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ABSTRACT 

Metals in service often give a superficial impression of permanence, but all except gold are 

chemically unstable in air and air-saturated water at ambient temperatures and most are also 

unstable in air-free water. Corrosion can be defined in general terms as the degradation of a 

material, usually a metal, or its properties because of a reaction with its environment. It results to 

damage cost between 1 – 5 % GNP as reported from different countries. Corrosion can be 

initiated by differences in chemical potential, stress or chemical reactivity between two points. It 

can also be influenced or initiated by microorganisms, a form of corrosion that is often ignored 

by many people. The latter is a form of corrosion called Microbial Induced Corrosion (MIC) or 

Biocorrosion and it accounts for 50% of the total corrosion damage cost. The focus of this work 

is to understand the role played by Sulphur Oxidizing Bacteria (SOB) on corrosion of X65 low 

carbon steels, its kinetics and the possible ways to mitigate this form of corrosion. The 

experiment for the isolation of SOB showed a maximum pH drop of 3 in the Thiosulphate broth, 

followed by 2.3 in the Starkey broth and 1.5 in the NCL broth. The results from the corrosion 

experiment show a higher weight loss for samples 3 and 4, which were exposed in the culture 

media with SOB, compared to samples 1 and 2 in the same media but without SOB. Corrosion 

by SOB was reduced by 96.73% using 80 mg/L of Sodium Tungstate and 100 mg/L of Nickel. 
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CHAPTER ONE 

1.0 INTRODUCTION 

1.1 Background 

 Metals in service often give a superficial impression of permanence, but all except gold are 

chemically unstable in air and air-saturated water 

at ambient temperatures and most are also 

unstable in air-free water. Hence almost all of the 

environments in which metals serve are 

potentially hostile and their successful use in 

engineering and commercial applications depends 

on protective mechanisms. In some 

metal/environment systems, the metal is protected 

by passivity, a naturally formed surface condition 

inhibiting reaction. In other systems the metal 

surface remains active and some form of protection must be provided by design; this applies 

particularly to plain carbon and low-alloy irons and steels, which are the most prolific, least 

expensive, and most versatile metallic materials. Corrosion occurs when protective mechanisms 

have been overlooked, break down, or have been exhausted, leaving the metal vulnerable to 

attack. 

Corrosion can be defined in general terms as the degradation of a material, usually a metal, or its 

properties because of a reaction with its environment. This definition indicates that properties, as 

well as the materials themselves, may and do deteriorate. In some forms of corrosion, there is 

almost no visible weight change or degradation, yet properties change and the material may fail 

unexpectedly because of certain changes within the material [Pierre, 2008]. Such changes may 

defy ordinary visual examination or weight change determinations. 

Corrosion can lead to failures in plant infrastructure, pipelines and machines which are usually 

costly to repair, costly in terms of lost or contaminated product, in terms of environmental 

damage, and possibly costly in terms of human safety [Pierre, 2008]. Decisions regarding the 

 

Figure 1.0: Corroded pipeline 
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future integrity of a structure or its components depend upon an accurate assessment of the 

conditions affecting its corrosion and rate of deterioration. With this information an informed 

decision can be made as to the type, cost, and urgency of possible remedial measures. 

1.2 Corrosion Basics  

To the great majority of people, corrosion means rust, an almost universal object of hatred. Rust 

is, of course, the name which has more recently been specifically reserved for the corrosion of 

iron, while corrosion is the destructive phenomenon that affects almost all metals. Although iron 

was not the first metal used by man, it has certainly been the most used, and must have been one 

of the first on which serious corrosion problems were encountered [Pierre, 2008]. 

Corrosion occurs either in presence of water (wet corrosion) or in absence of water (dry 

corrosion). Wet corrosion requires the presence of anode, cathode, an electrolyte and an 

electrical circuit. Dry corrosion takes place in absence of electrolyte for example hot corrosion of 

engine components. Corrosion can be initiated by differences in chemical potential, stress or 

chemical reactivity between two points. It can also be influenced or initiated by microorganisms, 

a form of corrosion that is often ignored by many people. Since the microorganisms are largely 

invisible, it has taken a considerable time for a solid scientific basis for defining their role in 

materials degradation to be established. Many engineers continue to be surprised that such small 

organisms can lead to spectacular failures of large engineering systems. This form of failure of 

structures is called Biocorrosion or Microbial Influenced Corrosion (MIC), which is a form of 

wet corrosion. 

 

1.3 Microbiologically Influenced Corrosion (MIC) or Biocorrosion  

Generally, MIC refers to the influence of microorganisms on the kinetics of the corrosion 

processes of metals, caused by microorganisms adhering to the interfaces (usually called 

‗Biofilms‘). A prerequisite for MIC is the presence of microorganisms. If the corrosion is 

influenced by their activity, further requirements are (1) an energy source, (2) a carbon source 

(3) an electron donator, (4) an electron acceptor and (5) water (Iwona et al., 2000). 
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MIC, as a significant phenomenon, has thus been viewed with skepticism, particularly among 

engineers and chemists with little appreciation of the 

behavior of microorganisms. The slow process in 

establishing the importance of MIC in equipment 

damage is also the result of the paucity of analytical 

techniques to identify, localize and control corrosion 

reactions on metal surfaces with surface-associated 

microbial processes. Meanwhile, MIC has attracted the 

attention of scientists, engineers and researchers during 

the last decade (Little et al., 1990; Videla, 1991 & 1996; 

Lewandowski et al., 1994; Heitz et al., 1996; 

Borenstein, 1998; Beech, 1999; and Geesey et al., 

2000). 

1.3.1 The Role of Biofilms  

Principally, corrosion is an interfacial process with the kinetics determined by the physico-

chemical environment at the interface e.g. by the concentration of oxygen, salts, pH value, redox 

potential and conductivity. These 

parameters can be influenced by 

microorganisms growing at the 

interfaces. This growth mode under 

these conditions is favorable for most 

microorganisms on earth (Costerton 

et al., 1987). The microorganisms 

can attach to surfaces where they 

embed themselves in slime/biofilms, 

so-called Extracellular Polymeric 

Substrates (EPS) and form layers 

which are called ―Biofilms‖. These 

layers can be very thin (monolayer) but with time can reach the thickness of centimeters as it is 

in the case of mats. Biofilms are characterized by a strong heterogeneity. It is well known that 

 

Figure 3.0: General representation of microbiologically 

influenced corrosion of a metal surface (Adapted from 

Hamilton, 1995) 

 

Figure 2.0: Microbial Influenced 

Corrosion (MIC) 
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the metabolic activity of clusters of biofilm microorganisms can change the pH value for more 

than three units locally. Directly, this means that at the interface where the corrosion process is 

actually taking place, the pH value can differ significantly from that of the surrounding.  

 

1.4 BIOCIDES 

1.4.1 What is a biocide? 

A biocide is a chemical or physical agent, such as a pesticide or fungicide that is capable of 

inactivating and/or killing unwanted living organisms. The toxic effect of metal ions on living 

cells, algae, molds, spores, fungi, viruses, prokaryotic and eukaryotic microorganisms, even 

when are in relatively low concentrations make them biocides and the effect is called 

Oligodynamic Effect. This antimicrobial effect is shown by ions of mercury, silver, copper, 

iron, lead, zinc, bismuth, gold, aluminum, nickel and tungsten amongst others. 

1.4.2 Mechanism of Oligodynamic Effect 

Metal ions, especially those of heavy metals, show oligodynamic effect. The exact mechanism of 

action is still unknown. Data from silver suggest that these ions denature enzymes of the target 

cell or organism by binding to reactive groups. This results in their precipitation and inactivation. 

Silver inactivates enzymes by reacting with thiol groups to form silver sulfides. Silver also reacts 

with the amino-, carboxyl-, phosphate-, and imidazole- groups and diminish the activities of 

lactate dehydrogenase and glutathione peroxidase. Bacteria are in general affected by the 

oligodynamic effect, while viruses are not very sensitive to this effect. 

1.4.3 Applications of Biocides 

Biocides are a small part of any overall formulation, but they play a critical role in many 

industrial applications, where microbial problems exist. Each industry has its own particular 

needs for biocide products. Key industrial applications for biocides include industrial hygiene, 

in-can preservation and dry-film preservation for paints and coatings; disinfectants for animal 

biosecurity to help control the spread of animal viruses including Avian Influenza, better known 

as bird flu; controlling biofilm formation which can lead to the souring of oil and gas or the 
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degradation of fracturing fluids and drilling muds in oil field applications; controlling 

microbiological contamination and biofilm in cooling towers; and reducing problems with 

corrosion, fouled coolant lines, clogged filters, and odors in metalworking fluids. 

1.5 PROBLEM STATEMENT 

In trying to avoid corrosion problems, most mining industries employing biooxidation in metal 

extraction are using leaching tanks made of acid resistant steels. The reason for using this 

material is to avoid corrosion problems. Nevertheless, the tanks still undergo degradation with 

time. Likewise in the food and oil and gas industry where stainless steels and low carbon steels 

are used respectively, they still face challenges of metal deterioration. Looking at the 

environment where these component structures operate, corrosion issues are subject to microbial 

attack. 

In this work, the influence of Sulfur Oxidizing Bacteria (SOB) and Acidithiobacillus 

thiooxidans in particular, on corrosion kinetics and mechanisms of X65 Steels will be studied. 

X65 is primarily used in the oil and gas industries as one of the primary steels used in pipe. The 

strength and low cost make X65 much more attractive than other, higher-performing steels since 

these industries routinely use miles of pipe. The strength of X65 also means it is a good choice 

for pressurized lines; where the steel's excellent weldabilty ensures strong seals. The study will 

go further to explore different preventive measures of this type of corrosion. This will simulate 

the corrosion mechanisms of the buried pipelines in the oil and gas industry. 

1.6 RESEARCH OBJECTIVES AND HYPOTHESES 

1.6.1 Objectives 

This work intends to achieve the following; 

 Understand the role played by Sulfur Oxidizing Bacteria in the corrosion of X65 low 

carbon steels. This will simulate the corrosive environment in the oil and gas industry. 

 Study the kinetics of corrosion of X65 low carbon steels influenced by Sulfur Oxidizing 

Bacteria. 

 Identify the possible methods for mitigating this type of corrosion. 
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1.6.2 Hypotheses 

The following hypotheses will be investigated; 

 The metabolic products of microorganisms act as biological catalysts. They catalyze the 

oxidation of reduced species e.g. Sulfide sulfur or elemental sulfur is oxidized to sulfuric 

acid which creates a medium for dissolution of the metal thereby facilitating the 

formation of corrosion products. The oxidation of sulfur is a respiration process from 

which the microorganisms get energy in form of ATP and NADPH which are required in 

the assimilation of carbon dioxide in the Calvin Cycle. 

 In absence of microorganisms, oxidation of reduced species (e.g. elemental sulfur) occurs 

but the kinetics is very low and hence the effect of MIC is very minute. Corrosion 

processes become significant in presence of microorganisms where the kinetics are very 

high. 

 MIC processes can be mitigated by creating unfavorable conditions for microbial 

activities e.g. by rising the pH to alkaline conditions or maintaining dry conditions to stop 

their growth and reproduction. 
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CHAPTER TWO 

2.0 OVERVIEW OF THE LITERATURE 

2.1 Economic Significance and Principle Reactions during Corrosion 

Iron is a transition metal (chemical symbol Fe) with atomic number 26. It is less expensive 

compared to other metals and the most widely used metal in technological applications. As 

reported by the International Iron and Steel Institute (IISI; http://www.worldsteel.org), the total 

steel production and consumption over the world has been steadily increasing, reaching 845 

million metric tones in 2001.  

