corrosion of carbon steel in
Postgate Medium B and formation water with 3% NaCl and saturated CO2. In both cases,
the presence of acetate and SRB was investigated. The details of the Case A and B tests are
summarized in Table 3.

Table 3. Test matrix for Case A and Case B.

Parameters Descriptions

Working electrode Carbon steel A283 Grade C

Duration 42 days

Size of sample 10 mm × 10 mm × 5 mm

Pressure Atmospheric pressure (constant)

Temperature (◦C) 25

Solutions for Case A

Test-1A: 3% NaCl with CO2
Test-2A: 3% NaCl + 1500 ppm acetate with CO2
Test-3A: 3% NaCl + SRB with CO2
Test-4A: 3% NaCl + 1500 ppm acetate + SRB with CO2

Solutions for Case B

Test-1B: PMB + 3% NaCl with CO2
Test-2B: PMB + 3% NaCl + 1500 ppm acetate with CO2
Test-3B: PMB + 3% NaCl + SRB with CO2
Test-4B: PMB + 3% NaCl + 1500 ppm acetate + SRB with CO2

Sample type (working electrode) The surface was finished with SiC paper with grits of 80, 120, 240,
320, 400, and 600.

2.2.1. Preparation of Formation Water

Test solutions were prepared based on the ASTM Standard Specification for Replace-
ment Ocean Water D 1141-98 [31], which provides guidelines for accurately replicating the
composition and properties of natural oceanic conditions. The solution was purged and
saturated with carbon dioxide, resulting in a pH of 3.7. The autogenous pH of the solution
was adjusted to be between 7.5 and 8.4 using sodium hydroxide, NaOH, and hydrochloric
acid, HCl. This precise pH calibration procedure guarantees that the test solution emulates
the pH parameters observed in marine environments, enabling precise and dependable
experimentation within the oil and gas sector.

2.2.2. Preparation of Postgate Medium B (PMB) Solution

Postgate Medium B comprises various essential components carefully selected to
meet the nutritional requirement of SRB and is utilized to promote the growth of SRB [32].
Postgate Medium B [33] contains 3.5 g/L sodium lactate, 2.0 g/L magnesium sulphate
heptahydrate, 1.0 g/L ammonium chloride, 1.0 g/L yeast extract, 0.5 g/L potassium
phosphate, 0.5 g/L iron (II) sulphate heptahydrate, 0.1 g/L ascorbic acid, and of 0.1 g/L
thioglycolic acid. The chemical was mixed with 1 L of distilled water and stirred. The pH
was altered to 7 using concentrated sodium hydroxide, and the solution was then sterilized
in an autoclave for 3 h.

2.2.3. Preparation of Acetate Buffer

To produce 0.1 M acetate buffer at pH 7, 5.772 g of sodium acetate was added into 800 mL
of distilled water. Then, 1.778 g of acetic acid was added to the solution. By using NaOH, the
pH value was adjusted, and distilled water was added to reach a volume of 1 L [34].

2.2.4. Isolation and Detection of SRB Using SRB-Bart Kit

Two litres of port water were extracted from an upstream pipeline that has been identi-
fied to have a corrosion problem. An amount of 30 mL of port water was taken and poured
into the SRB-Bart Kit, as shown in Figure 3, and then placed in an incubator at 35 ◦C for 1 h.
Blackening at the top and bottom of the kit was observed, indicating a positive reaction
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pattern for SRB. Serial dilution and SRB plating were carried out in a Petri dish containing
Postgate Medium B agar, using streaking and spreading for bacteria culturing [35]. The
Petri dish was then incubated at 35 ◦C for 3–7 days. The SRB colony was then streaked,
and 10 mL of 0.3% NaCl solution was added in. Using a UV spectrophotometer with a
single wavelength, 0.550 absorbance was carried out to produce 10 mL of SRB solution to
add to the experiment solution. SRB were added every 24 h in the test solution throughout
the experiment period.
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Figure 3. (a) SRB-Bart Kit and (b) SRB detection indicator.

