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ABSTRACT 

 

During oil and gas operations, pipeline networks are subjected to different corrosion 

deterioration mechanisms that result from the interaction between the fluid process and the 

linepipe steel. Among these mechanisms is microbiologically influenced corrosion (MIC) that 

results from accelerated deterioration caused by different indigenous microorganisms that 

naturally reside in the hydrocarbon and associated seawater injection systems. The focus of this 

research is to obtain comprehensive understanding of MIC. This work has explored the most 

essential elements (identifications, implications and mitigations) required to fully understand 

MIC. Advanced molecular-based techniques, including sequencing of 16S rRNA genes via 454 

pyrosequencing methodologies, were deployed to provide in-depth understanding of the 

microbial diversity associated with crude oil and seawater injection systems and their relevant 

impact on MIC. Key microbes including sulfate reducing bacteria (SRB) and iron reducing 

bacteria (IRB) were cultivated from sour oil well field samples. The microbes’ phylotypes were 

identified in the laboratory to gain more thorough understanding of how they impact microbial 

corrosion. Electrochemical and advanced surface analytical techniques were used for corrosion 

evaluations of linepipe carbon steels (API 5L X52 and X80) under different exposure conditions. 

On the identification front, 454 pyrosequencing of both 16S rRNA genes indicated that 

the microbial communities in the corrosion products obtained from the sour oil pipeline, sweet 

crude pipeline and seawater pipeline were dominated by bacteria, though archaeal sequences 

(predominately Methanobacteriaceae and  Methanomicrobiaceae) were also identified in the 

sweet and sour crude oil samples, respectively. The dominant bacterial phylotypes in the sour 

crude sample included members of the Thermoanaerobacterales, Synergistales, and 

Syntrophobacterales. In the sweet crude sample, the dominant phylotypes included members of 

Halothiobacillaceae. In the seawater injection sample, the dominant bacterial phylotypes 

included members of the Rhodobacterales, Flavobacteriales and Oceanospirillales. 

Interestingly, common bacterial phylotypes that are related to Thermotogaceae were identified in 

all investigated samples. The impact of the identified microbial communities on MIC of pipeline 

system was presented. 
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On the implications front, the influence of field SRB (Desulfomicrobium sp. and 

Clostridiales.) on the corrosion process was complex. The bacterial activities, metabolic 

reactions and by-products contributed to the corrosion process. Based on the observations and 

results, corrosion involves multiple synergistic mechanisms. The MIC vulnerability of X52 was 

higher than X80 due to microstructural effects.  On the other hand, the field IRB consortium 

(Shewanella oneidensis sp. and Brevibacillus sp.) exhibited inhibitory action on the corrosion 

process. The maximum corrosion rate was ~4 mpy in the biotic system and ~18 mpy in the 

abiotic system. Corrosion mechanisms were proposed to explain the protective behavior of the 

IRB consortium.   

On the special effects front, the influence of remnant magnetic fields (3000 Gauss 

strength) on MIC by a SRB consortium was investigated. The results confirm substantial 

increases of bacteria cell attachment, biofilm mass, corrosion and pitting penetration rates under 

magnetized biotic compared to nonmagnetized biotic conditions. The significant enhancement of 

MIC under magnetized biotic conditions has been attributed to the synergetic interaction between 

SRB cells and associated metabolic products with magnetic fields. The effect of magnetic fields 

on the thermodynamics and kinetics of the bacterial cell attachment and the electrochemical 

process has been presented. 

On the mitigation front, this work presented a pioneer study on the inhibition effects of 

azadirachtin (Neem) extracts of SRB influenced corrosion. The results revealed that Neem 

extracts reduced the biocorrosion rate by approximately 50%. Neem significantly reduced the 

contribution of SRB in the corrosion process by minimizing the growth of cells, which 

subsequently suppressed the production of sulfide, density of sessile cells and development of 

biofilm. Moreover, the Neem extracts might provide an organic coating that protects the surface 

against the medium.   

The work provided by this research will expand the MIC knowledge within the oil and 

gas industry and will improve monitoring and prevention strategies and direct future research of 

MIC-related issues, such as microbial injection inhibitors aided with magnetic fields applications 

and environmentally friendly biocides. 
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CHAPTER 1 

GENERAL INTRODUCTION AND RESEARCH BACKGROUND 

1.1 Introduction 

Carbon steel pipelines are considered the most efficient and economical method to 

transport hydrocarbon in the oil and gas industry [1]. Oil and gas companies operate different 

pipeline systems. These systems are named based on the location and the purpose of 

transportation. For example, flowline piping systems are used to move hydrocarbon from the 

well-head to collection facilities while cross-country pipelines are used to transport hydrocarbon 

from collection facilities to refineries, gas plants and exporting terminals. In addition to 

hydrocarbon pipeline systems, there are water injection pipelines that are used to inject water 

into oil wells to maintain reservoir pressure [1]. 

During oil and gas operations, pipeline networks are subjected to different corrosion 

deterioration mechanisms that result from the interaction between the fluid process and the 

linepipe steel. Among these mechanisms is microbiologically influenced corrosion (MIC) that 

results from accelerated deterioration caused by different indigenous microorganisms that 

naturally reside in the hydrocarbon and associated water systems [2], [3].  Most pipeline internal 

failures occur due to MIC that, in turn, affects integrity, operations and maintenance costs of 

petroleum industry pipelines [3]. Microorganisms are thought to be responsible for greater than 

forty percent of pipeline system failures [4]. In 1996, the estimated annual cost of pipeline 

corrosion for the gas industry was about $840 million [5]; in 2001, the estimated annual cost of 

corrosion to the oil and gas industries was $13.4 billion, of which at least $2 billion was 

attributed to biocorrosion or microbiologically influenced corrosion [6], [7].  

MIC is not a distinct type of corrosion, but rather is the synergistic interaction of 

microorganisms with resulting biofilms and metabolic products that enhance corrosion processes 

[2], [3]. In most cases, MIC morphologies are localized types of corrosion that manifest in 

pitting, crevice corrosion, under deposit corrosion, cracking, enhanced erosion corrosion and 

dealloying [2]. Pipelines are considered suitable environments in which microorganisms (from 

all three domains of life: Bacteria, Archaea and Eucarya) live because the essential components 
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for their metabolism are present in these environments [1]. Microorganisms need four main 

components to thrive: a carbon source, water, an electron donor and an electron acceptor [8]. 

Hydrocarbons act as an excellent food source (both a carbon source and an electron donor) for a 

wide variety of bacteria [1]. Since the commissioning of oil and gas systems, scientists, 

engineers and microbiologists have explored the microbial communities and their subsequent 

effects on the integrity of operations and structures to ultimately design and operate effective 

monitoring and mitigation strategies [8], [9]. MIC investigations are complex and involve 

interdisciplinary science that includes microbiology, metallurgy, surface analysis and 

electrochemistry [2], [3].  

Despite decades of research in MIC, there is a lack in quantifying and identifying the 

corrosion causative microbial and how other special effects (i.e. magnetic field and growth 

media) would affect their activities. Systematic and comprehensive molecular genetic 

investigations are needed to determine how the biodiversity of microbial communities thrive in 

oil and water injection. These undertakings will enhance knowledge and awareness about 

different microorganisms, cultured and uncultured, and define their contributions to microbial 

corrosion in oil and water injection pipeline systems. 

The gained knowledge of these investigations will (1) enhance understanding of the 

mechanisms of microbial influenced corrosion; (2) establish a database of MIC causative 

microbial communities in pipeline systems (oil and secondary injection); and (3) establish 

understanding of the synergetic impact of special effects (e.g. magnetic field) on MIC.  The 

outputs might be used collectively to evaluate the risk of microbial corrosion in the pipeline 

systems, and to monitor the effectiveness of deployed inspection and mitigation methodologies. 

1.2 Justification for Conducted Research  

The conducted research project includes the following tasks: 

I. Investigations on biodiversity in crude oil and seawater injection systems 

II. MIC propensity and mechanisms of linepipe steels under different conditions; the 

influence of field-type micrograms of sulfate reducing bacteria (SRB) and iron 

reducing bacteria (IRB).  

III. Investigations on the synergetic effects of remanent magnetic field (3000 gauss) 

on MIC by sulfate reducing bacteria (SRB).  
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IV. Utilization of environmentally friendly method, Neem extracts, to control MIC in 

pipeline systems. 

1.2.1 Microbial Community Associated With Oil Crudes and Sea Water Injection  

The identification of microbial structure in the systems is important to establishing a 

comprehensive database that might be used to assess the MIC risks and the effectiveness of 

mitigation techniques [3]. Historically, the identification and accurate enumeration of potentially 

problematic microbes in oil and gas systems has proven to be a challenge for the oil and gas 

industry [10]. The industrial standards NACE TM01944 [11] and ASTM D44125 [12] are the 

commonly utilized practices for microbial monitoring at the field level; both standards include 

what have become antiquated culture-based analyses [10].  

The culture-based techniques require the cultivation of microbes from pipeline samples 

by using selective growth media; however, it has been reported that this method reflects only up 

to 15% (and this value is likely substantially higher than a true figure) of the microorganisms 

present in the pipelines and greatly underestimates the complexity of microbial communities [3], 

[10].This is not surprising as biodiversity, predominantly microbial diversity, is dominated in 

most ecosystems by uncultured microorganisms [13]. These limitations of culture-based methods 

have inspired the application of molecular microbiological methods (MMM) by targeting RNA, 

DNA and proteins [10], [13].  

The utilization of molecular microbiological analyses has increased in the oil and gas 

industries. Multiple surveys have been performed to characterize oil and gas field microbial 

communities using molecular techniques [2], [10], [13]. The common molecular microbiology 

methods for microbial monitoring include FISH (fluorescence in situ hybridization), a 

microscopic method based on nucleic acid staining of DNA by agents such as 4’,6-diamidino-2-

phenylindole (DAPI) or SYBR Green; qPCR (quantitative polymerase chain reaction), to 

monitor a particular gene of interest; amplification and sequencing of the 16S rRNA gene, to 

identify the kinds of microbiota present in an environmental sample; and DGGE (denaturing 

gradient gel electrophoresis), a generally ineffective DNA fingerprinting method that allows 

visualization of the populations present in a sample [10]. DGGE is ineffective because it can be 

difficult to reproduce the outcome with different users, and as the generated information is only 

comparative visually, there is no database for comparison of results as there is for DNA 
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sequencing [10], [13]. With the costs of DNA sequencing dropping rapidly, data-baseable DNA 

sequence-based methodologies are the preferred alternative. 

1.2.2 Corrosion of Linepipe Carbon Steel (API 5l X52, X80) Influenced by Field Bacterial 

Consortium Isolated from a Sour Oil Well 

Studying the impact of environmental microbes, namely sulfate reducing bacteria (SRB) 

and iron reducing bacteria (IRB) cultivated from oil field samples rather than obtained from a 

culture collection, on the corrosion behavior of linepipe steel is important to obtaining desirable 

understanding and knowledge about the fundamentals of corrosion mechanisms by which these 

microbes deteriorate or protect the metal surface. For several reasons, SRB have been recognized 

as the major contributor to MIC in pipeline systems, primarily due to their predominantly 

anaerobic lifestyle and continuous production of corrosive hydrogen sulfides [1]-[3], [9] 

However, in practical situations, MIC results from interactions of different microbial populations 

which coexist in the environment and are able to affect corrosion processes through co-operative 

metabolisms [2], [3]. Even though complex microbial communities likely impact corrosion of 

pipeline systems, much can be learned by evaluating the corrosive behavior of certain types of 

microbes, such as SRB and IRB [14].  

SRB have long been associated with oil environments, and most kinds of cultivated SRB 

are known to produce hydrogen sulfide, which has been attributed to metal corrosion, reservoir 

souring and other issues impacting the oil industry [2-3], [8], [15]-[16]. In addition to sulfide 

production, SRB may degrade the quality of oil and gas in a reservoir and impact corrosion in 

other ways, including hydrocarbon degradation, reduction of iron species and nitrate, hydrogen 

oxidation and other metabolic activities [15[-[20].  

IRB have been included in this research because continuous focus on SRB in MIC studies 

underestimates the role of other types of microorganisms (i.e. IRB) in the corrosion process, and 

less is known about their role in MIC [3]. Conflicting investigations have reported both 

accelerating and inhibiting actions of IRB towards the corrosion process [21]-[25]. Studying IRB 

will extend the knowledge of their impact on MIC in pipeline systems. 

1.2.3 Impact of Magnetic Field on Microbial Corrosion by SRB 

Stringent corrosion management programs have been deployed by the industry to ensure 

the integrity of pipeline systems. Parts of this program are corrosion protection and inspection 
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detection methods. Those measures could induce remnant magnetic field (RMF) in the pipeline 

steel [27]. Intelligent inspection tools, known as intelligent pigs, utilize magnetic flux leakage 

(MFL) to magnetize steel surface to approximately two Tesla and then detect the local flux 

leakage caused by anomalies. It has been reported that the remnant MF left by In-line inspection 

techniques with MFL is in the order of magnitude of 3,000 Gauss (0.3Tesla) [26, 27]. RMF 

could also be generated in pipeline steels by different sources and is typically proportional to the 

maximum applied magnetic field. Magnetic clamping plates, lifting magnets, and Non-

Destructive Testing technologies, as well as currents from welding and the earth’s magnetic field 

(aligned in the north-south direction), are among the many possible sources which contribute to 

magnetic remnant levels in pipeline steel [26], [27]. 

Microorganisms in pipelines have surface negative charges. Consequently, if they are 

exposed to RMF generated at the linepipe steel surface by the aforementioned sources, then the 

positive pole of the magnet will attract them and the negative pole will push them away. 

Moreover, if bacteria such as IRB are present in iron-rich media, such as hydrocarbon pipeline, 

they will pick up iron as part of their metabolism and by the time the iron concentration increases 

in their cells, their magnetic susceptibility and attachment to magnetized surface will have 

increased. This sequentially will increase the likelihood of biofilm formation and hence 

enhance/promote MIC. Moreover, during the MIC process, bacteria such as SRB produce a wide 

range of ferromagnetic sulfides (FexSy) that, in turn, can increase the interaction between the 

bacteria and the induced magnetic field. 

1.2.4 Utilization of Environmentally Friendly Method, Neem Extracts, to Control MIC in 

Pipeline Systems    

Various commercial mitigation techniques have been used in the oil and gas industry to 

control MIC. These techniques include mechanical (i.e. pigging), chemical (i.e. biocides), 

electrochemical (i.e. cathodic protection) and biological (i.e. microbial injection of more 

beneficial microbiota) approaches [3]. Of these methods, biocides are considered the most 

effective; however, they are not only expensive and toxic, but also pose considerable hazard to 

the environment and field personnel [3]. Thus, there is a need for an effective and 

environmentally friendly method to kill the microorganisms from the hydrocarbon and water 
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streams in oil and gas facilities. Reports show that Neem extracts have been known to have 

elements that destroy bacterial growth and inhibit the growth of fungi [28]. 

1.3 Scope and Objectives of the Overall Research Program  

This research project has been designed and conducted to obtain comprehensive 

understanding of the MIC and includes investigations on biodiversity, MIC propensity and 

mechanisms of linepipe steels under different conditions; the influence of field-type micrograms, 

and magnetic field, and effect of Neem extracts in the MIC. The overall objective of the 

conducted research is to address the following technological and fundamental questions: 

1. How many and what types of microorganisms are present in Saudi Aramco oil operating 

systems (sweet crude, sour crude and water injection systems)? 

2. What are the potential implications of identified microorganisms on MIC in hydrocarbon 

and aquatic environments? 

3. What are the effects of field-type sulfate reducing bacteria (SRB) on the corrosion of 

linepipe steel (X52, X80)? What forms of corrosion and under which corrosion 

mechanisms are present? 

4. What are the effects field-type iron reducing bacteria (IRB) on the corrosion of linepipe 

steel (X52)? What forms of corrosion and under which corrosion mechanisms are 

present? 

5. How would the remanent magnetic field (3000 gauss) affect the MIC in pipeline systems 

by SRB? 

6. Could the Neem extracts be used to control MIC?  

1.4 Organization of the Thesis  

The thesis is organized into eleven chapters. The first chapter, Introduction, covers 

general overviews about the research topic. This chapter justifies the research work and states the 

objective(s) of the conducted study.  

Chapter 2 of this thesis provides a comprehensive Literature Survey, which summarizes 

the knowledge learned from reviewing relevant literature on microbiologically influenced 

corrosion (MIC). It provides information about 

 causative microorganisms; 

 biofilm development mechanisms; and 
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 diagnosing, Monitoring and control. 

This chapter is modified from a paper published in Journal of Pipeline Engineering. It is 

reprinted with permission of J. of Pipeline Eng., vol. 11, no. 3, pp. 63-72, 2012. The authors and 

their contributions are as follows: Faisal M. Al Abbas, main researcher; John R. Spear, support 

for biology work; Anthony Kakpovbia and N. Balhareth, support for review process and project 

sponsor; David L. Olson, work advisor; and Brajendra Mishra, work advisor.  

Chapter 3 provides Literature Survey, summarizes the knowledge gained from reviewing 

relevant literature on the impact on the magnetic field on corrosion process, microbial 

physiology and MIC.  

Chapter 4 presents a survey of microbial diversity associated with sour crude, sweet 

crude and water injection systems operated by Saudi Aramco, Saudi Arabia. 454 pyrosequencing 

of 16S rRNA extracted from field samples was employed to identify the types of microbes 

present in the oil pipelines and associated water injection systems. Structures of the biodiversity 

associated with their contribution to MIC are discussed. This chapter is modified from a paper, 

“Microbial Community Associated With Corrosion Products Collected From Sour Oil Crude and 

Seawater Injection Pipelines,” presented at the NACE Conference 2013 in Orlando, FL. The 

authors and their contributions are as follows: Faisal M. AlAbbas, main researcher; Charles 

Williamson, support for biology work; Anthony Kakpovbia, support for review process and 

project sponsor; John R. Spear, support for biology work; Brajendra Mishra, work advisor; and 

David Olson, work advisor. 

Chapter 5 and 6 describe isolation, identification and electrochemical investigations of 

filed type of SRB obtained from Tokio formation, Louisiana, USA at a depth of 2200 ft. Two 

grades of pipeline steels (API 5L X52 and X80) were used for corrosion susceptibility 

evaluations. Chapter 5 is modified from a paper submitted to Corrosion Science Journal. The 

authors and their contributions are as follows: Faisal M. Al Abbas, main researcher; Chase 

Williamson, support for biology work; Shailey M. Bhola, support for data analysis; John R. 

Spear, support for biology work; David L. Olson, Brajendra Mishra, work advisor; and Anthony 

Kakpovbia, support for review process and project sponsor. Chapter 6 is a paper published in and 

reprinted with permission from International Biodeterioration & Biodegradation, vol. 78, pp. 

34-42, 2013. The authors and their contributions are as follows: Faisal AlAbbas, main 



8 

researcher; Charles Williamson, support for biology work; Shaily M. Bhola, support for data 

analysis; John R. Spear, support for biology work; David L. Olson, work advisor; Brajendra 

Mishra, work advisor; and Anthony E. Kakpovbia, support for review process and project 

sponsor. 

Chapter 7 describes isolation, identification and electrochemical investigations of field-

type of IRB obtained from Tokio formation, Louisiana, USA at a depth of 2200 ft. Carbon 

linepipe steel (API 5L X52)  was used for corrosion susceptibility evaluations. This chapter is 

modified from a paper under review by Engineering Failure Analysis Journal. The authors and 

their contributions are as follows: Faisal AlAbbas, main researcher; Shaily M. Bhola, support for 

data analysis; John R. Spear, support for biology work; David L. Olson, work advisor; Brajendra 

Mishra, work advisor; and Anthony E. Kakpovbia, support for review process and project 

sponsor. 

