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Abstract
Corrosion responses of some carbon steels, stainless steel and copper alloys in the
presence of a culture of bacteria (referred to as SRB-Sulphate-reducing bacteria) found in
industrial heat exchangers, was studied to recommend best alloys under this service
condition, with techno-economic consideration. Water from cooling towers in three plants in a
petrochemical processing complex were analysed for SRB presence. Two of the water
samples showed positive indication of SRB presence. The mixed cultures obtained from
plant one were grown in prepared media and incubated at 35 °C for 18 days.
Potentiodynamic polarisation studies in anaerobic conditions were done on the selected
alloys in aqueous media with and without the grown SRB. Scanning electron microscopy
(SEM) and energy dispersive X-ray spectroscopy (EDS) were then used to study the
corrosion morphology and corrosion products formation. The voltamograms show higher i corr
for alloys under the SRB compared to the control media, indicating the SRB indeed
increased the corrosion rates. The surface analysis showed pitting on steel alloy ASTM
A106-B. Localised attack to the grain boundaries on a selective area, was seen on ASTM
A516-70 dislodging the grains, and intergranular corrosion was seen throughout the exposed
area of ASTM A179. Copper alloys showed pitting on ASTM B111 grade C71500 (70-30),
and denickelification on ASTM B111 grade C70600 (90-10), and is a good alternative
material for use apart from carbon steel alloys, recording a low corrosion rate of 0.05
mm/year. The EDS analysis supported the findings showing higher weight percent of iron
and sulphur on surface of the alloys after exposure to the SRB media. This implies that the
presence of the sulphur ion indeed increased the corrosion rate. ASTM A516-70 carbon steel
was chosen as a suitable alternative material to the stainless steel in this environment. The
Tafel plot recorded a corrosion rate of 1.08 mm/year for ASTM A516-70 when exposed to
SRB media.

Key words: Corrosion, sulphate-reducing bacteria (SRB), cooling tower, heat exchanger,
carbon steels
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Chapter 1: Background to the research study

Chapter 1
1.

Background to the research study

Sulphate-reducing bacteria, known as

Desulfovibrio

Desulfuricans

in the scientific

community, are anaerobic and non-pathogenic bacteria, which attach to substrate surfaces
and form biofilms, and are capable of causing severe corrosion of iron in water systems due
to their ability to produce enzymes which accelerate reduction of sulphate, and a corrosive
hydrogen sulphide product is formed. SRB utilise thiosulphates and sulphites as final
electron acceptors and various organic nutrients as electron donors. SRB acts as a catalyst
in the reduction reaction process. In order for this reduction to occur, the components
present should be sulphates, an external energy source in the form of free electrons and the
temperature of the water.
Bacteria, algae and fungi are capable of synthesising a vast number of enzymes, many of
which are secreted into the surrounding environment. These enzymes can break down a
variety of inorganic and organic molecules to provide the organism with the food and energy
it needs to grow and multiply (Choudhary 1998:93).
All living organisms require an energy source. Organisms such as green plants and algae
are capable of using light (daylight or direct sunlight) as their energy source which has the
unique ability to use reduced inorganics such as elemental sulphur and hydrogen sulphide
(Choudhary 1998:93).
The energy needed for growth of sulphate-reducing bacteria is obtained through the
oxidation of organic compounds:
𝑆𝑂42 − + 𝑜𝑟𝑔𝑎𝑛𝑖𝑐 𝑚𝑎𝑡𝑡𝑒𝑟 = 𝐻𝑆 − + 𝐻2 𝑆 + 𝐻𝐶𝑂3 −

(1)

Microbiologically induced corrosion (MIC), caused by SRB, has been known and studied for
many years, and the damage it causes is still of considerable concern to many industries that
suffer great economic losses due to this form of corrosion. MIC is always coupled with the
electrochemical process, and SRB are recognised as detrimental bacteria to most common
metals used in the industry. SRB are well known for attacking carbon steel (CS) in the form
of pitting corrosion (Hamilton 1985:195; Hardy & Brown 1984:650). The damaging effects
caused by pitting are typically much more severe than those by uniform corrosion. Pitting can
lead to perforation or crack initiation and, accordingly, has been the root cause to many
corrosion failures (McCafferty 2010:20; Javaherdashti 1999:173). Pitting corrosion is much
1
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more difficult to detect in the field than the uniform corrosion because pits are often micronsized and are concealed under the corrosion products and/or biofilm. Pitting has also been
considered to be of a stochastic nature (Shibata & Takeyama 1976:260; Shibata &
Takeyama 1977:243). Corrosion pits induced by SRB were reported to cause catastrophic
problems, especially in the oil and gas industry (Cord-Ruwishch 1987:97; Javaherdashti
1999:173).
Researchers have developed several methods of detection, and water treatment companies
have used these methods of detection in many industries (Tan & Halim, 2015). Methods
include, periodic visual inspection of equipment for pitting caused by MIC together with SRB
attack, bacteria or SRB counting or qualitative measurement via culture growth and bacteria
or SRB evaluation of attack on corrosion coupons.
Given the service conditions (Lutey & Saito 1996:127) MIC by SRB is a probable cause for
corrosion in shell and tube heat exchangers in petrochemical processing plants. In the basic
design of a heat exchanger, cooling water flows in the tubes, and used as a cooling medium.
Pitting in the form of localised corrosion has been noted in the tubes during IRIS (Internal
Rotary Inspection System) inspections (according to plant records). These incidences lead to
leaking tubes, make-up plugging and consequential downtimes. This has prompted the need
for further study on basic research to increase our understanding of the microbial corrosion
and their interactions with metal surfaces in the heat exchanger environment.
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1.1. Focus of this study
Shell and tube heat exchangers that use cooling water on the tube side are experiencing
tube failures, in a petrochemical plant in South Africa, requiring tubes to be plugged
(specially machined metal plugs inserted at the entrance of a tube to seal the leaking tube)
occasionally resulting in unintended downtimes. Due to the leaks and excessive plugging,
tube bundles are being replaced every two years, whereas the shell and tube heat
exchangers are designed to last 15 to 20 years. To ensure integrity and reliability of the heat
exchanger, maintenance strategies in the form of Risk Based Inspections (RBI) are
conducted, using a condition based approach. During inspections pitting in the form of
localised corrosion (Javed et al. 2015:56) using IRIS could be seen. With pitting and
localised corrosion, the activity of sulphate-reducing bacteria (SRB) is probable (Chen et al.
2014:767; Abdullah et al. 2014:2; Xu et al. 2006:829; Hamilton 1985:195; Hardy & Brown
1984:650). Stainless steel tube is now being considered (Lemoine et al. 1985:1260; Viera et
al. 2000:205, Scott & Davies 1989:57) for replacing the carbon steel tubes currently in use.
This requires careful consideration because of remarkably higher costs, and should the
problem be due to SRB, stainless steels may as well not be a solution.
Many engineering materials considered to be corrosion resistant such as steel, copper,
nickel, zinc, aluminum, titanium and their alloys-have been reported to experience MIC
(Microbially Induced corrosion) by SRB (Javaherdashti 2011:1513). Duplex stainless steels
SAF 2205, for instance, have been reported for its vulnerability to MIC (Scott & Goldie
1991:55; Wagner & Little 1993:65). Studies have shown that SAF 2205 can corrode and,
have pitting initiated due to the presence of SRB after immersion into seawater for 18 months
(Neville & Hodgkies 1998:111). Corrosion rates of 10 mm/year (Romero et al. 2004:2) in oil
treatment plants and 0.7-0.74 mm/year due to the action of SRB and/or acid-producing
bacteria in soil environments have been reported (Li et al. 2001:826). Duplex stainless steel
ASTM-A789-S31803 is also reported vulnerable in the heat exchanger environment with
pitting noted on the tube side where cooling water flows. Other stainless steels respond to
various extents under MIC have been reported (Enos 1996:831; Neville & Hodgkies 2000:62;
Antony et al. 2008:2689; Brennenstuhl et al. 1996:186).
Since MIC is still possible with stainless steels, this work seeks to explore behavior of
different grades of carbon steel, which are inexpensive structural metals, in the presence of
SRB. Copper alloys will be included for a wider scope of performance options, due to use in
heat exchangers for its good resistance to corrosion, combined with mechanical workability,
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excellent electrical and thermal conductivity, and ease in soldering and brazing (Javed et al.
2016:1).
Many authors have reported on MIC by SRB in different environments on different materials:
soils, concrete, reinforcement, sea water, etc. (El Mendili et al. 2015:76; El Mendili et al.
2014:1350; Li et al. 2001:815; Usher et al. 2015:354; Abdullah et al. 2014:2; Melchers
2004:824), but reports isolating and growing SRB from the heat exchanger environment in
these plants’ cooling towers is still scarce.
It is worthwhile to explore how grades of carbon steel respond to MIC by SRB for this
peculiar environment. This will assist shell and tube heat exchanger designers to prevent
degradation by SRB in industries without resorting to the more expensive stainless steel
materials.
In an attempt to establish presence of SRB in this system bacteria from three selected
cooling towers were isolated. Corrosion behavior of carbon steels typically found in the
petrochemical industry, for construction of shell and tube heat exchangers, when exposed to
SRB media were studied. The corrosion rates along with corrosion behavior of alloys were
compared to identify a carbon steel of relatively promising performance in this environment.
Specification of carbon steels already in use and others probable for better performance
were investigated, specifically ASTM A179, ASTM A106-B, ASTM A516-70 and 2205 duplex
stainless steel, ASTM B111 grade C 70600 and ASTM B111 grade C71500.

1.2. Objectives and scope of this work
The main objective of this study is to investigate SRB presence in the heat exchanger
environment, isolate it and asses how it affects corrosion of different alloys.
The specific objectives are to:


Grow SRB under conditions applicable and that which is obtained in heat exchangers



Determine the corrosion susceptibility and rate of selected grades of carbon steels
under exposure to SRB at such conditions that are obtained in heat exchangers.



Characterise and compare surface structural degradation of the carbon steels
exposed to SRB media.

4
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1.3. Research scope
The research scope consists of a comprehensive literature and theory review. It includes
objectives, results, conclusions and recommendations.

Chapter 1: introduces the concept of SRB and how detrimental it can be to the industry, the
chapter also includes the main objective and specific objectives. Limitations and assumptions
are listed, following an outline of the research problem.
Chapter 2: this chapter focuses on the mechanisms of MIC by SRB and the typical
environments in which SRB can be found. SRB can be found in the heat exchanger
environment, where basic concepts are presented on the heat exchanger, this flows into the
techniques for detecting SRB and basic concepts of electrochemistry, as this will be the
chosen methodology, other methodologies from literature are further presented. Lastly, the
chapter gives some insight into anodic and cathodic behaviour when biofilm is formed on the
surface of a metal, and corrosion rate calculations, this forms part of data interpretation.
Chapter 3: presents a brief introduction into what is anticipated by the study. A research
design is included, highlighting possible research designs, following the chosen detailed
methodologies of the study.
Chapter 4: In this chapter the metal elemental composition before exposure to SRB media
and cooling water composition are compared with EDS results, after exposure of metals
exposed to SRB media, results for growing and incubating the SRB media at 35°C are
presented, and potentiodynamic curves, corrosion rates, SEM and EDS analysis, are
showcased. Each section is concluded.
Chapter 5: Concludes the results and proposes carbon steel best suited for operation in
industrial heat exchangers when SRB is present in the cooling system, the chapter also
includes recommendations for future work.

1.4. Limitations and assumptions of the study
Limitations:


SRB identification will be characterised only by visual inspection, smell, EDS sulphur
weight percent with the corrosion products and biofilm presence. Therefore no gene

5
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sequencing was conducted on the bacterial culture to determine the bacterial species
present.


It was impossible to produce a fully anaerobic environment when collecting bacteria
at the cooling towers, but anaerobic conditions were met during incubation and
growth of SRB.



Chemical dosing is done at different times on plant A, B and C, this is an
uncontrollable factor, possibly leading to negative indication of SRB.



Industry SEM, EDS and microscopes were used.



SEM and EDS analysis of the biofilm was conducted a day after the specimens were
exposed to SRB. The machine did not produce spectra graphs due to not saving as a
project file, but gave a spectrum of elemental compositions in weight.

It is assumed that:


the positive identification of the culture of bacteria is regarded as SRB.



all specimens sourced were packaged as new as provided by the industry.



the presented water quality results obtained by the industry is acceptable.



the training that was received for a week from the industry in handling bacteria is
acceptable.



the elemental analysis conducted using ASTM standard E415 is acceptable.



industry EDS and SEM equipment used to produce results is acceptable.
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1.5. Research problem
Figure 1.1 is the diagram that illustrates the research problem which includes a brief
explanation of the problem statement.

Questions

Problem statement
Industries are experiencing pitting
corrosion in shell and tube heat
exchangers and are resorting to
stainless steel renewal strategies.

 In which environments are SRBs found?
 How can sulphate-reducing bacteria in heat
exchangers be detected?
 What are the most critical features of the
cooling water?
 Which metals are selected for the service?
 Why are industries resorting to more
expensive stainless steel material?
 How is the industry affected by pitting
corrosion caused by SRB attack?
 Is there a grade of carbon steel material better
suited for design and construction of heat
exchangers with cooling water service on the
tubes which are resistant to MIC?
 Are there other metals that can be used apart
from carbon steel?
Propositions

Main objective
To investigate SRB presence in
the heat exchanger environment,
isolate it and asses how it affects
corrosion of different alloys



Prepare a suitable media to grow and
identify the presence by visual inspection
and smell.



Evaluate the corrosion behaviour of
metals under bacterial load.

Figure 1.1: Outline of the research problem
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Chapter 2
2.

Literature Survey

2.1. Introduction
The literature survey focuses on mechanisms of MIC by SRB. The order presented,
describes the environments in which SRB can be found from literature, zooming in to the
heat exchanger environment, following techniques on detection of SRB and electrochemistry
basic concepts. Methodologies from literature are further presented, with an insight into
anodic and cathodic behaviour when biofilm is formed on the surface of a metal, followed by
corrosion rate calculations.