2.2.5. Serial Dilution and Plating for SRB

Serial dilution is the simplest technique for obtaining manageable concentrations of a
desired organism, and it is complemented by Petri dish streaking and spreading, as shown
in Figure 4 [36]. An amount of 100 mL of solution from the SRB-Bart kit (the blackened part)
(solution0) was added to tube 1 containing 1 mL of normal saline solution; the product of
this mixture was solution. This step was repeated by aliquoting 100 mL of the newly created
solution and adding it to tube 2. Aliquoting and resuspension were likewise repeated
until the final tube was reached, diluting the stock concentration by a factor of 10 with
each step. We pipetted 100 mL from tube 1 into the centre of the surface of an agar plate
made of PMB, as shown in Figure 5. The L-shaped glass spreader (hockey stick) was then
dipped into alcohol. The glass spreader was placed over a Bunsen burner, and the sample
was spread evenly over the surface of agar using a cool alcohol-flamed glass-rod spreader,
carefully rotating the Petri dish underneath at an angle of 45◦ at the same time. The plate
was incubated at 35 ◦C for 24–48 h. These steps were repeated for test tube 2 through 10.
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Figure 4. Serial dilution technique.
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Figure 5. Spread plate technique.

2.2.6. Streak Plate Method for Pure Culture

To produce isolated colonies of an organism (mostly bacteria) on an agar plate, a single
bacterial cell is streaked across the surface of the agar plate. The streak plate method, as
shown in Figure 6, is useful to separate organisms in a mixed culture (to purify/isolate a
particular strain from contaminants) or to study the colony morphology of an organism.
The inoculating loop in the Bunsen burner is sterilized by putting the loop into the flame
until it is red hot. Then, it is allowed to cool. An isolated colony is chosen from the agar
plate culture and spread over the first quadrant (approximately 1/4 of the plate) using close
parallel streaks, or the loop is inserted into the tube/culture bottle and some inoculum
is removed. The inoculating loop is gently streaked over a quarter of the plate using a
back-and-forth motion (see area 1 in the figure below). The loop is placed in the flame again
and allowed to cool. Going back to the edge of area 1, the streaks are extended into the
second quarter of the plate (area 2). The loop is placed in the flame again and allowed to
cool. Going back to the streaked area (area 2), the streaks are extended into the third quarter
of the plate (area 3). The loop is placed in flame again and allowed to cool. Returning to the
streaked area (area 3), the streaks are extended into the fourth quarter of the plate (area 4).
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2.3. Corrosion Measurement

Corrosion rate measurement is carried out through linear polarization resistance (LPR)
and weight loss immersion tests [37]. Combining these two methods can provide a more
precise evaluation of the corrosion behaviour of carbon steel in this experiment.

2.3.1. Linear Polarization Resistance test

LPR test was conducted in accordance with ASTM G59 using an ACM instrument to
analyse the polarization resistance of carbon steel [38]. Figure 7 shows the experimental
set-up for the LPR test. The LPR method is based on the Stern–Geary equation, which
relates the polarization resistance of a metal to its corrosion rate [39]. The test matrix for
linear polarization resistance is shown in Table 4 below. The reported results are based on
the average of three experimental replicates.

Rp =
∆E
∆i

(1)

where

Rp: polarization resistance (Ohm);
∆E: potential difference (V);
∆I: change in current (A).
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Figure 7. Experimental set-up for the linear polarization test: (a) schematic and (b) actual picture of
linear polarization test.

Table 4. Test matrix for linear polarization resistance.

Description

Size of Sample 10 mm × 10 mm × 5 mm
Counter electrode Stainless steel

Reference electrode Silver/silver chloride (Ag/AgCl)
Working electrode Carbon steel A283 Grade C

The corrosion rate can be measured by converting the polarization resistance using
the Stern–Geary equation [40].

icorr =
B

Rp
(2)
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where

icorr: corrosion current density, A.cm−2;
B: Stern–Geary constant.

Equation (3) shows the calculation of the corrosion rate if given Rp and icorr:

CR =
0.00327 × icorr × M

n
ρ

(3)

where

CR: corrosion rate, mm/yr;
M/n: equivalent weight, gm;
P: density of metal.

2.3.2. Weight Loss Immersion Test

The weight loss immersion test was conducted in accordance with ASTM G31 by
immersing carbon steel in a corrosive solution to analyse weight loss over time [41]. The
corrosion rate was calculated using the formula in Equation (4) [42]. Figure 8 shows the
experimental set-up for the weight loss test. The reported results are based on average of
three experimental replicates.