Chapter 8 presents the corrosion and electrochemical investigations on the corrosivity of 

the SRB consortium under the influence of magnetic field up to 3000 Gauss. This chapter is 

modified from a paper to be submitted to a Journal; part of the work is published in QNDE 

conference as “Could non-destructive methodologies enhance the microbiologically influenced 

corrosion (MIC) in pipeline systems?” AIP Conference Proceedings, vol. 1511 (1) p. 1270-1277, 

2013. The authors and their contributions are as follows: Anthony E. Kakpovbia, support for 

review process and project sponsor; Brajendra Mishra, work advisor; David L. Olson, work 

advisor and John R. Spear, support for biology work. 

Chapter 9 presents the electrochemical investigations on the effects of Neem extracts on 

the corrosivity of the field type of SRB. 

Chapter 10 summarizes the results of conducted experiments and presents answers to the 

fundamental questions. 

Chapter 11, Future Work, provides visionary documents for the future research and 

implementation of the research findings and theoretical models. 
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 CHAPTER 2 

LITERATURE SURVEYS MICROBIOLOGICALLY INFLUENCED CORROSION  

 

Modified from a paper published in Journal of Pipeline Engineering 

 

F.M. Al Abbas, J.R. Spear, A. Kakpovbia, N.M. Balhareth, D.L. Olson and B. Mishra  

2.1 Introduction 

Corrosion is a destructive phenomenon that results from chemical and electrochemical 

reactions between metal alloys and the surrounding environment [1]. Basically, corrosion returns 

the metal to its lower energy state similar to the minerals compounds that the metal was extracted 

from [1], [2]. Corrosion involves anodic and cathodic sites connected by an electrolyte. The 

oxidation or metal dissolution occurs at the anodic site whereas the released electrons are 

reduced at the cathodic sites [1]. Both cathodic and anodic reaction occurs simultaneously on the 

surface of the corroding metal. These interactions result in different forms of corrosion, such as 

uniform or general,  galvanic, crevice, pitting, intergranular, selective leaching, erosion corrosion 

and stress cracking corrosion [1], [2].  

Corrosion is a significant problem in the oil and gas industry. In 1996, the estimated 

annual cost of pipeline corrosion for the gas industry was about $840 million [3]; in 2001, the 

estimated annual cost of corrosion to the oil and gas industries was $13.4 billion [4], [5].  

Moreover, reports by the U.S. Pipeline and Hazardous Materials Safety Administration 

(PHMSA) revealed that corrosion accounted for 30% of the accidents occurring in hazardous 

liquid pipeline, which is greater than any other failure mode investigated [2]. Microbiologically 

influenced corrosion (MIC) is one of several considerable concerns to the oil and gas industry. 

MIC has been reported in oil and gas treating facilities, such as refineries and gas fractionating 

plants, pipeline systems and exporting terminals [6]. MIC is one of the common failure modes 

for pipeline corrosion [7]. It has been estimated that MIC is responsible for 20% to 40% of 

serious corrosion cases [8], [9]. Also, 70 % to 95% of pipeline internal leaks are reportedly due 

to localized corrosion mainly caused by MIC [7]. Microbial activities are thought to be 

responsible for greater than 75% of corrosion in productive oil wells and for greater than 50% of 
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the failure of pipeline systems [10]. In 2006, MIC was suspected to be one of the two major 

factors that shut down the major Alaska Prudhoe Bay oil field pipeline [11]. The leak caused 

turmoil in the global oil market. The following sections provide a comprehensive literature 

survey on MIC, including discussion of causative microbes, biofilm development mechanisms, 

and control and monitoring methods. 

2.2 Background: Microbiologically Influenced Corrosion (MIC)  

MIC implies the increase in corrosion rate due to the presence of microbial activities that 

accelerate the rate of anodic and/or cathodic reactions [10], [12], [13]. MIC is not considered a 

new type of corrosion, but it incorporates the role of microorganisms and resulting biofilm in the 

corrosion processes [14]. MIC processes start with biofilm formation on metal substrate [6], [13]. 

Planktonic cells attach to steel substrate, grow, reproduce, consume nutrients and produce an 

extracellular polymer substance (EPS) along with other metabolic products that collectively 

construct the biofilm and produce localized corrosion cells [12]. The MIC does not produce a 

defined form of corrosion; however, it mostly results in a localized type of corrosion that 

manifests in pitting, crevice corrosion, under-deposit corrosion, cracking, enhanced erosion 

corrosion and dealloying [12].  

Different microorganisms thrive in oil, gas and water injection systems because the 

essential elements for their lives are present in these environments [6]. Microorganisms need 

four elements to thrive: carbon source, water, electron- donor and electron- acceptor [15]. 

Hydrocarbons and other organic compounds are an excellent carbon (food) source for a wide 

variety of microbes in all three domains of life—Bacteria, Archaea and Eucarya—and microbial 

representatives of all three domains likely play roles in MIC [6]. Of the three live domains 

(Bacteria, Archaea and Eukarya) present in the oil and gas industry, Bacteria has received the 

most attention in MIC investigations [10]-[13]. However, several reports show potential 

contribution from microbes that are related to Archea domain, such as methanogenesis [16], [17]. 

The synergistic interaction between these microbial communities, consortia, and metal surfaces 

results in MIC. In fact, these complex interactions between the biological domains add to the 

complexity of MIC investigations, predictions and mitigations [15]. Representatives of some 

MIC causative microbes and associated mechanisms are presented in the following section, 2.3.  
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2.3  MIC Causative Microorganisms 

Representatives of the types of bacteria associated with metals in pipeline systems are 

sulfate reducing bacteria (SRB), metal reducing bacteria (MRB), producing bacteria (APB), 

metal oxidizing bacteria (MOB), and magnetotactic bacteria.  

2.3.1 Sulfate Reducing Bacteria (SRB) 

SRB are prokaryotic, bacteria and Arachea, microorganisms that obtain their biochemical 

energy by metabolizing sulfate as an electron acceptor with natural organic compounds, as 

electron donors to produce sulfide (H2S, HS
-
) and as a metabolic byproduct [12,13,15,18]. Many 

SRB can also utilize different types of electron acceptors other than sulfate for their anaerobic 

respiration. These include nitrate [19], elemental sulfur [12], [13], fumarate, ferric iron and 

aliphatic and aromatic hydrocarbons [12], [13], [19]-[21]. In addition, many SRB can also utilize 

molecular hydrogen (H2) via their hydrogenase enzyme [12], [13], [15]. SRB predominantly live 

in oxygen-free environments, anaerobic; however they can tolerate oxygen for a short period of 

time. It has been demonstrated that SRB live for days in low concentrations of dissolved oxygen 

[12], [13], [22]. Marschall et al. [23] reported that three of ten SRB strains could reduce sulfate 

and produce sulfide at 15 µM oxygen concentration.  

Most SRB reported in the literature belong to one of following phylogenetic lineages: (1) 

mesophilic δ-proteobacteria (e.g. Desulfobacterium, and Desulfobacter); (2) thermophilic gram 

negative bacteria (e.g. Thermodesulfovibrio); (3) gram positive bacteria (e.g. 

Desulfotomaculum); and (4) Euyyarchaeota (e.g. Atchaeoglobus) [24]. Of these groups, most 

known SRB species are mesophilic and grow optimally in temperature ranges of 20-40ºC [25]. 

The moderate thermophilic SRB involve spore-forming species and grow optimally between 55 - 

65 ºC [26]. The optimum growth temperature of the thermophilic SRB species as well as 

archaeal SRB is 70-90 ºC [27]. 

Commonly, SRB species grow in a pH range from 5 to 9.5. It has been reported that the 

growth of SRB is usually suppressed at pH lower than 6 and higher than 9 [24]. Interestingly, 

SRB are able to tolerate pressure up to 500 atmospheres. Therefore, it is expected that SRB can 

be found everywhere in the oil and gas production facilities, from the well to the treatment 

facilities [13]. 
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SRB reduce sulfate to sulfide by obtaining eight electrons from the electron donor and 

proceed through a number of biological intermediate phases [12], [13], [15]. As sulfate is 

considered a stable phase, SRB utilize ATP (Adenosine triphosphate) enzyme. There are two 

mechanisms by which SRB reduce sulfate: (i) dissimilative sulfate reduction and (ii) assimilative 

sulfate reduction [15]. In the dissimilative sulfate reduction process, SRB utilize APS reductase 

enzyme to reduce sulfate to sulfite (SO3
2-

) while in the assimilative reaction, phosphate is added 

to APS to form phosphadensine phosphosulfate to reduce sulfate. In both cases, the sulfite (SO3
2-

) is produced and transformed to sulfide by the enzyme sulfite reductase [15]. Figure 2.1 shows 

the electron transport and energy conservation across the SRB cell body [15].   

SRB such as Desulfovibrio are thought to use hydrogenase enzyme for their sulfate 

reduction when growing in hydrogen (H2) of organic compounds. These SRB species convert the 

organic compound (e.g. lactate) through pyruvate to acetate with production of H2 which then 

oxidized by periplasmic hydrogenase to initiate a proton motive force, Figure 2.1 [12], [13], [15], 

[18]. This process yields one ATP for each SO4
2-

 that reduces to HS
-
 with hydrogen as electron 

donor as per reaction 2.1 [15]: 

 

         
                                     2.1 

 

Many SRB such as Desulfovibrio oxide lactate and /or acetate to CO2 to obtain electrons 

for sulfate reduction per reaction 2.2 [15]:  

 

              
                                            2.2 

 

For several reasons, SRB have been recognized as the major contributors to MIC in the 

oil and gas industry, primarily due to their predominantly anaerobic lifestyle and continuous 

production of corrosive hydrogen sulfides [6], [8]. In fact, SRB have received substantial 

attention in MIC research, which, in turn, has caused the implications of the other types of 

microorganisms to be underestimated [8]. Despite extensive research, the mechanisms by which 

SRB corrode the metal are still controversial.  The diversity of SRB metabolisms makes it 

difficult for researchers and engineers to establish a universal mechanism for MIC by SRB. The 
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interpretations of SRB corrosion mechanisms have concluded that SRB can directly or indirectly 

influence the corrosion process through the following mechanisms [12], [13], [28]: 

I. Cathodic depolization by direct removal of hydrogen  

II. Galvanic coupling by formation of iron sulfides and production of hydrogen sulfide 

(Chemical-influenced Mechanism)  

III. Direct electrons uptake by utilizing metal as an electron source in the absence of organic 

substrates (Electrokinetic Mechanisms) 

 

 

 
Figure 2.1. Electron transport and energy conservation in SRB [15]. 

 

 

2.3.1.1 Cathodic depolization direct removal of hydrogen 

In this mechanism, the hydrogenase enzyme plays significant role. It is thought that the 

hydrogenase- positive SRB are able to oxidize the molecular hydrogen generated at the cathodic 

sites on the metal surface and accelerate cathodic polarization. This theory is known as the 

Cathodic Depolarization Theory and was established in 1934 to explain the mechanism for 

corrosion of metals by SRB [29]. The rate determining step (RTD) in this mechanism is the 

combination of adsorbed H atom to H2 gas. In the presence of SRB with the capability of H2 
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oxidation, the corrosion will be accelerated. The govern chemical and electrochemical reactions 

of this mechanism are as follow [12], [13], [29]: 

 

Anodic reaction 

              2.3 

Cathodic reactions 

                  2.4 

                   

              

2.5 

 

Hydrogen gas formation 

                  2.6 

 

SRB depolization  

   
           

   
                

2.7 

 

Corrosion products 

 

                2.8 

                      2.9 

 

Overall reaction  

             
                       2.10 

 

Although this theory has explained the SRB-induced corrosion in a chemical and 

electrochemical way, it has several flaws. The classic theory may be questioned from a 

thermodynamic viewpoint. The redox potential of the anodic, reaction 2.3, (E
0 

.vs.
 
SHE,298K) = − 

0.47, is more negative than the hydrogen cathodic reaction (reaction 2.5). Accordingly, the free 

energy of the hydrogen reduction under standard conditions is ΔG
0

pH7 = −10.6 kJ mol
−1

, and the 

reaction can, in principle, proceed spontaneously. At environmentally relevant activities of Fe
2+ 

that are significantly below standard activity, the Fe
2+

 / Fe redox couple is even more negative 

(Eenviron ≤ −0.6 V vs. SHE);  therefore, ΔGenviron ≤ −36.7 kJ mol
−1

  [30]. From a thermodynamic 
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prospective, the hydrogen film with a local fugacity corresponding to pH2 >10
11.3 

Pa would be 

accepted according to reaction 2.11 [30]: 

 

                  2.11 

However, because of the extremely fast diffusion of hydrogen molecules compared to the 

hydrogen species that is used by SRB, such local build-up of a hydrogen film appears very 

unrealistic [30]. Moreover, hydrogenase enzyme is not believed to be able to act on molecular 

hydrogen [29], [30]. Other alternative SRB-induced corrosion mechanisms are indirect influence 

through the generation of biogenic sulfide and formation of iron sulfide [31]. 

2.3.1.2 Galvanic Coupling by Formation of Iron Sulfides and Production of Hydrogen 

Sulfide  

As discussed, SRB generate biogenic hydrogen sulfide (H2S) and sulfide (S
2−

) through their 

metabolic activities.  There are two possible mechanisms that biogenic products use to drive the 

corrosion process: hydrogen sulfide produced that serves as cathodic reactants and the galvanic 

coupling corrosion between iron and deposited iron sulfide [31]. The SRB production of 

hydrogen sulfide generates cathodic reactants as shown in the reactions: 

 

                    2.12 

                   2.13 

 

Extensive work has been presented in the literature on the sour corrosion or hydrogen 

sulfide corrosion of steels [32]. For the galvanic coupling, the iron sulfides have much direct 

contact with the underlying bare steel surface [12], [13], [31]. Once established, the steel surface 

acts as anodic site and an iron sulfide film enhances the proton and electron transfer [29], [31]. 

Moreover, iron sulfides could increase the corrosion rate by decreasing the hydrogen 

overpotential and/or remove the cathodic hydrogen [29], [31]. The chemical and physical 

properties of the irons sulfides have significant effect on the corrosion product [28]. For 

example, pyrite shows the minimum effects of corrosion due to its perfect crystal structures that 

make it a perfect diffusion barrier [28]. Although mackinawite does not have perfect structure, it 
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still offers some degree of protection. Greco and Sardisco [33] indicate that the adherent sulfide 

film might protect the steel surface in a sour environment. The cathodic depolization is 

associated with only loosely accumulated iron sulfide [28]. In this case, the cathodic areas 

increase and hydrogen depolizes at the iron sulfide/ biofilm interface. Moreover, the loose iron 

sulfide does not offer a protection barrier [28].  

2.3.1.3 Direct Electrons Uptake by Utilizing Metal as Source of Electron in Absence of 

Organic Substrates 

Recent investigations have suggested that many SRB species are able to obtain electrons 

directly from metal surfaces [30]. Dinh et al. [34] were able to isolate SRB by using metallic iron 

as the sole source of electrons and without an organic source.  Enning et al. [35] reported sever 

corrosion rate (0.7 mm Fe
o
 yr

−1
) in SRB containing medium, which was attributed to significant 

conductivity of the deposited iron sulfide and direct electron uptake. This mechanism has been 

termed electrical microbially influenced corrosion (EMIC), by which the cell attaches to the iron 

sulfide crust and obtains electrons from a steel surface per reaction 2.14 [28], [30]. 

 

             
              2.14 

 

Venzlaff et al. [30] utilized electrochemical measurements and reported a shift of the free 

corrosion potential (OCP) and increase in the cathodic current of iron electrodes colonized and 

encrusted by the corrosive Desulfopila corrodens where no organic electron donor was added. 

Instead, electrons for sulfate reduction were provided through the metal. Moreover, they were 

able to distinguish between the impact of bacterial activity and their deposited iron sulfides. By 

recording the current–potential relationship before and after chemical inactivation of the 

colonizing bacteria, the electrokinetic of these SRB species were proven. Their study revealed 

the following [30]: 

 Desulfopila corrodens increases the free corrosion potential toward less negative values 

and enhances the current density at a given electrode potential 

 No indication for significant catalytic enhancement of the abiotic cathodic proton 

reduction to hydrogen by ferrous sulfide film. 
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 The iron sulfide deposits act as a semiconductor that facilitate the electron flow plays a 

significant role in corrosion process 

As result of this work, the authors proposed a simplified microbiological model of such 

electron uptake as is shown in Figure 2.2.  

 

 

 

Figure 2.2. Schematic representation of Electrical Microbially influenced corrosion [30]. 

 

2.3.2 Iron Reducing Bacteria (IRB)  

The focus on SRB in MIC studies underestimates the role of IRB in biocorrosions [13]. 

As early as 1980, it was possible to cultivate and characterize Pseudomonas ferrireductans from 

different oilfield samples [36]. IRB strains are capable of reducing iron and have been cited as 

iron reduction bacteria (IRB) [36].
 
 The Phylogenetic of iron reducers are diverse and related to 

Bacteria (e.g. Thermoterrabacterium ferrireducens, Bacillus infernus, Desulfotomaculum 

reducens, Geobacter metallireducens, Shewanella oneidensis) and the Archaea (e.g. Sulfolobus 

acidocaldarius, Pyrococcus furiosus, Archaeoglobus fulgidus) domains [37]. The optimal IRB 
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growth has been obtained under either mesophilic or thermophilic conditions with neutral pH 

[37]. IRB are facultative anaerobic where they use oxygen under aerobic conditions and ferric 

ion (Fe
+3

) reduction under anaerobic conditions [12], [13], [15], [37].
 
It has been reported that 

IRB are able to metabolize other different electron acceptors including Mn(IV), NO
3–

, NO
2–  

, 

S2O3
2–

, SO3 [12], [13], [37], [38].  

The environmental requirements (facultative anaerobic), along with metabolic diversity 

of different IRB genera, make it difficult to understand their role in biocorrosion. The 

involvement of IRB in MIC is still debatable [37]–[40].  Shewanella has been studied for their 

role in biocorrosion; however not much work has been done to investigate which type of IRB 

predominates the corrosion bacterial communities [37]. It has been postulated that IRB 

accelerate the corrosion by the following actions: (1) the reduction of insoluble ferric ion 

compounds to soluble ferrous ions, which in turn remove the protective corrosion scales formed 

on exposed surfaces and (2) formation of concentration cells among the biofilm [38], [41]. 

Corrosion effects of pseudomonas sp. of mild steel was reported under micro aerobic conditions, 

which was attributed to anodic polarization due to their ability to remove the protective ferric 

compounds [42]. Javaherdashti et al. [43] has demonstrated that mild steel exposed to a culture 

of IRB fails faster than abiotic conditions, implying the corrosion enhancement action of IRB.  

On the other hand, there are several evidences for the inhibition effects of IRB under 

certain conditions [38]-[40]. IRB could inhibit the corrosion process via their aerobic respiration, 

removing oxygen from the system [38], [41]. Moreover, the presence of IRB along with SRB in 

the biofilm could be beneficial, as they could destroy the ecological nests of sulfate-reducers 

within the biofilms formed on metal surfaces [38]-[40]. Lee et al. [44]
 
reported short-term 

protection of biofilms composed of mix culture of IRB and SRB. However, there are no 

certainties that, under real-world situations, IRB will prevent or promote corrosion. The complex 

nature of the biofilms developed on the corroding material, diverse microorganism structure and 

induced multiple chemical and electrochemical interactions result in these uncertainties. The 

corrosion mechanisms and subsequent rates depend on conditions of interfaces (solution/ 

biofilm/surface) and the activities of sessile bacteria prevailing in the biofilm [38]-[40, [45]. 
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2.3.3 Acid Producing Bacteria (APB) 

As their name suggests, APB strains are capable of metabolizing organic compounds 

(e.g. ethanol, lactate, aromatic hydrocarbon and even CO2 and producing organic and inorganic 

acids, such as acetic acid. These biogenic acids might increase the corrosion rate. It has been 

reported that acetic acid produced Acetobacter aceti accelerated corrosion of stainless steels by 

destroying a protective calcareous film formed via cathodic polarization [46]. Clostridium 

acetitum produce organic acid that has been reported to promote corrosion [47]. Clostridia and 

Butyribacteria were reported as major causes of internal corrosion of carbon steel natural gas 

pipeline [48]. Other species such Thiobacillus can produce sulfuric acid that is very corrosive 

[49]. In general, the generated biogenic organic acids increase corrosion by (1) providing 

additional cathodic reactants, (2) binding metal ions and (3) destroying the passive film and 

hindering passivation that collectively accelerate the metal dissolution [50].  