2.2. Cathodic depolarisation theory
The first evidence for an involvement of SRB in anaerobic corrosion was provided more than
a hundred years ago. Gaines (1910:128) reported the analysis of high percentage of sulphur
in rust from anaerobically corroded iron constructions and hypothesised about a connection
to the bacterial sulphur cycle. Von Wolzogen and Vlugt (1934:147) identified SRB as the
prime cause of widespread iron pipe failures in the sulphate-rich soils of North Holland.
Those authors proposed a purely lithotrophic microbial process, with iron as the only source
of reducing equivalents. They attributed microbial corrosion to a prominent physiological trait,
the utilization of cathodic hydrogen (Equation 3, in Table 2.1) as the sole electron donor by
SRB (Von Wolzogen & Vlugt 1934:147). The mechanistic explanation became famous as the
(classical) “cathodic depolarisation theory.” Much controversy followed in the subsequent
decades. Most authors initially favored the theory (Booth 1964:174; Butlin et al. 1949:26;
Starkey 1947:193), while only a few questioned the idea that microbial H 2 scavenging would
accelerate corrosion (Spruit & Wanklyn 1951:951; Wanklyn & Spruit 1952:928). With the
beginning of the 1960s, the hypothesis was subjected to a series of electrochemical
investigations (Booth & Tiller 1960:1689; Booth & Tiller 1962a:110; Booth & Tiller
1962b:2510).
The mechanism postulated by Von Wolzogen and Vlugt (1934:147) attempts to explain the
corrosion problem in terms of the involvement of SRB. According to this explanation (Stott
1993:667; Javaherdashti 1999:173), the bacteria used the cathodic hydrogen through
consumption by an enzyme called hydrogenase. It has been postulated that the main
probable effect of SRB on corroding metal is the removal of hydrogen from the metal surface
by means of hydrogenase and catalyzing the reversible activation of hydrogen. Sequences of
8

Chapter 2: Literature Survey

reactions of the classical theory can be divided into three categories: metal, solution and
microorganism as given in Table 2.1:
Table 2.1: Sequences of reactions of the classical theory (Javaherdashti 2011:1512)
Metal

Anodic reaction

4𝐹𝑒 → 4𝐹𝑒 2+ + 8𝑒 −

Electrochemical
cell

Solution

Cathodic reaction

8𝐻 + + 8𝑒 − → 8𝐻𝑎𝑑

Electrolyte

Solution

Cathodic reaction

8𝐻2 𝑂 → 8𝐻 + + 8𝑂𝐻 −

Electrolyte

Micro-organism

𝑆𝑂42− + 8𝐻𝑎𝑑 → 𝑆 2− + 4𝐻2 𝑂

Microbial
depolarisation

𝐹𝑒 2+ + 𝑆 2− → 𝐹𝑒𝑆

Corrosion products

3𝐹𝑒 2+ + 6𝑂𝐻 − → 3𝐹𝑒(𝑂𝐻) 2

Corrosion products

4𝐹𝑒 + 4𝐻2 𝑂 + 𝑆𝑂42 − → 3𝐹𝑒(𝑂𝐻) 2 + 𝐹𝑒𝑆 + 2𝑂𝐻 −

Overall reaction

In the absence of oxygen, the cathodic areas of a metal surface quickly become polarized by
atomic hydrogen. In anaerobic conditions, the alternative cathodic reaction to hydrogen
evolution, such as oxidation by gaseous or dissolved oxygen, is not available either. These
conditions will result in the dissociation of water as to become the main cathodic reaction
with the hydrogen ions thus produced both adsorbed on the metallic surface (polarisation)
and consumed by the hydrogenase enzyme. Figure 2.1 schematically summarises the
classical theory. Although the classical theory could explain MIC by SRB for the first time
based on electrochemistry, it suffered from serious flaws, some of which are as follows:
Research has confirmed that it is impossible for hydrogenase to contribute to the
depolarisation of a cathode by removal of atomic hydrogen as “hydrogenase cannot work on
atomic hydrogen at all” (Stott 1993:667). According to this theory, the ratio of corroded iron to
iron sulphide must be 4:1; however, in practice, this ratio varies from 0.9 to 1 (Tiller 1983).
In a study by Cord-Ruwisch (1996:8), a culture of nitrate-reducing SRB that could grow and
consume hydrogen faster and more efficiently was used. When sulphate was replaced by
nitrate, these nitrate-reducing bacteria proved to efficiently oxidize the cathodic hydrogen
from the metal, but unlike sulphate-reducing bacteria, cultures failed to stimulate corrosion.
This study then showed that MIC by SRB could not just be attributed to the uptake of
cathodic hydrogen.
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Figure 2.1: Schematic of the cathodic depolarisation “classical” theory of SRB activity
(Javaherdashti 1999:174)

2.3. EMIC and CMIC
The classical theory does not take into consideration the corrosive effects of H 2S and its
corrosion products, iron sulphide (Li et al. 2001:816).
In 2004, experimental evidence for a novel corrosion mechanism was furnished through
isolation of SRB from enrichment cultures, with metallic iron as the only electron donor (Dinh
et al. 2004:829). Sulphate reduction by these peculiar strains was directly fueled by bacterial
consumption of iron-derived electrons, without the involvement of cathodic hydrogen gas as
an intermediate. While the most efficient hydrogen-utilizing SRB did not accelerate iron
corrosion compared to sterile tests, when grown in organic matter-free (lithotrophic) cultures,
these novel isolates accelerated iron oxidation up to 71-fold under the same conditions
(Enning et al. 2012:1778). The existence of such a direct mechanism of electron uptake had
previously been considered by some investigators (Ferris et al. 1992:1320; Widdel et al.
1992:277) but without the availability of defined model organisms for experimental validation.
The process was able to be studied in greater detail (Enning et al. 2012:1781; Venzlaff et al.
2012:88) and the term “electrical microbially influenced corrosion” (EMIC) was proposed
(Enning et al. 2012:1781). EMIC, which is fundamentally different from the corrosive effects
of biogenic H2S, can destroy metallic structures at rates of high technological relevance
(Enning et al. 2012:1781; Beese et al. 2013:239). While EMIC has so far been observed in
10
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only a limited number of highly corrosive SRB isolates, all SRB, by definition can influence
corrosion through excretion of the chemical H2S (“chemical microbially influenced corrosion”;
CMIC) if sulphate and suitable electron donors are present.
SRB act as either direct or indirect catalysts of anaerobic iron corrosion (EMIC and CMIC,
respectively) and there are species-specific differences in this respect.

2.3.1.

MIC or anaerobic biocorrosion

Javaherdashti (2011:1507) explains that except for some cases caused by erosion or
mechanical stress, the corrosion of iron is mostly an electrochemical process, coupling metal
oxidation to the reduction of a suitable oxidant (Revie 2011:356, Whitney 1903:394). In
contrast to redox reactions of nonmetals, it is not necessarily the case that iron oxidation and
reduction of the oxidizing agent must occur at the same locality. Spatial separation of
oxidative (anodic) and reductive (cathodic) reactions is possible as the metallic matrix allows
the free flow of electrons from anodic to cathodic sites. Central to iron corrosion is the high
tendency of the metal to give off electrons according to the following anodic reaction:
𝐹𝑒 ° ↔ 𝐹𝑒 2+ + 2𝑒 −1

(2)

𝐸 ° = −0.47 𝑉
where, E° is the revised standard potential (Enning et al. 2012:1772, Rickard & Luther
2007:514). Hydrated ferrous ions move into the solution only if electrons, which cannot enter
the aqueous phase, are removed from the surface by a suitable chemical reactant. The most
common reactant in iron corrosion is molecular oxygen (E °,= +0.81 V), and corrosion of iron
in oxygen environments ultimately leads to the formation of various iron hydroxides (“rust”).
In the absence of oxygen, on the other hand, the most common electron acceptors for iron
oxidation are protons from dissociated water. Here, the cathodic reaction consisting of proton
reduction to molecular hydrogen occurs as follows:
2𝑒 − + 2𝐻 + ↔ 𝐻2

(3)

𝐸 °, = −0.41 𝑉
Owing to the condition of electroneutrality, the anodic and cathodic half-reactions are
stoichiometrically coupled, which in the case of Equations 2 and 3 yields the following net
reaction:
𝐹𝑒° + 2𝐻 + → 𝐹𝑒 2+ + 𝐻2

(4)
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∆𝐺°, = −10.6𝑘𝐽 𝑚𝑜𝑙(𝐹𝑒°)−1
Ferrous iron from Equation 2, readily precipitates in most anoxic environments (e.g., as
FeCO3) such that the activity of 𝐹𝑒 2+(aq), usually remains low, thus making reaction of
Equation 3 even more favourable e.g., ∆𝐺𝑒𝑛𝑣𝑖𝑟𝑜𝑛 = −27.7𝑘𝐽 (𝑚𝑜𝑙 𝐹𝑒°) -1 at 𝑎(𝐹𝑒2 + ) = 10−3 and
pH 7 (otherwise standard conditions). However, reaction Equation 2 in Table 2.2 is
particularly slow at pH>6, where proton availability is limiting (Piron 1994). Hence, iron
corrosion is technically insignificant in the absence of oxygen or acid and iron constructions
in many anoxic environments (e.g., marine sediment, water-logged soil) could, in principle,
last for centuries. However, the scenario described above changes in the presence of
microorganisms, some of which dramatically accelerate corrosion kinetics. This is particularly
true in environments with little or no oxygen and pH>6, i.e., where, from a purely chemical
point of view, corrosion rates should be low. In technology, the phenomenon is referred to as
(anaerobic) microbially influenced corrosion (MIC) or anaerobic biocorrosion.

Figure 2.2: Schematic illustration of different types of ion corrosion by SRB at circumneutral
pH. Biotic and abiotic reactions are shown (Enning & Garrelfs 2013:1232)
Depicted biotic reactions tend to be much faster than abiotic corrosion reactions. SRB attack
iron via electrical microbially influenced corrosion (EMIC) or chemical microbially influenced
corrosion (CMIC). The depicted processes, as illustrated in Figure 2.2 and Table 2.2, may
occur simultaneously on corroding metal surfaces but differ in rates and relative contributions
to corrosion. (A) Specially adapted lithotrophic SRB withdraw electrons from iron via
12
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electroconductive iron sulphides (EMIC). Excess of accepted electrons may be released as
H2 (via hydrogenase enzyme). Participation of possibly buried (encrusted) SRB in sulphate
reduction and hydrogen release is currently unknown. (B) Biogenic, dissolved hydrogen
sulphide reacts with metallic iron. (C) Overall representation of CMIC. Organotrophic SRB
produces hydrogen sulphide which reacts with metallic iron. (D) Sulphide stress cracking
(SSC) of iron due to biogenic hydrogen sulphide. (E) Catalytic iron sulphides may accelerate
reduction of H+ ions to H2. (F) Slow, kinetically impeded reduction of H + ions to H2 at iron
surfaces. (G) Consumption of H2 from reaction E or F by SRB does not accelerate the rate of
H2 formation (no “cathodic depolarisation”). Note that CMIC quantitatively depends on the
availability of biodegradable organic matter (here schematically shown as carbon with the
oxidation state of zero, CH2O) (Enning & Garrelfs 2013:1232).
Table 2.2: Stoichiometry of corrosive reactions (Enning & Garrelfs 2013:1232)
Electrical microbially influenced

𝐴

4𝐹𝑒 ° + 𝑆𝑂42− + 3𝐻𝐶𝑂3− + 5𝐻 + → 𝐹𝑒𝑆 + 3𝐹𝑒𝐶𝑂3 + 4𝐻2 𝑂

corrosion (EMIC):

Chemical microbially influenced

B

𝐻2𝑆 + 𝐹𝑒 ° → 𝐻2 + 𝐹𝑒𝑆

corrosion (CMIC):

C

3 < 𝐶𝐻2 𝑂 > +2𝐹𝑒 ° + 2𝑆𝑂42− + 𝐻 + → 3𝐻𝐶𝑂3− + 2𝐹𝑒𝑆 + 2𝐻2𝑂

Sulphide stress cracking

D

2𝐻𝑎𝑏𝑠 → 𝐻2

Abiotic

E

𝐹𝑒 ° + 2𝐻 + → 𝐹𝑒 2+ + 𝐻2

F

𝐹𝑒 ° + 2𝐻 + → 𝐹𝑒 2+ + 𝐻2

G

Same as A but slower

𝐹𝑒𝑆

2.4. Sulphate-reducing bacteria found in different environments
Cultures of bacteria can be obtained from different environments. Bacterial cultures from a
number of environments have showed positive identification of bacteria.
Suo et al. (2017) examines and characterises the attachment and colonization of Bacillus sp.
on their surfaces in artificial seawater, and their effects on anticorrosion performances of
coatings. Results from this study show that Bacillus sp. opt to settle on low-lying spots of the
coating surfaces in early stage, followed by recruitment and attachment of extracellular
polymeric substances (EPS) secreted through metabolism of Bacillus sp. The bacteria
survive with the protection of EPS.
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Javed et al. (2016:7) studied copper nickel alloys under pure strain bacterial load, and the
results were quite remarkable. Black corrosion products formed on the surface of the alloys
containing high content of elemental iron, copper and sulphur, indicating the presence of FeS
and/Cu2S. After removal of the biofilm, CuNi (90-10) showed grain boundary attack, and
CuNi (70-30) showed localised pitting attack.
Javed et al. (2015:48) studied the effect of ferrous ions on the initial attachment of sulphate
reducing bacteria (SRB) and subsequent corrosion of carbon steel. The sulphate-reducing
bacterium (SRB) used in this study, Desulfovibrio desulfuricans (D. desulfuricans) ATCC
27774, was obtained from the American Type Culture Collection (ATCC), USA. Short and
long term exposure of carbon steel to SRB was investigated, in static batch mode at 21 °C
under anaerobic conditions.
Liu et al. (2015:485) studied both SRB and IOB (Aerobic iron-oxidizing bacteria), isolated
from the sludge in Sinopec oilfield. 16S rDNA sequencing was done to identify bacterial
species. A sample of the oilfield water was also collected and, the water composition
presented showed sulphate content of 854 mg/l.

Guan et al. (2012:1648) obtains a slime culture from cooling tower bottom of circulating
water. A pure strain of iron bacteria was obtained through the separation, purification and
enrichment culture. The strain is identified by the morphological observation, physiological
and biochemical identification. The isolated bacteria are carried on gram staining. A tubular
heat exchanger dynamic simulation was used (to simulate the industrial environment) to
study the biofouling formation with iron bacteria in circulating cooling water system. The
experimental conditions are 30 °C± 0.2 °C for water and flow rate at 0.4 m/s. Results show
that the fouling resistance increased.

Kuang et al. (2007:6084) investigates the influence of the growing process of sulphatereducing bacteria (SRB) in seawater system on the medium state and corrosion behaviour of
carbon steel (D36) was studied by detecting solution state parameters and using corrosion
electrochemical methods. Mixed seeds of SRB used in this study were separated from
effluent samples collected from the mud and 50 ml SRB culture was diluted into 500 ml
purified seawater. Experiments were carried out at 28 °C and in airtight system. Hydrogen
sulphide generated by the metabolism of SRB during its growing process caused the change
of environment parameters.
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Little et al. (2006:1008) diagnoses MIC from other works explaining use of equipment such
as ESEM (Environmental electron microscopy) which is ideal in capturing bacteria in wet
biofilm, further explaining that three types of evidence must be used when diagnosing
bacteria in different environments these are, metallurgical, chemical and biological which are
independent measurements, and must be consistent with the mechanism for MIC.
Li et al. (2001:815) investigates microbiologically influenced corrosion (MIC) of plain carbon
steel in anaerobic soil, using field survey, and provides evidence from conventional
electrochemical experiments, that activity of sulphate-reducing bacteria alter the corrosion
mechanism of steel by the production of hydrogen sulphide and iron sulphide film on the
steel surface, which reduces the polarisation resistance and therefore increases the
corrosion rate. Detection of bacteria was done using dilution tubes containing Postgate’s
medium B, and blackening was seen after 21 days at an incubation period of 35 °C.
Neville and Hodgkiess (2000:61) grow SRB culture, obtained from a source of estuarine mud
extracted from the Clyde Estuary on the west coast of Scotland. Media was prepared using
Postage’s B medium, in synthetic sea water. Austenitic and duplex stainless steels were
exposed to the SRB media for 9 months using potentiodynamic studies, and results show
increased susceptibility to localised and general corrosion. Growth of SRB culture was
accompanied with a characteristic blackening of the solution and increase in the measured
partial pressure of hydrogen sulphide, indicating that sulphate reduction was proceeding.
Henry et al. (1987:1406) investigates microbial sulphate reduction rates in acidic peat from a
New Jersey Pine Barrens cedar swamp in 1986, and freshwater lake sediments, and present
a range of sulphur content. Peat was incubated over 24 h and removed from the incubator at
selected intervals for determination of the time course of sulphate reduction.
Suo et al. (2017) concludes that biofilm secreted by a pure strain of bacteria, acts as a
protective shield ensuring survival, biofilm formation is greatly anticipated in this study
however, the study does not obtain a bacterial culture from the heat exchanger environment.
Javed et al. (2016:7) uses pure strain bacteria on copper nickel alloys (same as in this study)
to evaluate corrosion behaviour, however it would be fascinating to compare the corrosion
behaviour of these alloys when exposed to a mixed culture of bacteria. There is not enough
data available when exposure tests are conducted. Javed et al. (2015:49) focuses on the
effects of pure strain bacteria and does not obtain cultures, however sulphur weight percent
was presented in the results and, similar results can be anticipated in this work, to give an
indication of strains of bacteria present. Lui et al. (2015:484) presents water composition
where SRB and IOB were found, in the study that follows water composition will be analysed
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for sulphate content. Techniques in identifying species of bacteria presented by Guan et al.
(2012:1650) are also useful for future work. Kuang et al. (2007:6085) investigates corrosion
behaviour of carbon steels used in marine equipment, the study does not address carbon
steels used as tube material in a heat exchanger. Little et al. (2006:1008) discusses 16S
rDNA genetic techniques in identifying microbial populations and the use of ESEM, these
techniques are useful for future work. The investigation done by Neville and Hodgkiess
(2000:61) characterises positive indication of bacteria. These are the results that can be
expected in the study that follows, although not in the heat exchanger environment, a mixed
culture of bacteria was investigated.
The heat exchanger environment was selected to investigate the presence of SRB. Figure
2.3 represents the classification of heat exchangers according to process function,
classification of condensers and liquid to vapour phase change exchangers, these types of
condensers are widely used throughout petrochemical industries.