In terms of chemistry, X65 steel is quite simple when compared to other specialized steels. It has 

a very low carbon content (0.10 percent) compared against other steels. Additional elements are 

also found in smaller quantities; silicon (0.35 percent), sulfur (0.005 percent), phosphorous (0.15 

percent), and nitrogen at 0.015 percent. Manganese is the most abundant element after iron at 1.5 

percent. Additionally, X65 has two exotic elements added as needed for specific applications. 

Vanadium and titanium both add toughness and are sometimes found in small quantities.  

As a base metal, iron is usually unstable when unprotected and easily undergoes corrosion in 

aqueous environments. According to Uhling, 1985, corrosion has been defined as the 

―destructive attack of a metal by chemical or electrochemical reactions‖. In aqueous 

environments, iron corrodes, not only by purely chemical or electrochemical reactions but also 

by metabolic activities of microorganisms in a process termed Microbial Influenced (or Induced) 

Corrosion (MIC) (Dinh, 2003). 

Corrosion of iron made structures causes vast economic loss and is, therefore, of great concern. 

Recent investigations show that, damage due to material corrosion in the United States cause 

annual costs of $276   10
9
 in many fields of the industry (Fig. 4) (Koch et al., 2002). Studies 

undertaken in other countries, including the United Kingdom, Japan, Germany, Sweden and 

Australia, revealed that the annual costs of corrosion damage range from 1 to 5% of the Gross 

National Product (GNP) of each nation (www.corrosiondoctors.org ; assessed 20.08.02). 

http://www.worldsteel.org/
http://www.corrosiondoctors.org/


9 
 

Different authors have reported the significance of Microbially Influenced Corrosion (MIC). 

Among the various corrosion processes, MIC of materials is reported to account for up to 50% of 

the damage costs (Hamilton, 1985; Tiller, 1988; Ross et al., 1993 and Fleming, 1996). The 

industries that are most affected by MIC include the nuclear and fuel electric power generating 

sectors, pipelines, oil fields and offshore industry (Dowling et al., 1997). MIC is also found to 

affect some municipal systems, such as drinking water distribution systems, where high rates of 

MIC not only cause significant losses to the economy, but also directly affect the public health 

(Volk et al., 2000).  

When a metal comes into contact with water, positive metal ions are released into the solution 

and leave free electrons on the metal:  

M(s)    M
z+

 + ze
-
 …………………………………………………………….…….. (2.01) 

The reaction remains reversible in the absence of electron acceptor. However, it shifts to the 

right, if the liberated electrons are removed by the oxidizing agent. This results in a net 

dissolution of the metal. Free electrons cannot be released, as such, into the medium. Instead, 

they are consumed by reactions with oxidizing substances (from the aqueous phase) at the metal-

water interface. Such electron acceptors might be oxygen, protons, undissociated weak acids or 

water (Uhlig, 1985).  

Parts of the metal where metal dissolution and electron uptake reactions occur are termed anodic 

and cathodic sites, respectively. When the products of the cathodic and anodic reactions 

accumulate at the metal-water interface, they tend to slow down the rate of corrosion. This 

process is termed polarization. It may be broken down, if the corrosion products are removed, 

leading to depolarization and, consequently, to continuous corrosion (Dinh, 2003). 

Microorganisms are able to depolarize both cathodic and anodic sites, either directly by their 

metabolic activities, or indirectly by excretion of chemically reactive products, when the 

environment favors them (Miller, 1981; Iverson, 1987; Widdel, 1992a). They are particularly 

corrosive as they grow in colonies or films, attached to iron surface, and thereby create local 

electrochemical cells with highly stimulated reactions (Dinh, 2003). As a result, this type of 

corrosion often occurs by pitting, which is usually, a more severe form of corrosion, as compared 
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to corrosion processes that are evenly distributed over the metal surface (Hamilton et al., 1995; 

Lee et al., 1995; Cord-Ruwisch, 2000). 

 In air, corrosion of metallic iron is associated with an attack by oxygen (a universal oxidizing 

gent), which is mainly a chemical process (Uhling, 1985). Nevertheless, it has been shown that 

metallic iron also undergoes severe corrosion in the absence of oxygen, sometimes even at 

higher rates than in the presence of oxygen (Lee et al., 1995). This is an anaerobic corrosion 

process which is mostly due to microbial activities (Miller, 1981; Hamilton, 1985; Iverson, 1987; 

Crolet, 1992). The most destructive corrosion is usually observed in oxic-anoxic environments, 

where both aerobic and anaerobic microbes develop (Lee et al., 1995 and Videla, 2001).    

 

Figure 4.0: Corrosion costs in the USA assessed 20/08/2002 (Adopted from Dinh.2003) 

 

2.2 Electrochemical Corrosion 

Physico-chemical interactions between a metallic material and its environment can lead to 

corrosion (Beech et al., 2004). Electrochemical corrosion is a chemical reaction involving the 

transfer of electrons from zero valent metal to an external electron acceptor. This causes the 
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release of metal ions into the surrounding medium and, the deterioration of the metal. This 

process proceeds through a series of oxidation (anodic) and reduction (cathodic) reactions of 

chemical species in direct contact with, or in close proximity to, the metallic surface.  

In aerated solutions, the cathodic reaction is the reduction of oxygen, whereas in anoxic solutions 

it is, usually, the evolution of hydrogen (Beech et al., 2004). The rate of the anodic reaction 

(metal dissolution) decreases gradually with time, because the oxidation products (corrosion 

products) adhere to the surface forming a protective layer that provides a diffusion barrier to the 

reactants (Beech et al., 2004). 

The stability of such layers depends on their chemistry and morphology. It determines the overall 

susceptibility of the metal to corrosion (Beech et al., 2004). Microbial activity within biofilms 

formed on the surfaces of metallic materials can affect the kinetics of cathodic and/or anodic 

reactions [Jones et al., 2002]. They can also considerably modify the chemistry of any protective 

layers, leading to either, the acceleration or, the inhibition of corrosion [Little et al., 2002 and 

Ornek et al., 2004]. 

2.2.1 Anodic Processes 

When corrosion occurs in an acidic medium, the cathodic reaction involves the reduction of 

hydrogen ions to hydrogen gas, according to Eq. (2.02). This hydrogen evolution reaction occurs 

with a wide variety of metals and acids, including hydrochloric, sulfuric, perchloric, 

hydrofluoric, formic, and other strong acids (Pierre, 2008). The individual anodic reaction for 

iron is shown in Eq. (2.03) below. 

               Cathodic reaction: 2H
+
 + 2e

-
 → H2 (g) ………………………………………. (2.02) 

Iron anodic reaction: Fe(s) → Fe
2+

 + 2e
−
 ……………………………..……… (2.03)                                       

Examining Equation (2.03) above, it shows that the anodic reaction occurring during corrosion 

can be written in the general form: 

General anodic reaction: M(s) → M
n+

 + ne
−
 …………………………………. (2.04) 
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That is, the corrosion of metal M results in the oxidation of metal M to an ion with a valence 

charge of n+ and the release of n electrons. The value of n, of course, depends primarily on the 

nature of the metal. 

Some metals such as silver are univalent, while other metals such as iron, titanium, and uranium 

are multivalent and possess positive charges as high as 6. Equation (2.04) above is general and 

applies to all corrosion reactions (Pierre, 2008). 

2.2.1.1 Faraday’s law 

If the current generated by one of the anodic reactions expressed earlier was known, it would be 

possible to convert this current to an equivalent mass loss or corrosion penetration rate with a 

very useful relation discovered by Michael Faraday, a nineteenth century pioneer in 

electrochemistry (Pierre, 2008). Faraday‘s empirical laws of electrolysis relate the current of an 

electrochemical reaction to the number of moles of the element being reacted and the number of 

moles of electrons involved. Supposing that the charge required for such reaction was one 

electron per molecule, as is the case for the plating or the corrosion attack of silver described 

respectively in equations (2.05) and (2.06): 

Ag
+
 + e

−
 → Ag(s) ………………………………………………………………….. (2.05) 

Ag(s) → Ag
+
 + e

−
 ………………………………………………………………….. (2.06) 

According to Faraday‘s law, the reaction with 1 mole of silver would require 1 mole of electrons, 

or 1 Avogadro‘s number of electrons (6.022 × 10
23

). The charge carried by 1 mole of electrons is 

known as 1 Faraday (F). The Faraday is related to other electrical units through the electronic 

charge; the electronic charge is 1.6 × 10
−19

 Coulombs (C). Multiplying the electronic charge by 

the Avogadro number means that 1 F equals 96,485 C per mole of electrons. Combining 

Faraday‘s principles with specific electrochemical reactions of known stoichiometry leads to 

Equation (2.07) that relates the charge Q to chemical descriptors N and n: 

Q = F.ΔN.n ………………………………………………………………………. (2.07) 

Where N is the number of moles and ΔN the change in that amount, n is the number of electrons 

per molecule of the species being reacted 
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The charge Q can be defined in terms of electric current as in Eq. (2.08), 

Q = ∫     
 

 
 ………………………………………………………………………… (2.08) 

Where I is the total current in Amperes (A) and t is the duration of the electrochemical process in 

seconds (s). 

The corrosion current itself can be either estimated by using specialized electrochemical methods 

or by using weight-loss data. Table 1 provides the conversion factors between commonly used 

corrosion rate units for iron or steel (Fe) for which n = 2, M = 55.85 g/mole and d = 7.88 g cm
−3

 

(Pierre, 2008). 

 

Table 1.0: Conversion Between Current, Mass Loss and Penetration Rates for Steel 

(Adopted from Pierre, 2008) 

 

2.2.2 Cathodic Processes 

When hydrogen ions are reduced to their atomic form they often combine, as shown earlier, to 

produce hydrogen gas through reaction with electrons at a cathodic surface. This reduction of 

hydrogen ions at a cathodic surface will disturb the balance between the acidic hydrogen (H
+
) 

ions and the alkaline hydroxyl (OH
−
) ions and make the solution less acidic or more alkaline or 

basic at the corroding interface (Pierre, 2008). In neutral waters, the anodic corrosion of some 



14 
 

metals, such as aluminum, zinc, or magnesium, develops enough energy to split water directly as 

shown in Equation (2.09). 

Water splitting cathodic reaction: 2H2O (l) + 2e
−  
→  H2 + 2OH

−
 ………………………. (2.09) 

The change in the concentration of hydrogen ions or increase in hydroxyl ions can be shown by 

the use of pH indicators. These change color and thus can serve to demonstrate and locate the 

existence of surfaces on which the cathodic reactions in corrosion are taking place (Pierre, 2008). 

There are several other cathodic reactions encountered during the corrosion of metals. These are 

listed below: 

Oxygen reduction: 

(Acid solutions):  O2 + 4H
+ 

+ 4e
-
 → 2H2O ……………………………………….. (2.10) 

(Neutral or basic solutions):  O2 + 2H2O +4e
-
 → 4OH

−
 ………………………… (2.11) 

Hydrogen evolution:   2H
+
+ 2e

-
 → H2 (g)……..……………..…………………… (2.12)  

Metal ion reduction:   Fe
3+

 + e
−
 → Fe

2+
……………...……………………………. (2.13) 

Metal deposition: Cu
2+

 + 2e
−
 → Cu(s) ……………………………………………. (2.14) 

Hydrogen ion reduction or hydrogen evolution is the cathodic reaction that occurs during 

corrosion in acids. Oxygen reduction [Equations (2.10) and (2.11)] is a very common cathodic 

reaction, since oxygen is present in the atmosphere and in solutions exposed to the atmosphere. 