2.3.4 Metal Oxidizing Microorganisms 

MOB is another type of bacteria that are often reported to cause MIC in oil and gas 

pipelines. The role of MOB in MIC has been widely reported in the previous investigations [12], 

[51]. Ghiorse [52] classified MOB into three categories: (1) microbial that catalyzes the 

oxidation of metals (2) microbial that accumulates abiotically oxidized metal precipitates , and 

(3) others that derive energy by oxidizing metals. MOB is a microaerophilic that needs minimal 

oxygen to survive. Normally, MOB needs the support of another bacteria type to create and 

maintain this environment [12], [13].  The most cited MOB that have been reported to cause 

MIC include Gallionella, Sphaerotilus and Leptothrix [51]. A. Rajasekar et al. [53] reported the 

role of MOB on the corrosion of pipeline and souring of stored product. Their study revealed that 

Bacillus cereus are capable of degrading the aliphatic protons and aromatic protons in diesel and 

are capable of oxidizing ferrous/manganese into oxides, resulting in corrosion of API 5L X52 

steel. There are different ways through which MOB produce corrosion [12], [13], [51]: 

 Oxidize the ferrous ions (Fe
2+

) to ferric ions (Fe
3+

) or manganous (Mn
2+

) ions to 

manganic ions (Mn
3+

) as part of their energy sourcing. This behavior might result in 

destruction of the passive films 

 Produce orange –red tubercles of iron oxides and hydroxides via an iron oxidation 

process of ferrous ions from the bulk to the metal surface. 
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 In aerobic environment, they create concentration cells across the deposited metal irons 

where they scavenge the oxygen under the deposit. The area becomes a relatively small 

anode compared with the large surrounding oxygenated cathode. If the cathodic and 

anodic sites are separated from one another, the pH at the anode will decrease and that at 

the cathode will increase, leading to under deposit attacks. Moreover, if chloride ions are 

present in the bulk (e. g. marine environment), they will diffuse to the anodic sites to 

neutralize any build-up charge and, in turn, form heavy metal chlorides that break the 

protective oxides film, which is important for protective stainless steel alloys, and result 

in severe pitting, Figure 2.3. 

 

 

 

Figure 2.3. Schematic representation of the under deposit attacks by metal oxidizing 

microorganisms [51]. 

 

 

2.3.5 Magnetic Bacteria  

Magnetic bacteria are known as magnetotactic bacteria that represent a heterogeneous 

group of prokaryotes that are able to mineralize membrane-enclosed iron minerals known as 

magnetosomes [13], [54]. Magnetotactic bacteria were first discovered in 1975 by Blackemore 

[55] and are either anaerobic or microaerophilic [13], [54], [55]. Magnetotactic bacteria inhabit 
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water columns or sediments with vertical chemical concentration stratification [56]. It has been 

reported that magnetotactic bacteria are difficult to isolate and cultivate [57] and thus relatively 

little information has been reported about them. Most cultured strains belong to the genus 

Magnetospirillum that include different species such as M. magnetotacticum strain MS-1 [58], 

M. gryphiswaldense [59] and M. magneticum [60]. There are also some marine magnetotactic 

bacteria that have been cultured and are yet incompletely characterized organisms, such as the 

marine vibrios, strains MV-1, and a marine spirillum, strain MMS-1 [57], [61]. Interestingly, 

there is also an anaerobic, sulfate-reducing, rod-shaped magnetotactic bacterium cited as 

Desulfovibrio magneticus strain RS-1 [62].  

Commonly magnetotactic bacteria have the magnetosomes string of magnetic particles 

called a magnetosomes with ~ 50nm width. Figure 2.4 displays a schematic representation of the 

magnetosomes [63]. Magnetosomes consist of magnetite (Fe3O4), whereas greigite (Fe3S4) is 

found in magnetotactic bacteria from a sulphidic environment [58]-[63]. These types of bacteria 

have been reported for their potential use in biomineralization process to remove metals for 

mines and contaminated soils [13]. However the role of magnetotactic bacteria in MIC is not 

well defined in the literature [13]. There are several cases which provide evidence that those 

bacteria could directly or indirectly influence the corrosion.  The fact is that magnetotactic cells 

can accumulate approximately 20,000 to 40,000 fold of iron in their extracellular cells and 14 

and 79% by weight of their magnetosome is magnetite (Fe3O4) and greigite (Fe3S4) might 

significantly contribute to MIC by utilizing the metal surface to obtain this much iron [13]. 

Pipeline systems have remanent magnetic fields (discussed in Chapter 3) that might attract 

magnetotactic bacteria, which probably results in the enhancement or retarding of MIC. 

Certainly, new, in-depth research is needed to explore the role of magnetotactic bacteria in MIC 

[13].  

As discussed earlier, the MIC process is very complicated and cannot be reduced to 

defined mechanisms. Although SRB have been cited as the most likely culprits for MIC in the oil 

and gas industry, in practical situations, MIC results from interactions of different microbial 

populations, which coexist in the environment and are able to affect corrosion processes through 

co-operative metabolisms. Commonly, the MIC process starts when planktonic microorganisms 

attach to a metal surface, leading to the formation of a complex biofilm [12]. During the growth 
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of the biofilm and through their metabolic activities, microbes catalyze numerous invisible slow 

electrochemical reactions at the cell/metallic surface interface. The literature concerning 

bacterial attachment and biofilm development is significant for MIC investigations.  The 

following section provides concise reviews that address the following:  

1. biofilm developmental stages; 

2. factors that affect bacterial adhesion to the metal surface; 

3. thermodynamic and surface energies model approaches of bacterial adhesion; and 

4. mechanisms by which biofilm contribute to MIC. 

 

 

 
Figure 2.4. Schematic representation of magnetotactic structures [63]. 

 

2.4 Biofilm Developmental Stages 

The MIC process starts with biofilm formation on a metal substrate. Immobile cells 

attach to the steel substrate, grow, reproduce and produce an extracellular polymeric substance 

(EPS) that results in a complex biofilm formation [12], [13]. The biofilm formation encompasses 

three different stages. The first stage starts with the absorption of macromolecules, such as 

protein, lipids, polysaccharides and humic acids that work as conditioners of the steel surface. 
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These macromolecules change the physical chemistry of the interface, including its 

hydrophobicity and electrical charge. During this stage, microorganisms, surface, and aqueous 

medium characteristics play significant roles in the extent of bacterial transfer rate, adhesion and 

resultant biofilm size. The microbial characteristics include surface charge, cell size and 

hydrophobicity. Surface properties include chemical compositions, roughness, inclusions, 

crevice, oxides or coating and zeta potential, and the aqueous medium properties include flow 

regime of the system and ionic strength [12]. 

The second stage involves the movement of microorganisms from the bulk phase to the 

surface. The bacterial transportation process is affected by kinetic mechanisms. The initial 

bacteria attachment is formed through a reversible adsorption process, which is governed by 

electrostatic attraction, physical forces and hydrophobic interactions [64], [65]. This initial 

attachment is a crucial step in the process of biofilm development. Whether the transporting cell 

will adhere or not to the surface depends on the surface properties, hydrodynamics and 

physiological state of the microbe. The adhesion force is affected by the physicochemical 

property of the substrate and the surface property of the microbial cell. The attached bacteria are 

called sessile bacteria and they are more important to the MIC process than the planktonic 

bacteria [66]. When sessile cells reside on a steel surface, their metabolic products introduce 

multiple cathodic reactions which promote corrosion.  

The third stage of the MIC process includes extracellular polymeric substance (EPS) 

production. The adhered microorganisms produce a slime adhesive organic substance known as 

EPS that has a heterogeneous composition that includes exo-polysaccharides, nucleic acids, 

proteins, glycoproteins, and phospholipids [67]-[69]. It has been reported that exo-

polysaccharides account for 40-95 % of the macromolecules in microbial EPS [70]. EPS 

promotes the colonization process on the surface as it makes it possible for negatively charged 

bacteria such as SRB to attach to either negatively or positively charged surfaces. The further 

growth of the biofilm depends on the microorganism’s colonization rate. The microbial transport 

to the interface is mediated by (1) diffusion by Brownian motion, (2) convection by system flow 

and (3) motile movement [12]. The biofilm development on the surface is an autocatalytic 

process whereby the initial microbial migration increases surface irregularities and promotes the 
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formation of dense biofilm. Figure 2.5 shows a developed dense biofilm by SRB, Desulfovibrio 

africanus sp., on a surface of carbon linepipe steel [71]. 

 

 

 

Figure 2.5. FESEM Image for a dense biofilm developed by SRB, Desulfovibrio africanus sp., 

on a surface of carbon linepipe steel [71]. 

 

2.4.1 Factors Affecting Biofilm Development  

Surface, bacteria and medium characteristics play a significant role in the adhesion 

process and the biofilm development.  

2.4.1.1 Surface Properties 

The surface properties that have significant impact on bacterial attachment and biofilm 

development include surface roughness, polarizations, oxides coverage and chemical 

compositions. The initial roughness is known by the pattern or texture of surface irregularities 

that are introduced by the manufacturing process. There is conflicting literature on the influence 

of the surface roughness on the bacterial attachment process. Some literature reports higher 

bacterial colonization and adhesion on high roughness surfaces, while literature reports the 

opposite.  Korber et al. [72] postulated that the roughest surface increases surface area at the 

microorganism-materials interface that may then lead to more film attachment by providing more 

contact points. Sreekumari et al. [73] tested the bacterial attachment to type 304L stainless steel 
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welds and base metal. They reported more attachment to the weld metal than the base metal, 

which was correlated to the average grain size. A larger area of attachment was associated with 

smaller grain size as weld joints have smaller grains and grain boundaries. Little et al. [74] 

confirmed that porous welds provide more sites for bacterial colonization than base metal. 

Medilanski et al. [75] demonstrated that smoother and rougher surfaces enhance the bacterial 

attachment. They tested four different bacterial strains on the surface of SS 304 that had five 

different surface finishes with roughness values (Ra) that ranged from 0.03 to 0.89 µm. Minimal 

adhesion was observed at Ra= 0.16 µm while both smoother and rougher surfaces showed more 

adhesion. 

Surface Polarization is another surface characteristic that affects microorganism adhesion 

to the surface. Armon et al. [76] investigated the polarization effects on the adhesion of P. 

fluorescens to stainless steel and carbon steel surfaces. Maximum absorption was reported in a 

potential range of -0.5 V to 0.5 V / SCE (standard calomel electrode). Deviation outside that 

range caused a gradual decrease in bacterial absorption. de Romero et al. [77] evaluated the 

cathodic protection influence on the attachment of the SRB, Desulfovibrio desulfuricans, to a 

pure carbon steel surface. It was found that an applied cathodic polarization of -1000 mV / SCE 

was not sufficient to counteract the bacterial growth and attachment.  

Surface coverage such as oxides and corrosion products has a detrimental influence on 

the microorganism attachment. The effect of metal oxides on adhesion is one of the research 

interests for bacterial adhesion. Different oxides can be developed over a surface during the 

corrosion process. Examples include iron oxides (i.e. Fe2O3), chromium oxides (i.e. Cr2O3) and 

titanium oxides (i.e. TiO2). Most of the research work has focused on iron oxides [78] that are 

known to increase bacterial adhesion. Iron hydroxides and other forms of oxides on the metal 

surface provide firm attachment sites to bacteria. The metal oxides provide a positively-charged 

surface that can significantly increase the bacterial deposition to the surface [74], [78]. Baikun Li 

et al. [78] reported that metal oxides can increase the adhesion of negatively-charged bacteria to 

surfaces primarily due to their positive charge and hydrophobicity. They found a significant 

increase in bacterial adhesion to glass surfaces covered with different metal-oxide coatings 

compared to uncoated glass. The attachment increase was attributed to the increase in surface 

roughness, surface charge and surface hydrophobicity due to the metal oxides. It has also been 
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shown that unstable or deteriorated corrosion products or oxides can detach biofilm associated 

with them [12].  

The chemical properties of the surface have been known to directly influence the 

microorganism’s adhesion and distribution in a biofilm [79]. Metals are the most common and 

economical material used in oil and gas pipeline systems. Bacterial attachment and subsequent 

biofilm formation can occur to varying extents on a wide variety of metals, including carbon 

steel, aluminium, stainless steel and copper alloys. Some metals, such as aluminium and copper, 

are considered toxic to bacteria [80]. However, although copper has been reported to decrease 

the growth in some microbial populations, it has also been reported to enhance the growth rate of 

some bacteria [81], [82]. This is an example of the vast physiological range of tolerance and use 

of metals that microbes have. When compared to low alloy carbon steel and stainless steel 

surfaces, copper display the inhibitoriest effects on various microorganisms [83]. Gerchakov et 

al. [84] reported that stainless steel has more initial bacterial attachment compared to 60/40 

copper-zinc brass and copper-nickel surfaces. Stainless steel is generally known for its high 

corrosion resistance due to the formation of a thin passive chromium-oxide film. However, 

stainless steel is vulnerable to bacterial attachment, especially from the metal-depositing 

organisms (MOB) that are known to cause MIC on stainless steel. Low alloy carbon steel, the 

most common steel used in pipeline systems, is known for its high susceptibility to MIC. 

Addition of alloying elements such as silica and sulfur has been reported to increase the low 

alloy steel susceptibility to MIC. Reports show sulfide inclusion sites to be the most favorable 

sites for bacterial colonization [12], [13]. Figure 2.6 shows the biofilm formed on the surface of 

low alloy carbon steel and stainless steel coupons, respectively [6]. 

2.4.1.2 Medium characteristics 

Medium concentration, pH, and total organic and inorganic ionic strength can influence 

microbial settlement potential [6], [12], [13]. The change in electrolyte pH influences the 

microbial cell surface charge. Commonly, at neutral pH, bacteria are negatively charged; 

however, a few strains of bacteria have been reported that exhibit a net positive charge [85]. 

Increasing the cell’s negative charge will increase the repulsion against a negatively charged 

surface, subsequently decreasing the bacterial attachment. X.X. Sheng et al. [86] examined the 

effect of a pH solution on the attachment of three different bacteria, Desulfovibrio desulfuricans, 
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Desulfovibrio singaporenus and Pseudomonas sp. to a stainless steel surface. They found that for 

all bacterial strains tested, the adhesion force reached its highest value when the pH of the 

solution was near the isoelectric point of the bacteria at the zero point charge. The adhesion 

forces at pH 9 were higher than at pH 7 due to the increase in the attraction between iron ions 

(Fe
2+
) and negative carboxylate groups (COO−). The carboxylate groups are highly ionized at 

pH 9. These negatively charged COO− groups, in turn, bind with positive Fe
2+

 by electrostatic 

interactions on the stainless steel surface and induce the large adhesion force in the solution with 

a high pH. 

 

 

  

Figure 2.6. Biofilm formed by SRB, Desulfovibrio capillatus, on a surface of (a) low alloy 

carbon steel (API 5L X80) (b) stainless steel (SS 316) coupons [6]. 

 

 

The effect of electrolyte ionic strength (I) has been investigated extensively inside and 

outside the laboratory. Some studies have shown an increase of bacterial adhesion in electrolyte 

concentrations that range from 0 to about 0.1–0.2 M; above this concentration, an increase in I 

either increased or decreased adhesion. Similarly, organic material adsorption, such as protein, 

showed an increase with increased I in an interval from 0 to 50 mM KCl. However there are 

several studies that concluded no correlation between bacterial species attachment to 

hydrophobic surfaces and changes in electrolyte concentrations [85]. Again, this could be due to 

the multitude of microbial metabolisms possible, what happens to be at one place at one time, or 

a b 
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what kind of microbe is used for the research study. Fletcher et al. [87] found that increasing the 

concentration of several cations in an electrolyte solution such as sodium, calcium and ferric ions 

affects the attachment of P. fluorescens to a glass surface by reducing the repulsion forces 

between the negatively charged bacterial cells and a glass surface. 

The effect of electrolyte ionic strength (I) has been investigated extensively inside and 

outside the laboratory. Some studies have shown an increase of bacterial adhesion in electrolyte 

concentrations that range from 0 to about 0.1–0.2 M; above this concentration, an increase in I 

either increased or decreased adhesion. Similarly, organic material adsorption, such as protein, 

showed an increase with increased I in an interval from 0 to 50 mM KCl. However there are 

several studies that concluded no correlation between bacterial species attachment to 

hydrophobic surfaces and changes in electrolyte concentrations [85]. Again, this could be due to 

the multitude of microbial metabolisms possible, what happens to be at one place at one time, or 

what kind of microbe is used for the research study. Fletcher et al. [87] found that increasing the 

concentration of several cations in an electrolyte solution such as sodium, calcium and ferric ions 

affects the attachment of P. fluorescens to a glass surface by reducing the repulsion forces 

between the negatively charged bacterial cells and a glass surface. 

In general, increasing the total organic carbon (TOC) will provide more nutrients to the 

bacteria and hence increase the bacterial colonization. Cowan et al. [88] evaluated the effect of 

nutrients on bacterial colonization on a glass surface. They related the bacterial colonization of a 

surface to their ability to grow toward turbidity in the water column, and the deposition onto the 

surface increased with the density of suspended cells. Moreover, carbon limitations were shown 

to influence the adhesive strength of attached bacteria.  Phosphorus and nitrogen are also 

important nutrients for microorganisms [15]. Limitations on these elements adversely impact the 

growth of most microorganisms. It has been reported that an electrolyte with a carbon-nitrogen 

ratio greater than 7:10 is considered nitrogen-limited for microbial growth. The nitrogen 

depletion in the medium results in lower amounts of produced EPS and a thinner biofilm [12]. 

2.4.1.3 Microorganism Properties 

Microbial cell characteristics have a significant role in the adhesion process. The cell 

surface protects the microbe and provides structural support. A microbial cell can be classified 

based on surface charge into two major groups; Gram negative and Gram positive microbes [15]. 
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The difference between them is related to the cell wall configuration, and the great majority of 

microbial cells in the environment tend to be Gram negative. During the adhesion process, Gram 

negative bacteria will be more attracted to a positively charged surface and vice versa. It has 

been shown that proteinaceous appendages, including pili and flagella, initiate the bacterial 

adhesion by establishing bridges between surface and cells [89]. 

The interaction between the microbial cells themselves plays an important role in biofilm 

formation. Research has shown that chemical signaling plays an important role in the formation 

of microbial biofilm. A class of diffusible molecules known as N-acylated homoserine lactones 

(AHLs) which are released by the bacteria into the local environment can interact with 

neighboring cells in a form of chemical signaling or communication [89]. Consequently, with 

this communication, EPS is generally considered to be important in cementing bacterial cells 

together in the biofilm structure, making for a stronger, more protected and more communicative 

community. X. Sheng et al. [86] measured the cell-cell interaction forces of three different 

bacteria, Desulfovibrio desulfuricans, Desulfovibrio singaporenus and Pseudomonas sp. The 

reported force curves indicate the long-range of repulsive force for the cell-cell interactions. 

They reported that surface charges for both bacterial cell and substratum greatly influenced the 

adhesion force by controlling the electrostatic interactions. The electrostatic interaction resulted 

in stronger repulsive forces in the cell-cell interaction as compared to the cell-metal surface 

interaction. The surface energies, charges, interaction forces and other properties for bacterial 

cell, surface and environment should be considered to compute the free energy of the adhesion 

process. 

2.4.1.4 Thermodynamic and Surface Energies Approaches of Microbial Adhesion 

The bacterial adhesion to the substrate is complex and involves different factors [12]. 

Different approaches have been used to describe the adhesion process. There are three 

approaches: (1) Thermodynamics; (2) DLVO (Derjaguin, Landau, Verwey, Overbeekand); and 

(3) Extended DLVO, which was introduced by Van Oss et al. [68] These approaches are based 

on the fundamental interaction forces between the bacteria and surface, and in order to have an 

adequate description of this interaction, both long range and short range forces should be 

considered [90].  
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2.4.1.4.1 Thermodynamics Approach  

The thermodynamic approach assumes the system is in equilibrium and the bacterial 

attachment is a reversible process. The interfacial free energies between the interacting surfaces 

are compared and calculated as schematically illustrated in Figure 2.7 [6]. 