Figure 2.3: (a) Classification according to function; (b) classification of condensers; (c)
classification of liquid to vapour phase change exchangers (Ramesh & Dusan 2003:13)
The shell and tube exchanger as shown in Figure 2.4 as described by Ramesh & Dusan
(2003:13), are used widely in the petrochemical industry, to cool and condense gas. When
there are tube leaks, this leads to unintended downtimes. The heat exchangers are generally
built of a bundle of round tubes mounted in a cylindrical shell, with the tube axis parallel to
that of the shell. One fluid flows inside the tubes, the other flows across and along the tubes.
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The major components of this exchanger are the tubes (or tube bundle), shell, front-end
head, rear-end head, baffles, and tubesheets. Three most common types of shell and tube
heat exchangers are; fixed tubesheet design, U-tube design, and floating head type.

Figure 2.4: (a) Shell and tube exchanger (BEM) with one shell pass and one tube pass; (b)
Shell and tube exchanger (BEU) with one shell pass and two tube passes (Ramesh & Dusan
2003:13)

2.5. Methods to detect SRB
In order to detect SRB in the heat exchanger environment, some approaches according to
Tan & Halim (2015:121) can be used. The approaches employed to detect the presence of
SRB are divided into two main categories: culture-based and molecular-based methods. The
mechanisms of these two methods are briefly discussed.
Culture based
Typically, the investigation of SRB using culture-based approach involves the isolation and
characterisation of the microorganisms by using different growth media, such as nutrient
agar. According to the previous reports, the isolation of the SRB requires selective growth
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medium and several findings claimed that there is no growth of the bacteria takes place in
the media rendered “biologically free” of iron (Ghazy et al. 2011:604). Currently, there are a
wide range of different growth media which have been formulated to cultivate the growth of
SRB, such as Postgate, Starky and Baar's (Postgate 1984). There are slight differences in
the chemical composition of each media which results in different efficiency on the detection
of SRB growth. Typically, the detection of SRB can be done by using the culture based
approach by the human observer. There will be some blackening in the sample as illustrated
in Figure 2.5, when the colonies of SRB are sufficiently high enough to be observed. A
current finding by Ghazy et al. (2011:607), reported that the growth of SRB isolated from the
failure shipping pipeline, could only be observed and detected after 2 to 7 days of incubation.
Molecular-based approach
Investigation and analyses of microbial populations using culture independent molecular
technique catches an expertise's interest. One of the common techniques used to detect and
quantify SRB populations is based on the analyses of polymerase chain reaction (PCR). The
common procedure using PCR approach for SRB detection involves the extraction of RNA
from an environmental sample. The result generated by the PCR reflects a mixture of
microbial gene signatures from all organisms presented in a sample (Rastogi & Sani
2011:29). PCR amplification of conserved genes such as 16S rRNA has been used
extensively in the analyses of SRB distribution, using the molecular-based approach.
However, this approach required experts to conduct the testing, and it is not convenient for
field test. In addition, there are several problems encountered during the process, for
example, the difficulties of using rRNA fluorescent probes in sediments or industrial
wastewater (Eitan et al. 2007:439).
The best practice of detecting SRB was given by Benham (2010:50) and, has utilised and
examined the following methods for detecting the presence of SRB in water systems:
Periodic inspection of equipment for pitting caused by MIC/SRB attack
Periodic equipment inspection is considered to be the best method for MIC/SRB induced
corrosion identification, but it may be possible to do this only after a failure. Pitting caused by
SRB sometimes is difficult to differentiate from other types of corrosion (e.g. Chloride
induced pitting). Hence, more failure analysis is needed to appropriately distinguish the root
causes of the corrosion.

18

Chapter 2: Literature Survey

Bacteria/SRB counting qualitative measurement via cultured growth
A widespread method for SRB detection is to cultivate SRB by means of test kits and detect
SRB either qualitatively or quantitatively. These test kits are frequently utilized by water
treatment and the results may be marred by many inaccuracies. If the water sample is taken
from the bulk water, it is only indicative of SRB in the bulk water. It is often considered that if
the test is positive, SRB are active throughout the system. It is possible to have negative
results on SRB test kits, but there could be severe attacks happening somewhere else in the
system.
Bacteria/SRB evaluation attack on corrosion coupons
The use of corrosion coupons to detect MIC and SRB is simple, reliable and indicative. The
mild steel corrosion coupons are inserted into the system at appropriate locations such as
supply and return lines or heat exchanger outlets to determine the general corrosion rate
over a specific time. It is suggested that the inserted coupons be periodically inspected
visually and if a black local deposit is observed on a coupons surface, the following may be
performed to identify MIC/SRB-induced corrosion. The coupon, which is covered by some
localised black deposits, should be removed and immediately put in 200 ml of hydrochloric
acid (HCl). Close the cap and leave it for a couple minutes, then open the cap and smell the
solution (with precaution). If a rotten-egg odour is detected, it is attributed to hydrogen
sulphide (H2S) released by the reaction of HCl with iron sulphide (FeS). (FeS is a corrosion
product of SRB-induced corrosion.) This test should be performed on fresh mild steel
corrosion coupon in situ. This test has been used on carbon steel (CS) corrosion coupons
inserted in water systems. Lead acetate paper may be used to identify the presence of a
sulphur compound (e.g. H2S) after the fresh CS corrosion coupon has been dipped in HCl.
This method is a qualitative test and is based on the discolouration of the lead acetate paper.
The unexpected paper colour is white and turns to a yellow/light brown colour thereafter
progressing to a dark brown/black colour. The colour is proportional to the concentration of
sulphur/sulphur based compounds. The shape of the pits after acid cleaning of the corrosion
coupon should also be examined. The pits are typically characterised as follows: Pits are
filled with black corrosion product/deposits, metal surfaces beneath the corrosion products
are often bright and active, the pits are round at the outer surface and conical in cross
section, with concentric rings inside the pits, the pits are typically hemispherical and they are
overlapped and clustered.
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Figure 2.5: Indication of the presence of SRB in a sample (Tan & Halim 2015:121)

The culture based approach is promising for the heat exchanger environment, and this
approach will be discussed in Chapter 3.

2.6. Basic terminology in electrochemistry
Once SRB cultures are detected, electrochemical experiments can be conducted to evaluate
corrosion rates. Presented are some basic concepts in electrochemistry, followed by
experimental works of others from Section 2.7 to 2.9.
Three-electrode cells and e-log i plots:
The three electrode cell is the standard laboratory apparatus for the quantitative investigation
of the corrosion properties of materials. It is a refined version of the basic wet corrosion cell
and a typical example is illustrated in Figure 2.6. It can be used in many types of corrosion
experiments (Trethewey & Chamberlain 1995:111).
Components:
The working electrode is the name given to the electrode being investigated. The counter
electrode (auxiliary) electrode is the name given to the second electrode. The counter
electrode is present specifically to carry the current created in the circuit by the investigation;
it is not required for measurements of potential. Usually, a carbon rod is used, but can be any
material that will not introduce contaminating ions into the electrolyte. Platinum and gold can
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also be used with success, especially if space is at a premium, when smaller electrodes can
be used; titanium is also suitable (Trethewey & Chamberlain 1995:111).
The reference electrode is present to provide a very stable datum against which the potential
of the working electrode can be measured. It cannot itself carry more than the most
negligible current. If it did, it would participate in the cell reactions and its potential would no
longer be constant, hence the requirement for the counter electrode would not be met. By far
the most convenient reference electrode to use in such an experiment is saturated calomel
electrode (SCE). The external circuit can be varied considerably. The essential components
are current measuring device, a potential-measuring device and a source of potential. The
current-measuring device should be capable of reading microamps potential. The potentialmeasuring device should draw no current during the act of measurement; traditionally
potentiometers have been used for this purpose. The modern digital meter, however, can
have impedance of the order of gigohms, and may be used with as good accuracy as a
potentiometer. The source of potential must ‘drive’ the working electrode to produce the
desired cell reactions (Trethewey & Chamberlain 1995:111).
The e-log i plot, or potentiodynamic polarisation curve, is one of the most common methods
of examining the corrosion behaviour of materials. It has become common practice in e-log i
plots for all current densities to be treated as positive. This is just a convenience for it
reduces the size of the graphs and gives a much clearer indication of the value of potential
when the current density changes from negative to positive (Trethewey & Chamberlain
1995:111).

Figure 2.6: Three electrode cell (Trethewey & Chamberlain 1995:111)
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2.7. Experimental setups according to literature
Different methods of experiments were used by works of others. More detail and results can
be obtained in the articles stated.
Javed et al. (2015:49) investigates triplicate steel coupons which were tested for each
exposure time, after which the tests were repeated to give n = 6 for each set of conditions.
During tests, the coupons were fully immersed in the medium with the polished side facing
upward. All experiments were carried out in static batch mode at 21 °C under anaerobic
conditions.
Chen et al. (2014:767) uses six containers, each holding 4 CS coupon specimens that were
set up in the study. Three of the containers were inoculated with SRB cells, each as a
sacrificial system for the coupons to be collected and evaluated on Day 3, 21 or 43. The
other three were corresponding cell-free controls. The containers used were 600 ml glass
beakers closed with rubber stoppers. The coupons were hung vertically, using plastic tie
wraps, on stainless steel hooks that were anchored to the rubber stopper. The coupons were
completely submerged in the medium.
Abdullah et al. (2014:2) performed an experiment using a 125 ml sealed anaerobic vial and
in a 1 liter electrochemical glass cell. 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 polarisation curves were conducted in an ASTM standard cell (Ahammed
1997:988) with a three electrode system, a carbon steel coupon as a working electrode, a
platinum electrode as a counter electrode, 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.
Beimeng et al. (2012:1) describes the method of three electrode system which was applied
to obtain the Ecorr of specimens immersed in culture of IRB and SRB to understand the effect
of mixture of bacteria on the corrosion process.
Venzlaff et al. (2012:89) describes the method of electrochemical cells. Duran glass bottles
(250 ml) filled with 200 ml of anoxic sterile electrolyte was used as electrochemical cells.
Each bottle was equipped with a magnetic stir bar and the two sterilised ion coupons (WE
and CE) in such a way that only the lower 5 cm of the coupons were immersed. Silver wires
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providing electrical contact to the coupons were pierced through the butyl-rubber septum. For
connection with the reference electrode, a sterilised steel cannula (13.201 stainless steel;
Unimed S.A., Lausanne, Switzerland) of 0.8 mm in diameter was introduced into the cell
through the top septum and connected to a glass holder via gas-tight butyl rubber tubing.
The glass holder contained two compartments separated by a glass diaphragm. The
electrode compartment of the glass holder was filled with a 3M KCl electrolyte and equipped
with a standard Ag/AgCl reference electrode (type 6.0750.100 by Metrohm AG, Herisau,
Switzerland).
Kuang et al. (2007:6085) used the three electrode cell setup. The corrosion potential (E corr),
potentiodynamic polarisation curves and the electrochemical impedance spectroscopy were
performed with Solartron SI1287 electrochemical interface and SI1260 impedance/gainphase analyser control systems.
Javaherdashti et al. (2006:29) explains SCC failure in terms of the possibility of hydrogen
embrittlement, a few SSRT tests (Figure 2.7) had been carried out under imposed
electrochemical potential on specimens that had been charged with hydrogen prior to the
SSRT tests. The open circuit potential (OCP) was determined from previous experiments by
carrying out the OCP tests on the carbon steel in biotic and abiotic environments
(Javaherdashti 2005).

Figure 2.7: SSRT carbon steel sample in the anaerobic chamber inoculated with SRB. Note
the oil layer (arrow) to avoid oxygen entrance (Javaherdashti et al. 2006:29)
Neville & Hodgkiess (2000:62) explains that the corrosion monitoring techniques used were
electrochemically

based measurements of free corrosion potential E corr and, more

importantly, dc potentiodynamic (anodic and cathodic), potentiostatic, and galvanic type tests
performed in the presence of an active culture of SRB.
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Natishan et al. (1999:1063) explains that anodic polarisation curves for tungsten were
obtained in deaerated 0.6 M NaCl solution or 0.6 M NaCl to which 3.5 g/L of sodium sulphate
(Na2SO4) was added. Specimens were immersed for 24 h to establish a steady state opencircuit potential. Anodic polarisation curves were determined using a potential step
technique. Potentials were reported relative to the saturated calomel electrode (SCE).
Open circuit potential and potentiodynamic studies, will be used in this study as presented in
the works of Kuang et al. (2007:6085), Natishan et al. (1999:1063), Abdullah et al. (2014:2),
Neville & Hodgkiess (2000:62) and Beimeng et al. (2012:1). These methods will provide
understanding of polarisation curves, indicating behaviour of the carbon steels, and other
alloys when exposed to the SRB. It will give indication of the activity and corrosion effects of
the bacteria.
In light of the above, this study will explore behaviour of different grades of carbon steel
when exposed to SRB, using electrochemical methods (three electrode cell system).
Corrosion rates will then be evaluated. Exposure tests by Javed et al. (2015:49), will not
produce data for e-log i plots.

2.8. Media preparation according to literature
Different SRB growth media are used, and the table below presents the types of nutrients
bacteria need in order to grow or survive, the media presented was used as a basis, and
adjusted slightly for this work.

Table 2.3: SRB growth media used from literature
Article
Abdullah

et

al. (2014:2)

Media per L
C3H5NaO3 (Sodium Lactate) 6 g, NaSO4 4.5 g, NH4Cl 1.0 g, Yeast extract
1.0 g, KH2PO4 0.5 g, Na3C6H5O7 (Sodium citrate) 0.3 g, CaCl2.6H2O 0.06 g,
MgSO4.7H2O 0.06 g, FeSO4.7H2O 0.004 g in water.

Javed et al.

KH2PO4 0.5 g, NH4Cl 1.0 g, NaSO4 4.5 g, CaSO4.2H2O 0.05 g,

(2015:49)

MgSO4.7H2O 4.1 g, C3H5NaO3 (Sodium Lactate) 5.67 g, Yeast extract 1.0 g,
Na3C6H5O7 (Sodium citrate) 5.0 g added for each MilliQ of water. The media
contains Fe+ ions.
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Chen et al.

C3H3NaO3 (Sodium Lactate) 6 g, NaSO4 4.5 g, NH4Cl 1.0 g, Yeast extract

(2014:767)

1.0 g, KH2PO4 0.5 g, Na3C6H5O7 (Sodium citrate) 0.3 g, CaCl2.6H2O 0.06 g,
MgSO4.7H2O 0.06 g, FeSO4.7H2O 0.004 g in deionised water.

Kuang et al.

C3H3NaO3 (Sodium Lactate) 4ml, Na2SO4 0.5 g, NH4Cl 1.0 g, Yeast extract

(2007:6084)

1.0 g, KH2PO4 0.5 g, CaCl2 1.0 g, MgSO4 2 g, in sea water.