Although less common, metal ion reduction and metal deposition, can cause severe corrosion 

problems in special situations (Pierre, 2008). Metallic ions act as electron acceptors and hence 

form cathodes. They take away the electrons released from the anode thereby accelerating anodic 

reactions (figure 5). This type of cathodic reactions takes the following general form: 

M
n+

 + ne
-
 → M(s) ………………………………………………………………………… (2.15) 

The above reactions (2.10 to 2.14) are similar in one respect—they consume electrons. All 

corrosion reactions are simply combinations of one or more of the above cathodic reactions, 

together with an anodic reaction similar to Equation (2.04) (Pierre, 2008). Thus, almost every 

case of aqueous corrosion can be reduced to these equations, either singly or in combination. 
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Figure 5.0: Iron ions formed at an anodic area and release of hydrogen gas at a cathodic area in a   

local cell on a metallic iron surface (Adopted from Pierre, 2008) 

 

2.3 CORROSION OF BURIED SYSTEMS 

2.3.1 Pipelines 

Pipelines carrying oil, gas, and water are some of the most considerable assets buried in soils 

from the deepest subsea exploitation fields to the most remote tropical regions of the world 

(Pierre, 2008). Some pipelines deteriorate slowly, and in certain cases, pipeline life has been 

reliably targeted at 70 years or more (Pierre, 2008). Other pipelines have been built, which have 

exhausted their useful lives after, only one year of operation. Apart from the quality of the 

construction, coatings, cathodic protection (CP) systems, and so forth, the factors that affect 

pipeline life include: the nature of the product, the nature of the external environment, operating 

conditions, and the quality of maintenance (Pierre, 2008). Regular inspections to assess the rate 

of change in physical condition provide a more accurate assessment of how much longer a 

pipeline can be expected to operate safely and productively. These inspections may also provide 
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the essential information for the planning of remedial action, if the estimated life is below 

requirements [Roberge, 2007]. 

In addition to corrosion protection, many pipelines require thermal insulation to prevent 

hydrocarbons from producing waxes or hydrates. These heavier components can clog lines and 

require immediate attention. There is therefore, a continuous need for improvements in coating 

in oil and gas operations that extend to unprecedented depths and temperatures [Wilmott et al., 

2000]. As indicated in Fig. 6, pipelines have been coated with a variety of protective coatings 

with a wide performance range over the past 50 years (Pierre, 2008).  

2.3.2 Underground Tanks 

Underground tanks, usually, are large enough to contact more than one stratum of soil. Hence 

they may be subject to concentration cell action. They are almost always subject to oxygen cell 

attack, even when under pavements. Often, there are fittings of different metals, and seldom is 

the coating as good as that used on pipelines. One of the major problems in dealing with these 

structures is that it is difficult to justify an engineering study for each tank, yet they cannot all be 

treated alike. 

2.4 Biocorrosion or Microbial Influenced Corrosion (MIC) 

The deterioration of metal due to microbial activity is termed biocorrosion or Microbial 

Influenced Corrosion (MIC). Owing to its economic and environmental importance, MIC has 

been the subject of extensive studies for the past five decades. Several models have been 

proposed to explain the mechanisms of biocorrosion [Beech, 2004]. 

Microbes are present in almost all environments. These potentially corrosive agents flourish in a 

wide range of habitats. They show a surprising ability to colonize water-rich surfaces, wherever 

nutrients and physical conditions allow. A significant feature of microbial problems is that they 

often appear when conditions are favorable to an exponential growth of the organisms [Jack, 

1999]. Since microbes are largely invisible, it has taken considerable time to establish a solid 

scientific basis for defining their role in materials degradation. Many engineers still continue to 

be surprised that such small organisms can lead to spectacular failures of large engineering 

systems. 
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Figure 6.0: External pipeline coating development (Adapted from Pierre, 2008). 

 

Bacteria are considered the primary colonizers of inanimate surfaces in both natural and man-

made environments (Beech et al., 2003). Therefore, the majority of MIC investigations have 

addressed the impact of pure or mixed culture bacterial biofilms on corrosion behavior of iron, 

copper, aluminium and their alloys (Iwona et al., 2004). The main types of bacteria associated 

with metals in terrestrial and aquatic habitats are sulfate reducing bacteria (SRB), sulfur-

oxidising bacteria (SOB), iron oxidising/reducing bacteria, manganese-oxidising bacteria, and 

bacteria secreting organic acids and slime [Beech, 2003]. These organisms typically coexist in 

naturally occurring biofilms, forming complex consortia on corroding metal surfaces [Baker et 

al., 2003, Kjellerup et al., 2003, and Zhang et al., 2003]. The mixed biotic/abiotic manganese 

oxide reduction mechanisms and their importance for biocorrosion have been extensively 

described in MIC literature [Shi et al., 2002, Lewandowski et al., 2002, Dexter et al., 2003 and 

Carpen et al., 2003]. The impact of microbial iron respiration on corrosion processes has also 

been recently reviewed [Lee et al., 2003].  

Biocorrosion is a result of interactions, which are often synergistic, between the metal surface, 

abiotic corrosion products, and bacterial cells and their metabolites (Iwona et al., 2004). The 

latter include: organic and inorganic acids and volatile compounds, such as ammonia and 
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hydrogen sulfide. There is an ongoing dispute as to which component, biotic or abiotic, is of 

greater relevance to corrosion reactions [Pak et al., 2003]. The importance of microbial synergy 

has recently been reconfirmed in studies of carbon steel corrosion in the presence of bacteria 

isolated from rock samples obtained from the proposed high-level nuclear waste repository site 

at Yucca Mountain [Pitonzo et al ., 2004] and in the presence of thermophilic and thermo-

tolerant bacteria from a hot spring in Mexico [Valencia-Cantero  et al., 2003]. The rates of 

corrosion obtained with different combinations of mixed bacterial cultures were considerably 

higher than those measured in pure cultures. 

Progress in microbial molecular ecology and microbial genomics is changing our perception of 

the composition of bacterial consortia associated with corroding metals. This has increased our 

understanding of the type of substrata that these bacteria are capable of utilizing as electron 

donors and acceptors. These advances have also revealed the existence of previously 

unsuspected biochemical pathways. The elucidation of the genome sequence of the SRB 

Desulfovibrio vulgaris Hildenborough [Heidelberg et al., 2004] and studies of the corrosion of 

iron in the presence of novel anaerobic microorganisms [Dinh et al., 2004] are the best examples 

of current discoveries pertinent to MIC. 

Figure 7 shows the pitted area of a 15-cm circulating water line from the supply to the auxiliary 

vacuum pumps. Note the cluster of hemispherical pits and the long striated grooves due to the 

MIC attack. Each pit represents a localized cluster of anaerobic bacteria that have become 

destructive to the pipe wall. The grooves are the results of bacteria attacking along the steel 

structure, probably due to the drawing process in manufacturing the pipe. Figure 8 shows a pit 

and perforation of 6.3-cm internal diameter carbon steel pipe carrying heavy oil. The pit 

morphology is typical of sulfate reducing MIC attack. 

MIC is responsible for the degradation of a wide range of materials [Hill, 1970]. Most materials 

and their alloys/mixtures, for example, stainless steels, aluminum and copper alloys, polymers, 

ceramic materials, and concrete can be attacked by microorganisms. The synergistic effect of 

different microbes results to complex degradation mechanisms. 

The mechanisms potentially involved in MIC are summarized as; 
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o Cathodic depolarization, whereby the cathodic rate limiting step is accelerated by 

microbiological action 

o Formation of occluded surface cells, whereby microorganisms form ―patchy‖ surface 

colonies. Sticky polymers attract and aggregate biological and nonbiological species to 

produce crevices and concentration cells, the basis for accelerated attack 

o Fixing of anodic reaction sites, whereby microbiological surface colonies lead to the 

formation of corrosion pits, driven by microbial activity and associated with the location 

of these colonies 

o Underdeposit acid attack, whereby corrosive attack is accelerated by acidic products of 

the MIC ―community metabolism,‖ principally short-chain fatty acids. 

 

 

 

Figure 7.0: Circulating water MIC cell  

Corrosion footprint. (Courtesy of Russ 

Green, TMI) (Pierre, 2008) 

 

 

Figure 8.0: Pit and perforation of 6.3-cm 

internal diameter carbon steel pipe carrying 

heavy oil. The pit morphology is typical of 

sulfate reducing MIC attack [Wagner et al., 

1993; Pierre, 2008] 
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2.4.1 Microbes Classification 

One useful microbe classification consists in describing microorganisms according to their 

oxygen tolerance [Tatnall, 1993]: 

o Strict (or obligate) anaerobes, which will not function in the presence of oxygen 

o Aerobes, which require oxygen in their metabolism 

o Facultative anaerobes, which can function in either the absence or presence of oxygen 

o Microaerophiles, which use oxygen but prefer low levels 

Strictly anaerobic environments are quite rare in nature. However, strict anaerobes are commonly 

found flourishing within anaerobic microenvironments (under deposits and fouling), even in 

highly aerated systems. The pH conditions and availability of nutrients also play a role in 

determining what type of microorganisms can thrive in a particular soil environment. Another 

way of classifying organisms is according to their metabolism: 

o The compounds or nutrients from which they obtain their carbon for growth and 

reproduction 

o The chemistry by which they obtain energy or perform respiration 

o The elements they accumulate as a result of these processes 

All microorganisms are not equally aggressive to metals. What is important, from a corrosion 

standpoint, is the number of microorganisms of the specifically corrosive types. Microorganisms 

associated with corrosion damage are classified as 

o Fungi that may produce corrosive byproducts in their metabolism, such as organic acids. 

Apart from metals and alloys these can also degrade organic coatings and wood. 

o Slime formers that may produce concentration corrosion cells on surfaces. 

o Anaerobic bacteria that produce highly corrosive species, as part of their metabolism. 

o Aerobic bacteria that produce corrosive mineral acids. 

2.4.1.1 Bacteria 

Bacteria are generally small, with lengths typically under 10 μm. Collectively, they tend to live 

and grow under wide ranges of temperature, pH, and oxygen concentration. Carbon molecules 

represent an important nutrient source for bacteria. Bacteria can exist in several different 



21 
 

metabolic states. Bacteria that are actively respiring, consuming nutrients, and proliferating are 

said to be in a growth stage, while bacteria that are simply existing, but not growing because of 

unfavorable conditions, are said to be in a resting state. Some strains, when faced with 

unacceptable surroundings, form spores that can survive extreme temperatures and long periods 

without moisture or nutrients, yet produce actively growing cells quickly when conditions again 

become acceptable. Cells that actually die are usually consumed rapidly by other organisms or 

enzymes. When looking at an environmental sample under a microscope, therefore, it should be 

assumed that most or all of the cell forms observed were alive or capable of life at the time the 

sample was taken. 

2.4.1.2 Sulfate Reducing Bacteria 

SRBs have been implicated in the corrosion of cast iron and steel, ferritic stainless steels, 300 

series stainless steels and other highly alloyed stainless steels, copper nickel alloys, and high 

nickel molybdenum alloys. They are almost always present at corrosion sites because they are in 

soils, surface water streams and waterside deposits in general. The key symptom that usually 

indicates their involvement in the corrosion process of ferrous alloys is localized corrosion filled 

with black sulfide corrosion products. 

SRBs are anaerobes that are sustained by organic nutrients. Generally they require a complete 

absence of oxygen and a highly reduced environment to function efficiently. Nonetheless, they 

circulate (probably in a resting state) in aerated waters, including those treated with chlorine and 

other oxidizers, until they find an ideal environment to support their metabolism and 

multiplication. 

SRBs are usually lumped into two nutrient categories, those that can use lactate and those that 

cannot. The latter generally use acetate and are difficult to grow in the laboratory on any 

medium. Lactate, acetate, and other short chain fatty acids usable by SRB do not occur naturally 

in the environment. Therefore, these organisms depend on other organisms to produce such 

compounds. 

SRBs reduce sulfate to sulfide, which usually shows up as hydrogen sulfide or, if iron is 

available, as black ferrous sulfide (Fig. 4). In the absence of sulfate, some strains can function as 

fermenters and use organic compounds such as pyruvate to produce acetate, hydrogen, and 
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carbon dioxide. Many SRB strains also contain hydrogenase enzymes, which allow them to 

consume hydrogen. Most common strains of SRB grow best at temperatures from 25 to 35°C. A 

few thermophilic strains capable of functioning efficiently at more than 60°C have been reported. 