 

 

 

Figure 2.7. Illustration of the different interfacial energies involved during bacterial adhesion [6]. 

 

 

This comparison is expressed in the so-called free energy of adhesion. Based on that, the 

work of adhesion (Wadh) and free energy of adhesion (∆Gadh) is obtained. The work of adhesion 

can be calculated by the Dupré Equation 2.15: 
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 are the solid-microorganism, solid-liquid, and microorganism-

liquid interfacial free energies, respectively. The free energy of adhesion (∆Gadh) is calculated by 

Equation 2.16: 
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The microbial adhesion will be favorable when the ∆Gadh is negative (< 0) and will not be 

energetically favorable if ∆Gadh is positive. Different theories are deployed to compute the 

interfacial energies and are based on the measurement of contact angles of a bacterial lawn on a 

solid surface. In these theories, the contact angle is related to the interfacial energy by Young’s 

Equation 2.17: 
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The subscripts denote the respective surface free energy between the liquid (l), solid (s), or vapor 

(v). When contact angles on microbial lawns are measured, the subscript (s) should be replaced 

by (m) for microbial. Different approaches have been used to calculate the interfacial energies 

[90]. The first approach is represented by the Equation of state [91], which requires one polar 

liquid (i.e. water) for calculation and uses the Equation 2.18: 
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In the second approach, the surface free energies are separated in a polar or Lifshitz-van der 

Waals ( LW
) and a polar or acid-base ( AB

) component. So one polar (i.e. water) and non-polar 

(i.e. Diiodomethane) liquids will be required for calculation per Equations 2.19 through 2.22 [92-

94]: 
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The third approach separates the acid-based component to an electron-donating  -
 and an 

electron-accepting  +
. So two polar and one non-polar component are required for the calculation 

per Equations 2.23 and 2.24 [92-94]: 
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Equation of state is considered to be a relatively easy method to compute ∆Gadh (Equation 

2.19). It becomes more complicated when surface free energy components  LW
,  AB 

and 

parameters  - 
and  + 

are included as shown in the second and third approaches [90]-[92]. 

Furthermore and based on the thermodynamic model, Power et al. [95] developed a novel 

model that calculates Gibbs free energy (∆Gadh ) of adhesion for the initial bacterial attachment 

process. The merit of this model is that it eliminates the need to calculate interfacial free energies 

and instead relies on measurable contact angles. In their work, they were able to calculate the 

∆Gadh of adhesion for a Pseudomonas putida bacterium interacting with a mercaptoundecanol 

and dodecanethiol self-assembled monolayer.  They developed the following Gibbs free energy 

relationship (Equation 2.25): 
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The term  
  
 is free energy of liquid and     and      are contact angles measured from 

bacteria/air-liquid and substrate-air-liquid interfaces, respectively. 

2.4.1.4.2 DLVO Approach  

The drawback of the thermodynamics approach is that it ignores the electrical double 

layer interaction with the bacteria as illustrated by Figure 2.8 [6]. This assumption is invalid as 

the bacterial cells have a surface negative or positive charge. In contrast, the DLVO approach 

displays a balance between attractive Lifshitz-van der Waals (∆G
LW

)
 
and repulsive or attractive 

electrostatic forces (∆G
EL

). These two forces are a function of distance (d) between bacteria and 

surface. To calculate the adhesion free energy (∆Gadh), the electrostatic interactions between 

surfaces should be included. The inclusion of electrostatic interactions requires that the zeta 

potentials of the interacting surfaces be measured, in addition to measuring contact angles [91]-

[94, [96]. The total free energy expression is illustrated by Equation 2.26: 
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The attractive Lifshitz-van der Waals       is calculated by Equation 2.27: 
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The repulsive or attractive electrostatic forces     : 
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The term A is the Hamakar constant,    and    are the zeta potentials of the bacteria, 

and the flat surface, R, is the sphere radius, assuming the bacteria is sphere-shaped,    and    are 

the electrical permittivity of the vacuum and medium respectively,   is Debye-Hûckel parameter 

and d is the distance in nm [91], [96]. 
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It has been found that the medium ionic strength has no influence on the Lifshitz-van der 

Waals attraction, whereas both the range and the magnitude of the electrostatic interactions 

decrease with increasing ionic strength due to shielding of surface charges. In case of high ionic 

strengths, electrostatic interactions have lost their influence [91]. 

 

 

 

Figure 2.8. Illustrations of microbial cell interactions with the electrical double layers: electrical 

double layer depicting the Inner Helmhotz Plane (IHP) formed by a layer of solvent and the 

Outer Helmhotz Plane (OHP) determined by the alignment of hydrated cations [6]. 

 

 

2.4.1.4.3 Extended DLVO Approach 

The extended DLVO theory relates the origin of hydrophobic interactions in microbial 

adhesion and includes four fundamental interaction energies: Lifshitz-van der Waals, 

electrostatic, Lewis acid-base and Brownian motion forces: 

 

                                      2.29 

The effect of acid-based interaction is higher than those for the electrical and the Lifshitz- 

van der Waals energies; however, it is short range and requires a close distance (< 5nm) between 

the bacteria and the surface. On the other hand, the Brownian motion comprise (1/2) kT per 
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degree of freedom and the ∆G
BW

 of adhered bacteria to a surface equals 1kT =0.414 *10 
-20

 J 

[91], [96]. 
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2.4.1.5 Implications of Biofilm in MIC 

Biofilm contributes to biocorrosion through several different mechanisms, including the 

following [12], [13]: 

I. Biofilm structures induce oxygen heterogeneities near a metal surface that creates 

differential aeration cells. 

II. Biofilm polymer matrices change the kinetic of the corrosion process by altering the 

diffusion of chemical species at the interfaces between the electrolyte and biofilm and 

biofilm/underlying surfaces. 

III. The metabolic activities in biofilms generate corrosive substances that serve as cathodic 

reactants, such as acids and sulfide. 

IV. Biofilm structures induce oxygen heterogeneities near a metal surface (differential 

aeration cells). 

2.4.1.5.1 Biofilm structures induce oxygen heterogeneities near metal surfaces (differential 

aeration cells). 

The gradient of oxygen concentrations in the biofilm might cause heterogeneous biofilm 

structure and/or the active consumption of oxygen by microorganisms.  These effects might 

result in differential aeration cells as oxygen consumption rates and oxygen concentrations in 
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biofilms differ from one location to another [97], [98].  Lower oxygen concentrations might be 

exhibited under areas covered with biofilm. Those areas become the anodic sites. While those 

areas uncovered or with less biofilm coverage exhibit higher oxygen concentrations and become 

cathodic sites, as illustrated in Figure 2.9 [98]. Consequently, anodic and cathodic areas are fixed 

at the metal surface, and this mechanism is cited as corrosion as a result of differential aeration 

cells [99].  The potential difference between the anodic and cathodic sites will generate current 

flow from the anodic locations to the cathodic locations and to the establishment of a corrosion 

cell. The variance in oxygen have been demonstrated using oxygen microsensors that show 

oxygen concentrations in biofilms can vary from one location to another [100]. 

 

 

 

Figure 2.9. Schematic illustrations of differential aeration cells generated by heterogeneous 

biofilm on metal surface [98]. 

 

 

2.4.1.5.2 Biofilm polymer matrices change the kinetic of the corrosion process by altering 

the diffusion of chemical species at the interfaces between the electrolyte and 

biofilm and biofilm/underlying surfaces. 

The development of a biofilm is enhanced by the biological production of extracellular 

polymeric substances (EPS) composed of water and macromolecules, such as proteins, 
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polysaccharides, nucleic acids and lipids. The significant role EPS plays in binding metal ions to 

MIC has been demonstrated [12], [13], [97], [101]. Anionic functional groups (e.g. carboxyl, 

phosphate, sulfate, glycerate, pyruvate and succinate groups) that are common on proteins and 

carbohydrate components of exopolymers bind metal ions, such as Ca
2+

, Cu
2+

, Mg
2+

 and Fe
2+

. 

Therefore, EPS might act as a semiconductor that facilitates electron transfer from the metal (e.g. 

iron) or a biomineral (e.g. FeS). Figure 2.10 displays a schematic model of corrosion reactions 

involving EPS-bound metal ions in oxygenated biofilm [101]. 

Furthermore, the presence of EPS on the surface might alter the diffusion of oxygen and 

other ions (e.g. hydrogen and chloride), thus generating gradients in oxygen and pH, which 

might lead to formation of concentrations cells.  Those cells are prerequisites for localized 

corrosion. Roe et al. [102] demonstrated that deposition of a thin layer of alginate on mild steel 

was enough to fix the anodic sites and initiate corrosion. These observations had further 

implications: they confirmed that the use of biocide for biofilm killing does not necessarily stop 

MIC as the deposition of biopolymer on the surface might create fixed concentration cells on the 

surface. Therefore, removal of the biofilm is required in order to control MIC. 

2.4.1.5.3 The metabolic activities in biofilms generate corrosive substances that serve as 

cathodic reactants, such as acids and sulfide. 

The previous mechanisms (formation of differential aeration cells and EPS depositions) 

are not specific they do not relate to the physiology of the microorganisms. There are, however, 

other mechanisms that are closely related to the type of microorganisms active in the biofilm and 

to their metabolic reactions [12], [38], [98]. Examples of these mechanisms which related to 

sulfide production (SRB), iron reduction (IRB), acid production (APB) and metal deposition 

(MOB) are discussed in Section 2.3. 

The production of corrosive substances within the biofilm matrix might alter the 

electrochemical characteristics of the system, such as the positive shift that occurs in corrosion 

potential. This potential, called ennoblement, was first reported in the mid-1960s [103]. The 

ennoblement phenomenon has been acknowledged by many MIC investigators as the most 

fascinating phenomenon in MIC studies. Ennoblement has been observed in a wide variety of 

natural and engineered environments, such as freshwater [104], seawater [105] and hydroelectric 

power plants [106]. Ennoblement promotes pitting corrosion, which is more critical for passive 
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alloys. Numerous researchers [98] have shown that stainless steels and other passive metals in 

natural waters exhibit a positive shift of corrosion potential, accompanied by an increase in 

cathodic current, upon mild polarization. Ennoblement of stainless steels may influence the 

integrity of the material as its corrosion potential approaches pitting potential, resulting in 

localized (pitting and crevice) corrosion. Shifts in the corrosion potential of type 316L stainless 

steel coupons tested in different natural water sources are illustrated in Figure 2.11 [107]. 

 

 

 

Figure 2.10. Schematic illustrations of the cathodic depolarization reaction of a steel surface 

induced by EPS binding in the presence of an oxygenated biofilm, (a) oxidation of Fe 
2+

 to Fe
3+

 

and accumulation of EPS-Fe
3+

 (b) electron shuttle through EPS matrix [101]. 

 

 

The diversity of MIC causative microorganisms, metabolic activities, interaction and 

complex biofilm structures necessities the development of rigorous monitoring and control 

programs to ensure the integrity and safety of structures against MIC. Section 2.5 summarizes 

the current techniques and methods utilized to control MIC in oil and gas pipelines. 
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Figure 2.11. Ennoblement of type 316L stainless steel coupons exposed to fresh water at three 

locations [107]. 

 

2.5 Diagnostic, Monitoring and Control of MIC in Pipeline Systems 

MIC failures in oil and gas pipeline systems can be controlled by instituting corrosion 

integrity programs. Establishing holistic integrity programs involves three main steps: 

confirmation, mitigation, control and feedback [13]. Confirmation proves that corrosion in the 

system is caused by MIC and has no other causative factor, such as sour feed or stray current. 

The material design and operating conditions, including physical and chemical, should be 

reviewed to gauge the susceptibility of the system to MIC. During the confirmation stage, 

different detection strategies are followed to inform the operator of the presence of MIC. Once 

MIC is confirmed, mitigation strategies should be designed. These strategies could include 

chemical mitigation, controlling working conditions, design modification or material selection 

and establishment of corrosion knowledge management. Once a mitigation program is put into 

practice to challenge MIC, it is good practice to probe the effectiveness of these measures in 

meeting their objectives. When MIC is controlled, it is useful to establish a feedback loop to 

document the history and other details of the confirmation, mitigation and control programs.   
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2.5.1 Detection and Diagnostic Methodologies 

Part of the confirmation stage is to assure that the pipeline failure is caused by 

microorganism activities.  MIC failures investigations require a combination of microbiological, 

metallurgical, and chemical analyses [13], [108] and encompass three different tasks: (1) identify 

causative microorganisms, either in the bulk medium  or associated with the corrosion products 

or bulk liquid, (2) correlate pit morphology with an MIC mechanism, and (3) identify a corrosion 

product chemistry that is consistent with the causative organisms. The following sections provide 

a discussion of available techniques and their advantages and disadvantages. 

Historically, the identification and accurate enumeration of potentially problematic 

microbes in oil and gas systems has proven to be a challenge for the oil and gas industry [108]. 

The industrial standards NACE TM01944 [109] and ASTM D44125 [110] are the commonly 

utilized practices for microbial monitoring at the field level, both of which include what have 

become antiquated culture-based analyses [12], [13], [108]. There are several approaches to 

identifying causative microorganisms, either in the bulk medium or associated with the corrosion 

products: (1) culture the organisms on solid or in liquid media, (2) perform genetic microbial 

assays, and (3) correlate microbial cells with the nature of the corrosion products using 

microscopy. Cultivation methods are considered the most often used practice in industry 

[108].Selective growth media are used to enumerate selected types of microorganisms. In this 

way, a small amount of liquid or corrosion products collected from the field are added to a 

solution or solid that contains nutrients (culture medium). One main objective of the culturing 

method is to determine the viability of microorganisms in the stream and to evaluate if the 

environmental conditions (e.g. nutrients, temperature, pH and oxygen) support the growth of 

these specific microbes. There are ongoing advancements in culturing techniques that facilitate 

the culture of several physiological groups such as aerobic, heterotrophic bacteria and facultative 

anaerobic bacteria.  

It has been recognized that culture-based techniques reflect only up to 15% (and this 

value is likely substantially higher than a true figure) of the microorganisms present in pipelines 

and greatly underestimate the complexity of microbial communities [6], [12], [13], [38]. This 

figure is not surprising, as biodiversity, predominantly microbial diversity, is dominated in most 

ecosystems by uncultured microorganisms [4]. These limitations of culture-based methods have 



43 

inspired the application of molecular microbiological methods (MMM) by targeting RNA, DNA 

and proteins [3], [8]. The utilization of molecular microbiological analyses has recently increased 

in the oil and gas industries. Multiple surveys have been performed to characterize oil and gas 

field microbial communities using molecular techniques [108]. 

The common molecular microbiology methods for microbial monitoring include FISH 

(fluorescence in situ hybridization), a microscopic method based on nucleic acid staining of 

DNA by agents such as 4’,6-diamidino-2-phenylindole (DAPI) or SYBR Green; qPCR 

(quantitative polymerase chain reaction), to monitor a particular gene of interest; amplification 

and sequencing of the 16S rRNA gene, to identify the kinds of microbiota present in an 

environmental sample; and DGGE (denaturing gradient gel electrophoresis), a generally 

ineffective DNA fingerprinting method that allows visualization of the populations present in a 

sample [111]. DGGE is ineffective because it can be difficult to reproduce the outcome with 

different users, and as the generated information is only comparative visually, there is no 

database for comparison of results as there is for DNA sequencing [111], [112]. With the costs of 

DNA sequencing dropping rapidly, data-baseable DNA sequence-based methodologies are the 

preferred alternative. 

Although molecular Genetic methods are more accurate and produce quantitative data, 

they require sophisticated equipment for testing and analysis, which make them difficult to use in 

daily routine operations—they are not field handy tools.  For quick tests, simple handy methods 

have been developed and utilized, including acid and lead acetate tests that are used to verify the 

presence of hydrogen sulfide in the corrosion product, which is indicative of MIC due to SRB 

[13]. Other kinds of tests include ATP luminescence, hydrogen test, APS-reducatase test and 

fatty acid tests which have been deployed as “go” or “no go” indicators. 

Evaluation of pit morphology is another way to diagnose MIC [108]. There is a trend to 

establish a relationship between the pit shape and MIC. Recent investigations have found that 

initial pit formations caused by different types of bacteria have special identifying 

characteristics. Pope et al. [113] investigated gas pipelines that contained large numbers of APB 

and organic acids and reported specific metallurgical characteristics; large craters ranged from 5 

to 8 cm or greater in diameter surrounded by uncorroded metal, as shown in  2.12; cup-shaped or 

hemispherical pits on the pipe surface, as shown in Figure 2.12 a; striations shown in Figure 2.12 
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b; and tunnels at the ends of the craters, as shown in Figure 2.12 c. They concluded that these 

metallurgical features could fairly definitively indicate MIC. Conversely, some investigators 

[108] doubted the relationship between the pit morphology and MIC and did not support the 

diagnosis of MIC based solely on pit morphology; instead they related the pit shape to the nature 

of the corrosion products found on the surface [113]. 

Mineralogical finger prints provide an alternative way to identify the minerals deposited 

as a result of microbial corrosion, since some of these minerals are formed as part of the bacteria 

metabolism. For example, the presence of SRB can be confirmed by the presence of FexSy 

compounds. Different iron oxides compounds can be used to indicate the presence of IRB.  The 

color of corrosion products can also indicate the presence of MIC in the system. Black color, 

smelly iron sulfide corrosion products and reddish-brown color deposits may be good indicators 

of SRB and IOB respectively. On the other hand, a dark greenish color is a good sign that IRB is 

present. If SOB is present, then the color of the corrosion products is reportedly yellow. In 

general, microscopic methods along with X-ray diffractions provide great deal of information 

about the compositions and structures of corrosion products [13,108]. 

Microscopic methods are considered the easiest and fastest ways to detect the presence of 

bacteria in a system.  They are qualitative methods that cannot identify the kind of bacteria 

present. Types of microscopes used to identify MIC in a system include the following [12], [13], 

[108]: 

 Bright Field Microscope, which distinguishes between microbial and non-microbial 

deposits. It is cheap and easy to use. Proper staining protocol should be utilized.   

 Epifluorescence Microscope, which helps to separate cells from debris. 

 Confocal Laser Scanning Microscope, which creates three dimensional images, provides 

surface contour in further details and measures critical dimensions. 

 Atomic Force Microscope, which detects surface topography.  

 Electron Microscopy (SEM, Fe-SEM, TEM), which provides detailed information about 

biofilm development, composition, distribution, and relationship to substratum/corrosion 

products. Dehydration and fixative protocol are needed to maintain the microorganisms 

and biofilm structures, which enable analysis via those microscopes. Figure 2.13 displays 
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FE-SEM Image for a dense biofilm developed by SRB, Desulfovibrio africanus sp., on a 

surface of carbon linepipe steel [6]. 

 

 

 

 

 

Figure 2.12. MIC pitting morphologies. a) cup shaped pits; b)  pits with striations; and c) pits 

tunnels [112].  

 

a 

c 

b 
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Nondestructive in-situ monitoring and diagnostic techniques can be achieved through 

electrochemical measurements because microbial activities and biofilm development alter the 

electrochemical nature of the interfaces. The electrochemical techniques include methods with 

no external signal, methods with a small external signal and methods with a large polarization 

signal. Open circuit potential (OCP) electrochemical noise analysis, microsensors and 

capacitance measure the corrosion potential (Ecorr) and redox potential with no signal.  

Techniques with a small signal are polarization resistance (PR) and electrochemical impedance 

spectroscopy (EIS) that provide information about corrosion rate and kinetic behavior of the 

system [108]. These techniques are nondestructive, meaning in-situ tests of the biofilm can be 

performed without destruction. OCP, EIS and RP are common techniques that have been used 

extensively in MIC investigations [108], [114].  The techniques with a polarization signal require 

large voltage or current signals and can be performed by potentstatic or potentdynamic 

polarization to provide information about passivity, thermodynamic and kinetic of the corrosion 

process; however, these techniques are destructive to the biofilm [13], [108].   