Media

KH2PO4 0.5 g, NH4Cl 1.0 g, NaSO4 4.5 g, CaCl2.2H2O 0.05 g, MgSO4.7H2O

adjusted

0.06 g, C3H5NaO3 (Sodium Lactate) 6 g, Yeast extract 1.0 g, FeSO4.7H2O

and used in

0.004 g, Na3C6H5O7 (Sodium citrate) 5.0 g in distilled water.

this study

2.9. Metal preparation according to literature
Table 2.4 gives carbon steel preparation methods, before exposure to SRB media.
Standards can be obtained in the articles.

Table 2.4: Preparation of metals for exposure to SRB media
Article
Abdullah et

Preparation method
The corrosion specimens were machined from an actual segment of API 5L

al. (2014:2)

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 (Noor et al.
2012:312). Prior to use, the metal specimen 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.

Javed et al.

Carbon steel (1010) specimen with the chemical composition of 99.38% Fe,

(2015:49)

0.10% C, 0.44% Mn, 0.02% Si, 0.01% S, 0.02% P and 0.03% Al, were cut
with dimensions of 25 mm × 25 mm × 3 mm from a plate sample using an
automatic abrasive wheel cutting machine (Struers Tegramin-25, Australia).
First the specimen was ground sequentially up to 1200 grit silicon carbide
paper to obtain a smooth surface finish. Finally, the specimens were
polished through a sequence of fine polishing with 9 and 3μm diamond
suspensions to a final 0.04 μm finish using silica suspension (Struers OPU,
Australia). The polished specimens were ultrasonically cleaned with acetone
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for 10-15 min, rinsed with distilled water followed by ethanol, and then dried
under warm air. Prior to testing, specimens were ultrasonically cleaned with
acetone followed by sterilisation via immersion in absolute ethanol (100%)
and then aseptically dried within a level 2 physical containment (PC2)
cabinet. The surface roughness of a material has been reported to affect the
attachment of bacterial cells (Chen et al. 2015:89) The surface roughness of
the polished specimens were therefore characterised using a 3D optical
profilometer (Contour GTK1, Bruker, Germany).
Chen et al.

The carbon steel specimens (UNS G10100) used were rectangular (25 by

(2014:767)

11 by 0.3 mm). One side of the specimen was polished following the
polishing procedure described below. The unpolished side was marked with
a number by scratching the specimen surface using stainless steel
tweezers. For sterilisation, specimens where soaked in pure ethanol for 2
days at room temperature and sonicated during the periods of 0 h to 2 h and
46 h to 48 h to remove gas bubbles, if not removed, could prevent complete
wetting of the specimen surfaces by ethanol and compromise the
effectiveness of sterilisation. CS specimens were polished with abrasive
papers (240/P280, 600/P1200, 800/P1500, 1200/P2500, 8 inch diameter)
using a grinding and polishing machine (Struers. Inc., model DAP-7) at 200
rpm. An abrasive paper (240/P280) was secured on the machine, and then
the acrylic holder was pressed down to polish the specimens with abrasive
paper for 5 min. During the polishing process, water was added to rinse and
cool the specimens and the abrasive paper. The process was repeated 3
times, each with a higher grit (finer) abrasive paper, i.e., 600/P1200,
800/P1500), and then 1200/P2500, respectively. The polished specimens
were immediately rinsed with DI water to remove particles and then
sonicated, first in ethanol and then in DI water, each for 5 min. The cleaned
specimen were dried under a stream of nitrogen.

Kuang et

D36 carbon steel composed of the following elements with a mass ratio of

al.

0.4% C, 0.5% Mn, 0.17% Si, 0.035% P, 0.25% Cr, 0.00104% Mo, 0.25% Ni,

(2007:6085)

0.015% Al, 0.0053% Co, 0.25% Cu, 0.015% Nb, 0.02% V, 0.010% W,
0.02% Ti, 0.014% Sn, 0.035% S and 98.0% Fe was used as the working
electrode. No specific method of preparation was mentioned.
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2.10. Biofilm: cathodic and anodic behaviour on e-log i plots
During electrochemical experiments it is anticipated that biofilm will start to form on the
surface of the metals, below gives insight into the nature of the biofilms formed by SRB.
Passive films form on the surface of the metal in the presence of SRB, and the anodic and
cathodic behaviour originates from sulphide precipitation with Fe 2+ ion to form iron sulphide
films. These film are good electric conductors, and have low over voltage for hydrogen
evolution (Da Silva et al. 2002; Cabrera et al. 2000:487), and consequently tend to change
the Ecorr of the metal where it deposits (Da Silva et al. 2002; Benetton 2017:41). Additionally,
it is thought that iron sulphide films may be both protective and detrimental (Vedage &
Ramanarayanan 1993:114) due to (1) Iron sulphide films formed in the absence of oxygen
are usually unstable (Benetton 2017:81), and have a porous structure (Da Silva et al. 2002);
(2) iron sulphide films has many forms, and it is greatly influenced by the changes of
hydrogen sulphide concentration and pH; (3) additionally, ferrous ion diffusion can also be a
rate limiting step (Vedage & Ramanarayana 1993:114). In this case the films may relate to
unstable protection of the steel, protecting the material initially, but with changes in
environmental conditions, breaking down and resulting in structural transformation, leading to
an increase in corrosion rate (Da Silva et al. 2002; Benetton 2017:52). The latter relates to
inhomogeneous film formation on the surface as some parts of the metal surface may remain
uncovered (become anodic) and some parts may be covered by the iron sulphides (become
cathodic), thus resulting in localised corrosion (Da Silva et al. 2002; Benetton 2017:81), if the
anode to cathode ratio is small.
Typically, the anodic half reaction is step 1 (mentioned above), in this reaction, Fe(OH)2 is
considered to be the primary corrosion product in the absence of sulphide:
𝐹𝑒 + 2𝐻2 𝑂 → 𝐹𝑒(𝑂𝐻)2 + 2𝑒 − + 2𝐻 +

(5)

SRB are facultative anaerobes that utilise sulphate as a terminal electron acceptor during
energy generation, producing sulphide as a by-product by the following cathodic reaction:
𝑆𝑂42− + 9𝐻 + + 8𝑒 − → 𝐻𝑆 − + 4𝐻2 𝑂

(6)

2.11. Corrosion rates can be calculated using ASTM standard G102-89(2015)e1
In order to calculate corrosion rates ASTM standard G102-89(2015)e1 can be used. Some
machines used to conduct electrochemical experiments, readily provide corrosion rates and
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are built with corrosion rate formulas. However, equivalent weight and density were manually
calculated, and the surface area remained constant, refer to Appendix A.
The current density of coupons can be determined using the following formula as per ASTM
standard G102-89(2015)e1:
𝑖𝑐𝑜𝑟𝑟 =

𝐼𝑐𝑜𝑟𝑟

(7)

𝐴

where:
i corr = corrosion current density, (

𝜇𝐴
𝑐𝑚2

),

Icorr = total anodic current, 𝜇𝐴, and
A = exposed specimen area, 𝑐𝑚2 .

The equivalent weight of the coupon can be determined using the following formula as per
ASTM standard G102-89(2015)e1:
Equivalent weight may be thought of as the mass of metal in grams that will be oxidized by
the passage of one Faraday (96 489 ± 2 C (amp-sec)) of electric charge.
Note 1: The value of EW is not dependant on the unit system chosen and so may be
considered dimensionless.
For pure elements, the equivalent weight is given by:
𝐸𝑊 =

𝑊
𝑛

(8)

where,
W = the atomic weight of the element, and
n = the number of electrons required to oxidise an atom of the element in the corrosion
process, that is, the valence of the element.

For alloys, the equivalent weigh is more complex. It is usually assumed that the process of
oxidisation is uniform and does not occur selectively to any component of the alloy. If this is
not true then the calculation will need to be adjusted to reflect the observed mechanism. In
addition, some rationale must be adopted for assigning values of n to the elements in the
alloy because many elements exhibit more than one valence value.
To calculate the alloy equivalent weight, the following approach may be used. Consider a
unit mass of alloy oxidised.
The electron equivalent for 1 g of an alloy, Q is then:
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𝑄=∑

𝑛𝑖𝑓𝑖

(9)

𝑊𝑖

were,
fi = the mass fraction of the ith element in the alloy,
Wi = the atomic weight of the ith element in the alloy, and
ni = the valence of the ith element in the alloy.

Therefore, the alloy equivalent weigh, EW, is the reciprocal of this quantity:

𝐸𝑊 =

1

(10)

∑ 𝑛𝑖𝑓𝑖
𝑊𝑖

The corrosion rate of coupons can be determined using the following formula as per ASTM
standard G102-89(2015)e1:
Faraday’s law can be used to calculate the corrosion rate, either in terms of penetration rate
(CR) or mass loss rate (MR):
𝐶𝑅 = 𝐾1

𝑖 𝑐𝑜𝑟𝑟
𝜌

EW

(11)

𝑀𝑅 = 𝐾2 𝑖 𝑐𝑜𝑟𝑟 𝐸𝑊

(12)

where,
CR is given in mm/yr, icorr in

𝜇𝐴
𝑐𝑚2

,

K1 = 3.27 × 10−3, mm g/ 𝜇𝐴 cm yr,
𝜌 = density in

𝑔
𝑐𝑚3

EW is considered dimensionless in these calculations. For more detail refer to G10289(2015)e1.

The polarisation resistance can be determined using the following formula as per ASTM
standard G102-89(2015)e1:
𝐵 =

𝑏𝑎𝑏𝑐
2.303 (𝑏𝑎+𝑏𝑐)

(13)

where,
B = Stern-Geary constant, V.
ba = slope of the anodic Tafel reaction, when plotted on base 10 logarithmic paper in
V/decade,
bc = slope of the cathodic Tafel reaction when plotted on base 10 logarithmic paper in
V/decade, and

Stern-Geary constant may be calculated:
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𝐵=

𝑏

(14)

2.303

where,
b = the activation controlled Tafel slope in V/decade

In cases where the reaction mechanism is known in detail, the Tafel slopes may be
estimated from the rate controlling step in the mechanism of the reaction. In general Tafel
slopes are given by (Glasstone 1941:552):

𝑏=

𝐾𝑅𝑇

(15)

𝑛𝐹

where,
K = a constant
R = the perfect gas constant
T = the absolute temperature
n = the number of electrons involved in the reaction step,
F = Faraday’s constant
At 25°C, (

𝑅𝑇

) is 59.2 mV/decade. For simple one electron reactions, K is usually found to

2.303𝐹

be 2.0.

The corrosion current density may be calculated from the polarisation resistance and the
Stern-Geary constant using the following formula as per ASTM standard G102-89(2015)e1:
𝑖𝑐𝑜𝑟𝑟 =

𝐵
𝑅𝑝

(16)

The effect of solution resistance is a function of the cell geometry, but the following
expression may be used to approximate its magnitude.
Rp = Ra + 𝜌𝑙

(17)

where:
Ra = the apparent polarisation resistance, ohm cm2,
𝜌 = the medium resistivity in ohm cm,
l = the distance between the specimen electrode and the Luggin probe tip, or the reference
electrode in cm, and
Rp = the true polarisation resistance in ohm cm2.
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Potentiodynamic techniques introduce an additional error from capacitive charge effects. In
this case, the magnitude of the error is proportional to scan rate. The error is illustrated by
the following formula as per ASTM standard G102-89(2015)e1:
𝐼𝑡𝑜𝑡𝑎𝑙 = 𝐼𝑓 + 𝑐(

𝑑𝑉
𝑑𝑡

)

(18)

where,
𝐼𝑡𝑜𝑡𝑎𝑙 = the cell current,
𝐼𝑓 = The Faradaic current associated with anodic and cathodic processes,
c = the electrode capacitance, and
𝑑𝑉
𝑑𝑡

= the scan rate
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Chapter 3
It is suspected that the root cause of pitting corrosion in the heat exchanger tube is due to
MIC by SRB. This chapter presents detailed methodologies to collect and grow bacteria,
anticipating positive identification of SRB. Positive identification will lead to further corrosion
investigations.

3.

Research design

The approach used in this study, was based on the works of Kuang et al. (2007:6085) and
Neville and Hodgkiess (2000:61) and modified accordingly to suit specific requirements.
Kuang et al. (2007:6085) and Neville and Hodgkiess (2000:61) used a culture of SRB from
the soil environment. Modifications to the methodology was made, to imitate the heat
exchanger

environment. Kuang et al. (2007:6085) identifies bacterial presence by

concentration of hydrogen sulphide generated by the metabolism of the SRB, and increase in
corrosion rate of carbon steel when exposed to SRB media. Neville and Hodgkiess (2000:61)
reported characteristic blackening of the solution containing SRB culture, Tan & Halim
(2015:121) also presented a similar approach in detecting a culture of SRB. Electrochemical
methods were used to produce e-log i plots.
Knowing that bacteria will survive under anaerobic conditions, a limitation exists. Coupons
were inserted in the cooling towers, to collect a mixed culture of bacteria, then exposed to
atmospheric conditions for a short period of time when removed, this could have possibly
contaminated the prepared media, and produce negative indication of SRB presence (media
will not turn black). The prepared media that was taken to the cooling tower site was exposed
to atmospheric conditions and other impurities for a short time, adding to oxygen content,
possibly contaminating the media.
In light of the above, once bacterial presence was positive (media will turn black),
potentiometry studies commenced using the PGSTAT 302 machine, selected to give
accurate measurements of corrosion rates, this is used widely in academic institutions.

3.1. Experimental Procedure
A detailed methodology is presented in this Chapter, it includes the materials used, a
process overview of cooling tower plants where coupons were inserted and collected,
preparation of media, growing of SRB, microstructural analysis and preparation of metals for
electrochemical testing.
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3.2. Experimental setup
3.2.1.

Materials

Table 3.1 summarises the materials used during the experimental runs and includes the use
of each piece of equipment. Figure 3.1 describes the experimental process used to
recommend the best carbon steel suited for use in industrial heat exchangers.
Table 3.1: Materials used in experimental runs
Equipment
Mettler Toledo AB204-S scale

Use
To measure the weight of each component

Erlenmeyer beaker with magnetic stirrer

Contain media

Stnart halogen hotplate HT4

Mixing media

Autoclave machine HICALVE HV-50

To sterilize media and bottles

Gas generating kit (OXOID Code BR38):

Produces 1800 ml hydrogen and 350 ml
carbon dioxide to produce anaerobic
environment

Saphire 520 automatic grinder

To grind coupons

Olympus BX61

To evaluate microstructure of the metal
before exposing to SRB media

INCA X-act with energy dispersive X-ray

To determine elemental composition

spectroscopy (EDS) by Oxford instruments
Autolab potentiostat, PGSTAT 302

Potentiometry tests
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Prepare growth media for bacteria

Collect a culture of bacteria from
three plants’ cooling towers using
biofilm mesh coupon

Grow bacteria for 18 days at 35°C
in an incubator under anaerobic
conditions

Source types of metals currently
used in the heat exchanger
environment, and prepare for
exposure by grinding, polishing,
cleaning and cutting metal to
desired size

Conduct microstructural analysis
and elemental analysis of
specimens before exposure to
SRB

Conduct electrochemical testing

By comparing SEM and EDS,
recommend which metal specimen
should be used in the Petrochemical
industry when there is SRB present in
the cooling water system

Figure 3.1: Experimental Process
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3.3. Process overview of plants: A, B and C
Figure 3.2 represents a process flow diagram of the plants where SRB cultures were
obtained. All plants have separate cooling towers and heat exchanger equipment. SRB
cultures were obtained at plant B cooling tower, which dam X supplies. The cooling water
from plant B, was sent to plant C, where cultures were obtained at this cooling tower.
Cultures were lastly collected at plant A cooling tower, where plant X supplies make up water
from time to time. In conclusion, Plant B supplies cooling water to a number of plants, which
use water as a cooling medium in heat exchangers. Cooling water was chemically dosed
differently at each plant, giving rise to further uncertainties in achieving positive indications of
SRB presence.