CR = k
∆w

ρ× A × T
(4)

where

CR = corrosion rate (mm/year);
∆w = weight loss (g);
A = exposed surface area of coupon (cm2);
ρ = density of carbon steel (g/cm3);
T = time (hours);
k: constant for unit conversion (8.76 × 104).
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2.4. Surface Characterization of Carbon Steel

To observe changes in the surface of the carbon steel plate after the test was performed,
SEM (TM 3000) was used to study pitting morphology, and EDX, using Quantax 70 software,
version 1.3, was used to determine the corrosion byproduct’s elemental composition.

3. Results
3.1. Corrosion Rate under Simulated Formation Water in Saturated CO2: Case A

The overall LPR results for current (mA/cm2) vs. time (hour) are shown in Figure 9.
Figure 10a shows the corrosion rate vs. time for Case A and provides a visual representation
of the variability in data points across the three trials conducted for this case. The presence
of acetate decreased the corrosion rate by 9.5% (from 1.55 mm/year to 1.41 mm/year).
However, with the presence of acetate and SRB, the corrosion rate increased to 17.2% (from
1.65 mm/year to 1.96 mm/year), indicating an increase in SRB activities and their abilities
to produce corrosive byproducts, which further accelerated the corrosion of the carbon
steel being tested.
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Figure 10. (a) LPR corrosion rate and (b) weight loss corrosion rate for Case A.

A similar observation was noted in the weight loss immersion test, as shown in Table 5,
and Figure 10b provides a visual representation of the variability in data points across
the three trials conducted for this case. The corrosion rate decreased with the presence of
acetate by 45.9% (from 0.83 mm/year to 0.52 mm/year). However, with acetate and SRB,
the corrosion rate increased by 17.2% (from 1.01 mm/year to 1.20 mm/year). The presence
of acetate in the SRB environment can thus substantially increase the corrosion rate.

Table 5. Corrosion rate for Case A in carbon steel A283 Grade C according to weight loss method test
(the values in the parentheses represent standard deviation among the three tests conducted).

Weight (g) Test-1A Test-2A Test-3A Test-4A

Before 4.58 (±0.05) 4.45 (±0.03) 4.67 (±0.03) 4.86 (±0.01)
After 4.21 (±0.05) 4.21 (±0.05) 4.21 (±0.04) 4.31 (±0.03)
Weight loss 0.37 (±0.02) 0.23 (±0.04) 0.45 (±0.04) 0.54 (±0.02)
Corrosion rate (mm/year) 0.83 (±0.04) 0.52 (±0.05) 1.01 (±0.02) 1.20 (±0.05)

3.2. SEM Images and EDX Results: Case A

It can be seen from the SEM images in Figure 11a,b for Test-1A and Test-2A, respec-
tively, that the surface was uniformly corroded and covered with a black film, indicating a
possible formation of an iron carbonate layer with 0% sulphur. However, the SEM image
of the Test-3A surface was covered with black film, and pitting was detected, with 0.01%
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sulphur. As shown in Figure 11d, for Test-4A, a more severe pitting-like surface was
observed than in Figure 11c, with 0.04% sulphur.
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3.3. Corrosion Rate under Simulated Formation Water and Postgate Medium B in Saturated CO2:
Case B

The overall LPR results for current (mA/cm2) vs. time (hour) are shown in Figure 12.
Figure 13a shows the LPR corrosion rate vs. time for Case B and provides a visual rep-
resentation of the variability in data points across the three trials conducted for this case.
The presence of acetate decreased the corrosion rate by 8.8% (from 1.55 mm/year to 1.42
mm/year). However, with acetate and SRB, the corrosion rate increased to 32.9% (from 1.75
mm/year to 2.44 mm/year), corresponding to SRB kinetics producing corrosive byproducts,
further speeding up the corrosion of the carbon steel.
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These findings demonstrate that acetate and SRB could significantly increase the severity
of corrosion of carbon steel.

Table 6. Corrosion rate for Case B in carbon steel A283 Grade C according to weight loss method test
(the values in the parentheses represent standard deviation among the three tests conducted).