Diagnostic and monitoring techniques are important to confirm and identify is the 

presence of MIC in the system; in addition, mitigation measures are essential to controlling MIC. 

 

 

 

Figure 2.13. FE-SEM image of biofilm developed by SRB, Desulfovibrio africanus sp., which 

clearly display details of bacterial cells structures and EPS matrix [6]. 
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2.5.2 Mitigation and Treatment of MIC 

Mitigation and treatment of MIC are divided into two categories: reactive by treatment to 

fix an existing MIC problem and proactive to stop MIC from initiating. Biocorrosion can be 

treated by mechanical, chemical, electrochemical and biological techniques. This Section covers 

the treating measures that have been utilized by the oil and gas industry to treat MIC in pipeline 

systems. 

Of the available mechanical-physical treatments, pigging is the most familiar way to treat 

MIC. A pig is a device that runs through the pipeline and performs cleaning and inspection at the 

same time, as shown in Figure 2.14 [115]. Running the pig removes collected water, corrosion 

product and other derbies accumulated inside the pipe. Special launcher and receiver facilities 

should be designed as part of the pipeline system to enable the use of pigs. Ultrasonic (UT) 

treatment is another mechanical-physical treatment method, which is not widely used in the oil 

industry. UT produces bubbles in the liquid that, when they collapse, generate high pressure and 

temperature that destroy bacterial cells and alter the chemistry of the environment to become 

hostile to microorganisms [13]. 

 

 

 

Figure 2.14. Smart Pig equipped with Magnetic Flux Leakage (MFL) Inspection Tool [115]. 
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Biocides are the most common chemical treatment technique used as part of MIC control 

measures in the oil and gas industry. There are two classes of biocides: oxidizing and non-

oxidizing. Oxidizing biocides penetrate and destroy bacterial cells while non-oxidizing biocides 

penetrate the biofilm and damage the cell membrane and alter the mechanisms by which bacteria 

attain energy. Examples of oxidizing biocides are Bromine, Ozone, and Sodium and Hydrogen 

Peroxides. Examples of non-oxidizing biocides are Aldehydes, amine compounds and 

Halogenated compounds.  

 

Table 2.1 presents different types of biocides used to control MIC in water systems [12], 

[13], [116]. 

Cathodic Protection (CP) and coating are used as part of electrochemical methods to treat 

MIC. The basic principle of CP is to apply cathodic currents to the protected surfaces by 

stopping the anodic reactions. In contrast, the coating acts as a barrier preventing the electrons 

and ions from traveling between the cathode and the anode. Industry standards [117] establish 

the CP criteria required to protect the pipeline against MIC, so the CP requirement to protect 

steel against SRB-induced corrosion should be -0.95 V (Vs. Cu-CuSO4); however different 

researchers [77] proved this CP level was not sufficient to treat MIC and recommended a higher 

potential, 1.07 V (vs. Cu-CuSO4). CP imposes a negative charge on the steel surface that 

subsequently repulses bacteria because their surface charge is also negative. In addition, CP 

results increase pH in the vicinity that in turn inhibits bacterial reproduction and kills the 

attached bacteria. Coating, another method widely used in the oil and gas pipeline industry, is 

used to protect against internal and external corrosion. Coating systems used include coal tar, 

asphaltic bitumen-based concrete, zinc coating, plastic, fiberglass and polymeric coating, such 

fusion bonded epoxy.  Selection and application of a proper coating system is crucial to 

preventing MIC. The main shortcoming of coating is coating disbondment caused by excessive 

CP or improper application. According to some reports, most external MIC of underground gas 

pipeline can be traced to coating disbondment [117]. 

Recent research highlighted the potential of using certain types of microorganisms to 

fight against the MIC causative types. Success trials have been conducted to utilize nitrate 

reducing (NRB) bacteria to control SRB in oil wells and pipeline systems [118], [119]. One 
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example of these methods, bio-competitive exclusion, made it possible to control the metabolic 

activities of some SRB strains (e.g. Desulphovibrio desulphurican) known to reduce nitrate, 

minimizing the SRB strains contribution to MIC. Successfully trials of bio-competitive exclusion 

were reported on an oil field where the corrosion rates were reduced by at least 50 %. Zhu et al. 

[119] showed the use of nitrate and denitrifying microorganisms as one of the most effective 

ways to control SRB-influenced corrosion. Yet, more investigations are needed to fully 

comprehend the potential of this method to control MIC in the oil and gas industry. 

 

 

Table 2.1. List of Biocide Types Used to Control MIC [116]. 

 

Biocides Properties Dosage 

Chlorine 
Effective against bacteria and algae; 

oxidizing; pH dependent 

0.1–0.2 

(continuous treatment) 

Chlorine dioxide 

Effective against bacteria, in a lesser extent 

against fungi and algae; oxidizing; pH-

independent 

0.1–1.0 

 

Bromine 
Effective against bacteria and algae; 

oxidizing; wide, pH range 

0.05–0.1 

 

Ozone 
Effective against bacteria and biofilms; 

oxidizing; pH-dependent 

0.2–0.5 

 

Isothiazolones 
Effective against bacteria, algae and 

biofilms; non-oxidizing, pH-independent 
0.9–10 

QUATs 
Effective against bacteria and algae; non-

oxidizing; surface activity 

8–35 

 

Glutaraldehyde 
Effective against bacteria, algae, fungi and 

biofilms; non-oxidizing, wide pH range 
10–70 

THPS 

Effective against bacteria, algae and fungi; 

low environmental toxicity; specific action 

against sulfate-reducing bacteria. 
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 CHAPTER 3 

LITERATURE SURVEYS ON THE STATIC MAGNETIC FIELD EFFECTS ON 

ELECTROCHEMISTRY, MICROBIAL PHYSIOLOGY AND MIC 

3.1 Introduction  

As presented in Chapter 2, the oil and gas industry employs stringent corrosion 

management and integrity programs to ensure the safety and integrity of production and pipeline 

facilities. Corrosion protection and inspection detection techniques are considered the center 

elements of integrity programs. It has been shown that these techniques might induce remnant 

magnetic fields (RMF) in the protected and inspected structures. One of the corrosion protection 

techniques used in pipeline operations, Cathodic protections introduce magnetic field to the 

pipeline steel through a DC-impressed current that apply to protect the steel from corrosion. 

Also, intelligent inspection tools, known as intelligent pigs, shown in Figure 2.14, utilize 

magnetic flux leakage (MFL) to magnetize steel surface to approximately two Tesla and then 

detect the local flux leakage caused by anomalies. It has been reported that the remnant RMF left 

by theses pigging operations is in the order of magnitude of 3,000 Gauess (0.3 Tesla) [1], [2]. 

There are also several sources that may generate RMF in pipeline steels. The magnitude of RMF 

is typically proportional to the maximum applied magnetic field. Magnetic clamping plates, 

lifting magnets, and non-destructive testing technologies, as well as currents from welding and 

the earth’s magnetic field (aligned in the north-south direction), are among the many possible 

sources which contribute to magnetic remnant levels in pipeline steel [1], [2]. 

The magnetic field may impact the corrosion process in oil and gas pipeline as it alters 

mass transport, electrodeposition, and electrochemical process. RMF also potentially impacts 

MIC in pipeline systems. Some of the indigenous microorganisms (e.g. SRB) in hydrocarbons 

and associated water have surface negative charges. Consequently, when exposed to RMF, they 

might be affected. Other microorganisms (e.g. IRB ) which thrive in iron rich media, such as 

hydrocarbon pipeline, pick up iron as part of their metabolism and by the time the iron 

concentration increases in their cells, their magnetic susceptibility and attachment to magnetized 

surface might proportionally increased. Moreover, during the MIC process, bacteria such as SRB 
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produce a wide range of ferromagnetic sulfides (FexSy) that, in turn, could increase the 

interaction between the bacteria and induced magnetic field.  

This chapter presents literature surveys summarizing the effects of magnetic fields on 

electrochemistry, growth and physiology of different microorganisms, and microbiologically 

influenced corrosion (MIC). 

3.2 Background: Effects of Static Magnetic Field on Electrochemistry 

The effect of magnetic fields on the electrochemical process has been one of the 

interesting research subjects in recent years. This attention is due to the theoretical and potential 

applications in industry, such as improving electrodeposition and enhancing mass transfer [3]. 

The induced effects of static magnetic or electromagnetic fields on corrosion are known as 

“magnetocorrosion” [2]. 

The effect of magnetic fields on electrochemical processes has been reported in the 

literature [1-4]. A previous research program conducted at the Colorado School of Mines on the 

effect of RMF on hydrogen picked up in the pipeline reported that (1) a uniform magnetic 

induction (up to 2 Tesla) resulted in experimentally sixty percent increase of total absorbed 

hydrogen concentration, as shown in Figure 3.1 that was attributed to lattice distortion from 

parallel-aligned magnetic moments, repulsive electronic forces, and hydrogen segregation to 

lattice interstitial sites; and (2) magnetization accelerated the cracking mechanism in carbon 

linepipe steel (API 5L X80 and X100) [1]. This study concluded that remanent magnetization 

left by magnetic flux leakage inspection tools might also significantly affect susceptibility to the 

hydrogen cracking mechanism [1]. Corrosion of hydrocarbon transmission caused by magnetic 

fields induced by electric overhead power cables was reported by Ghenno et al.  [5].Lu and Yang 

[6] investigated the effect of 0.4 T horizontal magnetic fields on the open circuit potentials 

(OCP) and currents in different solutions. They reported a positive change OCP and cathodic 

current for iron exposed to the magnetic field in static aerated neutral and acidic solutions. Also, 

they found the effect of magnetic fields was higher in acidic than in neutral solutions, which was 

attributed to the strong effect of magnetic fields on the reduction of hydrogen ions which has 

little effect on oxygen reduction.  
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Figure 3.1. Comparison plots of the absorbed hydrogen concentration in pipeline steels of Grades 

X52, X70, and X80 in magnetic and nonmagnetic environments [1]. 

 

 

Conversely, other reports revealed that magnetic fields could decrease the corrosion rate. 

Sagawa [7] reported inhibition effects of a constant magnetic field on the corrosion of copper 

and iron in nitric acid solution. Moreover, substantial reduction has been reported on the 

corrosion rate of pure iron in sulfate and chloride medium under the influence of magnetic fields 

[8]. Similarly, Rućinskienè et al. [9] reported inhibition of corrosion of stainless steel (AISI 303) 

in FeCl3 solution in both quiet and stirred solutions under the effects of magnetic fields, whose 

direction was perpendicular to the corroding surface. The magnetic field inhibited. Their 

observations were evidenced by the increased repassivation potential, the reduced number of pits 

and the decreased mass loss. 

The conflicting reports about the effects of magnetic fields on the corrosion process 

might be due to the complicated nature of the interaction between static magnetic fields and the 

electrochemical systems. The nature of macroscopic and microscopic behavior of electrolytes 

under the influence of static magnetic fields in not completely understood [3]. However, general 

statements can be made about how static magnetic fields might affect the corrosion process; 

magnetic fields may affect the corrosion process by altering the system thermodynamics, mass 
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transport, or both [3], [4]. The following sections present the effects of magnetic fields on 

thermodynamics and kinetics of the electrochemical systems. 

3.2.1 Effects of Static Magnetic Field on Thermodynamics of Electrochemistry 

From the point of view of thermodynamics, applying magnetic fields to electrochemical 

systems might induce external work terms. Sanchez et al.  [1] developed a thermodynamic model 

to present the effect of magnetization on hydrogen absorption. In this model, they modified the 

system Gibb’s energy Equation by adding the external work (−∆MB) induced by magnetization 

(M) and associated flux density (B) to the system external electrochemical (− neEF) per Equation 

3.1. 

               3.1 

The modified Nernst Equation for hydrogen absorption came to be as in Equation 3.2, 

              
   

  

  
    

  

  
   3.2 

where ∆M represents the change in magnetization, B is the magnetic flux density, ne is the 

number of electrons exchanged in the electrochemical reaction, F is Faraday’s constant, and E is 

the electrochemical potential. Jackson et al. [2] modified this thermodynamics model and added 

extra terms account for the work due to magnetostriction and solute strain. Both thermodynamic 

models predict an exponential increase in hydrogen from the effect of magnetization. Also they 

speculate a shift in the stability lines of the Pourbaix diagram as shown in Figure 3.2 [2], [10]. 

3.2.2 Effects of Static Magnetic Field on Mass Transport (Kinetics) 

The effects of magnetic fields on electrode kinetics involve the effect of magnetic fields 

such as anodic dissolution, passivation, and cathodic reduction. Waskaas et al. [11] developed a 

mechanism to explain the interaction between static magnetic fields and ferromagnetic electrodes 

immersed in a paramagnetic electrolytic solution. Their mechanism proposed that magnetic 

fields enhanced the kinetics of all ions due to the differences in the magnetic susceptibility in the 

solution at the electrode surface. Their work revealed anodic shift in OCP curves. Also the 

anodic and cathodic polarization curves were influenced by the magnetic field strength. Ragsdale 

et al. [12] postulated that the effect of magnetic fields on the kinetics of electrochemical 

reactions is driven by magnetic forces, including (1) the magnetohydrodynamics (MHD) force 
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that arises from the transport of charged reactants and products through the magnetic field and 

(2) the gradient magnetic force that arises from electrogeneration of paramagnetic molecules in a 

non-uniform magnetic field. Ò Brien et al. [13] reported that a movement of electrolytes in a 

predictable direction was possible when paramagnetic ions were present. 

 

 

 
Figure 3.2. Schematic representation of Pourbaix diagram for the iron-water system. The blue 

arrow indicates the direction in which the potential can shift under the effects of a magnetic field. 

[10]. 

 

 

Applying magnetic fields to electrochemical systems that contain paramagnetic and /or 

ferromagnetic species induces three forces, including the Lorentz force, the concentration 

gradient force, and the magnetic field gradient force. The following section will discuss the 

derivation and implication of these forces. 

The magnetostatic energy density of the electrolyte containing magnetic species is given 

by Equation 3.3 [11]: 

     
  

   
 

  
      

 

  
 

 3.3 
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where ( mCB) represents the magnetization induced by flux intensity of B, µ0 is magnetic 

permeability of free space, and  m is the molar magnetic susceptibility of the species involved. 

The force associated with the magnetostatic energy is obtained by taking the spatial derivative of 

Equation 3.3 and is given by Equation 3.4 [11]: 

 

      
     

 
  

  
 

  
   

 
  

 
 

 3.4 

 

where  B is the magnetic field gradient and  C is the concentration gradient. The force 

associated with the magnetostatic energy, given by Equation 3.4, is composed of two separate 

forces, the concentration gradient force and the magnetic field gradient force. The concentration 

gradient force is given by Equation 3.5 [11]. 

 

    
     

 
  

  
 

 3.5 

and the magnetic gradient force is given by Equation 3.6. 

 

     
   

 
  

 
 

 3.6 

The direction of concentration gradient force is towards areas with higher paramagnetic 

species concentrations whereas the magnetic field gradient force is directed toward areas with 

higher values of magnetic field strength, [11]-[14]. The third force is the Lorentz force that act 

upon a unit fluid volume as expressed by Equation 3.7. 

 

        3.7 

In general, the Lorentz force acts when a fluid element carries current, the magnetic field 

gradient force acts when the volume element is located in a magnetic field gradient, and the 

concentration gradient force acts when the concentration in not uniform. Most importantly, the 

concentration gradient force is present even when the magnetic field is uniform, and acts upon 
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the diffusion layer [15]. A diffusivity tensor was introduced to differentiate between the 

diffusivity in presence and absence of a magnetic field. Lielmelzs and Musbally [16] derived a 

magnetic diffusion correction factor given by Equation 3.8:  

 

   
        

  
 3.8 

where    and    represents the diffusivity factor in the presence and absence of a magnetic 

field, respectively. Subsequently, the magnetic field might act to decrease the diffusion layer 

thickness as presented in Figure 3.3. By decreasing the diffusion layer thickness, the limiting 

current is increased. The increase in limiting current density, with application of a magnetic 

field, has been reported in the literature [3]-[17]. 

 

 

 
Figure 3.3. Schematic representation that shows the effects of applied magnetic fields on the 

thicknesses of the diffusion layer ( δ ) at a metal surface [10]. 

 

 

A general statement can be made to summarize the effects of magnetic fields on kinetics 

of electrochemical processes. Magnetic fields induce different forces that enhance the mass 

transport and result in a decrease in diffusion layer thicknesses and an increase in limiting 

current densities. The magnetic field and electric current interaction produces three forces: the 
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Lorentz force, the concentration gradient force, and the magnetic field gradient force [10], [17]. 

The relative magnitude of these forces depends on the magnetic susceptibility of the species in 

the electrolyte, magnetic character of the electrode, and the orientation of the electrode relative to 

the magnetic fields. 

3.3 Effects of Static Magnetic Field on Microbial Physiology 

The effect of static magnetic field (SMF) on microorganisms has been one of the most 

fascinating areas in the medicine industry due to the substantial advancements in imaging 

techniques (e.g. development of magnetic resonance imaging) [18]. These studies have been 

conducted to evaluate if the magnetic fields induced by theses imaging techniques alter the 

physiology of different microbes that thrive in the human body. The microbial physiological 

parameters include growth, antibiotic resistance and DNA structures [18]. Data reported in the 

literature contradicts concerning the potential effect of SMF exposure on the growth of different 

bacterial strains. Table 3.1 shows samples of experimental observations on the effect of SMF on 

different microbial strains.   

To summarize the effect of magnetic field on the MIC causative microorganisms, Fojit et 

al. [19] studied the response of SRB mixture “Desulfovibrio and Desulfotomaculum” to 

alternating magnetic field exposure with (B= 7.1 mT, f=50 Hz) The results revealed a 15% 

reduction of colony-forming units (CFU) after exposure for 20 minutes. The study concluded 

that small magnetic fields have a large effect on SRB. Weimin Gao et al. [20] examined the 

effect of a strong static magnetic field, 14.1 T, on log phase cells of IRB, Shewanella oneidensis, 

by using the genome microarray. The paper concluded no differences observed between the 

treatment and control as evidenced by measured optical density (OD), colony forming unit 

(CFU) and post-exposure growth. However, they noticed that transcriptional expression levels of 

65 genes were altered. Using the single wire technique, Bahaj et al. [21] were able to measure the 

magnetic susceptibility of aerobic microorganisms “Bacillus Subtilis and Candida Utilis” and 

anaerobic “Desulfovibrio” microbial and related the strength of magnetic susceptibility to the 

accumulated magnetic ions absorbed by the microorganisms cell surface. They reported that the 

magnetic susceptibilities of the Bacillus Subtilis and Candida Utilis are 5.1 x 10
-5

 and 2.1 x 10
-5

 

(SI Unit) for one day incubation, whereas the magnetic susceptibility for Desulfovibrio increased 

from 3.8 x 10
-5

 for one day incubation to 28.7 x 10
-5 

for the three day incubation period [21].  
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Table 3.1. Literature Summary on the Effect of SMF on Different Bacterial Strains [18] 

 

Reference Subject SMF Exposure time Findings 

Grosman et al. 

[1992] 

Escherichia coli, 

Staphylococcus aureus 

0.5–4T 30–120 min No effect on 

growth 

Kohno et al. [2000] Streptococcus mutans, 

Staphylococcus aureus, 

Escherichia coli 

30, 60, 80, 

100mT 
Uncertain No effect on 

growth 

Piatti et al. [2002] Serratia marcescens  

Hordeum vulgare  

Rubus fruticosus 

8_2mT 24 h Growth inhibition 

Growth inhibition 

No effect on 

growth 

Potenza et al. [2004] Escherichia coli 300mT 50 h No effect on 

growth 

Gao et al. [2005]  Shewanella oneidensis 14.1 T 12 h No effect on 

growth 

Morrow et al. [2007]  

 

Streptococcus pyogenes 0.3 T 

0.5 T 
8–15 h Growthinhibition 

Growth 

enforcement 

 

3.4 Effects of Static Magnetic Fields on MIC 

There is little information available in the literature on the effects of magnetic fields on 

MIC. The effects of magnetic fields on MIC might be driven by the interaction between the 

remanent magnetic fields in the metal substrate and bulk with the microorganisms, which might 

influence the microbial adhesion, growth and biofilm development. Several factors may result in 

magnetic field-influenced interactions including (1) ferromagnetic surface (e.g. carbon steel 

pipe); (2) ferromagnetic and/or paramagnetic corrosion products, such as iron oxides (e.g. 

magnetite); (3) ferromagnetic sulfide produced by MIC processes; and (4) remanent magnetic 

fields produced by various sources (e.g. MFL) [21], [22].  