Dam X

PLANT B

Customers:

Delivers raw water
to plant X (East
water works) which
delivers to plant B

Delivers to plant C,
E, W

PLANT C

PLANT E
PLANT W

PLANT A
Plant X can supply make-up water to plant A
Figure 3.2: Process overview of where samples were obtained

3.4. Media preparation
A 0.178 mm × 12.7 mm × 76.2 mm biofilm mesh coupon was inserted for approximately
three months in the selected cooling towers in three plants designated A, B and C. Mixed
culture of SRB was collected as biofilms on the mesh coupons. After calibration, a Mettler
Toledo AB204-S scale was used to weigh each constituent for culture media preparation.
Using recipes in literature as a basis (Table 2.3) with adjustment, per liter: 0.5 g KH2PO4; 1.0
g NH4Cl; 4.5 g NaSO4; 0.05 g CaCl2.2H2O; 0.06 g MgSO4.7H2O; 6 g C3H5NaO3 (sodium
lactate); 1.0 g yeast extract; 0.004 g FeSO4.7H2O; 5.0 g Na3C6H5O7 (sodium citrate) in
distilled water mixed in a 2000 ml Erlenmeyer beaker with a magnetic stirrer on top of a
Stnart halogen hotplate HT4 with no heat. To measure pH, a Multi 3401 pH meter was used
with two controls, WTW pH 4.01 Technical buffer 50 ml and WTW pH 7.00 technical buffer
50 ml, pH of the media was found to be 6.47 and then adjusted to 7 by addition of NaOH at
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12 ⁰C. Bottles used had plastic seal rings. A total of 5 bottles were prepared then autoclaved
in an HICALVE HV-50 at 121 ⁰C for 15 min to sterilise the media and the bottles. Five bottles
were used, three for holding the mesh coupons, one for a control and one for topping-up.

3.5. Collection of plant SRB coupons
Four bottles were taken to the cooling tower site (with contents specified in Section 3.4),
three for holding the mesh coupons and one bottle for topping-up the bottles after inserting
coupons. A tweezer was used to remove mesh coupons. The tweezer was immersed in
ethanol and ignited with a flame to sterilize the tool. The coupon slot had to be opened
manually. The coupons were removed with a tweezer from the slot in the line. The coupons
were then immediately inserted into the prepared media. After the coupons were inserted
into the media, another bottle with the same sterilized media was used to top-up the three
bottles, preventing as little oxygen in the bottles as possible. The three 250 ml bottles with a
seal were closed air tight and placed into a cooler box and taken to the incubator.

3.6. SRB incubation and growth
The mesh coupons taken from plants A, B and C cooling water towers were incubated in the
prepared media to allow any bacteria that may be present on the coupon to grow. The
coupon was considered to have collected a mixed culture of SRB. A separate bottle
containing media without a coupon designated plant D, as a control, was also incubated. The
methods as described by Kuang et al. (2007:6085), which conforms with ASTM standard D
4412-84) was used in timing the growth of SRB, where one to four days was taken to be the
1st stage called the exponential phase. During this stage the number of active SRB increases
quickly and the SRB population achieves the maximum value at the 4th day. After the 4th day
the growing process of SRB reaches the 2nd stage namely the death phase. The number of
active SRB decreases quickly during this stage. After the 14 th day, the growing process of
SRB reaches the 3rd stage: residual phase. During this stage, the number of SRB returns to
the original number and the active SRB almost disappeared. Detection of the number of
active SRB was not covered in the study that follows.
Traditional SRB media contain sodium lactate as the carbon source (RP-38 1965; Postgate
1979). When SRB are present in the sample, sulphate is reduced to sulphide, which reacts
with iron (either in the solution or solid) to produce black ferrous sulphide (Little et al.
2006:1006). These bottles with the control bottle were kept in a pressure container with a gas
release kit to prevent any explosions while under incubation. The gas release kit is an
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OXOID type with Code BR38 for anaerobic systems. The Oxoid gas generating kit is a
reliable and convenient method for producing anaerobic conditions in standard jars
containing active catalysts. Each sachet contains tablets of sodium borohydride, tartaric acid
and sodium bicarbonate. When used as directed, they will produce approximately 1800 ml
hydrogen and 350 ml carbon dioxide. The volume of hydrogen produced is adequate to
ensure virtually complete anaerobiosis in the presence of an active catalyst in jars of up to
3.5 liters capacity, whilst the carbon dioxide evolved will give a final concentration of 7-10%
depending on the jar used. The sachet was cut, 10 ml water was added to the sachet, and
placed in an upright position in the pressure container with the lid closed. The gas release
kits were inserted in a WTW TS 606/2-I incubator. The incubator was set at 35 ⁰C, which was
the cooling water temperature measured in the heat exchanger environment.

3.7. Alloys investigated
These alloys were obtained as tubes and sheets. The tubes were cut to 40 mm from 1 m
pipes, and then sectioned into 4 quarters, giving approximately 40 mm × 15 mm rectangular
specimens. Six specimens of the same size and surface finish were prepared from each
material. The specimens were labelled A1-A6 for specimens machined from the alloy ASTM
A516-70, as in Table 4.3, B1-B6 for specimens machined from alloy ASTM A179 the second
in the table, and in that order. The cut specimens were surface finished to 800-grit. The 40
mm x 15 mm specimens were then cut to 10 mm × 10 mm using a hacksaw to suite
electrochemical setup (Figure 3.3), Appendix B.1 shows the size of the metal used in the
experiment. The specimens were then cleaned with acetone and ethanol (sterilisation). The
surface roughness has been reported to affect the attachment of bacterial cells (Javed et al.
2015:48) but according to industrial conditions, it was chosen to grind specimens to 400 grit
finish. Elemental analysis conducted for all metallic specimens were carried out at Vaal
Metallurgiese Laboratoriums (PTY) Ltd, conforming to ASTM standard E415.
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Figure 3.3: The Figure shows the three electrode cell setup and the white arrow indicates
where the working electrode was inserted

3.8. Microstructural analysis
All microstructures and elemental composition of all the specimens used in this study were
obtained,

conforming to ASTM 407, ASTM E3 and ASTM E415 standards. For

microstructural analysis, the 40 mm × 15 mm pipe specimens were sectioned longitudinally
and cut with a band saw to 5 mm, plates were also cut with a saw to 5 mm × 2 mm. The
specimens were mounted with a MultiFast Phenolic hot mount resin using a Struers
CitoPress-15, set at 180 °C. The mounted specimens were polished with a polish disk from
220-grit to 1200-grit and cleaned with acetone. In order to reveal the microstructures of the
specimens, different etchants were used for the different types of alloys. Etching is a form of
controlled chemical attack, thus different metals and alloys are attacked differently by
different chemicals. The three carbon steels ASTM A516-70, ASTM A179 and ASTM A106B, were etched by immersing specimens in nital (2 ml HNO 3 and 98 ml ethyl alcohol) for 15 s,
then cleaned with water and acetone. Electrolytic etching, was done for duplex stainless
steel (2205) and copper alloys using, 56 g potassium hydroxide, 100 ml H2O (added slowly)
for 60 s and 1 to 3 V (this is a highly caustic solution). Specimens were electro-contacted for
40 seconds using a Buehler Polinat 2 electro-chemical etching machine. The microstructures
were obtained using Olympus BX61 optical microscope. Elemental composition of the biofilm
was determined using INCA X-act with energy dispersive X-ray spectroscopy (EDS) by
Oxford instruments. Etched specimens were not used for electrochemical tests, but separate
specimens were used.
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3.9. Electrochemical Tests
Some of the 10 mm x 10 mm specimens cut from the tube and plate, were prepared for the
electrochemical tests by polishing an area to be exposed using 400 grit silicon carbide emery
paper, the chosen grit finish is used in industrial heat exchangers. The specimens were
cleaned in acetone for 3 min to degrease, and sterilised in ethanol for 5 min before air-drying.
The aqueous media from plant B, which showed highest indication of SRB growth (discussed
in Section 4.2), was used for all the corrosion investigations. The specimens were then
exposed to the media in the three electrode cell setup for the potentiometry studies. The
tests were done in duplicates and control tests for each alloy were also done in distilled
water. The pH value of the media before exposure to the alloys was recorded as 8.2 and the
media temperature was kept at 35 °C during the tests using a thermostat-controlled bath.
The corrosion performance of the different specimens was evaluated by electrochemical
polarisation measurements using Autolab potentiostat, PGSTAT 302. The setup utilises
graphite as the counter electrode and saturated silver-silver chloride electrode as the
reference electrode in a three electrode cell setup. The working electrode (10 × 10 mm metal
specimens) was held in place using a circular rubber piece with an internal exposure surface
area of 0.50265472 cm2. This was the exposed working electrode surface area; the rubber
piece acts to create a constant surface area and is not reactive with the SRB media. A long
screw secures the rubber piece and the working electrode in place. All appliances used in
this experiment were sterilised in a MERK GEMMY HL-341 autoclave for 15 min at 121 °C.
Nitrogen was purged continuously throughout the experiment to create an anaerobic
environment. All inputs of the cell were sealed using thread tape and foil tape. The
electrochemical setup consists of a computer connected to the potentiostat, water pump,
water bath, nitrogen supply and the three cell electrode. Potentiodynamic polarisation was
carried out for each alloy at a scanning rate of 0.01 V/s, from -2 V to 2 V and at a step
voltage of 0.001.

Three cell
electrode

Autolab PGSTAT 302 with
computer

Figure 3.4: Electrochemical setup

Water bath circulating
water at 35°C

N2

Pump
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Chapter 4
4.

Results and discussion

4.1. Introduction
In this chapter the metal elemental composition before exposure to SRB media and cooling
water composition are compared with EDS results after exposure of metals exposed to SRB
media, results for growing and incubating the SRB media at 35 °C are presented, and
potentiodynamic curves, corrosion rates, SEM and EDS analysis, are showcased. Each
section is concluded.

4.2. SRB incubation and growth
The presence of SRB was detected based on visual observation after an incubation period of
18 days. Culture media are typically incubated over several days, and 30 days may be
required for SRB growth (Little et al. 2006:1006) but in this instance, the results after 18 days
were glaring. In this study, no genetic sequencing was conducted to identify the type of SRB.
This will be undertaken as future work for this research. After 3 to 4 days of incubation upon
visual inspection, the aqueous media became murky mostly and a slight black colour could
be seen at the bottom of the bottles containing coupons taken from plants A and B. After 18
days of incubation, media B was completely black, as can be seen in Figure 4.1. Media A (in
bottle A) showed slight blackening as compared to media B, while media C (having the
coupon from plant C) and media D (in control bottle D) both showed no positive identification
for SRB. According to Abdullah et al. (2014:2), when the media turned to black after an
incubation period of 3 to 4 days at 37 °C, the black precipitate is indicative of iron sulphide
(FeS) produced from the reduction of sulphate ions (SO 42-) to sulphide (S2). This is also
accompanied by a strong smell of rotten- eggs, indicating the production of H2S as a result of
sulphide-reducing activity of SRB (Abdullah et al. 2014:2).

When Media B bottle was opened, a strong smell of rotten-eggs was detected and gave an
indication that there was production of H2S gas, further confirming that SRB was grown in the
media. Media B, with clear indication of presence of SRB, was therefore chosen as the
media for potentiodynamic tests.
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A

B

C

D

Figure 4.1: 250 ml bottles after 18 days of incubation
After fully anaerobic incubation for 18 days, positive indications of presence of SRB were
obtained from mixed cultures, collected from industrial cooling water plants, which supply
heat exchanger tubes. Positive indications are seen in bottle A and B as black precipitates.
The media composition used in this study proves to be the recommended media for this type
of environment.

4.3. Comparative corrosion rates for the different alloys
The e-log i plots in Figures 4.2 to 4.7, show the responses of carbon steel ASTM A516-70,
ASTM A179, ASTM A106-B, duplex stainless steel (2205), and copper alloys B111 grade
C70600 (90-10) and B111 grade C71500 (70-30) during the potentiodynamic investigation
under the media with and without bacterial load. More general data from tests are also
shown in Table 4.1 and Table 4.2. A general observation is that an increase in corrosion rate
is seen when specimens were exposed to SRB media. Comparing the carbon steel alloys, a
corrosion rate of 1.23 mm/year was computed for ASTM A179, and 1.08 mm/year for ASTM
A516-70 carbon steels when exposed to SRB loaded media. Generally the plots show the
potentials shifted to the right when steels were exposed to SRB media compared to when it
was in the control media. This graphically indicated that the presence of SRB indeed
increased the corrosion rate. It can be seen that the corrosion current densities (Icorr) in the
presence of the SRB media are greater than that in control media, indicating the occurrence
of MIC (Liu et al. 2015:485). Refer to Appendix B.2 for reference to data obtained by Liu et
al. (2015:485).

41

Chapter 4: Results and discussion

Table 4.1: Potentiodynamic tests data for different alloys in medium without SRB (control
medium)
Alloys

ASTM A516-70 Carbon Steel
ASTM A179 Carbon Steel
2205 Duplex stainless steel
ASTM A106-B Carbon Steel
ASTM B111 grade C70600 (90 - 10)
Copper nickel
ASTM B111 grade C71500 (70 - 30)
Copper nickel

βa
(V/dec)

βc
(V/dec)

0.441
0.215
0.266
0.541
0.325

0.436
0.273
2.588
0.282
0.344

Icorr
(A/cm2)
8.08E-05
8.58E-05
7.91E-06
3.11E-05

Ecorr (V)

0.041
-0.014
0.423
0.168
0.244

Corrosion
Rate
(mm/year)
0.953
1.005
0.080
0.364
0.046

3.98E-6
0.200

0.797

0.165

0.777

6.74E-5

Table 4.2: Potentiodynamic tests data for different alloys in medium with SRB
βa
(V/dec)

βc
(V/dec)

ASTM A516-70 Carbon Steel

0.201

0.274

9.16E-05

-0.293

ASTM A179 Carbon Steel
2205 Duplex stainless steel
ASTM A106-B Carbon Steel
ASTM B111 grade C70600 (90 - 10)
Copper nickel
ASTM B111 grade C71500 (70 - 30)
Copper nickel

0.254
0.812
0.300
0.703

0.250
0.923
0.486
0.403

1.05E-04
8.88E-05
4.51E-05

-0.230
0.102
-0.192
0.332

1.230
0.908
0.529
0.979

22.39%
1035%
45.33%
2028%

0.529

0.357

0.082

2.511

223%

Alloys

Icorr
(A/cm2)

Ecorr (V)

Corrosion
Rate
(mm/year)
1.081

% Increase in
corrosion rate
13.43%

8.60E-5
2.15E-4

In Figure 4.2 for ASTM A516-70, passive film formation was seen in the cathodic polarisation
region. This peak was not seen on the control curve. By visual observation the control curve
had an Icorr 8 × 10

-5

A/cm2 of and Ecorr of 0.1 V. Under SRB media, Icorr (corrosion current

density) was visually observed in the cathodic region at approximately 2 × 10

-4

A/cm2 with

Ecorr of -0.3 V, the reaction taking place in the absence of oxygen yields the equation 2𝐻 + +
2𝑒 − ↔ 𝐻2 . The data in the table computed 9.16 × 10

-5

A/cm2 with Ecorr of -0.293 V and is an

acceptable range. The corrosion was under cathodic control within this short potential range.
With slight further polarisation, the situation was altered and cathodic activity continued.
Indication of Icrit (critical current density) in the active passive phase indicates the onset of
passivation, this is when there is a loss of electrochemical activity, or drastic decrease in
corrosion rate is observed, and where a protective film began to form (indicated by the
arrows). The anode branch transitioned from the active phase to the active passive phase,
and the “nose” can be seen as the critical current density. In this case Icrit under SRB media
was visually observed from the graph as 5 × 10