Tests for the presence of SRB have traditionally involved growing the organisms on laboratory 

media, quite unlike the natural environment in which they were sampled. These laboratory media 

will only grow certain strains of SRB, and even then some samples require a long lag time before 

the organisms will adapt to the new growth conditions. As a result, misleading information has 

been obtained regarding the presence or absence of SRB in field samples. 

2.4.1.3 Sulfur/Sulfide Oxidizing Bacteria 

This broad family of aerobic bacteria derives energy from the oxidation of sulfide or elemental 

sulfur to sulfate (Fig. 9). Some types of aerobes can oxidize sulfur to sulfuric acid, with pH 

values as low as ones reported (Tatnall, 1993). These Thiobacillus strains are most commonly 

found in mineral deposits, and are largely responsible for acid mine drainage, which has become 

an environmental concern. They proliferate inside sewer lines and can cause rapid deterioration 

of concrete mains and the reinforcing steel therein. They are also found on stone buildings and 

statues and probably account for much of the accelerated damage commonly attributed to acid 

rain. Where Thiobacillus bacteria are associated with corrosion, they are almost always 

accompanied by SRB. Thus, both types of organisms are able to draw energy from a synergistic 

sulfur cycle. 

In order to influence either the initiation or the rate of corrosion in the field, microorganisms 

usually must become intimately associated with the corroding surface. In most cases, they 

become attached to the metal surface in the form of either a thin, distributed film, or a discrete 

biodeposit. The thin film, or biofilm, is most prevalent in open systems exposed to flowing 

seawater, although it can also occur in open freshwater systems. Such thin films start to form 

within the first 2 to 4 hours of immersion, but often take weeks to mature. These films will 

usually be spotty rather than continuous but will nevertheless cover a large portion of the 

exposed metal surface [Tatnall, 1993]. 

Bio-deposits differ from distributed films and may be up to several square centimeters covering 

typically only a small fraction of the total exposed metal surface, possibly leading to localized 
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corrosion effects. The organisms in these deposits have generally a large effect on the chemistry 

of the environment at the metal/film or the metal/deposit interface without having any 

measurable effect on the bulk electrolyte properties. However, organisms will occasionally be 

concentrated enough in the environment to influence corrosion by changing the bulk chemistry. 

This is sometimes the case in anaerobic soil environments, where the organisms do not need to 

form either a film or a deposit in order to influence corrosion [Tatnall, 1993]. 

 

 

Figure 9.0: The sulfur cycle showing the role of bacteria in oxidizing elemental sulfur to sulfate 

and in reducing sulfate to sulfide [Adopted from Borenstein, 1994] 

A recently proposed unifying electron-transfer hypothesis offers MIC of ferrous metals as a 

model system for the study of metal–microbe interactions [Hamilton, 2003]. Considering this 

hypothesis, using as an example biotic and abiotic manganese oxidation/reduction reactions on 

stainless steel in aerated solutions, biocorrosion is a process in which metabolic activities of 

microorganisms associated with metallic materials (e.g. manganese oxidation by bacteria) supply 

insoluble products (e.g. manganic oxides/hydroxides MnOOH, MnO2), which are able to accept 
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electrons from the base metal. This sequence of biotic and abiotic reactions produces a 

kinetically favored pathway of electron flow from the metal anode to the universal electron 

acceptor, oxygen. Anaerobic corrosion of iron in the presence of SRB is explained in a similar 

manner. 

Although the unifying electron-transfer hypothesis offers the most elegant explanation of MIC to 

date, the hypothesis does not take into account the possibility that the organic component of the 

biofilm matrix itself. This can facilitate electron transfer from the metal to an electron acceptor, 

such as oxygen. For example, enzymes active within the biofilm matrix and metal ions, bound by 

bacterial extracellular polymeric substances, can catalyze cathodic reactions. Both mechanisms 

are likely to contribute to the biocorrosion process. 

2.4.1.4 Planktonic or sessile 

Microorganisms that are attached to a surface are termed sessile organisms and these are most 

often present as a consortium or community of organisms, collectively referred to as a biofilm. 

Complex assemblages of various species may occur within both planktonic and sessile microbial 

populations. The environmental conditions largely dictate whether the microorganisms exist in a 

planktonic or sessile state. Sessile microorganisms do not attach directly to the actual surface, 

instead, they attach onto a thin layer of organic matter adsorbed on the surface (Fig. 10, Stages 1 

and 2). As microbes attach to and multiply, a biofilm composed of immobilized cells and their 

extracellular polymeric substances builds up on the surface. 

The growing biofilm increasingly prevents the diffusion of dissolved gases and other nutrients 

coming from the bulk environment. These changing conditions become inhospitable to some 

microorganisms at the base of the biofilm and eventually many of these cells die, for example, on 

the internal wall of a water handling system. As the foundation of the biofilm weakens, shear 

stress due to adjacent fluid flow may cause sloughing of cell aggregations exposing the bare 

surface to the bulk fluid in localized areas (Fig. 10, Stage 5). The exposed areas are subsequently 

recolonized and new microorganisms and their exopolymers are woven into the fabric of the 

existing biofilm (Fig. 10, Stage 6). This phenomenon of biofilm instability occurs even when the 

physical conditions in the bulk liquid remain constant. Thus, biofilms are constantly in a state of 

flux [Geesey, 1993]. 
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Depending on the type of industrial system, planktonic organisms may include, besides bacteria, 

unattached algae, diatoms, fungi, and other microorganisms present in a system bulk fluids. In 

most cases, it is planktonic bacteria that are the focus of monitoring for MIC using 

microbiological detection techniques since system fluids are generally easier to sample than 

metallic surfaces. Unfortunately, the levels of planktonic bacteria present in the liquids are not 

necessarily indicative of MIC problems or their severity [Zintel et al., 2001]. 

Monitoring sessile organisms either requires that the system be regularly opened for sampling or 

that accommodations be made in the system to allow for regular collection or on-line tracking of 

attached organisms while the system continues to operate. Since the presence of viable sessile 

organisms rarely correlates to the corrosivity of an environment, it is a good practice to use 

additional methods that directly determine the presence of active MIC. At best, the detection of 

viable planktonic bacteria may serve as an indicator that living microorganisms are present in a 

particular system, some of these organisms being capable of participating in the microbial attack. 

2.4.2 Enzymes and Biocorrosion 

Enzymatic activities are readily detected in biofilms, nonetheless, the importance of reactions, 

mediated by these enzymes, has only recently been considered as relevant to biocorrosion 

[Beech. 2003, Basseguy et al., 2004, Dagbert et al., 2003 and Busalmen et al., 2002]. In 

particular, studies to determine the mechanisms that increase the free corrosion potential (Ecorr) 

of stainless steel, widely reported in oxygenated natural waters and referred to as ‗ennoblement‘ 

[Wang et al., 2004], brought enzymes into focus. A lack of ennoblement was observed when a 

biofilm was treated with sodium azide, which is an inhibitor of the microbial respiratory chain 

and enzymes such as catalases, peroxidases and superoxide dismutase. These enzymes are 

involved in reactions of oxygen reduction, therefore, in principle, they might facilitate corrosion 

by accelerating the overall cathodic reaction. 

However, it is imperative to realize that the ability of such enzymes to accelerate oxygen 

reduction depends on the chemistry of surface films. The effect of extracellular catalase 

produced by Pseudomonas species on the ennoblement behaviour of aluminium brass is the best 

example of such a relationship [Busalmen et al., 2002]. The study showed that the presence of 

catalase strongly influenced the reduction kinetics of H2O2 produced during oxygen reduction on 
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aluminium brass. An increase in cathodic currents (up to 60%) was measured when the surface 

film was composed mainly of CuO. With only a submonolayer of Cu2O covering the surface, 

there was no change in the current density values compared with controls. When Cu2O and CuO 

were present simultaneously, a 35% increment in the cathodic current was recorded. 

2.4.3 Metal binding by extracellular polymeric substances 

The development of a biofilm is facilitated by the production of extracellular polymeric 

substances (EPS), comprising macromolecules such as proteins, polysaccharides, nucleic acids 

and lipids.  

 

 

Figure 10.0: Different stages of biofilm formation and growth. Stage 1: Conditioning film accumulates 

on submerged surface; Stage 2: Planktonic bacteria from the bulk water colonize the surface and begin a 

sessile existence by excreting exopolymer that anchors the cells to the surface; Stage 3: Different species 
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of sessile bacteria replicate on the metal surface; Stage 4: Microcolonies of different species continue to 

grow and eventually establish close relationships with each other on the surface. The biofilm increases in 

thickness. Conditions at the base of the biofilm change; Stage 5: Portions of the biofilm slough away from 

the surface; Stage 6: The exposed areas of surface are recolonized by planktonic bacteria or sessile 

bacteria adjacent to the exposed areas [Adopted from Geesey, 1993] 

The capacity of EPS to bind metal ions is important to MIC [Kinzler et al., 2003; Sand, 2003 and 

Rohwerder et al., 2003]. It depends both on bacterial species and on the type of metal ion [Beech 

et al., 2003]. Metal binding by EPS involves interactions between the metal ions and anionic 

functional groups (e.g. carboxyl, phosphate, sulfate, glycerate, pyruvate and succinate groups). 

These are common on the   protein and   carbohydrate components of exopolymers. In particular, 

the affinity of multidentate anionic ligands for multivalent ions, such as Ca
2+

, Cu
2+

, Mg
2+

 and 

Fe
3+

, can be very strong (figure 11). The presence of, and affinity for, metal ions in different 

oxidation states in the biofilm matrix can result in substantial shifts in the standard reduction 

potentials. For example, Fe (III/II) redox potential varies significantly with different ligands 

(from +1.2 V to - 0.4 V). EPS-bound metal ions can, therefore, act as electron ‗shuttles‘ and open 

up novel redox reaction pathways in the biofilm/metal system, such as direct electron transfer 

from the metal (e.g. iron) or a biomineral (e.g. FeS).  

In the presence of a suitable electron acceptor (e.g. oxygen in oxic systems or nitrate under 

anaerobic conditions), such redox pathways would lead to depolarization of the cathode, and thus 

increased corrosion. Although the presence of metal ions within the biofilm matrix has been 

acknowledged as pertinent to MIC, the likely involvement of EPS-bound metal ions in direct 

electron transfer from the base metal to a suitable electron acceptor has been largely overlooked. 

Using ferrous metals as an example, a schematic model of corrosion reactions involving EPS-

bound metal ions in oxygenated biofilms is depicted in Figure 11. 

A recent study of iron-hydroxide-encrusted biofilms collected from a subterranean location 

revealed that bacterial exo-polymers, and most likely acidic polysaccharides, could act as a 

template for the assembly of akaganeite (b-FeOOH) pseudo-single crystals [Girasole et al., 

2003]. The observed mineralization was shown to result from the contact between the EPS and 

oxidized iron, through ferric iron binding with carboxylic groups on the polymer. The authors 

pointed out that the oxidation of ferrous ions and the subsequent precipitation of iron 
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oxyhydroxide on the biofilm exopolymers releases protons, leading to a decrease in the pH 

outside the cell membrane. They inferred that the purpose of polymer production is to localize 

iron oxyhydroxide mineral precipitation immediately outside the cell to increase metabolic 

energy generation of the cell through the enhancement of the proton motive force. 

Apart from demonstrating that mineral precipitation within a biofilm matrix can have a major 

influence on the activity levels of biofilm organisms, the described phenomenon also has 

implications for biocorrosion. In the presence of ferrous metal, iron oxyhydroxide surfaces 

assembled on biofilm polymers would adsorb ferrous iron leading to its oxidation, thus providing 

an additional contribution to the cathodic reaction. It is rather exciting to think of such bio 

minerals as electron-conducting fibers dispersed within the biofilm matrix. 