Beech et al. [22] investigated the effects of magnetic fields of 150 mT strength on the 

biofilm formation on pure iron substrate by pure culture of SRB. They revealed substantial 

positive shifts in the corrosion potential of magnetized samples exposed to biotic medium, as 

shown in Figure 3.4. Also corrosion increased from 100 to 300µm/y in the presence of SRB and 

a magnetic field compared to the biotic system with no magnetic field. They attributed the 

increase in corrosion to the increase in the bacterial adhesion and rapid production of anaerobic 

environments as a result of synergistic interaction between the magnetic field and SRB [22].  
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Marius et al. [23] evaluated the magnetic susceptibility of biogenic iron sulfide produced 

by a mixed culture of nonmagnetic SRB cultivated from salt marsh sediment under different 

culturing conditions and different Fe
2+

/Fe
3+

. They used the patch and continuous culturing 

methods interchangeably. By using a high ratio of Fe
2+

/Fe
3+

 (750 ppm: 50 ppm) and switching 

culturing modes, they were able to produce highly magnetic iron sulfide, which is approximately 

twice as magnetic as inoculating culture contained (650 ppm: 150 ppm) Fe
2+

/Fe
3+ 

ratio. The 

750ppm:50ppm bioreactor recorded the average peak susceptibility, 58x10
-4

 SI units, while the 

bioreactor using the modified growth medium 650 ppm: 150 ppm recorded an averaged peak 

susceptibility of 28x10
-4

 SI units. Figure 3.5 displays the magnetic susceptibility trends of 

microbial iron sulfides produced under different culturing conditions. 

In closing, the interaction between magnetic fields, microbes and 

paramagnetic/ferromagnetic corrosion products may have significant impact on MIC and 

bioremediation processes. Certainly, more research is needed to completely understand these 

complex interactions.   

 

 

 
Figure 3.4. Corrosion potential under different conditions: a) Abiotic system; b) Biotic system 

with no magnetic fields; c) Biotic system with magnetic fields [22]. 
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Figure 3.5. Magnetic susceptibility of microbial iron sulfide e produced from three bioreactors 

fed with different Fe
2+

/Fe
3+

 [23]. 
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 CHAPTER 4 

BIODIVERSITY ASSOCIATED WITH SWEET, SOUR CRUDE OIL, AND SECONDARY 

SEAWATER INJECTION SYSTEMS AND THEIR IMPLICATIONS IN BIOCORROSION 

Modified from a paper presented at the NACE Conference 2013
*
 

Faisal M. AlAbbas, Charles Williamson, Anthony Kakpovbia, John R. Spear, Brajendra Mishra, 

David L. Olson 

4.1 Abstract  

To gain insight into the microbial community structure and its relevant impact on 

biocorrosion in oil and seawater injection pipelines, the microbial diversity of corrosion product 

samples collected from a sweet oil pipeline, a sour crude pipeline and a seawater injection 

pipeline were evaluated. As cultivation-based methodologies can greatly underestimate the 

microbial diversity associated with an environment, the microbial populations of these samples 

were evaluated with a 16S rRNA gene 454-pyrosequencing approach. The sequence results 

indicate that the microbial communities in the corrosion products obtained from the sour oil 

pipeline, sweet crude pipeline and seawater pipeline were dominated by bacteria, though 

archaeal sequences (predominately Methanobacteriaceae and  Methanomicrobiaceae) were also 

identified in the sweet and sour crude oil samples, respectively. The dominant bacterial 

phylotypes in the sour crude sample include members of the Thermoanaerobacterales, 

Synergistales, and Syntrophobacterales. In the sweet crude sample, the dominant phylotypes 

include members of Halothiobacillaceae. In the seawater injection sample, the dominant 

bacterial phylotypes include members of the Rhodobacterales, Flavobacteriales and 

Oceanospirillales. Interestingly, common bacterial phylotypes that are related to 

                                                 

 

 

*
 F. M. AlAbbas, C. Williamson, J. R. Spear, D. L. Olson, B. Mishra and A. Kakpovbia, “Microbial Community 

Associated With Corrosion Products Collected From Sour Oil Crude and Sea Water Injection Pipelines,” NACE 

2013 Conf., Orlando, FL, Paper C2013-0002248. 
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Thermotogaceae were identified in all investigated samples. This Chapter discusses the 

microbial structures of the collected samples and their potential contribution to MIC for each 

system. The obtained data will increase the knowledge related to the complex microbial diversity 

associated with crude oil and secondary seawater injection systems, guide the improvement in 

monitoring and prevention strategies and predict future MIC research. 

4.2 Introduction  

There are different mitigation techniques currently being employed by the oil and gas 

industry to control highly problematic biocorrosion and biofouling. These techniques include 

mechanical (i.e. pigging), chemical (i.e. biocides), electrochemical (i.e. cathodic protection) and 

biological (i.e. microbial injection of more beneficial microbiota) approaches. Identifying what 

microbial structures reside in hydrocarbon and associated water injection networks is important 

to establishing a comprehensive database that might be used to assess biocorrosion risks and to 

improve effectiveness of mitigation and control techniques [1].  

Historically, the identification and accurate enumeration of potentially problematic 

microbes in oil and gas systems has proven to be a challenge for the oil and gas industry [2]. The 

industrial standards NACE TM01944 [3] and ASTM D44125 [4] are the commonly utilized 

practices for microbial monitoring at the field level, both of which include what have become 

antiquated culture-based analyses [2]. The culture-based techniques require the cultivation of 

microbes from pipeline samples by using selective growth media; however, it has been reported 

that this method reflects only up to 15% (and this value is likely substantially higher than a true 

figure) of the microorganisms present in the pipelines and greatly underestimates the complexity 

of microbial communities [1], [2].This figure is not surprising, as biodiversity, predominantly 

microbial diversity, is dominated in most ecosystems by uncultured microorganisms [5].  

These limitations of culture-based methods have inspired the application of molecular 

microbiological methods (MMM) by targeting RNA, DNA and proteins [2], [5]. The utilization 

of molecular microbiological analyses has increased in the oil and gas industries. Multiple 

surveys have been performed to characterize oil and gas field microbial communities using 

molecular techniques [2], [5], [6].  

The common molecular microbiology methods for microbial monitoring include FISH 

(fluorescence in situ hybridization), a microscopic method based on nucleic acid staining of 
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DNA by agents such as 4’,6-diamidino-2-phenylindole (DAPI) or SYBR Green; qPCR 

(quantitative polymerase chain reaction), to monitor a particular gene of interest; amplification 

and sequencing of the 16S rRNA gene, to identify the kinds of microbiota present in an 

environmental sample; and DGGE (denaturing gradient gel electrophoresis), a generally 

ineffective DNA fingerprinting method that allows visualization of the populations present in a 

sample [2]. DGGE is ineffective because it can be difficult to reproduce the outcome with 

different users, and as the generated information is only comparative visually, there is no 

database for comparison of results as there is for DNA sequencing [2], [5]. With the costs of 

DNA sequencing dropping rapidly, data-baseable DNA sequence-based methodologies are the 

preferred alternatives. 

The study herein applies molecular techniques to investigate the microbial communities 

associated with corrosion products collected from crude oil pipelines and secondary seawater 

injection systems. The 454 Pyrosequencing technology employed was used to identify microbial 

communities present in each system. The collected data provides a better appreciation and 

recognition of the microbial communities present in situ and may contribute to new and 

improved ways to detect, monitor, study and control MIC in these pipeline systems. 

4.3 Methods 

The microbial diversity investigation presented in this Chapter included collecting 

samples from crude oil (sweet and sour) and seawater injection pipelines in Saudi Aramco, Saudi 

Arabia, extracting nucleic acids (DNA) from these samples and sequencing 16S rRNA. The 

methods used for this investigation are described in Sections 4.3.1 through 4.3.3. 

4.3.1 Samples Collections 

Water samples were collected from vertical outlets of sweet crude, sour crude and 

seawater injection pipelines in sterilized bottles as described under NACE standard (TM0194-

2004) [7]. The sweet crude sample was obtained from a pipeline containing 20% water cut 

(water/oil ratio) with an operation temperature of 190
ᴼ
F while the sour crude sample was 

obtained from pipeline containing 40% water cut with an operating temperature of 180 
ᴼ
F. The 

chemistry of the water samples collected from the sweet and sour pipeline are shown in Tables 

4.1 and 4.2 , respectively. The seawater injection water sample was collected from a pipeline 

located downstream of a secondary injection treatment plant. This sample was collected from an 
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anoxic environment. The operating temperature of the sampled location was 155 
ᴼ
F. The water 

chemistry of the seawater injection sample is shown in Table 4.3. Immediately after collection, 

the samples were filtered via sterilized 0.2 μm pore size membrane syringe filters and stored at -

80 
o
C for subsequent characterization and microbial evaluations. Figure 4.1 displays an image of 

the collected filters. 

4.3.2 Corrosion Product Characterizations 

 Parts of the filtered solids were analyzed in the laboratory using scanning electron 

microscopy coupled with energy dispersive X-ray spectroscopy to investigate both their 

morphology and chemical composition. Two scanning electron microscopes (SEM) were used to 

inspect the biofilm and corrosion product characteristics. A FEI Quanta 600 Environmental 

Scanning Microscope (ESEM) with Princeton Gamma-Tech Prism Energy Dispersive X-Ray 

Spectrometer was used for high-level and lower-magnification microscopy. A JEOL JSM-7000F 

Field Emission Scanning Electron Microscope (FE-SEM) with EDAX Genesis Energy 

Dispersive X-Ray Spectrometer was used to capture small features at very high resolution. 

Morphological details of approximately 10 to 100 nanometers were captured with this 

instrument. 

 

 

Table 4.1. Chemical analysis of water samples collected from the sweet crude pipeline 

 

Chemical Concentrations (mg/l) 

Sodium, Na 3,872 

Calcium, Ca 881 

Magnesium, Mg 121 

Sulfate, SO4 924 

Chloride, Cl 7,117 

Carbonate, CO3 0 

Bicarbonate, HCO3 223 

Total Dissolved Solids, TDS 13,134 

pH 6.9 
Specific gravity 1.0102 
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Table 4.2. Chemical analysis of water samples collected from the sour crude pipeline 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 4.3. Chemical analysis of water samples collected from the seawater injection  

 

Chemical 
Concentrations 

(mg/l) 

Sodium, Na 5,624 

Calcium, Ca 723 

Magnesium, Mg 401 

Sulfate, SO4 3,841 

Chloride, Cl 8,122 

Carbonate, CO3 0 

Bicarbonate, HCO3 248 

Total Dissolved Solids (TDS) 18,963 

PH 7.2 

Specific gravity 1.0151 

 

Chemical Concentrations (mg/l) 

Calcium, Ca 15,549 

Chloride, Cl 112,560 

Magnesium, Mg 2,002 

Sodium, Na 59,018 

Sulfate, SO4 2,229 

Bicarbonate, HCO3 425 

Total Dissolved Solids(TDS) 191,782 

pH 5.8 

Specific gravity 1.151 
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Figure 4.1. Images of the corrosion products collected from the sweet crude, sour crude and 

seawater injection samples after filtrations. 

 

 

4.3.3 Corrosion Product Characterizations 

 Parts of the filtered solids were analyzed in the laboratory using scanning electron 

microscopy coupled with energy dispersive X-ray spectroscopy to investigate both their 

morphology and chemical composition. Two scanning electron microscopes (SEM) were used to 

inspect the biofilm and corrosion product characteristics. A FEI Quanta 600 Environmental 

Scanning Microscope (ESEM) with Princeton Gamma-Tech Prism Energy Dispersive X-Ray 

Spectrometer was used for high-level and lower-magnification microscopy. A JEOL JSM-7000F 

Field Emission Scanning Electron Microscope (FE-SEM) with EDAX Genesis Energy 

Dispersive X-Ray Spectrometer was used to capture small features at very high resolution. 

Morphological details of approximately 10 to 100 nanometers were captured with this 

instrument. 

4.3.4 Nucleic Acid Extraction, 454 Pyrosequencing and Sequence Analyses 

DNA was extracted using the MoBio Powersoil DNA extraction kit (MoBio, Carlsbad, 

CA); the 10-minute vortexing step was replaced by one minute of bead beating. DNA was 

Sweet crude filter sour crude filter 

Seawater injection filters 
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prepared for sequencing as described by Osburn et al. [8] with some exceptions. The qPCR 

reactions were performed in duplicate and pooled prior to normalization for sequencing. Each 

qPCR reaction contained 5uL of template DNA. Primers (515f-modified, 5'-

GTGYCAGCMGCCGCGGTAA-3' and 927r-modified, 5'-CCGYCAATTCMTTTRAGTTT-3', 

see Osburn et al. [8], incorporated adaptor sequences for pyrosequencing on the GSFLX 

Titanium platform of the Roche 454 Pyrosequencing technology. Amplicons for each sample 

were normalized for sequencing with the SequalPrep Normalization Plate Kit (Invitrogen) and 

pooled amplicons were gel purified with the EZNA Gel Extraction Kit (Omega BioTek). 

Sequencing was completed on the Roche 454 Titanium platform. Sequence analysis was carried 

out using programmed scripts available in the QIIME software package [9]. Initial quality 

filtering of the sequences was conducted in accordance with findings identified by Huse et al. 

[10]. Sequences with errors in barcodes or primers, homopolymer runs longer than 6 nt, 

ambiguous base calls, or average quality scores less than 25 were removed from the data. 

Sequences shorter than 400 nt or longer than 500 nt were also discarded. Sequences were 

denoised with DeNoiser version 1.4.0(1) [11]. Chimeras were identified by ChimeraSlayer and 

removed [12]. Taxonomic classifications of sequences from each sample were assigned using 

QIIME’s wrappers for the RDP classifier and the Greengenes taxonomy 

(http://greengenes.lbl.gov/) [13], [14]. 

4.4 Results and Discussion 

The characteristics of collect products, microbial structures and relevant implications on 

MIC are presented and discussed in Sections 4.4.1 through 4.4.3. 

4.4.1 Corrosion Products Characteristics   

Morphological observations and the EDS elemental analysis of corrosion products 

associated with microbial cells collected from the sweet crude, sour crude and seawater service 

pipelines are shown in Figures 4.2, 4.3 and 4.4, respectively. The morphology of corrosion 

products for these systems showed significant differences in appearance, structure and 

composition. The morphological features of corrosion products collected from the sweet crude, 

as shown in Figure 4.2 a, revealed thick coherent homogenous layers. There is also evidence of 

accumulation of round-shaped and rod-shaped microbial cells, as shown in Figure 4.2 c. The 

average width of the round-shaped cells was less than 1.5 µm, which is approximately the same 

http://greengenes.lbl.gov/
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size as many of the microbial cells present in the system. The EDS line spectra shown in Figure 

4.2 b reveal that the corrosion products are dominated by carbon, sulfur, iron, chloride and 

sodium. The morphological observations and EDS elemental analysis suggested that the sweet 

crude corrosion product is composed of different organic compounds, iron-oxides and iron-

sulfides.  

For the sour crude associated samples, corrosion products (Figure 4.3 a, b and c) show 

evidence of thick precipitations with impeded thick-plate rectangular and cylindrical crystals. 

The thin plate-like crystals might be pyrite precipitated on the surface. It was reported that at 

very high concentrations of H2S, pyrrhotite, mackinawite, and pyrite can form on the steel 

surface [15]. The EDS elemental analysis (Figure 4.3 d) shows that the corrosion products are 

dominated by carbon, oxygen, sulfur, iron, chloride and sodium. This elemental analysis 

suggests that the corrosion product might be composed of different iron-oxides, iron-sulfides and 

organic compounds. Sour crude, by definition, typically contains high hydrogen sulfide (greater 

than 0.5 %) [16]. Therefore, installations that handle sour crude tend to experience higher 

corrosion rates due to the presence of produced sulfide and hydrogen sulfide [16]. It is expected 

that the rectangular and rod shaped crystals are some type of iron sulfides such as mackinawite. 

Similar layer morphology was reported to be formed on X65 mild steel surface under sour 

conditions [15]. In sour environments, many types of iron sulfides may form at different 

stoichiometries depend on operational parameters. A summary of structural types of different 

iron sulfides obtained from the literature are shown in Table 4.4. Among iron sulfides, 

mackinawite is thought to be the predominant iron sulfide that forms on pipeline surfaces and 

can be a precursor to other types of sulfides [155]. In aqueous environments, which include most 

crude environments due to the presence of produced waters with oil enriched with hydrogen 

sulfide (H2S), the corrosion process is initiated by a very fast, direct, heterogeneous reaction at 

the steel surface that forms a solid, adherent iron sulfide layer per the reaction 4.1 [15], [16]. 

 

                       4.1 

 

From the EDS analysis, it appears the level of sulfur for the sweet crude corrosion 

products (Figure 4.2 b) is lower than that for sour crude corrosion product (Figure 4.3 d). This 
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difference is due to the fact that sweet crude contains less sulfur/sulfide levels (less than 5%) 

than sour crude oil. The compositional difference between the two types of crude oil results in 

significant differences in appearance, structure and composition of the corrosion products 

collected from both systems. 

 

 

  

 

Figure 4.2. Image and EDS analysis for the collected corrosion products from a sweet crude oil 

pipelines. a) FE-SEM Image of corrosion products from sweet crude oil pipeline. b) EDS line 

a b 

c 
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analysis corresponding to the FESEM image shown in Figure 4.2 a. c) SEM image shows round 

and rod-shaped microbial cells. 

  
 

 
 

 

Figure 4.3. Image and EDS analysis for the collected corrosion products from a sour crude oil 

pipelines. a) SEM Image of corrosion products from sour crude oil pipeline b) Arrows point to 

rectangular and cylindrical crystals at 250X.  c) Rectangular-shaped crystals d) EDS line analysis 

corresponding to the SEM image shown in Figure 4.3.  

 

 

For the corrosion products collected from the seawater injection pipeline, as shown in 

Figure 4.4 a, a thick coherent homogenous layer with impeded salt crystals was identified. There 

is also evidence of accumulated marine biological growth as shown in Figures 4.4 b and c.  The 

characteristic feature of a diatom frustule is evident. Despite the relative nutrient deficiency in 

the seawater compared with many freshwaters, substantial numbers of microbes, 10
5
 cell/ml, live 

d 

 

c 

 

b 

 

a 
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in these environments [17]. Thus, the native microbial residents of a marine/coastal environment 

likely serve as an inoculum to initiate and foster MIC within oil and gas infrastructure. The EDS 

line analysis (Figure 4.4 d) shows that the composition of the corrosion products is dominated by 

different salt constituents that include chloride, sodium, calcium and magnesium, in addition to 

iron, sulfur and oxygen. The compositional difference between the two processes, crude oil and 

seawater, results in significant differences in appearance, structure and composition of the 

corrosion products collected from both systems. 

 

 

  

 
 

Figure 4.4. Images and EDS analysis for the collected corrosion products from a seawater 

injection pipelines. a) Image of corrosion products from seawater pipeline. Arrows point to salt 

crystals. b) and c) Magnified imaged shows the accumulated marine biology. d) EDS line 

analysis corresponding to the FESEM image shown in Figure 4.4 a. 