-4

A/cm2 with Epp (primary passivation

potential) of -0.8 V. At this point a film began to form as the corrosion current density
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suddenly decreased, leading to localised corrosion. As the anodic branch moves out of the
active passive phase, it reached the passive phase at a positive potential of approximately
Etrans (transpassive potential) 0.5 V, at this point Ipass (passive current density) is visually
observed from the plot as 9 × 10

-3

A/cm2, maintaining a steady current density, then breaking

down the protective film, this is when iron (Fe) is dissociated to form Fe2+ ions and can be
represented by the half reaction equation 𝐹𝑒 2+ + 2𝑒 − → 𝐹𝑒. The anodic branch then reached
a transpassive phase, where a steady state was reached at a potential of approximately 2 V,
where current density increased, and the localised corrosion attack increased. The passive
film originated due to bacterial activity producing sulphide ions (S 2-). Sulphide precipitation
with Fe2+ ion will form iron sulphide films. This can be confirmed by the high sulphur
concentration found in the EDS results in Table 4.5. This film protected the metal at first,
decreasing the Ecorr, then broke down leading to localised corrosion. Visually, the control plot
displays no critical points, and the anode branch reaches steady state at a potential of
approximately 1.58 V. Localised corrosion could be seen in SEM images (Figure 4.8c).
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2
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Figure 4.2: E-log I plot from ASTM A516-70 under potentiodynamic scan at 0.01 V/sec in
aqueous media with and without SRB load, anaerobic conditions and temperature kept at 35
°C
In Figure 4.3, ASTM A179 visually showed no passivation peaks under SRB and control
media. The control plot showed Icorr in the anodic region as seen in Table 4.2, at
approximately 8.60 × 10

-4

A/cm2 and Ecorr of 0.1 V. The curve under SRB media, shifted to

the right of the control plot, where icorr was visually observed at approximately 1 × 10

-4

A/cm2

with Ecorr of -0.2 V in the cathodic region, Table 4.2 computed similar potential. Current
density was maintained from approximately 0.48 V. The anodic branch of the control and
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SRB media curve both continued to steady state of 2 V. Intergranular corrosion could be
seen from SEM images (Figure 4.9c).
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Figure 4.3: E-log I plot from ASTM A179 under potentiodynamic scan at 0.01 V/sec in
aqueous media with and without SRB load, anaerobic conditions and temperature kept at 35
°C
In Figure 4.4, duplex stainless steel showed dynamic passivation and breakdown over a wide
range of anodic polarisation under the control media. In the control plot Icorr was visually
observed at approximately 8 × 10

-6

A/cm2 with Ecorr of 0.3 V, similar data was obtained in

Table 4.2. The anodic branch reached the active passive region with Icrit approximately 3.5 ×
10

-5

A/cm2 and Epp at 0.55 V where film formation began (indicated by the arrow), the branch

transitioned to the passive region with Ipass at approximately 4.5 × 10

-4

A/cm2 and Etrans at 1.8

V. At approximately 1.8 V the current density was stable for a short time, then suddenly
reaching a breakdown point at 2.3 V. Then showed some stable behavior at 2 V where
current density increased. The nature of the curve shows corrosion resistance, this could be
due to more than 12%-Cr element alloyed into the metal (Table 4.3). A Cr-rich passive film
was formed (EDS results in Table 4.5 shows high concentrations of the Cr element). The
oxidation half reaction taking place is represented by the equation 𝐶𝑟 3+ + 𝑒 − → 𝐶𝑟 2+.
Under bacteria media, passivation is absent and anodic currents were much higher, about
two orders of microamperes. It showed that the bacteria had a remarkable impact on the
corrosion resistance of the stainless steel, accelerating it by a factor of about 100. Although,
this is still below the current density values obtained with the carbon steels. From the plot
anodic polarisation could be visually observed with an Icorr of 9 × 10

-5

A/cm2 and Ecorr of 0.2 V.
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At 0.5 V the current density was steadily maintained, then at about 1.8 V current density
started to increase. The SEM images in Figure 4.10c show no indication of pitting or
localised corrosion, however general corrosion could be noted, this type of uniform corrosion
increased the corrosion rate from 0.08 mm/year to 0.908 mm/year.
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Figure 4.4: E-log I plot from 2205 duplex stainless steel under potentiodynamic scan at 0.01
V/sec in aqueous media with and without SRB load, anaerobic conditions and temperature
kept at 35 °C
In Figure 4.5, alloy ASTM A106-B showed passivation under anodic polarisation, indicating
local accelerated corrosion, but the Ipass through the film at the most developed state at
approximately 9 × 10

-3

A/cm2 and Etrans of 1 V, was still well above the Icorr at 4.5 × 10 -5 A/cm2

at Ecorr of 0.2 V under the control media. This showed the film was not very protective under
the prevailing condition, and with little further anodic polarisation, the pitting potential/critical
breakdown point was reached. Under SRB media, the anodic branch showed Icorr as 5 × 10

-5

A/cm2 at approximately Ecorr -0.15 V. Then reaching the active passive region and critical
breakdown point with Icrit of 5 × 10

-4

A/cm2 and Epp of 0.3 V (indicated by the arrow). From 1

V current density was steady until a breakdown of the film could be seen after this point. The
easy breakdown of the film is possibly an indication of sufficient anions such as S 2- from the
bacteria metabolites in the media, which destabilise the passivation film. This caused
localised breakdown of the film, exposing the underlying metal for corrosion current to
continue flowing. This response led to pitting, as confirmed in Figure 4.11c.
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Figure 4.5: E-log I plot from ASTM A106-B under potentiodynamic scan at 0.01 V/sec in
aqueous media with and without SRB load, anaerobic conditions and temperature kept at 35
°C
In Figure 4.6, alloy B111 grade C70600 (90-10) showed no passivation under control and
SRB media. The anodic branch becomes steady at approximately 1 V. Under control media
Icorr was observed as 9 × 10
approximately 3 × 10

-4

-6

A/cm2 and Ecorr 0.6 V. Under SRB media, Icorr was observed at

A/cm2 at an Ecorr of 0.2 V. The anodic branch under SRB media curve

stabilised in current density from 1.3 V. The alloy doesn’t show film breakdown or passivity
under SRB media, but a thin film was seen in SEM images (Figure 4.12b). Revie (2011:153)
explains that the passive film substantially lowers the rate of corrosion. The film protects the
metal at first, then breaking it is broken down by anions in the media. The corrosion
behaviour of this alloy showed low corrosion rates under SRB load, computed as 0.979
mm/year,

similar

to

that of

duplex stainless steel.

The corrosion observed was

denickelification, which is uniform, thinning the metal layer by layer, and depositing nickel on
the surface (Figure 4.12c). Using the table of standard electrode potentials, the cathodic half
reaction for nickel is represented by the equation 𝑁𝑖 2+ + 2𝑒 − → 𝑁𝑖 and the anodic half
reaction gives 𝐶𝑢2 + + 𝑒 − → 𝐶𝑢 +.
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Figure 4.6: E-log I plot from B111 grade C70600 (90-10) under potentiodynamic scan at 0.01
V/sec in aqueous media with and without SRB load, anaerobic conditions and temperature
kept at 35 °C
In Figure 4.7, no pitting potential/critical breakdown point could be seen on both curves under
control and SRB media. In the control plot, Icorr was visually observed as 7 × 10

-6

A/cm2 at an

Ecorr of 0.3 V. From about 1 V the current density stabilised. From the plot under SRB media
Icorr could be observed at approximately 2.5 × 10

-4

A/cm2 at an Ecorr of 0.1 V. Current density

stabilised from approximately 1 V, reaching potentials higher than 2.4 V, the half reaction
taking place for copper is represented by the equation 𝐶𝑢2 + + 𝑒 − → 𝐶𝑢 + . A drastic increase
in corrosion rate from 0.78 mm/year to 2.5 mm/year was computed as seen in Table 4.1 and
4.2. Pitting was observed on the surface of the alloy as seen in Figure 4.13c.
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Figure 4.7: E-log I plot from B111 grade C71500 (70-30) under potentiodynamic scan at 0.01
V/sec in aqueous media with and without SRB load, anaerobic conditions and temperature
kept at 35 °C
47

Chapter 4: Results and discussion

All three carbon steels ASTM 516-70, ASTM A179, ASTM A106-B, duplex stainless steel
and copper alloys subjected to potentiodynamic tests in the presence of SRB loaded media
showed increased corrosion rate; the potentials on the e-log i plots all shifted to the right,
compared to the control media. The specific corrosion responses of the alloys differ. ASTM
516-70 shows a short potential range of cathodic passivation, but the film was very unstable,
ASTM A106-B also shows anodic passivation, also with an unstable film easy broken by
sulphide species in the medium. ASTM A179 did not passivate. The stainless steel also
showed high corrosion rates relative to the control condition in media without SRB. Copper
alloy B111 grade C70600 (90-10) showed film breakdown under control media, but B111
grade C71500 (70-30) showed film breakdown under control media and SRB load. In
comparison to Table 4.1 and 4.2. Icorr values may differ slightly, because the Tafel plot
extrapolation method was done using the PGSTAT software. The values obtained in the
above discussions, are all observed visually from the plots.

4.4. Surface microstructures of alloys before and after exposure to SRB
Section 4.4 to 4.6 discusses SEM and EDS results obtained from analysing biofilm on the
surfaces, and comparing them to the elemental composition of the metals. It should first be
mentioned that the proximity of the SEM and metallurgical laboratories prevented the
observation of wet biofilm. The biofilm was observed when dry. Also, degradation could not
be effectively captured against microstructural grains, as specimens exposed to SRB load
were not etched before exposure, separate specimens were used for etching and exposure
tests. Acetone was used to faintly clean the biofilm from the metal surface, before polishing
with 3 micron suspension. During removal of the mesh coupon from plant B, slight biofilm
could be seen by visual inspection. Biofilm is the term used to describe micro-organisms
encased in a matrix of extracellular polymeric substances (EPS). These biofilms have been
shown to influence the corrosion of metallic materials, especially ferrous alloys. When SRB is
present in the biofilm formed on these surfaces, they are usually associated with pitting
corrosion attack (Hamilton 1985:195; Hardy & Brown 1984:650; Javed et al. 2015:51;
Postgate 1984; Wade et al. 2011:75; Xu et al. 2006:829).
In Figures 4.8 to 4.13, give microstructures labelled (a) before exposure to SRB media, those
labelled (b) show the microstructure of corresponding alloys after exposure to SRB media
with biofilm on the surface, those labelled (c) show images after cleaning the surface with
acetone followed by 3 micron polish, and (d) showing higher magnification images of the
metals microstructure.
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The micrograph labelled Figure 4.8a, showing pearlite in a ferrite matrix, Nital etched. After
cleaning the biofilm (Figure 4.8b) from the surface of ASTM A516-70 with acetone, localised
corrosion could be seen (Figure 4.8c), the type of localised corrosion was seen on a specific
area of the metal, the grain boundaries were attacked in the specific area, and grains were
dislodged as seen in a high magnification image in Figure 4.8d.
The microstructure in Figure 4.9a showed narrow grain boundaries and spheroidisation,
according to Shin et al (2003:1360), this process is the transformation of cementites (iron
carbide) from lamellar morphology to spherical shapes. Spheroidisation treatment of
cementites in steels is used to increase their formability, etched with Nital. The image in
Figure 4.9b showed biofilm thinly layered across the surface of the alloy, enhancing the
shape of the grains. In Figure 4.9c steel alloy ASTM A179 was cleaned with acetone, and
intergranular corrosion was revealed along the grain boundaries, leaving the bulk of the
grains unaffected the attack was observed in Figure 4.9c. Intergranular attack along the grain
boundaries was seen throughout the exposed area of the metal.
The microstructure in Figure 4.10a showed directional grains and electrolytic etched with
KOH. A clear interface was seen in Figure 4.10b, where the corroded area was the darker
zone, and the unexposed area was the lighter zone. On visual observation the thickness in
the darker zone was shown to be significantly reduced. Leaving a wall-like interface slightly
elevated from the exposed area. In Figure 4.10c, duplex stainless steel showed no signs of
severe corrosion on the exposed surface, however the corrosion rate increased under SRB
load, the type of corrosion that can be noted on the surface of the metal is general corrosion,
identified by light brown stains on the surface of the metal (Figure 4.10c). Figure 4.10d gives
a higher magnification image of the exposed area after cleaning with acetone, where no
significant corrosion attack could be seen on the grains.
In Figure 4.11a, the microstructure of ASTM A106-B showed spheroidisation over the
pearlite area, etched with Nital. Figure 4.11b showed that the biofilm covered the exposed
area and filled the pit. After cleaning the biofilm with acetone, pitting was revealed on the
surface. Pitting in Figure 4.11c and Figure 4.11d, is characterised as rounded at the edge,
deepened in the center, with circular rings around the pit. Pit dimensions are about 100µm.
The Figure 14.12a shows the microstructure of B111 grade C70600 (90-10) electrolytic
etched with FeCl2. In Figure 14.12b the biolfilm was seen as a thick uneven layer on the
surface of the metal, this could be a combination of sulphide and nickel. The elemental
analysis is discussed in Section 4.6. After cleaning the surface of B111 grade C70600 (9010) with acetone, there was indication of denickelification (Mansfeld & Little 1992:2291),
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results differ compared to Javed et al. (2016:7), this further proves the uniqueness of the
culture of bacteria used in this study. Denickelification is observed as uniform corrosion,
where the attack is layer type, decreasing the metal thickness and leaving denickelified metal
behind (Figure 14.12c and Figure 14.12d).
In Figure 4.13a depicts the microstructure of B111 grade C71500 (70-30), electrolytic etched
with FeCl2. In Figure 4.13b biofilm formed on the surface of the metal and resembled a bulge
or thick layer, possibly indicating high sulphur content in that specific area. After cleaning the
biofilm with acetone (Figure 4.13b), pitting was observed on the surface of the metal, the
center pit had smaller pits clustered around (Figure 4.13c), however took rounded shapes at
the edges. In a higher magnification image (Figure 4.13d), the pit took a rounded shape at
the edge and cracks could be observed within the pit, at the center. The pits differ in size and
range from 25 µm to 50 µm.
For carbons steels investigated, ASTM A516-70 can be considered better in this service
environment, because of pitting on ASTM A106-B and pitting susceptibility observed on SA
179 only by visual inspection of the microstructure. B111 grade C70600 (90-10) showed
corrosion rate of 0.979 mm/year, which can be recommended as an additional alloy for better
performance, apart from the carbon steels investigated.

Duplex stainless steel is most

corrosion resistant under SRB load.
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Figure 4.8: Microstructure of steel alloy ASTM A516-70 (a) before exposure to SRB media, with dark phase being pearlite and light phase being
the ferrite (indicated by black arrows), Nital etched, (b) after exposure to SRB media with biofilm on the surface, (c) after cleaning the surface
with acetone, showing localised corrosion (d) image showing localised attack along the grain boundaries, only seen on a selective area, and
grains dislodged, arrows point to areas where grains were dislodged, leaving bulk of the other areas unaffected.
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Figure 4.9: Microstructure of steel alloy ASTM A179, (a) before exposure to SRB media, showing spheroidisation (white arrow) Nital etched, (b)
image after exposure to SRB media with biofilm on the surface, (c) after cleaning the surface with acetone showing intergranular corrosion,
indicated by white arrows, and (d) high magnification image of intergranular corrosion.
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Figure 4.10: Microstructure of 2205 duplex stainless steel (a) before exposure to SRB media, with light phase being the ferrite and dark phase
being austenite (indicated by white arrows), directional grains can be seen indicative of forming or rolling bodies, KOH electrolytic etched. (b)
after exposure to SRB media with biofilm on the surface (darker zone), (c) after cleaning the surface with acetone, showing general corrosion
identified by brown stains on the surface of the metal, and (d) high magnification image showing surface is not severely corroded.
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Figure 4.11: Microstructure of ASTM A106-B (a) before exposure to SRB media, showing spheroidisation marked by carbides scattered
(indicated by white arrows) leaving little traces of the original pearlite area, Nital etched (b) after exposure to SRB media with biofilm on the
surface, (c) image of pits on ASTM A106-B after cleaning with acetone and 3 μm polish, the white arrow indicates the pit, and (d) high
magnification image of a pit showing rounded outer surface.