2.5 Corrosion in soils 

It has long been observed that a piece of iron buried in a dry soil suffers much less corrosion than 

when it is buried in a wet soil. However, soils are commonly wet due to rain, natural springs, and 

rivers soils. Corrosion in soils is a major concern, especially as much of the buried infrastructure 

is aging. Increasingly, stringent environmental protection requirements are also bringing 

corrosion issues to the forefront for many systems, either buried or aboveground and possibly in 

contact with soils. The following applications are typical examples where corrosion is a concern: 

o Oil, gas, and water pipelines 

o Buried storage tanks (a vast number are used by gas stations) 

o Electrical communication cables and conduits 

o Anchoring systems for communication and power transmission 

o Road culverts 

o Steel piling for the foundations of bridges and buildings 

o Well and shaft casings. 

 

2.5.1 Soil Parameters Affecting Corrosivity 

Several variables are known to have an influence on corrosion rates in soil; these include water, 

degree of aeration, pH, redox potential, resistivity, soluble ionic species (salts), and 
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microbiological activity. The complex nature of selected variables is presented graphically in 

Fig. 12 [Robinson, 1993]. 

2.5.1.1 Water 

Water constitutes the essential electrolyte that supports electrochemical corrosion reactions in 

water saturated or unsaturated soils. The groundwater level is important in this respect. It 

fluctuates from area to area, with water moving from the water table to higher soil, against the 

direction of gravity. Saturated water flow is dependent on pore size and distribution, texture, 

structure, and organic matter. Water movement in soil can occur by gravity, capillary action, 

osmotic pressure (from dissolved species), and/or electrostatic interaction with soil particles. The 

water-holding capacity of a soil is strongly dependent on its texture. Coarse sands retain very 

little water, while fine clay soils store water to a high degree. 

 

Figure 11.0: Schematic representation of the cathodic depolarization reaction of a ferrous 

material in the presence of an oxygenated biofilm, owing to Fe
3+

 binding by EPS. (a) Fe
3+

, 

obtained as a result of, for example, oxidation of anodically produced Fe
2+,

 is bound by EPS and 

the Fe
3+
–EPS complex is deposited on the metal surface. (b) Electrons are transferred directly 

from the zero valent Fe to EPS-bound Fe
3+

, reducing it to Fe
2+

. In the presence of oxygen, acting 

as terminal electron acceptor, Fe
2+

 in EPS is reoxidised to Fe
3+

. Note that a similar type of 
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reaction can take place on the surfaces of corrosion products (CP) such as oxides, hydroxides and 

sulfides, which contain divalent iron (Adopted from Iwona et al., 2004). 

2.5.1.2 Degree of Aeration 

Oxygen concentration typically decreases with increasing soil depth. In neutral or alkaline soils, 

oxygen concentration has an important effect on corrosion rate as a result of its participation in 

the cathodic reaction. However, in the presence of certain microbes (such as sulfate-reducing 

bacteria), corrosion rates can be very high, even under anaerobic conditions. Oxygen transport is 

more rapid in coarse-textured, dry soils than in fine, waterlogged textures. Excavation can 

obviously increase the degree of aeration in soils. It is generally accepted that corrosion rates in 

disturbed soil with greater oxygen availability are significantly higher than in undisturbed soil. 

2.5.1.3 pH of the soil 

Soil pH typically varies between 5 and 8. In this range, pH is generally not considered to be the 

dominant variable affecting corrosion rates. More acidic soils produced by mineral leaching, 

decomposition of acidic plants (e.g., coniferous tree needles), industrial wastes, acid rain, and 

certain forms of microbiological activity represent a serious corrosion risk to common 

construction materials such as steel, cast iron and zinc coatings. On the other hand, alkaline soils 

tend to have high sodium, potassium, magnesium, and calcium contents, with the latter two 

elements forming possibly protective calcareous deposits on buried structures. 

2.5.1.4 Soil resistivity 

Resistivity has historically been used as an indicator of soil corrosivity. Since ionic current flow 

is associated with soil corrosion reactions, high soil resistivity will usually slow down corrosion 

reactions. Soil resistivity generally decreases with increasing water content and the concentration 

of ionic species. Soil resistivity is by no means the only parameter affecting the risk of corrosion 

damage and a high soil resistivity alone will not guarantee the absence of corrosion. Soil 

resistivity variations along the length of a pipeline, for example, may lead to the formation of 

macro corrosion cells. Therefore, for structures such as pipelines, the merit of a corrosion risk 

classification based on an absolute value of soil resistivity is limited. Soil resistivity can be 

measured by a few traditional techniques such as the Wenner four-pin method or, and, more 
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recently, by electromagnetic measurements. The latter allows measurements in a convenient 

manner and at different soil depths. Another option for soil resistivity measurements is the soil 

box method in which a sample is taken during excavation, preferably in the immediate vicinity of 

the buried structure being investigated. 

 

Figure 12.0: Relationship of variables affecting the rate of corrosion in soil. For simplicity, only 

the MIC effects of sulfate reducing bacteria are shown (Adopted from Pierre, 2008) 

2.5.1.5 Redox potential 

The redox potential is essentially a measure of the degree of aeration in a soil. A high redox 

potential indicates a high oxygen level. Low redox values may provide an indication that 

conditions are conducive to anaerobic microbiological activity. Sampling of soil will obviously 

lead to oxygen exposure, and unstable redox potentials are thus likely to be measured in 

disturbed soil. 

2.5.1.6 Chlorides 

Chloride ions generally participate in the dissolution reactions of many metals. Furthermore, 

their presence tends to decrease the soil resistivity. Chlorides may be found naturally in soils as a 

result of brackish groundwater and historical geological sea beds or come from external sources 

such as deicing salts applied to roadways. 
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2.5.1.7 Sulfates 

Sulfate ions are generally considered to be more benign in their direct corrosive action toward 

metallic materials than chlorides. However, concrete may be attacked as a result of high sulfate 

levels. The presence of sulfates also poses a major risk for metallic materials since these ions are 

nutrients to SRBs that convert these benign ions into highly corrosive sulfides. 

Microbiologically influenced corrosion (MIC) is not restricted to soils, it may occur in most 

environments where deposits can form [Hill, 1970]. The muddy bottom of any relatively 

stagnant body of water with a high biological oxygen demand often supports massive growth of 

sulfate reducing bacteria (SRB), as may waterlog soils. Any metallic installations buried or 

immersed in such environments can be expected to suffer badly from microbiological corrosion.  

The most serious economic problem is the corrosion of pipelines, although sheet piles and piers 

are frequently attacked. In some instances, cast iron pipes of 6.3 mm thickness have perforated 

within the first year of operation under such conditions, while perforation in three years is 

common. Even if MIC problems are not restricted to soils, MIC is such an important factor in 

understanding the corrosivity of most soils. 

2.5.1.8 Oxidation of Sulfide 

Sulfide is the most reduced species of the inorganic sulfur compounds. At concentrations in the 

millimolar range it reacts spontaneously and at significant rates with oxygen, in particular at pH 

values above 6 (Chen et al., 1972). The spontaneous oxidation of sulfide may produce a number 

of products, including thiosulfate, sulfate and elemental sulfur (Chen et al., 1972, Zehnder et al., 

1980). Particularly at low sulfide concentrations and in acidic environments, the biological 

oxidation of sulfide can compete with chemical processes. The reactivity of sulfide is a major 

problem in physiological studies into the mechanisms of sulfide oxidation. Perhaps for this 

reason, publications on sulfide oxidation by acidophilic thiobacilli are few and far between. 

2.5.1.9 Oxidation of Elemental Sulfur 

Elemental sulfur occurs mainly in the form of S8 rings and, in contrast to the inorganic sulfur 

anions, its water solubility (approximately 5µg/l)   is very low (Steudel et al., 1987, Roy et al., 
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1970). In view of the low water solubility and hydrophobicity of elemental sulfur it seems likely 

that surface effects play a role in its biological oxidation. The presence of surface active agents 

(wetting agents) has been demonstrated in culture supernatants of T.thiooxidans and 

T.ferrooxidans grown on elemental sulfur and can be stimulated by the addition of surface active 

agents to the growth media (Cook, 1964; Kingma et al., 1979).  

Although the accessibility of sulfur particles may be enhanced by the addition of surface active 

agents or by increasing the area available for microbial action, the S8 molecule as such is rather 

inert. Therefore, the biological oxidation of elemental sulfur is likely to include an initial 

activation step, in which the S8 structure is made susceptible to further microbial oxidation. In 

recent publication, Bacon and Ingledew (Bacon et al., 1989) have demonstrated that 

T.ferrooxidans releases small amounts of hydrogen sulfide during aerobic and anaerobic 

incubation with elemental sulfur, suggesting that the activation may involve an initial reduction 

step. 

The Oxidation of elemental sulfur has been studied extensively in T.thiooxidans. Sulfur 

oxidation by intact cells occurs over a broad pH range, with an optimum at around pH 4 

(Kodama et al., 1968). Oxidation of elemental sulfur is inhibited by freezing and thawing of 

cells, by inhibitors of respiration such as cynide, carbon monoxide and azide and by a number of 

metal-chelators, including diethyldithiocarbonate. Organic acids were found to inhibit sulfur 

oxidation when added at pH values below their pKa (Iwatsuka et al., 1960). 

Sulphur is now considered the fourth major plant nutrient after N, P and K, and is one of the 

sixteen nutrient elements, which are essential for the growth and development of plants, 

especially in the agricultural crop production (Rajagopal et al., 2007). This is mainly because of 

its widespread deficiency in the soil world over. The importance of sulfur is equal to that of 

nitrogen in terms of protein synthesis, and in terms of crop uptake it exceeds even that of 

phosphorus. The majority of sulfur taken up by plant roots is in the form of sulfate, which 

undergoes a series of transformations prior to its incorporation into the original compounds 

[Katyal et al., 1997].  

The soil microbial biomass is the key driving force behind all sulfur transformation. The biomass 

acts as both a source and sink for inorganic sulfate. The latter make sulfate available from 
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element sulfur or any reduced forms of sulfur through its oxidation process in the soil. The role 

of chemolithotrophic bacteria of the genus Thiobacillus in this process is essential. These 

bacteria have the ability to transform sulfur from one oxidation state to another and make it 

either more reactive or less reactive. 

Understanding the diversity of sulfur oxidizing bacteria (SOB) is crucial. The pH modification of 

the soil is mainly due to these bacteria in the Thiobacillus genus, as discussed from the literature. 

The modification of pH has significant influence on the corrosion of different buried metallic 

structures.  For example, oil and gas pipelines made of steel. It is very important to understand 

the role of sulfur oxidizing bacteria in the overall failure of metallic structures through corrosion 

reactions. This work intends to isolate sulfur oxidizing bacteria from the local environment and 

study their influence on corrosion of low carbon steel (mainly X65). The underlying mechanism 

of bacterial oxidation of elemental sulfur will also be studied under the conditions that simulate 

bacterial corrosion. 
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CHAPTER THREE 

MATERIALS AND METHODS 

Part One: Isolation of Sulfur Oxidizing Bacteria (SOB) 

3.1 Sample collection 

Isolation of Sulfur Oxidizing Bacteria (SOB) was performed using samples collected from three 

different sources viz., AUST water pond (water pond located between African University of 

Science and Technology, Abuja and the Airport road, Galadimawa - Abuja, Nigeria), two 

different water ponds at Gwagwalada FCT municipal council (figure 13). The three water 

samples were labeled ‗A‘ for AUST water sample, ‗G1‘ for Gwagwalada water sample from the 

first water pond and ‗G2‘ for Gwagwalada water sample from the second water pond in 

Gwagwalada FCT municipal council. 