 

 

d 

 

b 

 
a 

 

c 
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4.4.2 Microbial Community Distributions in Sweet Crude (M1), Sour Crude (M2) and 

Seawater (M3) Corrosion Samples   

This study investigated the diversity of planktonic microbes present in sweet and sour oil 

reservoirs and associated secondary seawater injection systems. The microbial diversity present 

in samples collected from a sweet crude, a sour crude oil pipelines and a seawater injection 

pipeline was evaluated with a 16S rRNA gene pyrosequencing method. A total of ~6900 

microbially identifying 16S rRNA gene sequences were obtained, of which ~3500 sequences 

were associated with the sweet sample (M1), ~2300 were associated with the sample collected 

from the sour crude pipeline (M2) and ~1100 were associated with the sample collected from the 

seawater injection pipeline (M3). The sequencing results indicate that the planktonic microbial 

communities in the water samples obtained from M1, M2 & M3 were dominated by 

microorganisms from the Bacterial domain (96% in M1, 93% in M2 and 100% in M3) though 

members from the domain Archaea composed 5% and 7% of the sequences identified in M1 and 

M2 , respectively. The composition and distribution of the microbial community for each sample 

is shown in Figure 4.5 a, b and c, respectively. 

 

Table 4.4. List structural types of different iron sulfide systems [15]. 

 

Name Formula Structure 

Amorphous FeS Non-crystalline 

Cubic FeS Sphalerite-type 

Troilite FeS Distorted niccolite-type 

Mackinawite Fe1+xS 2D layer material 

Pyrrhotite FeS1+x (or Fe1−xS) Distorted niccolite-type 

Smythite Fe3+xS4 Distorted niccolite-type 

Greigite Fe3S4 Thiospinel (magnetite-type) 

Ferric sulfide Fe2S3 Thiospinel with cation vacancies 

Pyrite FeS2 Derived from rock salt 

 

The main bacterial phyla observed in the sweet crude sample (M1) include members of 

Proteobacteria (84%), Firmicutes (2%), Bacteroidetes (2%), Thermotogae (1%), and 

Euryarchaeota (5%), as shown in Figure 4.5 a. In comparison, the main bacterial phyla present 

in the sour crude sample (M2) include members of the Firmicutes (36%), Synergistetes (26%), 

Proteobacteria (14%), Thermotogae (5%), Actinobacteria (5%), and Bacteroidetes (2%), in 
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addition to Euryarchaeota (7%), as shown in Figure 4.5 b. For the seawater corrosion sample 

(M3), the dominant bacterial phylotypes include members of the Proteobacteria (84%), 

Bacteroidetes (6%), Firmicutes (1%) and Thermotogae (1%), as shown in Figure 4.5 c. 

 

 

  

 

Figure 4.5. Microbial community distribution presented in corrosion products collected from a) 

sweet crude Pipeline (M1), b) Sour crude pipeline (M2), and c) seawater pipeline (M3). 
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Table 4.5 summarizes the closest relative identified in GenBank, 16S rRNA gene 

sequence similarity percentages, and the microbial affiliation of microbial populations identified 

in the M1 sample and presented in Figure 4.5 a. As shown in Table 4.5, the dominant phylotypes 

grouping within Proteobacteria include members that are related to the Halothiobacillaceae and 

Syntrophobacteraceae while the dominant phylotypes grouping within Firmicutes include 

members of the Thermoanaerobacteraceae and Clostridiaceae. For the Bacteroidetes and 

Thermotogae, the detected orders are related to Chitinophagaceae and Thermotogaceae, 

respectively. Furthermore, the results show that the dominant Archaeal phylotype is a member of 

the Methanobacteriales, which are microbes capable of producing methane. 

In contrast, Table 4.6 summarizes the closest relative identified in GenBank, 16S rRNA 

gene sequence similarity percentages, and the microbial affiliation of microbial populations 

identified in the M2 sample and presented in Figure 4.5 b. As shown in Table 4.6, the dominant 

phylotypes grouping within the Firmicutes include members of the Thermoanaerobacteraceae 

and Clostridiales, while the dominant phylotypes grouping within the Synergistetes include types 

related to the Synergistaceae. Members of the Proteobacteria include phylotypes that are related 

to the Syntrophobacteraceae, Desulfohalobiaceae and Desulfovibrionaceae. For the 

Thermotogae, Actinobacteria and Bacteroidetes phyla, the detected orders are related to the 

Thermotogaceae, Coriobacteriaceae and Porphyromonadaceae, respectively. The dominant 

Archaeal phylotype is a member of the Methanomicrobiaceae. 

The taxonomic classifications of phylotypes found in the seawater sample (M3) presented 

in Figure 4.5 c are detailed in Table 4.7. The dominant Proteobacteria phylotypes include 

members of the Rhodobacteraceae, Rhodospirillaceae, Oceanospirillaceae, Desulfobacteraceae, 

Desulfovibrionaceae, Halothiobacillaceae, Chromatiales, Rhizobiales and Piscirickettsiaceae. 

Members of the Bacteroidetes phylum are dominated by members related to the 

Flavobacteriales. Both Firmicutes and Thermotogae phyla include members of the Clostridiales 

and Thermotogaceae, respectively.  

It can be seen that all samples (M1, M2 and M3) share the presence of similar bacterial 

phylotypes that include members of the Firmicutes (Clostridiales) and Thermotogae 

(Thermotogaceae). 
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Table 4.5. Taxonomic classifications of members of the microbial community identified in water 

samples obtained from a sweet crude pipeline (M1 sample) 

 

Closest relative in 

GenBank 
GenBank 

accession # 
Similarity 

(%) 
Microbial group affiliation 

Methanothermobacter  

wolfeii 
HI592318 97.36 

Archaea; Euryarchaeota; Methanobacteria; 

Methanobacteriales;  Methanobacteriaceae 

Methanobacterium sp. 

0372-D1 
GU112764 97.61 

Archaea; Euryarchaeota; Methanobacteria;  

Methanobacteriales; Methanobacteriaceae 

uncultured 

Methanobacteriales 

archaeon 

AY454552 98.15 

Archaea; Euryarchaeota; Methanobacteria; 

Methanobacteriales; Methanobacteriaceae 

Methanobacteriaceae 

archaeon MG 
JN244021 97.89 

Archaea; Euryarchaeota; Methanobacteria; 

Methanobacteriales; Methanobacteriaceae 

Halothiobacillus 

hydrothermalis 
JN175334 99.47 

Bacteria; Proteobacteria; 

Gammaproteobacteria; Chromatiales; 

Halothiobacillaceae 

Desulfoglaeba 

alkanexedens 
DQ303457 98.66 

Bacteria; Proteobacteria; 

Deltaproteobacteria;  

Syntrophobacterales; Syntrophobacteraceae 

Thermoanaerobacter 

uzonensis 
HM228409 100 

Bacteria; Firmicutes; Clostridia; 

Thermoanaerobacterales; 

Thermoanaerobacteraceae 

Clostridium sp. FGH JF346753 98.93 Bacteria; Firmicutes; Clostridia; 

Clostridiales; Clostridiaceae 

Uncultured bacterium HQ752683 99.46 
Bacteria; Bacteroidetes; Sphingobacteriia; 

Sphingobacteriales; Chitinophagaceae; 

Sediminibacterium 

Thermotoga hypogea U89768 99.8 
Bacteria; Thermotogae; Thermotogae; 

Thermotogales; Thermotogaceae; 

Thermotoga 

uncultured bacterium FJ469342 98.91 
Bacteria; Thermotogae; Thermotogae; 

Thermotogales; Thermotogaceae 
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Table 4.6. Taxonomic classifications of members of the microbial community identified in water 

sample obtained from a sour crude pipeline (M2 sample) 

 

Closest relative 
in GenBank 

GenBank 

accession # 
Similarity 

(%) 
Microbial group affiliation 

Methanofollis 

liminatans 
Y16428 98.62 

Archaea; Euryarchaeota;  Methanomicrobia;  

Methanomicrobiales; Methanomicrobiaceae 

Thermoanaerobacter 

uzonensis 
HM228409 100 

Bacteria; Firmicutes; Clostridia; 

Thermoanaerobacterales; 

Thermoanaerobacteraceae 

Thermoanaerobacter 

pseudethanolicus 

ATCC 33223 

L09164 96.33 

Bacteria; Firmicutes; Clostridia; 

Thermoanaerobacterales; 

Thermoanaerobacteraceae 

uncultured bacterium AB243826 99.46 

Bacteria;Firmicutes;Clostridia;Clostridiales; 

Family XII Incertae Sedis 

uncultured organism JN474328 95.42 
Bacteria; Proteobacteria; Deltaproteobacteria;  

Desulfovibrionales; Desulfovibrionaceae 

Desulfoglaeba 

alkanexedens 
DQ303457 98.66 

Bacteria; Proteobacteria; Deltaproteobacteria;  

Syntrophobacterales; Syntrophobacteraceae 

uncultured 

Desulfomicrobium sp. 
DQ647149 99.19 

Bacteria; Proteobacteria; Deltaproteobacteria;  

Desulfovibrionales; Desulfohalobiaceae 

uncultured 

Thermovirga sp. 
DQ647105 100 

Bacteria; Synergistetes; Synergistia; 

Synergistales;  

Synergistaceae; Thermovirga 

uncultured 

actinobacterium 
EU721764 99.2 

Bacteria; Actinobacteria; Coriobacteriia; 

Coriobacteriales;  

Coriobacteriaceae  

uncultured bacterium HQ218450 98.92 
Bacteria; Bacteroidetes; Bacteroidia; 

Bacteroidales;  

Porphyromonadaceae 

uncultured bacterium AY704395 98.92 
Bacteria; Thermotogae; Thermotogae; 

Thermotogales;  

Thermotogaceae 

Petrotoga mexicana AY125964 98.91 
Bacteria; Thermotogae; Thermotogae; 

Thermotogales;  

Thermotogaceae 
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Table 4.7. Taxonomic classifications of members of the microbial community identified in water 

sample obtained from a seawater injection pipeline (M3 sample) 

 

Closest relative 
in GenBank 

GenBank  

accession #  
Similarity 

(%) 
Microbial group affiliation 

Uncultured alpha 

proteobacterium 
AB491831 99.73 

Bacteria; Proteobacteria; 

Alphaproteobacteria; Rhodobacterales; 

Rhodobacteraceae;  

Uncultured 

bacterium 
AM176848 94.57 

Bacteria; Proteobacteria; 

Alphaproteobacteria; Rhodobacterales; 

Rhodobacteraceae;  

bacterium 2H303 JF411503 100 
Bacteria; Proteobacteria; 

Alphaproteobacteria; Rhodobacterales; 

Rhodobacteraceae;  

Uncultured 

organism 
JN474328 95.42 

Bacteria; Proteobacteria; 

Deltaproteobacteria;  

Desulfovibrionales; Desulfovibrionaceae;  

Desulfobacteracea

e bacterium APT2 
GU289732 97.59 

Bacteria; Proteobacteria; 

Deltaproteobacteria;  

Desulfobacterales; Desulfobacteraceae;  

Desulfovibrio 

profundus 
U90726 98.38 

Bacteria; Proteobacteria; 

Deltaproteobacteria;  

Desulfovibrionales; Desulfovibrionaceae;  

Uncultured 

bacterium 
JN685472 98.93 

Bacteria; Proteobacteria; 

Deltaproteobacteria; Desulfobacterales; 

Desulfobacteraceae;  

Uncultured delta 

proteobacterium 
EU328056 89.93 

Bacteria; Proteobacteria; 

Deltaproteobacteria; Desulfobacterales; 

Desulfobulbaceae;  

Thiomicrospira sp. L40811 99.47 
Bacteria;  Proteobacteria;   

Gammaproteobacteria;  Methylococcales;  

Piscirickettsiaceae 

Uncultured 

bacterium 
HM596385 100 

Bacteria; Proteobacteria; 

Alphaproteobacteria; Rhizobiales;  

Rhodobiaceae;  

Reinekea 

blandensis 

MED297 

DQ403810 99.73 

Bacteria; Proteobacteria; 

Gammaproteobacteria;  

Oceanospirillales; Oceanospirillaceae;  
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Table 4.7. Taxonomic classifications of members of the microbial community identified in water 

sample obtained from a seawater injection pipeline (M3 sample) (Continued) 

 

Closest relative 
in GenBank 

GenBank  

accession #  
Similarity 

(%) 
Microbial group affiliation 

 

Marinobacter sp. 

SCSWA13 
FJ461428 99.73 

Bacteria; Proteobacteria;  

Gammaproteobacteria;  Oceanospirillales; 

Alteromonadaceae 

Halothiobacillus 

neapolitanus 
JN175334 99.47 

Bacteria; Proteobacteria; 

Gammaproteobacteria; Chromatiales; 

Halothiobacillaceae;  

Uncultured 

bacterium 
HQ916616 99.16 

Bacteria; Firmicutes; Clostridia; 

Clostridiales;  

Lachnospiraceae;  

Uncultured 

bacterium 
FJ716921 99.73 

Bacteria; Bacteroidetes; Flavobacteria; 

Flavobacteriales;  

Flavobacteriaceae;  

uncultured 

bacterium 
GU180195 91.42 

Bacteria; Thermotogae; Thermotogae; 

Thermotogales;  

Thermotogaceae; Kosmotoga 

 

 

4.4.3 The Potential Implications of Identified Microbes in Biocorrosion and 

Biodegradation   

The 454 pyrosequencing results reveal a wide range of indigenous planktonic microbes in 

the filtered solids obtained from the sweet crude, sour crude and seawater injection pipelines. 

The vast majority of the identified sequences were more than 98% identical to sequences already 

deposited in the GenBank database, while few sequences showed 97% or less identity with 

sequences in the database (Table 4.6 and 4.7). The generally accepted measure of an accurate 

identification of a 16S rRNA gene to the species level requires a 98% or better match to a 

sequence in the database, while identification to the genus level requires a 97% or better matches 

[18]. DNA sequences that show lower similarity to those in the database may be derived from 

previously uncultivated or unknown microbial species [18]. 

The synergistic interaction between these communities and metal surfaces might result in 

biocorrosion and/or biofouling. The deterioration effects of microorganisms start with biofilm 
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formation on metal substrate [1], [6]. Planktonic cells attach to steel substrate, grow, reproduce, 

consume nutrients and produce an extracellular polymer substance (EPS) along with other 

metabolic products that collectively construct the biofilm [1], [6]. It should be noted that, for the 

same locations, it is quite possible that the sessile microbial consortia present in the biofilm 

structure differ from the planktonic microbial community. Each of the microbial groups in the 

sample libraries may contribute to the corrosion process through their metabolic activities, 

production of corrosive byproducts or supporting biofilm formation. The following discusses the 

most abundant microbes identified in M1, M2 and M3 samples and present their potential role of 

biocorrosion and biodegradation of crude oil and associated seawater injection pipeline systems. 

Interestingly, methanogenic archaea were identified in M1 and M2 samples and account 

for 5% and 7% of their relative total microbial population, respectively. The dominant 

methanogen identified in M1 is related to members of the Methanobacteriaceae and the most 

closely related cultured representatives deposited in GenBank are Methanothermobacter wolfeii, 

Methanobacterium sp., uncultured Methanobacteriales archaeon and Methanobacteriaceae 

archaeon MG. For the M2 sample, the dominant methanogen identified is closely related to 

members of the order of Methanomicrobiaceae and the most closely related cultured 

representative are Methanofollis liminatans. Methanobacteriaceae and Methanomicrobiaceae. 

The methanogenic archaea identified in this study are classified as Hydrogenotrophic 

methanogens [17].  

Genera related to Hydrogenotrophic methanogens were isolated previously from low 

salinity [19] and high salinity oil reservoirs [20]. Methanothermobacter (identified in the M1 

sample) were recovered from high temperature oil-fields of Tataria and western Siberia [21]. 

Moreover, these kinds of microbes have been identified as natural in situ microbiota in oil and 

gas reservoirs, present in oil and gas distribution systems, and present in ‘slug samples’ collected 

from gas pipelines and crude oil pipelines [17], [20], [21]. The presence of Hydrogenotrophic 

methanogens in the M1 and M2 samples might be attributed to the presence of CO2 in the crude 

oil pipeline. Hydrogenotrophic methanogens utilize hydrogen (H2), formate, or certain alcohols 

to reduce carbon dioxide (CO2) to methane (CH4), as shown in reaction 4.2 [17], [22]:  

 

                    , ∆G
0
 = −139 KJ 4.2 
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It has been reported that Methanogenic archaea might influence the corrosion process. 

Park et al. [22] reported that Methanobacteriaceae account for 56% of the total microbial 

consortia that were responsible for corroding brackish water transporting underground pipelines. 

Zhang et al. concluded that the hydrogenotrophic methanogens cultivated from a marine 

environment were directly responsible for mild steel corrosion [23]. Hydrogenotrophic 

methanogens might contribute to the biocorrosion by hydrogen cathodic polarization, as shown 

in reaction 4.2, which is a process of consuming hydrogen formed on the surface and thereby 

accelerating anodic metal dissolution [24]. Nevertheless, it has been assumed that methanogensis 

play a less significant role in cathodic polarization than SRB [25]. Furthermore, Daniels et al., 

[24] demonstrated that pure cultures of Methanobacteriales species including Methanobacterium 

thermoautotrophicum and Methanobacterium bryantii were able to utilize elemental iron as an 

electron donor. This study was the first to suggest that methanogens can utilize elemental iron 

(Fe
0
) as an electron donor, oxidizing the iron to Fe

2+
 in the presence of low levels of H2 and 

abundant CO2 per the following proposed reaction 4.3: 

 

                                , ∆G
0
 = − 136 KJ 4.3 

  

The authors concluded that the presence of the methanogen correlates with the increase 

of the corrosion rate.  

Collectively, these facts suggest that methanogenic archaea identified in the M1 and M2 

samples could play a significant role in the biocorrosion of pipeline systems. Therefore, more 

information regarding the abundance and diversity and of methanogens in biofilms present in 

crude oil pipelines may provide better understanding of their role in MIC. 

The most abundant bacteria phylotypes identified in M1 samples are the member of 

Gammaproteobacteria related to a member of the Halothiobacillaceae (75% of total population). 

Also they account for 2% of the total population for the M3 sample. For M1 and M3, the most 

closely related cultured representatives deposited in GenBank are Halothiobacillus 

hydrothermalis and Halothiobacillus neapolitanus, respectively. The members of 

Halothiobacillaceae are obligate aerobic bacteria, which require oxygen to grow [17]. The fact 
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that the current study investigated the planktonic cells in the sweet crude system rather than 

biofilm cells explains the presence of these aerobic microbes in an anaerobic environment, such 

as crude oil and seawater injection pipelines. Halothiobacillaceae live in environments with high 

concentrations of salt. The members related to Halothiobacillaceae were identified previously in 

various environment including oil field water, marine and wastewater systems [6], [17], [26].  

Halothiobacillaceae are classified as sulfur-oxidizing bacteria (SOB) where they are able 

to produce sulfuric acid by oxidizing elemental sulfur, thiosulfates, metal sulfate and H2S and 

produce sulfuric acid [1], [6], [27]. The excreted organic sulfuric acids by SOB promote the 

biocorrosion by enhancing the electrochemical oxidation of different metals and preventing the 

formation of protective oxides [1], [6], [27]. Vatsurina et al. [28] reported that conversion of 

sulfur compound by Halothiobacillus neapolitanus produced corrosive media that resulted in 

metal corrosion. Consequently, it is expected this order of bacteria will play significant role in 

MIC due to the fact that sweet crude and seawater contain different sulfur and thiosulfate 

compounds. Mostly, SOB and SRB coexist together in most environments [27]. When the pH is 

low, the SOB is suspected to dominate. Co-existence of SOB and SRB will enhance MIC in the 

pipelines systems [27].   

The predominant planktonic bacterial type found in the M2 sample is the 

Thermoanaerobacteraceae (members of the Firmicutes) (36%). Also, Thermoanaerobacteraceae 

account for ~1.5 % of the M1 microbial population. The closet cultured 

Thermoanaerobacteraceae representatives identified in M2 are related to members of the 

Thermoanaerobacter pseudethanolicus and Thermoanaerobacter uzonensis. Both M1 and M2 

samples share the same genera of the Thermoanaerobacter uzonensis. 

Thermoanaerobacteraceae are thermophilic, heterotrophic and anaerobic microbes that are 

common in soils, volcanic hot springs, hydrothermal vents and oil-producing wells [28]-[31]. 