58

Chapter 4: Results and discussion

59

Chapter 4: Results and discussion

Figure 4.12: Microstructure of B111 grade C70600 (90-10) (a) before exposure to SRB media, showing a fully recrystallized structure which
consists of FCC (face centre cubic) alpha grains and annealing twins, FeCl2, electrolytic etched (b) after exposure to SRB media with biofilm on
the surface, and (c) overview of the metal showing uniform denickelification, (d) high magnification image of exposed surface after cleaning with
acetone, showing nickel residue on the surface of the metal.0µm
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Figure 4.13: Microstructure of B111 grade C71500 (70-30) (a) before exposure to SRB media, showing a fully recrystallized structure which
consists of FCC alpha grains and annealing twins, FeCl2, electrolytic etched (b) after exposure to SRB media with biofilm, (c) image of surface
after cleaning with acetone, showing smaller pits clustered around the larger pit (indicated by the white arrow), and (d) high magnification image
of a pit after cleaning with acetone, showing rounded outer surface (indicated by the white arrow).
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4.5. Elemental composition of metals before exposure to SRB media
Table 4.3 shows the actual composition of the metals that were sourced before exposure to
control media and SRB media.

Table 4.3: Elemental composition of metals before exposure to SRB media using E415
standard
Elements

ASTM A516 70 Carbon
Steel Tube
(Specimens A1
– A6)

ASTM A179
Carbon Steel
Tube
(Specimens
B1 – B6)

2205 Duplex
stainless steel
Plate (Specimens
C1 – C6)

ASTM A106-B
Carbon Steel
Plate
(Specimens D1
– D6)

ASTM B111
grade C70600
(90 - 10) Copper
Nickel Tube
(Specimens E1
– E6)

C
Si
Mn

0.122
0.290
0.849

0.078
0.208
0.444

0.007
0.421
0.877

0.064
0.020
0.754

0
<0.0020
1.000

ASTM B111
grade C71500
(70 - 30)
Copper Nickel
Tube
(Specimens F1
– F6)
0
<0.0020
0.743

P
S
Cr
Mo

0.0087
0.0047
0.010
0.029

0.0096
0.0012
<0.0020
0.0024

0.0230
<0.00050
22.500
3.087

0.0210
0.0078
<0.0020
0.0015

0.00050
<0.0010
0
0

0.0014
<0.0010
0
0

Ni
Al
Cu
Nb
Ti

0.147
0.036
0.050
0.0037
0.0011

0.0039
0.013
0.014
0.0039
0.0014

4.040
0.0043
0.059
0.0040
0.0045

<0.0015
0.021
0.012
0.0034
0.00066

9.049
<0.0010
Balance
0
0

31.35
<0.0010
Balance
0
0

V
Sn
Sb
Fe

0.0030
0.0033
<0.0050
Balance

0.00092
0.0024
0.0100
Balance

0.116
0.0049
0
Balance

0.0011
0.0034
0.0130
Balance

0
0.0017
0
1.101

0
0.0023
0
0.575

Zn
Mg
Pb

0
0
0

0
0
0

0
0
0

0
0
0

<0.00050
<0.00050
<0.0030

0.026
<0.00050
<0.0030

Table 4.4 shows the composition of the water samples taken in 2016, and indicates sulphate
presence in the water, at the period coupons were inserted at the cooling towers.
Table 4.4: Sample analysis of cooling water from plant B over 50 days (Cu, Cr, Pb, Mo, Mn
and Ni always < 0.10 mg/l and P < 0.02 mg/l)
Date+
2016

01/05
01/12

pH
8.26
8.03

Con
ducti
vity
μS/c
m
433
443

01/19
01/26
02/02

7.68
6.6
8.08

453
458
471

Cl

F

Ca

23.3
24.1

0.355
0.407

33.23
33.69

22.9
26.7
25.8

0.417
0.462
0.329

35.38
28.52
39.12

Fe

K

Mg

<0.10
0.11

5.13
4.48

mg/l
20.56
22.7

<0.10
<0.10
<0.10

4.62
4.83
6.41

23.73
20.25
24.85

SiO2

Zn

SO4

TS
*

S
S*

29.05
30.54

5.49
5.71

0.25
0.54

61.22
52.9

71
63

13
8

28.47
30.18
30.89

4.64
3.15
2.92

0.389
0.139
0.248

61.88
67.56
65

89
88
88

15
18
14

Na
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02/09
02/16
02/23

8.11
8.29
8.39

478
479
491

25.7
27.6
25.5

0.5
0.415
0.45

31.16
32.85
34.36

<0.10
<0.10
0.13

5.16
5.43
5.83

20.84
21.3
22.96

27.14
28.12
29.99

2.14
2.69
4.24

<0.10
0.376
0.371

71.17
70.21
74.15

90
74
86

21
16
17

+ Sample taken at 6.00 hours *TS – Total sulphate; SS – Suspended solids

4.6. Energy Dispersive Spectroscopy (EDS) analysis
Table 4.5 gives the EDS results of biofilm that was formed on the specimens after
potentiodynamic polarisation at a temperature of 35 °C at pH 8.2. The data shows presence
of sulphur at proportions above the actual composition of the alloys as shown in Table 4.3. It
can be inferred that increased sulphur has occurred due to the presence of the SRB the
specimens were exposed to. It has been shown that S2- is a catalyst for accelerating metal
oxidation (Marcus 1998:109). The cooling water composition as shown in Table 4.4 indicated
sulphate content in the water, which SRB reduce to H2S. In the study of Lui et al. (2015:484),
sulphate concentrations are presented in higher proportions in the biofilm. The corrosion
behavior of the carbon steels differed when exposed to the mixed culture (SRB), the culture
formed biofilm rapidly within a short period of time, forming precipitates such as sulphur and
phosphorus. In line with the EDS data, the highest weight percent of sulphur among the
carbon steel specimens was seen on ASTM A516-70 with a weight percent of 2.1. This can
be an indication of higher bioactivity on that surface at that spot. A percentage of phosphorus
was also observed only on ASTM A516-70, ASTM A106-B and copper alloys.

Table 4.5: EDS results of biofilm that was formed on specimens during SRB exposure at 35
°C and pH 8.2.
Specimen
Wt%

C

O

Na

Al

Si

P

S

Cl

K

Mn

Fe

Cu

Ni

Cr

Ca

ASTM A 51670
ASTM A 179
2205 Duplex
stainless
steel
ASTM A106B
B111 grade C
70600 (9010)
B111 grade C
71500 (7030)

3.7

18.7

3.3

0.3

0.5

1.0

2.1

0.9

0.5

0.6

67.8

0.6

0

0

0

0
0

5.5
6.0

1.2
1.6

0.3
0.7

0.3
0.7

0
0

0.5
1.8

0
0.8

0.2
0.6

0.5
0.9

91.5
61.3

0
0

0
4.4

0
21.2

0
0

0

19.3

1.0

0

0.2

2.1

0.3

0.5

0.4

0.8

75.4

0

0

0

0

4.6

34.5

0

0

0

2.2

2.3

3.3

0.4

0

1.5

49

2.1

0

0

0

38

0

0

0

3.3

3

2.9

1.6

0.4

0.5

39.2

10.7

0

0.3

The EDS elemental data concurred with the inference made that the blackening of the media
was an indication of sulphur presence in the media. The sulphur proportions obtained here
was above the actual composition of the alloys shown in Table 4.3.
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Chapter 5
5.

Conclusions and recommendations

After fully anaerobic incubation for 18 days, of mixed cultures from industrial cooling water
plants supplying heat exchanger tubes, positive indications of presence of SRB were
obtained, the media turned black with sulphide precipitates. This was further confirmed with
EDS analysis of higher sulphur content on the surface of the steel alloys exposed to aqueous
solution of this media under potentiometric studies. Traces of phosphorus were also noted in
the EDS data. All three carbon steels ASTM A516-70, ASTM A179, ASTM A106-B and a
duplex stainless steel subjected to potentiodynamic tests in the presence of SRB loaded
media showed increased corrosion rate; the potentials on the e-log i plots all shifted to high
log i values, compared to the control media. The specific corrosion responses of the alloys
differ. ASTM A516-70 shows a short potential range of cathodic passivation, but the film is
very unstable, ASTM A106-B also shows anodic passivation, also with an unstable film easy
broken by sulphide species in the medium. ASTM A179 did not passivate, but even showed
some pitting susceptibility as indicated by the surface microstructures after the polarisation
tests. The stainless steel also shows higher corrosion rates relative to the control condition in
media without SRB. Corrosion rates of 1.23 mm/year, 1.08 mm/year and 0.53 mm/year were
obtained for carbon steels ASTM A179, ASTM A516-70 and ASTM A106-B respectively,
under SRB media, while the stainless steel alloy gave 0.91 mm/year. ASTM A516-70 can be
considered better in this service environment out of the carbon steels investigated because
of pitting on ASTM A106-B and pitting susceptibility observed on ASTM A179, only through
visual inspection of the microstructure. Though the stainless steel shows least corrosion rate,
with this work, a conscious choice can be made in considering carbon steels with a
projection of the possible service life and capital cost trade off compared to stainless steel.
For the copper alloys, B111 grade C70600 (90-10) showed corrosion rate of 0.979 mm/year,
which can be recommended as an optional alloy for better performance, apart from the
carbon steels investigated. It cannot be said that all carbon steels are prone to pitting attack
when exposed to SRB; for every alloy, the factors behind this type of corrosion behavior
include the culture of bacteria prevalent in the process system, environmental conditions,
and surface finish of the alloy in service. These service condition factors are unique to every
industry. This opens further research into the uniqueness of mixed bacterial cultures found in
heat exchanger environments of petrochemical industries.
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Appendix A: Potentiodynamic data
A1. Data from experiments
The data presented below give the detail of the results from the Autolab potentiostat,
PGSTAT 302 machine, note that the C and D SRB corrosion rates were recalculated and is
presented in a separate excel spreadsheet. Experiments were carried out at a temperature of
at 35 °C and a pH of 8.2 for SRB media and control media using distilled water was at a
temperature of 35 °C. The data below can be viewed in the disc provided.

SRB 205 Alicia.xlsx

Controls.
Lekala.Alicia.xlsx

Controls Corrosion
rates (latest).xlsx

SRB 205 Corrosion
rates (latest).xlsx

ALICIA CALC EW
22.08.2017.xlsx

Coor Rates (C
nD).xlsx

A.2 Mathematical basis of SYMADEC software to produce polarisation curves
according to Flitt & Scheinsburg (2005:2126)
This is a basis that was referred to in order to understand the results produced by the
program.
According to Flitt & Scheinsberg (2005:2126), the generation of polarisation curves continues
to be important in the aqueous corrosion research. The time consuming potentiostatic
method has been largely replaced by the potentiodynamic approach where the potential (E)
of the corroding metal is automatically varied with time. The current (I) needed to maintain
the metal (working electrode (WE)) at each applied potential (E w) is ascertained and the
potential/current data is plotted to give the experimental polarisation curve. In corrosion
studies it is common practice for the curve to be displayed with the independent variable (in
this case the potential) rather than the dependent variable as ordinate. Further, the
logarithm10 of the current density (logi) is plotted in the positive x-direction and cathodic
current is negative.
The magnitude of Ew can be regarded as a measure of the oxidizing power of the corrodent
(Liening et al. 1986:85), with the logi axis reflecting the rate of each reaction in the corrosion
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process. Depending on the corrosion system under study it follows that from the shape of the
experimental curve it may be possible to obtain information on the kinetics of the corrosion
reactions, protectiveness of a passive film ability of a compound to act as a corrosion
inhibitor, relative corrosivity of process streams and corrosion rate (i corr) of the metal.
Unfortunately, extracting any of the above from the experimental curve may be quite difficult.
This is because at each applied potential the recorded current is the sum of the anodic and
cathodic components of the corrosion reaction and the experimental curve (e.g., for the
simple cases of pure Fe in O2-free dilute H2SO4) will be the sum of the two true polarisation
curves, one describing oxidation of Fe to Fe2+ and the other reduction of H+ ion. This means
that for potentials not greatly removed from that of the free corroding WE (corrosion potential
(Ecorr)) the shape of the anodic and of the cathodic portions of the experimental curve will
differ from that exhibited by each true curve. However, for the potentials further from E corr the
effect of the cathodic reaction on the anodic reaction and vice-versa is progressively
lessened, and the shape of the experimental curve eventually becomes an accurate
representation of the kinetics of the anodic and cathodic reactions. Of course, if an alloy is
involved or if the corroded contains more than one oxidant (commonly H + ion and dissolved
O2) the net experimental curve will be more complex, and correspondingly harder to interpret
in terms of its components.
An example where failure to correctly analyze the experimental curve can lead to error is
when the curve is employed to evaluate the corrosion rate. The Tafel extrapolation method is
well known but it is often forgotten that the metal is required to be uniformly corroding and at
the corrosion potential either the anodic or the cathodic reaction needs to be under complete
activation control. Further, for the accurate estimation of icorr the identified linear portion of the
experimental curve should extend over about one decade on the log i axis. Unfortunately, in
practice these requirements are not always met: the relevant cathodic reaction may be
experiencing both activation and concentration polarisation at Ecorr and extrapolation of what
is perceived as a ‘shortened’ Tafel portion is completely erroneous. Another example
pertaining to corrosion rate evaluation is when corrosion-monitoring probes based on the
polarisation resistance method are used. The reaction kinetics of the corrosion process must
be established before installation as these devices again assume that at E corr the anodic and
cathodic corrosion reactions are under activation control. A final example where the
experimental curve can be difficult to interpret is when the metal spontaneously
passivates/pits in the corroding prior to polarisation. The anodic portion of the experimental
curve may now exhibit ‘straight line behavior’ but, because localized corrosion is involved,
extrapolation of this portion of the curve does not lead to a ‘corrosion rate’. Also, in this case
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the cathodic portion of the experimental curve may exhibit either a confusing ‘cathodic loop
or dip’ negative peak. In practice it is difficult, except for the simplest corrosion systems, to
visualize and experimental curve in terms of its anodic and cathodic components. Schematic
representations of experimental curves with their schematic ‘true’ anodic and cathodic curves
have been published (Liening et al. 1986:85; Siebert et al. 1985:65).