 

Figure 13.0 Three water samples used in the isolation of SOB 

 

3.2 Preparation of Culture Media 

Three media were employed for the isolation of sulphur oxidizing bacteria. They include: 

Starkey broth [Starkey et al.,1923] which contained of 0.6 g of KH2PO4, 0.04 g of 

MgSO4.7H2O, 0.04 g of CaCl2.2H2O, 0.1 g of (NH4)2SO4 and traces of FeSO4 in 200 ml distilled 

water with pH 8.0; NCL broth [Waksman, 1922] contained, of 0.04 g of (NH4)2SO4, 0.1 g of 

MgSO4.7H2O, 0.05 g of CaCl2 2H2O and traces of FeSO4, in 200 ml of distilled water with pH 

4.6; and the thiosulphate broth [Beijerinck, 1904] consisted of 1 g of Na2S2O3, 0.02 g of 
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K2HPO4, 0.04 g of NaHCO3 and 0.02 g of NH4Cl in 200 ml distilled water, with pH 8.0 (figure 

14). For isolation of heterotrophic oxidizers, 1.0 g of glucose was added to Starkey, NCL and 

Thiosulphate broth. Elemental sulphur at 2 g was added to Starkey and NCL broths.  

The three media were stem sterilized for half-an-hour (figure 15). Thiosulphate broth was devoid 

of S
0
. Each media was distributed to three test tubes with 20 ml in each test tube. A total number 

of nine test tubes containing the culture media and the water samples were used. The test tubes 

were labeled AT, AN, AS, G1T, G1N, G1S, G2T, G2N and G2S. N, S and T stand for NCL, 

Starkey and Thiosulphate broths, respectively. 1 ml of the water sample was added to 20 ml of 

each broth dispensed in tubes, under aseptic conditions (figure 16). The test tubes were incubated 

in a BOD incubator at 36
o
C for 15 days (figure 17). The pH of the media in each test tube was 

measured and recorded (figure 18). The isolates were then streaked on thiosulphate agar medium 

(figures 19 and 21) and individual colonies were observed (figure 20).  

3.3 Screening of isolates by pH reduction test  

Each set up was monitored by measuring the pH, each day, for 15 days. This was done using a 

pH meter. The isolates were screened for their efficacy to reduce the pH by values between 2 and 

3. The selected isolates were further studied for their influence on corrosion of X65 low carbon 

steel. 

 

 

 

 

 

 

 

 

 

Figure 14.0: NCL, Thiosulphate and Starkey 

broths prepared for isolation of SOB 

 

 

Figure 15.0: Autoclave used for steam 

sterilization 
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Figure 16.0: Inoculation of water 

samples in NCL, Starkey and 

Thiosulphate       broths 

 

 

Figure 17.0: Test tubes kept in BOD 

incubator at 36
0
C after inoculation 

 

 

Figure 21.0: Streaking of isolates on 

thiosulphate agar, NCL agar and starkey 

agar media 

 

 

Figure 20.0: G2N streaked plate  

 

 

 

Figure 18.0: pH measurement 

using pH meter 

 

 

Figure 19.0: Thiosulfate agar and NCL 
agar for plate streaking 
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Part Two: Corrosion Experiment 

3.4. Materials 

 The low carbon steel (X65) that was used in this work was obtained from SCC pipe 

manufacturing factory located in Bwari, Abuja, Federal Capital Territory, Nigeria. The material 

was in form of a bar with a thickness of 11 mm; it was cut into coupons of 11 mm × 10 mm × 10 

mm dimensions. The sides of each coupon were ground to obtain good surfaces using 50 grit size 

emery papers (figure 22). One side of each coupon was further ground through 120, 240, 320, 

400, 600 and finally 2400 grit size emery papers (figure 23). The coupon samples were then 

polished with 9 µm diamond paste on texmet cloth. The polishing process ended with 1 µm 

diamond paste on texmet cloth (figure 24). The etchant (nital) was applied on the well-polished 

side of each coupon and the micrographs were obtained using a digital optical microscope (LCD 

Deluxe Digital Microscope by Celestron, model 44345) (figure 25). 

 

 

 

 

 

 

  

 

 

 

 

 

 

Figure 22.0: Grinding of samples 

 

 

Figure 23.0: Polishing of samples 

 

 

Figure 24.0: Polishing with diamond 

suspension 

 

 

Figure 25.0: LCD Deluxe Digital Optical 

Microscope 
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3.5. Thiobacillus media preparation 

The thiobacillus broth was prepared by adding 0.2g (NH4)2SO4, 0.5g MgSO4.7H2O, 0.25g CaCl2, 

3.0g KH2PO4, and 5mg FeSO4 in 1000mls. The solution was sterilized at 121
0
C for 30 minutes 

for three days consecutively using an autoclave (Fig. 15). The precipitated sulfur (in powder 

form) was processed separately. 10 grams of the sulfur powder and a few drops of distilled water 

in the corked test tube were sterilized in a water bath at 95
o
C. This was done for 30 minutes each 

day, for three consecutive days (Fig. 26). This particular temperature was chosen to avoid 

melting of sulfur since the melting point of sulfur is about 106
o
C.  

 

 

Figure 26.0: Water Bath 

After the sterilization process, the sulfur in the test tube was carefully poured into the bottle 

containing the thiobacilus broth prepared. The media was ready to use in the corrosion 

experiments. 

3.6. Bio-corrosion Experiment 

The thiobacillus media prepared in section 3.5 above and the metal coupons (X65 low carbon 

steel) prepared in section 3.4 were used in this experiment. 



45 
 

 

Figure 27.0: Thiobacillus media and X65 low carbon steel coupons 

The thiobacillus media was distributed in six bottles, numbered 1 to 6, as shown in Figure 27. 

The weights of the samples were obtained before subjecting them to the media. In each bottle, 

one metal coupon was subjected and the coupons were identified by the labels of the bottles. The 

weights of the samples were obtained at time interval of 4 days for 36 days. 

3.6.1. The Control Experiment 

Samples 1 and 2 were used as the control experiment. The setups for this experiment were 

devoid of Sulfur Oxidizing Bacteria (SOB) isolates. The original pH for sample 1 was adjusted 

to 5.0 while that of sample 2 was adjusted to 8.0. These values of pH were chosen to simulate the 

soil pH (  5-8) [Pierre, 2008] since this study focuses on buried pipes (underground pipes). The 

experiment was monitored by measuring the pH, weights of the metal samples and by 

microstructure examination. The weights were taken for both unwashed and washed samples; the 

washing was done using ethanol to remove the corrosion products and external impurities. 

3.6.2. The Test Experiment 

Samples 3 and 4 were used as the test experiments. Sulfur Oxidizing Bacteria (SOB) from the 

isolates in section 3.3 were introduced in these setups and the original pH for sample 3 was 

adjusted to 5.0, while that of sample 4 was adjusted to 8.0. These values of pH were chosen to 

simulate the soil pH (  5-8) [Pierre, 2008], since this study focuses on buried pipes (underground 

pipelines). The effects of exposure were monitored by measuring the pH, weights of the metal 

samples and by microstructure examination. The weights were obtained for both unwashed and 
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washed samples. The washing was done using ethanol to remove the corrosion products and 

external impurities. 

3.6.3. The Bio-corrosion Mitigation Experiment 

Samples 5 and 6 were used in the Bio-corrosion Mitigation Experiments. Sulfur Oxidizing 

Bacteria (SOB) from the isolates in section 3.3 was introduced in these setups. The original pH 

for sample 5 was adjusted to 5.0, while that of sample 6 was adjusted to 8.0. These values of pH 

were chosen to simulate the soil pH (  5-8) [Pierre, 2008], since this study focuses on buried pipes 

(underground pipelines). In addition, 16.0 mg of Sodium Tungstate (Na2WO4) and 20 mg of 

Nickel (Ni) were added to these setups. The experiment was monitored by measuring the pH, 

weights of the metal samples and by microstructure examination. The weights were obtained for 

both unwashed and washed samples; the washing was done using ethanol to remove the 

corrosion products and external impurities. 
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CHAPTER FOUR 

RESULTS AND DISCUSSIONS 

Part one: Isolation of sulfur oxidizing bacteria (SOB) 

4.1. pH Reduction by SOB 

The experiment was monitored by measuring pH at interval of five days. After the first five days, 

the change in pH was not significant. Below is a table showing the original pH and the pH after 

15 days from the day of inoculation (table 2).   

Table 2.0: pH reduction by Sulfur Oxidizing Bacteria 

 

Media 

 

T 

 

AT 

 

G1T 

 

G2T 

 

N 

 

AN 

 

G1N 

 

G2N 

 

S 

 

AS 

 

G1S 

 

G2S 

Initial 

pH 

 

8.0 

 

8.0 

 

8.0 

 

8.0 

 

4.6 

 

4.6 

 

4.6 

 

4.6 

 

8.0 

 

8.0 

 

8.0 

 

8.0 

Final 

pH 

 

7.9 

 

6.4 

 

5.0 

 

6.3 

 

4.7 

 

3.1 

 

3.3 

 

3.2 

 

7.9 

 

5.7 

 

6.1 

 

5.8 

 

The pH reduction of NCL, Thiosulphate and Starkey media, as indicated in Table 4.01 above 

implies that there is oxidation of sulfur (according to eqn. 4.01) through the metabolic activities 

of the microbes resulting to formation of sulfuric acid (Steudel et al., 1987; Roy et al., 1970; 

Cook, 1964; Kingma et al., 1979; Kodama et al., 1968). The sulfuric acid formed releases 

hydrogen ions into the media, thereby increasing the concentration of hydrogen ions which then 

accounts for the pH reduction (Fig. 28), according to equation (4.03). 

S + 3/2O2 + H2O → H2SO4 ……………………………………..………………… (4.01) 

pH = -log [H
+
] ………………………………………………..…………………… (4.02) 

Thus pH α       ⁄  …………………………………………………..……………. (4.03) 

The sulfuric acid formed above (equation 4.01) ionizes to form sulfate and hydrogen ions in 

aqueous phase. The hydrogen ions then form a cathodic reaction (eqn. 4.04) by accepting 

(consuming) the electrons released by the metal (iron in this case) as per reaction (4.05). The 

consumption of electrons by hydrogen ions from reaction (4.04), triggers further release of 
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electrons from iron, thereby increasing the rate of dissolution of iron (release of iron ions) into 

the electrolyte (water).  

2H
+
 (aq) + 2e

-
 → H2 (g) ………………………………………………………….. (4.04) 

Fe (s) → Fe
2+

 (aq) + 2e
-
 …………………..……………………………………… (4.05) 

H2SO4 → 2H
+
 + S  

  ……………………………………………………..……… (4.06) 
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Figure 28.0: pH reduction of NCL, Thiosulphate and Starkey media by Sulfur Oxidizing 

Bacteria (SOB) from three different water sources 

The corrosion of metallic iron can occur in absence of hydrogen ions [Pierre 2008]. Also the 

cathodic reaction may occur by the reduction of oxygen that diffuses onto the surface of metallic 

iron. Depending on the aeration of the soil, the simulated soil environment (for 

underground/buried pipeline) has little or no oxygen; therefore the released hydrogen ions from 
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reaction (4.06) form the dominant cathodic reaction (reaction 4.04). This accounts for the 

accelerated corrosion rate by microbes (sulfur oxidizing bacteria).  