Weight (g) Test-1B Test-2B Test-3B Test-4B

Before 4.70 (±0.05) 4.76 (±0.03) 4.99 (±0.03) 4.65 (±0.01)
After 4.36 (±0.05) 4.52 (±0.05) 4.48 (±0.04) 4.05 (±0.03)
Weight loss 0.33 (±0.02) 0.23 (±0.03) 0.50 (±0.04) 0.59 (±0.02)
Corrosion rate (mm/year) 0.74 (±0.04) 0.51 (±0.05) 1.12 (±0.02) 1.32 (±0.05)
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3.4. SEM Images and EDX Results: Case B

From the SEM images in Figure 14a,b, representing Test-1B and Test-2B, respectively,
the formation of a black film of iron carbonate can be seen with 0% sulphur. However,
as shown in the SEM image in Figure 14c, Test-3B pitting was detected on the surface of
carbon steel, with 0.08% sulphur. In Figure 14d for Test-4B, the SEM image shows severe
pitting as compared to that shown in Figure 14c, with 0.14% sulphur.
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4. Discussion

The results of this study show that the presence of acetate in an SRB environment
can significantly increase the corrosion rate of carbon steel. In Case A, the corrosion rate
increased by 17.2% when acetate and SRB were present, and in Case B, the corrosion rate
increased by 32.9%. This increase in the corrosion rate was due to the production of a
corrosive byproduct, H2S, by SRB. This byproduct reacts with carbon steel to form FeS,
which is corrosive [43].

Furthermore, the presence of acetate in the media enhanced SRB metabolism and
resulted in more pronounced corrosion of the surface of carbon steel. Without SRB, adding
acetate reduced the corrosion rate, as shown by the SEM image showing the surface of
carbon steel with general corrosion and an FeCO3 film. A decrease in the corrosion rate
indicates an inhibitive effect from acetate through a process called passivation involving
the adsorption of acetate ions on the surface of carbon steel [44]. This result agrees with
those of several investigators dealing with acetate ions’ effects on carbon steel [45].

The pitting and sulphur deposit on the surface of carbon steel, indicating the produc-
tion of hydrogen sulphide as a byproduct of its metabolism reacting with the metal surface
to form FeS [43]. It was observed that more sulphur deposits were detected via EDX in the
PMB media, resulting in severe pitting on the carbon steel surface. Iron sulphide formation
can lead to corrosion product deposition on the carbon steel surface layer, which further
accelerates corrosion by allowing the penetration of a corrosive agent into the carbon steel
substrate [46].

As described earlier, the presence of sulphur content deposited on the surface of
carbon steel indicates hydrogen sulphide produced by SRB reacting with the surface of
carbon steel to form FeS, which leads to pitting corrosion. This mechanism is due to the
anaerobic respiration of SRB utilizing acetate through biochemical reactions in the bacteria
cell. SRB use acetate as an electron donor and sulphate as an electron acceptor, converting
them into hydrogen sulphide and carbon dioxide as end products. This reaction provides
energy for the SRB to grow and carry out their metabolic activities.

5. Conclusions

This paper investigates the effect of acetate on MIC of internal pipeline surfaces. The
following conclusions can be drawn:

(i) The presence of acetate in the medium enhanced the metabolism of SRB and resulted
in more pronounced corrosion of the surface of carbon steel.

(ii) Without SRB, adding acetate reduced the corrosion rate.
(iii) The pitting and sulphur deposit on the surface of carbon steel indicates that H2S is a

byproduct of SRB metabolism and reacts with the carbon steel surface to form FeS.
(iv) More sulphur deposit was detected in PMB media, resulting in severe pitting on the

carbon steel surface.
(v) FeS formation can lead to the deposition of corrosion products on the layer of the car-

bon steel surface, which can further accelerate corrosion by allowing the penetration
of a corrosive agent into the carbon steel substrate.

(vi) The mechanism of pitting corrosion is due to the anaerobic respiration of SRB utilizing
acetate through biochemical reactions in the bacteria cell.

(vii) SRB use acetate as an electron donor and sulphate as an electron acceptor, converting
them into H2S and CO2 as end products. This reaction provides energy for the SRB to
grow and carry out their metabolic activities.
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