The most common cathodic reactions driving the aqueous solution of a metal are:
2𝐻 + (𝑎𝑞 ) + 2𝑒 − → 𝐻2(𝑔) (equivalent 2𝐻2 𝑂 + 2𝑒 − → 𝐻2(𝑔) + 2𝑂𝐻 −(𝑎𝑞))

(A.1)

and
𝑂2 (𝑔) + 2𝐻2 𝑂 + 4𝑒 − → 4𝑂𝐻 − (𝑎𝑞) (equivalent 𝑂2 (𝑔) + 4𝐻 + (𝑎𝑞 ) + 4𝑒 − → 2𝐻2 𝑂)

(A.2)

The relationship between the rate of each of the above reactions, expressed as cathodic
current density, 𝑖𝑐 and high values of the activation over potential, ɳact,c (> approx. -0.03V) at
the metal/solution interface is
𝑖𝑐 = 𝑖0 exp(−𝛼𝑛 ɳact,c /𝑅𝑇)

(A.3)

Where:
𝛼 = transfer coeficient; 𝑛 = number of electrons involved in the reaction
F = Faraday ′ sconstant; ɳ𝑎𝑐𝑡,𝑐 = 𝐸𝑊 − 𝐸𝑟𝑒𝑣𝑒𝑟𝑠𝑖𝑏𝑙𝑒 ; R = 8.314 J. K −1 mol−1 ; T = abs. temp. (K)

Rearranging gives the Tafel equation:
𝑖

ɳ𝑎𝑐𝑡,𝑐 = 𝑏𝑐 log( 𝑐 )
𝑖0

(A.4)

Where:
𝑏𝑐 = Tafel slope = −2.303 𝑅𝑇/𝛼𝑛𝐹 .
At higher reaction rates concentration polarisation is present (this is most often seen for the
oxygen reduction reaction) and the relationship between the cathodic current density and the
cathodic concentration over potential, ɳ𝑎𝑐𝑡,𝑐 is:
𝑖𝑐 = 𝑖𝐿 {1 − exp(𝑛𝐹ɳ𝑐𝑜𝑛𝑐 ,𝑐 /𝑅𝑇)}

(A.5)

Where:
𝑖𝐿 = limiting current density
Rearranging:
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ɳ𝑐𝑜𝑛𝑐 ,𝑐 = (2.303

𝑅𝑇
𝑛𝐹

) 𝑙𝑜𝑔{1 − (𝑖𝑐 /𝑖𝐿 )}

(A.6)

Charge transfer and concentration overpotentials are additive, and for a single cathodic
process Eqs. (A.4) and (A.6) can be added to give:
ɳ𝑡𝑜𝑡𝑎𝑙,𝑐 = − (

2.303𝑅𝑇
𝛼𝑛𝐹

𝑖

2.303𝑅𝑇

𝑖0

𝑛𝐹

) log ( 𝑐 ) + (

) log(1 −

𝑖𝑐
𝑖𝐿

))

(A.7)

It follows (Nesic & Postlethwaite 1996:280) that the approximate value of the total cathodic
current density is given by:
𝑖𝑡𝑜𝑡𝑎𝑙,𝑐 = [𝑖0 exp(−

𝛼𝑛𝐹ɳ
RT

) ] / [1 + {𝑖0 exp(−

𝛼𝑛𝐹ɳ
RT

)}/𝑖𝐿 ]

(A.8)

Or:
𝑖𝑡𝑜𝑡𝑎𝑙,𝑐 = 𝑖𝐿 𝑖𝑐 /(𝑖𝐿 + 𝑖𝑐 )

(A.9)

Appropriate versions of Equation (A.8) are used to model the curves for 𝐻 + and 𝑂2 reduction.
The current densities at each potential are then summed.
The general anodic reaction for active metal dissolution is 𝑀 → 𝑀𝑛 + + 𝑛𝑒 − . Consider the
corrosion of iron. This process is pH dependent, and reference to the well-known Pourbiax
diagram (Pourbaix 1974) for the iron/water system at 25°C (dissolved iron activity< 10 −6 𝑀)
shows the following:
1. For 𝑝𝐻 < ~4.2 as the potential of the iron (Ew) is made more positive the reaction is
𝐹𝑒 (𝑠) → 𝐹𝑒 2+ (𝑎𝑞) + 2𝑒 − (active corrosion)

(A.10)

2. For 𝑝𝐻~4.2 𝑡𝑜 ~9.4 as 𝐸𝑤 is made more positive active corrosion (formation of the 𝐹𝑒 2+) is
followed by the passivation due to precipitation of the hydrous oxide. 𝐹𝑒2 𝑂3 . 𝑛𝐻2 𝑂 ; after
dehydration of 𝐹𝑒 (𝑂𝐻 ) 3; (Note the precipitate is usually represented as 𝐹𝑒 (𝑂𝐻 ) 3.)
3. For 𝑝𝐻 ~9.4 𝑡𝑜 ~12.2 as 𝐸𝑤 is made more positive iron passivates to form 𝐹𝑒 (𝑂𝐻 )2 then
𝐹𝑒 (𝑂𝐻 )3 .
4. For 𝑝𝐻~12.2 as 𝐸𝑤 is made more positive iron is transformed to soluble 𝐻𝐹𝑒𝑂2− ions
followed by passivation due to 𝐹𝑒(𝑂𝐻 ) 3 .
For active dissolution of a metal, e.g., Fe (Equation A.10) above the Tafel equation is used:
𝑖𝑎 = 𝑖0exp ({1 − 𝛼 }𝑛𝐹ɳ𝑎𝑐𝑡 ,𝑎 /𝑅𝑇)

(A.11)

Or
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𝑖

ɳ𝑎𝑐𝑡,𝑎 = 𝑏𝑎 log( 𝑎 )

(A.12)

𝑖0

where 𝑏𝑎 = Tafel slope = 2.303𝑅𝑇 /(1 – 𝛼)𝑛𝐹.
In order to model the anodic curve for a transition from active to passive behavior, i.e., from
the potential where passivation commences (passivation potential, E p) to that value where
passivation is complete (𝐸𝑐𝑝 ), Hines (1983:10) assumed that the metal surface consists of
two independent regions-one where metal dissolution occurs, as given in the reaction
equation below, and the other where a film deposit occurs.
𝑀 → 𝑀𝑛 + + 𝑛𝑒 −
Initially, metal dissolution is seen over the entire surface, but as filming starts the area on
which the anodic reaction proceeds unimpeded gradually decreases, reaching a minimum
when the potential at Ecp is reached. Suppose 𝑆 is the fraction of the metal area on which no
film forms and (1 − 𝑆) is the fraction filmed. The rate of the anodic reaction on the total
surface 𝑖𝑡𝑜𝑡𝑎𝑙,𝑎 can now be expressed in terms of the anodic current densities (𝑖) on the
filmed and unfilmed regions. Thus
𝑖𝑡𝑜𝑡𝑎𝑙,𝑎 = 𝑖𝑢 𝑆 + 𝑖𝑓 (1 − 𝑆)
where

(A.13)

𝑖𝑢 and 𝑖𝑓 are the rates on the un-filmed and filmed regions, respectively. 𝑆 will be

equal to unity at 𝐸𝑝 and will reach a value of zero at 𝐸𝑐𝑝 .
Hines (1983:10) suggested two physical models for the dependence of 𝑆 on the applied
potential E. However, Equations (A.16) and (A.17) in his paper do not generate the 𝑆 curve.
The corrected equations and variation of 𝑆 with the applied potential according to Hines
(1983:10) second model is now given by
𝑆 = 2[exp (−𝐴(𝐸𝑊 − 𝐸𝑃 )𝑝 ]/[1 + exp(−𝐴(𝐸𝑊 − 𝐸𝑃 )𝑝 ]

(A.14)

where 𝑝 = constant used to shape the passivation peak (2 symmetrical: 2-3 asymmetrical)
and 𝐴 = constant (10−3 − 10−4 ) that determines the width of the passivation peak. Both 𝑝 and
𝐴 are obtained empirically and appear to have no physical significance (Brook et al.
1984:243).
Substitution in (A.13) gives the following for 𝑖𝑡𝑜𝑡𝑎𝑙,𝑎
𝑖𝑡𝑜𝑡𝑎𝑙,𝑎 = 𝑖𝑢 {2

[exp(−𝐴 (𝐸 𝑤−𝐸𝑝 )𝑝 ]
[ 1+exp(−𝐴(𝐸𝑤 −𝐸 𝑝 )𝑝 ]

} + 𝑖𝑓 {1 − 2 [exp(−𝐴(𝐸𝑤 − 𝐸𝑝)𝑝 ]/[1 + exp(−𝐴(𝐸𝑤 − 𝐸𝑝 )𝑝)]}

(A.15)
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In summary, when 𝑆 = 1 (no film) (A.13) reduces to 𝑖𝑡𝑜𝑡𝑎𝑙,𝑎 = 𝑖𝑢 and the Tafel relationship
applies. When 𝑆 = 0, 𝑖𝑡𝑜𝑡𝑎𝑙,𝑎 = 𝑖𝑓 = 𝑖𝑐𝑝 .
In presence of certain anions (e.g.,𝐶𝑙 −) the film is attacked and at points where the film is
thin metal dissolution may proceed (localised or pitting corrosion). That part of the anodic
curve from the point where pitting commences (𝐸𝑏𝑟 ) to the maximum potential reached (𝐸𝑚 )
is now modelled. It is assumed that the metal dissolution can be described by a linear
logarithmic current density/potential relationship. The following empirical expression is
proposed for the dependence of the anodic current density 𝑖𝑎 on the potential 𝐸𝑤
𝑖𝑎 = 𝑖𝑐𝑝 {(𝑖𝑐𝑝 + 𝑣)/𝑣 }

(A.16)

where
𝑣 = 𝑒𝑥𝑝 {𝑙𝑛𝑖𝑐𝑝 + (1/(𝑖𝑟𝑜𝑛 𝑡𝑟𝑎𝑛𝑠𝑝𝑎𝑠𝑠𝑖𝑣𝑒 𝑠𝑙𝑜𝑝𝑒)[𝐸𝑚 − (𝐸𝑤 + 𝐸𝑏𝑟 )]}

(A.17)

with respect to Equations (A.16) and (A.17), the following applies:
(1) When 𝐸𝑤 is equal to or less than |𝐸𝑏𝑟 |𝑣 , becomes large and 𝑖𝑎 = 𝑖𝑐𝑝 ;
(2) When 𝐸𝑤 < |𝐸𝑏𝑟 |𝑣 is small and 𝑖𝑎 >> 𝑖𝑐𝑝 .
At higher positive potentials film breakdown (in the absence of aggressive anions) and
oxygen evolution may be possibilities. Currently these aspects have not been factored into
the SYAMDEC program.
Resistance polarisation due to the presence of the passive film will also be present and the
recorded anodic potentials must be corrected for the IR drop. Sometimes and ionically
conducting but non-passive porous film (e.g., graphitic carbon) may form on a metal and the
IR drop across this film must also be considered. If a current I is passed across a film whose
resistance is 𝑅Ώ there will be a potential drop given by ɳΏ = I𝑅Ώ . Resistance polarisation has
the effect of making the electrode potential (𝐸𝑤 ) for a corrosion system larger than the ‘true’
value (𝐸𝑡𝑟𝑢𝑒 ). Thus
𝐸𝑡𝑟𝑢𝑒 = 𝐸𝑤 − 𝐼𝑅

(A.18)

This type of polarisation can be responsible for the anodic portion of an experimental curve
(e.g., for mild steel in oxygen-free 0.5 M sulphuric acid) exhibiting curvature instead of the
expected straight-line indicative of Tafel behaviour. SYMADEC allows for the insertion of
different values of film resistance and subsequent calculation of the true potential.
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In (Flitt & Scheinsburg 2005:2142) a case with low-alloy steel corroding in oxygen-containing,
simulated steam turbine condensate (active corrosion, induced passivation and pitting):
The experimental curve given in Figure A.1 was recorded potentiodynamically by OtienoAlego

et

al.

(1993:103)

for

A-470

turbine

rotor

disc

steel

with

composition

(0.24% C, 1.8% Cr, 3.68% Ni, 0.46% Mo, 0.3% Mn, 0.12% V, 0.0004% S, 0.0004% P, 0.05% Si)
immersed in a synthetic steam turbine condensate containing 2 ppm NaCl, 2 ppm Na 2SO4, 2
ppm 𝑁𝑎𝑂𝐻 and 5 ppm 𝑆𝑖𝑂2. A single compartment Perspex cell (800 cm3) fitted with a
Perspex lid was used. The WE (10 mm dia.) and Pt counter electrode (1 cm2) were mounted
in chemical resistant epoxy resin and immersed in the test solution using a Perspex holder. A
saturated calomel electrode (SCE) connected to a Luggin capillary was used as the
reference electrode. The temperature was 30°C and the solution pH = 9.0. Bottled nitrogen
gas (containing traces of oxygen) was passed continuously through the corrodent and this
resulted in a dissolved oxygen level of approximately 0.01 mg 𝐿−1. The WE was abraded with
1200 grade SiC paper, degreased with AR grade acetone, inserted in the solution and then
immediately pre-polarised at - 756 mV (SHE) for 10 min to remove any air-formed oxide film.
After reaching a steady 𝐸𝑐𝑜𝑟𝑟

(approximately 1 h) the corroding WE was polarised

cathodically. This was followed by anodic polarisation when 𝐸𝑐𝑜𝑟𝑟 had returned to within ± 5
mV of the previous value. The polarisation scan rate was 10 mV 𝑚𝑖𝑛 −1 . In this case there are
two oxidants (H+ ion and small amount of O2) driving corrosion. 𝐸𝑐𝑜𝑟𝑟 was - 539 mV
(Standard Hydrogen Electrode-SHE). Although low-alloy steel is corroding, the material is
approximately 93% Fe, and the Pourbaix diagram for pure iron is a reasonable guide to
corrosion behaviour and subsequent anodic polarisation. The diagram shows that at pH = 9.0
and for an 𝐸𝑐𝑜𝑟𝑟 ~ - 539 mV (SHE) pure iron is actively corroding to form 𝐹𝑒 2+ ions. Further,
if the WE is made more positive iron passivates with the formation of precipitated 𝐹𝑒2 𝑂3 .
𝑛𝐻2 𝑂 (or 𝐹𝑒 (𝑂𝐻 ) 3 ). The shape of the experimental polarisation curve shown in Figure A.1
supports the use of the iron Pourbaix diagram to predict corrosion behaviour. The curve
suggests active corrosion at 𝐸𝑐𝑜𝑟𝑟 and indicates that polarisation in the positive direction (by
means of the potentiostat) results in a classical active/passive transition. This is followed at
more positive potentials by a rapid increase in current density suggesting in the presence of
𝐶𝑙 − pitting corrosion. Otieno-Alego et al. (1993:103) reported that pits were observed on the
WE after anodic polarisation.
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Figure A.1: Experimental and synthesised polarisation curves for low-alloy steel in synthetic
condensate at 30 °C (0.01 mg L-1 O2) (Flitt & Scheinsberg 2005:2143).
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Appendix B: Methods of preparation and growth
B.1 Metals after exposure to SRB
Figure B.1 shows the specimens that were exposed to SRB media, a bright corrosion
product and biofilm can be seen. The white arrows indicate the exposed areas.

Figure B.1: Shows biofilm/bright corrosion product formed on the 10 × 10 mm specimens
exposed to SRB at 35°C at pH 8.2, white arrows show exposed area, (a) ASTM A516-70,
tube, (b) ASTM A179, tube, (c) 2205 Duplex stainless steel, plate, (d) ASTM A106-B, plate,
(e) B111 grade C70600 (90-10), tube, (f) B111 grade C71500 (70-30), tube.
B.2 Potentiodynamic polarisation under different corrosion conditions
Results presented are from the works of Liu et al. (2015:485). Electrochemical parameters
fitted from the potentiodynamic polarisation under different corrosion conditions after 15 day
incubation.
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Table B.1: Electrochemical parameters fitted from the potentiodynamic polarisation under
different corrosion conditions after 15 day incubation (Liu et al. 2015:485)
βa (V/dec)

βc (V/dec)

Ecorr (V vs. SCE)

Icorr (A/cm2)

Control

0.145

-0.092

-0.810

8.00 × 10-6

Aerobic ironoxidizing
bacteria (IOB)

0.039

-0.362

-0.762

1.28 × 10-5

Anaerobic
sulphatereducing bacteria
(SRB)

0.430

-0.053

-0.729

2.77 × 10-5

SRB + IOB

0.311

-0.175

-0.678

2.52 × 10-5

Figure B.2: Potentiodynamic polarisation curves of coupons under different corrosion
conditions after 15 day incubation (Liu et al. 2015:485).
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