 

Part two: Corrosion experiment 

4.2. Weight change measurement 

Table 3.0: Measurement of Weight Change for Unwashed X65 steel Samples Subjected to 

Thiobacillus Media at Different Conditions 

SN WEIGHTS (GRAMS) 

1 14.8170 14.8169 14.8148 14.8137 14.8121 14.8101 14.8024 14.7911 14.7910 14.7909 

2 17.8655 17.8661 17.8640 17.8632 17.8627 17.8621 17.8618 17.8607 17.8593 17.8591 

3 12.4153 12.4155 12.4152 12.3916 12.2767 12.2160 12.1923 12.1015 12.0057 11.9513 

4 14.6076 14.6080 14.6054 14.6018 14.5901 14.5521 14.5002 14.4503 14.3901 14.2908 

5 11.8184 11.8186 11.8183 11.8178 11.8147 11.8109 11.8067 11.7993 11.7987 11.7978 

6 16.3623 16.3630 16.3627 16.3619 16.3615 16.3607 16.3597 16.3582 16.3577 16.3561 

Time 

(days) 

 

0 

 

4 

 

8 

 

12 

 

16 

 

20 

 

24 

 

28 

 

32 

 

36 

 

The weight measurement of the samples labeled 1- 6 was done and recorded. The change in 

weight was observed and the results were tabulated in tables 3 and 4 respectively. Sample 3 

(washed) showed the highest weight loss, as compared to other samples. This is attributed to the 

metabolic activities of Sulfur Oxidizing Bacteria (SOB). This resulted in the lowering of pH 

thereby producing more hydrogen ions which form the cathodic reaction. The cathodic reaction 

enhances the dissolution of iron forming iron ions, which accounts for the observed weight loss.  
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4.2.1. Sample 1(Control Experiment) at Original pH 5.0 

Sample 1 was used as the control experiment with the original pH adjusted to 5.0. The weights 

for both the unwashed and the washed sample were taken and recorded in Tables 3 and 4 

respectively. The weight change of the sample was observed and the plots for weight change 

versus time were plotted as shown in Figures 29 and 30. For the unwashed sample, the weight 

loss was nonlinear. It was best fitted by the cubic regression model. 

Table 4.0: Measurement of Weight Change for Washed X65 steel Samples Subjected in 

Thiobacillus Media at Different Conditions 

SN WEIGHTS (GRAMS) 

1 14.8170 14.8169 14.8129 14.8118 14.8107 14.8100 14.8001 14.7823 14.7610 14.7589 

2 17.8655 17.8591 17.8589 17.8550 17.8531 17.8524 17.8509 17.8469 17.8437 17.8407 

3 12.4153 12.4127 12.4051 12.3900 12.3435 12.1753 12.0842 11.8917 11.8359 11.7217 

4 14.6076 14.5903 14.5712 14.5327 14.4987 14.4367 14.3573 14.2959 14.2174 14.1250 

5 11.8184 11.8179 11.8174 11.8169 11.8133 11.8095 11.8057 11.7985 11.7976 11.7968 

6 16.3623 16.3616 16.3613 16.3607 16.3601 16.3594 16.3579 16.3572 16.3557 16.3544 

Time 

(days) 

 

0 

 

4 

 

8 

 

12 

 

16 

 

20 

 

24 

 

28 

 

32 

 

36 

 

The washed sample (Fig. 30) also showed a nonlinear weight loss. This was well fitted by the 

Quadratic regression model, contrary to the unwashed sample. The nonlinearity of the weight 

loss implies that concentration polarization and depolarization take place on the metal surface. 

This means that the passivation layer forms on the surface, and with time, it dissolves into 

solution, thereby exposing the metal surface to corrosion attack.  

Comparison of weight loss between unwashed and washed sample (Fig. 31) shows a higher 

weight loss for the washed sample as compared to the unwashed sample. The higher weight loss 

for the washed sample is due to the removed corrosion products, thus exposing the metal surface 
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to oxidizing agents (oxygen and hydrogen ions). The diffusion layer gets smaller when the 

sample is washed, and therefore, the concentration polarization dominates the corrosion process. 
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Figure 29.0: Fitted Line Plot of weight versus time for sample 1 (unwashed) 

‗The Cubic Model‘ 
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Figure 30.0: Fitted Line Plot of weight versus time for sample 1 (washed) 

‗The Quadratic Model‘ 
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Figure 31.0: Plots of weight versus time for sample 1 (washed & unwashed) 

 

4.22. Sample 2 (Control Experiment) at original pH 8.0 

Sample 2 was used as the control experiment with the original pH adjusted to 8. The weights for 

both the unwashed and washed samples were measured and recorded in Tables 3 and 4 

respectively. The weight change of the sample was observed and the plots for weight change 

versus time were plotted, as shown in Figures 32 and 33. For the unwashed sample (Fig. 32), the 

weight loss was nonlinear and it was best fitted by both the quadratic and cubic regression 

models, since both have the same value of R-squared. 

The washed sample (Fig. 33) also showed a nonlinear weight loss. However this was well fitted 

by the cubic regression model. The nonlinearity of the weight loss implies that concentration 

polarization and depolarization occurred on the metal surface. This means that the passivation 

layer forms on the surface, and with time it, dissolves into solution thereby exposing the metal 

surface to corrosion attack.  

Comparison of weight loss between unwashed and washed sample (Fig. 34) shows a higher 

weight loss for the washed sample, as compared to the unwashed sample. The higher weight loss 

for the washed sample is due to the removed corrosion products, thus exposing the metal surface 

to oxidizing agents (oxygen and hydrogen ions). The diffusion layer gets smaller when the 

sample is washed and, therefore, concentration polarization dominates the corrosion process. 
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Figure 32.0: Fitted Line Plot of weight versus time for sample 2 (unwashed) 

‗The Quadratic/Cubic Model‘ 
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Figure 33.0: Fitted Line Plot of weight versus time for sample 2 (washed) 

‗The Cubic Model‘ 
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Figure 34.0: Plots of weight versus time for sample 2 (washed & unwashed) 

  

4.2.3. Sample 3 (with local SOB) at original pH 5.0 

Sample 3 was used as the test experiment with the original pH adjusted to 5.0. The weights for 

both the unwashed and washed sample were measured and recorded in Tables 3 and 4 

respectively. The changes in weight with time of the sample were observed and recorded. The 

plots of weight change versus time were plotted, as shown in Figures 35 and 36. For the 

unwashed sample, the weight loss was nonlinear (Fig. 35) and it was best fitted by the cubic 

regression model. 

The washed sample also showed a nonlinear weight loss (Fig. 36); also this was well fitted by the 

cubic regression model. The nonlinearity of the weight loss implies that concentration 

polarization and depolarization took place on the metal surface. This means that the passivation 

layer forms on the metal surface, and with time, it dissolves into solution, thereby exposing the 

metal surface to corrosion attack.  

Comparison of weight loss between unwashed and washed sample (Fig. 37) shows a higher 

weight loss for the washed sample as compared to the unwashed sample. The higher weight loss 

for the washed sample is due to the removed corrosion products when cleaning the surface, thus 
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exposing the metal surface to oxidizing agents (oxygen and hydrogen ions). The diffusion layer 

gets smaller when the sample is cleaned and, therefore, concentration polarization dominates the 

corrosion process. 
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Figure 35.0: Fitted Line Plot of weight versus time for sample 3 (unwashed) 

‗The Cubic Model) 
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Figure 36.0: Fitted Line Plot of weight versus time for sample 3 (washed) 

‗The Cubic Model‘ 
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Figure 37.0: Plots of weights versus time for sample 3 (washed & unwashed) 

 

4.2.4. Sample 4 (with local microbes) at original pH 8.0 

Sample 4 was also used as the test experiment. However, in this case, the original pH was 

adjusted to 8.0. The weights for both unwashed and washed samples were measured and 

recorded in Tables 3 and 4 respectively. The changes in the weights of the sample were observed 

and recorded. Plots for weight change versus time were plotted as shown in Figures 38 and 39. 

For the unwashed sample, the weight loss was nonlinear (Figure 38), and, it was best fitted by 

the cubic regression model. 

The washed sample also exhibited a nonlinear weight loss (Figure 39). However, this was well 

fitted by both the quadratic and cubic regression models, with the same R-squared. The 

nonlinearity of the weight loss implies that concentration polarization and depolarization 

occurred on the metal surface. This means that the passivation layer forms on the metal surface, 

and with time, it dissolves into solution, thereby exposing the metal surface to corrosion attack.  

Comparison of weight loss between unwashed and washed samples (Figure 40), exhibits a higher 

weight loss for the washed sample, as compared to the unwashed sample. The higher weight loss 

for the washed sample is due to the removed corrosion products, thus exposing the metal surface 
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to oxidizing agents (oxygen and hydrogen ions). The diffusion layer gets smaller when the 

sample is washed and, therefore, concentration polarization dominates the corrosion process. 
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Figure 38.0: Fitted Line Plot of weight versus time for sample 4 (unwashed) 

‗The Cubic Model‘ 
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Figure 39.0: Fitted Line Plot of weight versus time for sample 4 (washed) 

‗The Quadratic/Cubic Model‘ 
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Figure 40.0: Plots of weights versus time for sample 4 (washed & unwashed) 

 

4.2.5. Sample 5 (MIC mitigation) at original pH 5.0  

Sample 5 was used to study the mitigation of Microbial Influenced Corrosion (MIC). The 

original pH was adjusted to 5.0. The weights measured for both unwashed and washed samples 

were (at specific intervals of time) are presented in Tables 3 and 4. The changes in weight of the 

samples were observed and the plots for weight change versus time were plotted as shown in 

figures 41 and 42. For the unwashed sample, the weight loss was nonlinear (Figure 41) and it 

was best fitted by the cubic regression model. 

The washed sample also exhibited a nonlinear weight loss (Figure 42). This was well fitted by 

the Cubic regression model. The nonlinearity of the weight loss implies that concentration 

polarization and depolarization occurred on the metal surface. This means that the passivation 

layer forms on the metal surface and with time, it dissolves into solution, thereby exposing the 

metal surface to corrosion attack.  

Comparison of weight loss between unwashed and washed sample (Figure 43) shows a higher 

weight loss for the washed sample, as compared to the unwashed sample. The higher weight loss 

for the washed sample is due to the removal of corrosion products, thus exposing the metal 
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surface to oxidizing agents (oxygen and hydrogen ions). The diffusion layer gets smaller when 

the sample is washed and, therefore, concentration polarization dominates the corrosion process. 
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Figure 41.0: Fitted Line Plot of weight versus time for sample 5 (unwashed) 

‗The Cubic Model‘ 
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Figure 42.0: Fitted Line Plot of weight versus time for sample 5 (washed) 

‗The Cubic Model‘ 
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Figure 43.0: Plot of weight versus time for sample 5 (washed & unwashed) 

 

4.26. Sample 6 (MIC mitigation) at original pH 8.0 

Sample 6 was also used to study the mitigation of Microbial Influenced Corrosion (MIC). The 

original pH was adjusted to 8.0. The weights of both the unwashed and washed samples were 

obtained and recorded in Tables 3 and 4 respectively. The changes in weight of the samples were 

observed and recorded. Graphs for weight versus time were plotted as shown in Figures 44 and 

45. For the unwashed sample, the weight loss was nonlinear (Figure 44) and it was best fitted by 

the cubic regression model. 

The washed sample also exhibited a nonlinear weight loss (Figure 45). However, this was well 

fitted by both the quadratic and cubic regression models. The nonlinearity of the weight loss 

implies that concentration polarization and depolarization occurred on the metal surface. This 

means that the passivation layer (oxide film) forms on the metal surface and with time it 

dissolves into solution, thereby exposing the metal surface to corrosion attack.  

Comparison of weight loss between unwashed and washed sample (Figure 46) shows a higher 

weight loss for the washed sample, as compared to the unwashed sample. The higher weight loss 

for the washed sample is due to the removed corrosion products, thus exposing the metal surface 
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to oxidizing agents (oxygen and hydrogen ions). The diffusion layer gets smaller when the 

sample is washed and, therefore, concentration polarization dominates the corrosion process. 
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Figure 44.0: Fitted Line Plot of weight versus time for sample 6 (unwashed) 

‗The Cubic Model‘ 
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Figure 45.0: Fitted Line Plot of weight versus time for sample 6 (washed) 

‗The Quadratic/Cubic Model‘ 
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Figure 46.0: Plot of weight versus time for sample 6 (washed & unwashed) 

 

4.2.7. Comparison of weight changes between Control and Test Experiments 

4.2.7.1. Samples 1 & 3 

Table 5 shows the percentage weight change for samples 1, 2, 3 and 4; both unwashed and 

washed. The plot for percentage weight change for unwashed samples 1 and 3 (Figure 47) at the 

original pH of 5.0, shows a higher weight change (loss) for sample 3, as compared to sample 1. 

This indicates that there is bacterial oxidation of elemental sulfur to form sulfuric acid, which 

lowers the pH thereby increasing the concentration of hydrogen ions. The hydrogen ions 

generated form a cathodic reaction by accepting the electrons released from the anode (iron 

dissolution). This results in enhanced iron dissolution, hence weight change (loss). Similarly, the 

plot for percentage weight change for washed samples 1 and 3 (Figure 48) at original pH of 5.0, 

shows a higher weight change (loss) for sample 3, as compared to sample 1.  

4.2.7.2. Samples 2 & 4 

The plot for percentage weight change for unwashed samples 2 and 4 (Figure 49) at original pH 

of 8.0, shows a higher weight change (loss) for sample 4, as compared to sample 2. This 

indicates that there is bacterial oxidation of elemental sulfur to form sulfuric acid which lowers 

the pH thereby increasing the concentration of hydrogen ions. The hydrogen ions generated form 
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a cathodic reaction by accepting the electrons released from the anode (iron dissolution). This 

results in enhanced iron dissolution hence weight change (loss). 

Similarly, the plot for percentage weight change for washed samples 2 and 4 (Figure 50) at 

original pH of 8.0, shows a higher weight change (loss) for sample 4 as compared to sample 2. 

 

Table 5.0: Percentage Weight Change for the control and test experiments (unwashed & washed) 

SN PERCENTAGE WEIGHT CHANGE (%WC) FOR UNWASHED SAMPLES 

1 0 0.0006 0.0148 0.0222 0.0330 0.0465 0.0985 0.1748 0.1754 0.1761 

2 0 -0.0033 0.0084 0.0128 0.0156 0.0190 0.0207 0.0268 0.0347 0.0358 

3 0 -0.0016 0.0008 0.1909 1.1163 1.6052 1.7961 2.5275 3.2991 3.7373 

4 0 -0.0027 0.0150 0.0397 0.1198 0.3799 0.7352 1.0768 1.4889 2.1687 

 

PERCENTAGE WEIGHT CHANGE (%WC) FOR WASHED SAMPLES 

1 0 0.0006 0.0276 0.0351 0.0425 0.0472 0.1140 0.2342 0.3779 0.3921 

2 0 0.0358 0.0369 0.0587 0.0694 0.0733 0.0817 0.1041 0.1220 0.1388 

3 0 0.0209 0.0821 0.2037 0.5783 1.9331 2.6668 4.2173 4.6668 5.5866 

4 0 0.1184 0.2492 0.5127 0.7455 1.1699 1.7135 2.1338 2.6712 3.3037 
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Figure 47.0: Comparison of Percentage Weight Change for samples 1 and 3 at original  

pH 5.0 (unwashed) 
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Figure 48.0: Comparison of Percentage Weight Change for samples 1 and 3 at original  

pH 5.0 (washed) 
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Figure 49.0: Comparison of Percentage Weight Change for samples 2 and 4 at original pH 8.0 

(unwashed) 
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Figure 50.0: Comparison of Percentage Weight Change for samples 2 and 4 at original pH 8.0 

(washed) 
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4.2.8. Comparison of weight changes between MIC Mitigation and Test 

Experiments 

Table 6.0: Percentage Weight Change for the Mitigation and test experiments (washed) 

SN PERCENTAGE WEIGHT CHANGE FOR WASHED SAMPLES 

3 0 0.0209 0.0821 0.2037 0.5783 1.9331 2.6668 4.2173 4.6668 5.5866 

5 0 0.0042 0.0084 0.0127 0.0431 0.0753 0.1074 0.1684 0.1760 0.1827 

Time 

(days) 

 

0 

 

4 

 

8 

 

12 

 

16 

 

20 

 

24 

 

28 

 

32 

 

36 

 

 

403020100

6

5

4

3

2

1

0

Time (days)

P
e
rc

e
n

ta
g
e
 W

e
ig

h
t 

C
h

a
n

g
e

Test Expt.

Mitigation Expt.

Variable

 

Figure 51.0: Comparison of Weight Change between MIC Mitigation Experiment (sample 5) 

and Test Experiment (sample 3) both at original pH 5.0 

 

Figure 51 (plotted from table 6), shows a comparison in weight loss (iron dissolution rate) 

between sample 3 (test experiment) and sample 5 (MIC mitigation experiment). The graph shows 

a higher weight loss for sample 3, as compared to sample 5. This result implies that the presence 

of biocides (sodium tungstate & nickel) in sample 5 stopped the metabolic activities of Sulfur 

Oxidizing Bacteria (SOB). Thus, there was no oxidation of sulfur to sulfuric acid. On the other 
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hand, the higher weight loss of sample 3 is due to the biological oxidation of elemental sulfur by 

SOB, as discussed earlier. 

4.30. GENERAL DISCUSSION 

As illustrated in Fig. 52, the mass transport to a metal surface is governed by three forces, that is, 

diffusion, migration, and convection (Pierre, 2008). Because samples 1, 2, 3….6 were kept in 

stagnant media, the convection forces are negligible and therefore the mass transport in this case 

was governed by diffusion and migration. For diffusion controlled mass transport, the flux of a 

species O to a surface from the bulk is described with Fick‘s first law in Eq. (4.07): 

        
   

  
 ………………………………………………………………… (4.07)   

Where JO is the flux of species O (mol s
−1

 cm
−2

),  DO is the diffusion coefficient of species O 

(cm
2
 s

−1
),  δCO is the concentration gradient of species O across the interface between  the       

metallic surface and  the bulk environment (mol cm
−3

) and  δx is the Nernst diffusion layer or 

diffuse layer (cm). 

 

Figure 52.0: Graphical representation of the processes occurring at an electrochemical  

Interface (Pierre, 2008)  
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As shown in equation 4.07, the flux of corrosive species (Jo) reaching the metal surface is 

inversely proportional to the Nernst diffusion layer (δX). This explains why the washed samples 

show higher weight loss, as compared to the unwashed samples in the same media. Washing 

removes part of the oxide film and some other impurities on the metal surface thereby reducing 

the diffusion layer. This process results to increased flux of corrosive species (O2 and H
+
) on the 

metal surface, which then accelerates the anodic reaction (iron dissolution). 

Figure 53 illustrates the concentration-distance profile at the metal surface approximated by a 

simple gradient. As shown, the metallic surface is positioned at the ordinate, while the x-axis 

represents the  distance  away  from  the  metal surface  and  the  y-axis  represents the 

concentration  of  the  chemical  species being  reacted. For homogeneous solutions, the 

concentration is constant in the bulk region. This is represented by the horizontal line, where C = 

CO. Also, there is a region where the concentration drops, falling to zero at the electrode surface.  

The Nernst diffusion layer associated with this drop has a specific thickness (δ), which depends 

on the nature of the solution into which it extends (Pierre, 2008). 

 

Figure 53.0: Nernst diffusion layer for a limiting current situation (Pierre, 2008) 

 

For a chemical species, O, that is consumed by the cathodic reaction at  the  corroding  surface,  

the  concentration  gradient  (δCO /δX)  is greatest when the concentration of that species is 
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completely depleted at  the surface,  that  is, CO = 0.  It follows that the cathodic current is 

limited in that condition, as expressed by Eq. (4.08).    

 ic = iL = -nFDo 
  

    

 
 ……………………………………………………………………………. (4.08) 
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CHAPTER FIVE 

5.0 CONCLUSIONS AND RECOMMENDATIONS 

5.1. CONCLUSIONS 

5.1.1. Isolation of Sulfur Oxidizing Bacteria 

After 15 days of running the experiment, pH drops in NCL, Thiosulfate and Starkey broths were 

observed. For the thiosulfate broth, a maximum pH drop of 3 was observed in G1T. The other 

water sample (G2T) showed a drop of 2.7 while AT showed a pH drop of 2.6.  The control 

experiment (thiosulfate broth without water sample) showed a pH drop of 0.1, which is   

negligible. 

The NCL broth showed a maximum pH drop of 1.5 with the water sample from AUST water 

pond (AN). This was followed by a pH drop of 1.4 with the water sample from Gwagwalada one 

(G1N) and a pH drop of 1.3 with the water sample from Gwagwalada two (G2N). 

For the Starkey broth, the maximum pH drop of 2.3 was observed with the water sample from 

AUST water pond (AS). Next to this was a pH drop of 2.2 with the water sample from 

Gwagwalada two (G2S) and 1.9 with the water sample from Gwagwalada one (G1S). 

Generally, the maximum pH drop was observed in the thiosulfate broth (3.0) as compared to 

Starkey broth (2.3) and the NCL broth (1.5). This is attributed to the ease of accessibility of 

sulfur in thiosulfate (S
2+

) than elemental sulfur (S
o
). Elemental sulfur requires an initial 

activation stage before any further reaction occurs [Bacon et al., 1989; Cook, 1964; Kingma et 

al., 1979; Steudel et al., 1987; Roy et al., 1970]. 

5.1.2. Corrosion Experiment 

For all samples, the washed samples showed a higher weight change compared to the unwashed 

samples. The higher weight loss for the washed samples is due to the removal of corrosion 

products during washing, thus exposing the metal surface to oxidizing agents (oxygen and 

hydrogen ions). The diffusion layer gets smaller when the sample is washed and, therefore, 
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concentration polarization dominates the corrosion process [Pierre, 2008]. The corrosive species 

can easily diffuse to the metal surface and enhance corrosion of the metal. 

Samples 3 and 4 that were subjected in the media containing Sulfur Oxidizing Bacteria (test 

experiment) showed a higher weight change compared to samples 1 and 2 that were subjected in 

the same media, but without Sulfur Oxidizing Bacteria (control experiment). This indicates the 

bacterial oxidation of elemental sulfur to sulfuric acid causing cathodic depolarization. This 

resulted in a higher weight change in the test experiment, as compared to the control experiment, 

because of the enhanced anodic reaction. 

Comparison of the test experiment and the mitigation experiment shows a higher weight change 

for samples in the test experiment (samples 3 and 4) than for samples in the mitigation 

experiment (samples 5 and 6). This implies that the presence of biocides (sodium tungstate and 

nickel) in the mitigation experiment stopped the metabolic activities of Sulfur Oxidizing 

bacteria. Thus, there was no oxidation of sulfur to sulfuric acid. 

5.2. RECOMMENDATIONS FOR FUTURE WORK 

 The following are the recommendations for further studies in order to understand in detail the 

influence of Sulfur Oxidizing Bacteria on corrosion of metallic materials: 

o In-situ characterization of changes in microstructure due to corrosion as compared to as-

received microstructure. 

o Characterization of surface chemistry of corroded surfaces e.g. EDX, Scanning Auger 

Microscopy, XPS etc 

o Electrochemical measurements. Values of potentials, currents and pH will help to 

quantitatively explain the corrosion reaction using electrochemical principles.  

o Potential coatings and their effects on biocorrosion processes e.g. bitumen based 

coatings, epoxy based coatings, biocides thin film coatings etc. 

o Chemical analysis of the supernatant from the Sulfur Oxidizing Bacteria and study of its 

effect on biocorrosion 

o Characterization of the locally isolated Sulfur Oxidizing Bacteria 
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