They may form spores when exposed to high temperatures, which can then become widely 

distributed in the oil reservoirs. Thermoanaerobacteraceae can grow in a temperature range 

between 42 and 80 °C when conditions are adequate for survival [29]-[30].  

The members of the Thermoanaerobacteraceae are able to convert sugars to acetate, 

lactate, ethanol, H2, and CO2 [17], [29]-[32]. In general, the generated biogenic organic acids 

increase corrosion by (1) providing additional cathodic reactants, (2) binding metal ions, and (3) 
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destroying the passive film and hindering passivation that collectively accelerate the metal 

dissolution [33]-[34]. It has been reported that microbially-produced organic acids, such as 

acetate, compromise the integrity of protective oxide films, preventing repassivation and 

subsequently increasing corrosion [34]. Furthermore, many species that belong to 

Thermoanaerobacterales are capable of reducing thiosulfate to either elemental sulfur or 

hydrogen sulfide [29]-[32]. Reports show that Thermoanaerobcter reduce thiosulfate to 

hydrogen sulfide, Thermoanaerobacter italicus and Thermoanaerobacter uzonensis produce 

both sulfide and elemental sulfur [35], [36], and Thermoanaerobacter sulfurigignens produce 

elemental sulfur [37]. The biogenic production of sulfide and elemental sulfur might increase the 

risk of biocorrosion in oil pipeline systems. Previous investigations reported conflicting results 

on the effect of different species related to Thermoanaerobacterales to MIC. Fardeau et al. [29] 

reported that Thermoanaerobacterales subterraneus sp. metabolizes hydrogen in the presence of 

sulfur compounds that then potentially lead to corrosion of pipeline systems through cathodic 

depolarization mechanisms. On the other hand, Lan et al. [37] reported less corrosion in the 

presence of Thermoanaerobacter CF1 which reduces thiosulfate to elemental sulfur. The 

presence of thiosulfate increases the risk of corrosion of oil pipelines; however the metabolic 

activities of Thermoanaerobacter control the corrosion by removing thiosulfate from the system. 

The second predominant planktonic bacterial type in M2 is Synergistales that count for 

26% of the total microbial population. The closet relatives deposited in GenBank  are related to 

the uncultured Thermovirga sp. Cultivated representatives of Synergistales are Gram-negative 

anaerobes that are widely distributed in nature [38]. Synergistales have been reported to be 

present in oil field samples; many are mesophilic, though some are moderately thermophilic, 

growing at an optimum temperature of 55–65°C [38], [39]. Interestingly, Thermovirga sp. was 

isolated previously from hot oil-well production water obtained from an oil reservoir in the North 

Sea [40]. Commonly, the members of the Synergistales are fermentative and acetogenic as well 

as are able to degrade amino acids; thus it seems natural to find these microbes associated with 

hydrocarbon infrastructure [39]. To the best knowledge of the author, there are no studies related 

to their effects on biocorrosion in oil and gas installations.  

Coriobacteriaceae were identified in M2 sample. They are related to Actinobacteria. 

Coriobacteriaceae were account for 13% of microbial population detected in corroded 
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underground brackish-Water-Transporting Pipeline [23]. They are typically common in soils, 

wastewater, hot springs and sewage sludge [41]. Their members are capable of metabolizing 

organic acids (e.g., acetate, propionate and lactate) to CO2 with Fe
3+

 as a terminal electron 

acceptor [17], [41]. Moreover, some Coriobacteriaceae species can degrade aromatic 

compounds to acetate [41]. Coriobacteriaceae may play a significant role in biocorrosion by 

producing organic acids. Pervious investigations have found that organic acids can increase 

corrosion by providing additional cathodic reactants and by chelating metal ions, thereby further 

driving metal corrosion [34]. Microbially-produced organic acids are also known to compromise 

the integrity of protective oxide films and prevent repassivation [34]. 

The predominant bacterial type found on the seawater filter (sample M3) was 

Rhodobacteraceae (67%), which are members of the Alphaproteobacteria. The closest relatives 

deposited in GenBank are uncultured alpha proteobacterium, uncultured bacterium and 

bacterium 2H303. Interestingly, the findings are consistent with other surveys that report the 

abundance of Rhodobacteraceae in marine environments [42]. Rhodobacteraceae are part of the 

group purple-nonsulfur bacteria that were originally thought to be unable to use sulfide as an 

electron donor to reduce CO2 [17]. However, it is now known that sulfur can be used by this 

order of Bacteria for metabolic activity. These bacteria can grow anaerobically in the dark using 

fermentative or anaerobic respiratory metabolisms and most can grow aerobically in darkness by 

respiration [17]. Rhodobacteraceae can use a wide range of carbon sources including sugar, 

amino acid, toluene and benzoate [17]. Most species can grow photoautotrophically with CO2 

and H2 or with CO2 and low levels of H2S as the primary carbon source/electron donor, 

respectively [17], [42]. Rhodobacteraceae are known to be surface-colonizing bacteria in aquatic 

environments [42].  

Furthermore, Rhodobacteraceae may utilize nutrients quickly, thus may be some of the 

first organisms to be primary producers in a disturbed environment, and may play important 

roles in elemental cycling in marine ecosystems [42]. Rhodobacteraceae may influence   

microbial community behavior, for example in a biofilm, via quorum-sensing, a kind of group 

communication [42]. Therefore, they likely have a significant role in MIC by the induction of 

biofilm formation on any metallic surface associated with established hydrocarbon infrastructure.  

McBeth et al. [43] have reported that Rhodobacteraceae have been identified as important 
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members of the biocorrosion community. Nevertheless more investigation will be needed to fully 

understand the role of this order of Bacteria in biocorrosion within pipeline distribution systems.  

The second most abundant phylotypes in the M3 sample is Flavobacteriaceae (4.5%). It 

is one of the four orders from the phylum Bacteroidetes. The Flavobacteriaceae are one of the 

more commonly represented orders of microbes in the marine environment; for example, they 

are normally found in slime and intestines of fresh and spoiling fish. They have also been 

isolated from seawater, marine mud, seaweed and produced waters from an oilfield [39], [42], 

[44]. Physiologically, these bacteria are facultative aerobes that use a variety of carbon sources. 

The fact that the current study investigated the planktonic cells in the treated seawater system 

rather than biofilm cells explains the presence of these aerobic microbes in an anaerobic 

environment such as a seawater injection system. It has been reported that Flavobacteriaceae are 

capable of producing both hydrogen sulfide and ammonia [44]. They are generally optimized to 

grow in a temperature range of 0 - 30 °C [44]. Flavobacteriaceae are a competitive member in 

the process of biofilm formation and development [45]. Rhodobacteraceae and 

Flavobacteriaceae have been identified as the most common and dominant surface colonizers in 

marine environments [45]. Both were identified on biofilm structures of submerged carbon steel 

surfaces [45]. Therefore, it is expected that Flavobacteriaceae likely contribute significantly to 

biocorrosion in seawater injection pipelines through their cooperative interactions with other 

bacterial phylotypes. Furthermore, their capacity to produce both hydrogen sulfide and ammonia 

might contribute significantly to their involvement on the biocorrosion process.     

Members of the Oceanospirillales (Reinekea blandensis MED297 and Marinobacter sp. 

SCSWA13), which group within the Gammaproteobacteria, are also present in the M3 sample at 

~3.3%. Oceanospirillales are non-spore-forming, aerobic bacteria with Gram-negative, rigid, 

helical cells. Motile cells contain bipolar fascicles of flagella, making them highly mobile in an 

aquatic or other fluid environment [41], [42], [46]. These microbes are common in ocean 

environments, being found throughout the marine water column [43], [45]. Most species grow 

best at a temperature of between 30–32°C [46]. The Oceanospirillales bacteria are considered to 

be fast surface colonizers [42], [45]. Interestingly, bacteria associated with Oceanospirillales, 

Rhodobacteraceae and Flavobacteriaceae were identified as the most common and dominant 

surface colonizers, consistent with previous surveys obtained from Pacific coastal seawaters 
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[45]. Most of these bacteria are surface colonizers or common biofilm members that play 

important roles in the formation and development of biofilm and surface microbiota [45], [46]. 

Therefore, it is expected these bacterial phylotypes will have a significant contribution to 

biocorrosion in seawater injection pipelines through their synergistic cooperative interactions. 

Members of the Costridiales order (within the Firmicutes phylum) were found in both 

sweet crude (M1 sample) and seawater injection (M3 sample) systems. It has been reported that 

the members of Costridiales are able to thrive in different environments that include water 

injection systems and oil and gas industry infrastructure [39]. One of the most fascinating 

features of Costridiales is the ability of these microbes to form endospores, resistant structures 

formed during periods of stress [47]. These characteristics support Costridiales to survive many 

'harsh' environments. It was reported that clostridiales order include a spore-forming microbes 

capable of thriving in severe environments such as high exposure to high temperatures and high 

hydrocarbon concentrations [47]. It has been accepted that Clostridia sp. could result in 

corrosion of carbon steels in oil and gas industry environments [41], [48]. Some Clostridia sp.. 

are known to produce acetic acid from hydrogen and carbon dioxide that subsequently results in 

underdeposit corrosion [49]. In addition it was found that multiple genera with the capabilities of 

sulfate-reduction belong to the order Clostridiales, such as Desulfotomaculum [50]. The 

production of sulfide as a result of biogenic sulfate reduction increases the corrosion risk in the 

pipeline systems. 

All Syntrophobacteraceae (5% of M1, 10.52% of M2), Desulfovibrionaceae (2.6% of 

M2, 4% of M3), Desulfohalobiaceae (2.6 % of M2 ) and Desulfobacterales ( 2 % of M3) are 

orders within the wildly metabolically divergent subphylum Deltaproteobacteria [1], [6], [51], 

[52]. Most species are mesophilic, with some moderate thermophily possible [51]. The members 

of these particular orders are facultative anaerobic and sulfate-reducing [1], [6], [51], [52]. These 

types of microbes are often referred to as the sulfate reducing bacteria (SRB) that have been 

researched for decades [1], [6], [51], [52]. Sulfate reducing bacteria (SRB) are considered of 

major functional and numerical importance in many ecosystems including marine sediments, oil 

field environments and deep-sea hydrothermal vents [1], [6], [51], [52]. SRB can be found 

everywhere in oil and gas production facilities, from the well, to pipeline distribution, to 

treatment facilities and refineries, to transport and delivery infrastructure [1], [6], [51], [52]. SRB 
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use sulfate ions (SO4) as a terminal electron acceptor to produce sulfide (H2S) in a microbially 

energetically favorable eight electron transfer reaction, with the H2S then serving as a reduced 

corrosive compound when in contact with any metal [52], [53]. Furthermore, SRB also have 

other metabolic abilities including the ability to reduce nitrate and thiosulfate [6], [52]. SRB can 

obtain their carbon and energy from organic acids and nutrients, such as lactate, acetate and 

pyruvate [17], [51], [52]. Predominantly because of their metabolic capacity to produce H2S, 

SRB are often considered to be the main contributor to biocorrosion [1], [6], [51]-[53]. 

Interestingly, SRB are often identified in all sweet crude, sour crude and seawater injection 

corrosion samples.  

There are different ways that SRB and the resulting biofilm they produce can cause MIC 

damage in pipelines and other oil-related infrastructure. According to classical theory, SRB 

consume cathodically produced hydrogen by a class of enzymes called hydrogenases to obtain 

electrons (i.e., energy) required for metabolic activities [53], [54]. Therefore, the removal of 

hydrogen from a metal surface will catalyze the reversible activation of hydrogen by the 

hydrogenase enzymes and in turn will force the iron to dissolve at the anode. Also, galvanic 

coupling between iron and iron sulfides may also enhance corrosion. Iron sulfide will act as a 

cathode and absorb molecular hydrogen, and the area beneath the iron sulfide (metallic alloy) 

will serve as an anodic site to balance the cathode [55]. In previous work, the corrosive effects of 

a SRB consortium cultivated from corrosion products collected from the same crude sour 

pipeline were reported. This SRB consortium is related to Desulfovibrionales. It was found that 

the SRB biocatalytic activities at the biofilm/surface interface increased the corrosion rate 

significantly. The corrosion rate increased from 20 mpy under abiotic condition to 60 mpy under 

biotic conditions [56]. Figure 4.6 displays the biofilm produced by the SRB isolated and resulted 

damages to the X65 linepipe steel. 

One the notable findings of this work are the presence of common bacterial phyla that are 

related to Thermotogaceae in all investigated samples. These microbes group within the 

Thermotogae phylum. Thermotogaceae account for 0.95, 1.42 and 0.97% of M1 , M2, and M3 

microbial population, respectively. Thermotogaceae are mostly thermophilic and 

hyperthermophilic bacteria capable of growing at temperatures as high as 90 °C [17], [57]. Their 

cells are surrounded by a sheath-like structure, or “toga” that likely serves as a protective 
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mechanism in hot environments [17], [57]-[59]. Thermophilic isolates are becoming an 

interesting area of research in the oil industry due to the fact that (1) most oil reservoirs occur at 

depths where the temperature is high and (2) thermophiles possess thermostable enzymes of 

great interest in industrial processes [57]. 

 

 

  

Figure 4.6. FE-SEM images a) biofilm produced by the SRB isolated from sour crude pipeline 

and b) resultant pitting to the X65 linepipe steel [56]. 

 

 

Thermotogaceae have been isolated from different oil fields in the Gulf of Mexico, in 

Troll oil formation in the North Sea and from the Kubiki oil reservoir in Japan [57]-[59]. They 

are anaerobic, fermentative chemoorganotrophs capable of metabolizing organic substrates and 

producing lactate, acetate, CO2 and H2 [17], [57]. They are also able to grow by using H2 as an 

electron donor and ferric iron (Fe
3+

) as an electron acceptor [57], [59]. Some Thermotogaceae, 

such as Thermotoga elfii, can utilize thiosulfate as an electron acceptor and produce H2S [57]. 

Petrotoga mexicana sp. identified in the sour crude M2 sample was isolated previously from a 

Mexican oil well in the Gulf of Mexico [58]. This strain is able to reduce elemental sulfur, 

thiosulfate and sulfite to hydrogen sulfide [58]. Thermotogales may impact corrosion processes 

in the oil industry due to the production of corrosive metabolic products (acetate, H2 and H2S). 

The results reported herein prove that molecular genetic analyses are the best techniques 

to use because they are capable of providing more in-depth analyses of the microbial structures 

a b 
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in hydrocarbon and associated seawater injection pipelines than was previously possible using 

conventional cultural methods. Nevertheless, further studies are needed to evaluate the microbial 

communities present in biofilms from the same locations and to compare them with this database 

of the planktonic, to quantify which organisms play a key role in microbial corrosion, and to 

establish correlations between the presence of various types of microorganisms in complex 

biofilms and metal corrosion rates.  

The output of this study will direct further research to increase knowledge of the role of 

identified microbial communities on pipeline corrosion. For example, there is lack of information 

in the community about the role of some identified microbes in this study (e.g. 

Methanobacteriales and Thermotogales) in MIC. Furthermore, some identified microorganisms, 

such as Thermoanaerobacter uzonensis, might be investigated for their capability to clean 

systems of thiosulfate and corrosive threat, and subsequently control the biocorrosion in 

downhole infrastructures.  

In addition, the information of biodiversity in oil reservoirs can be used to enhance 

production and recovery efficiency. For example, it is evident that injecting microorganisms with 

fermentative and carbohydrates metabolic capabilities generates large amounts of acids, gases, 

and solvents that increases oil recovery predominantly in carbonate formations [60].  

In closing, knowledge and understanding of microbial diversity and metabolic 

capabilities of oil reservoirs and secondary water injection systems are far from complete. 

Increased knowledge of the compositions and variability of microbial communities that exist in 

these systems combined with subsequent future directions will improve monitoring and 

prevention strategies of biocorrosion. Moreover, capitalizing on this knowledge might enhance 

oil recovery and control souring and plugging in oil reservoirs. 

4.5 Conclusions  

In this study, the microbial diversity in corrosion products filtered from water samples 

from sweet crude oil, sour crude oil and secondary seawater injection pipelines was investigated 

with a 16S rRNA gene 454 pyrosequencing method. A total of ~6900 microbially identifying 

16S rRNA gene sequences were obtained, of which ~3500 sequences were associated with the 

sweet crude sample, ~2300 were associated with sour crude sample and ~1100 were associated 

with the sample collected from the seawater injection pipeline. The study shows that the pipeline 
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systems represent a novel environment with respect to their physicochemical conditions that lend 

themselves toward the development of novel microbial communities that are taxonomically, 

physiologically, and phylogenetically distinct and capable of inducing MIC in hydrocarbon 

containing systems.  

The dominant microbial phylum identified in the sweet crude sample was related to 

Halothiobacillaceae (75% of total population) while the predominant planktonic bacterial type 

found in the sour crude sample was Thermoanaerobacteraceae (members of the Firmicutes) 

(36%). For seawater injection samples, the predominant bacterial type was Rhodobacteraceae 

(67%), which are members of the Alphaproteobacteria. Interestingly, Hydrogenotrophic 

methanogens archaea were identified in sweet and sour crude samples and account for 5 and 7% 

of their relative total microbial population, respectively. 

The role of some of the identified microbes, such as Syntrophobacteraceae, 

Desulfovibrionaceae, Desulfohalobiaceae and Desulfobacterales in MIC related processes is 

well established. Moreover, in recent biocorrosion investigations, methanogenic Archaea have 

been gaining more attention, not only for their potential role in MIC, but also for their methane 

producing ability which can serve as a carbon source for other MIC related microbiota.  

The bacteria associated with Rhodobacterales, Oceanospirillales and Flavobacteriales 

were identified in corrosion products collected from the seawater service pipeline; these bacteria 

have been identified as common surface colonizers in coastal marine environments. Thus, the 

native microbial residents of a marine/coastal environment can likely serve as an inoculum to 

initiate and foster MIC within oil and gas infrastructure.  

To knowledge of the author, little is known in the community about contribution of some 

of the microbes identified in this study (e.g. Thermotogales, commonly found on all samples) to 

MIC; thus, more research might be required to address their risk to microbial corrosion in the 

pipeline systems. 
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 CHAPTER 5 

MICROBIAL CORROSION BEHAVIOUR IN LINEPIPE STEEL (API 5L X52) UNDER THE 

INFLUENCE OF A SRB CONSORTIUM ISOLATED FROM AN OIL FIELD 

Modified from a paper submitted to Corrosion Science Journal 

F. M. Al Abbas, C.Williamson, S.M. Bhola, J.R. Spear, D.L. Olson, B. Mishra and A. 

Kakpovbia 

5.1 Abstract 

This work investigates microbiologically influenced corrosion (MIC) of API 5L X52 

linepipe steel by a sulfate-reducing bacterial (SRB) consortium. The SRB consortium used in this 

study were cultivated from a sour oil well in Louisiana, USA. 16S rRNA gene sequence analysis 

indicated that the mixed bacterial consortium contained three main phylotypes: members of the 

Proteobacteria (Desulfomicrobium sp.), Firmicutes (Clostridium sp.) and Bacteroidetes 

(Anaerophaga sp.). Steel coupons were incubated in the presence of the consortium for periods 

of time and both the biofilm and subsequent corrosive pitting that developed were characterized 

with field emission scanning electron microscopy (FE-SEM). In addition, electrochemical 

impedance spectroscopy (EIS), linear polarization resistance (LPR) and open circuit potential 

(OCP) were used to investigate the in situ corrosion behavior of the bacterial consortia. Through 

circuit modeling, EIS results were used to interpret the physicoelectric interactions between the 

electrode, biofilm and solution interfaces. The results confirmed that extensive localized 

corrosion activity of SRB is due to a formed biofilm in conjunction with a porous iron sulfide 

layer on the metal surface. X-ray diffraction (XRD) revealed semi conductive corrosion products 

predominantly composed of a mixture of siderite (FeCO3), iron sulfides (FexSy) and iron oxides 

constituents in the corrosion products for the system exposed to the SRB consortium. Moreover, 

pearlite matrices within the API 5L X52 microstructures were more susceptible to MIC attacks 

due to their heterogeneous compositions that provide favorable sites for microbial attacks and 

galvanic coupling.  These results confirm that SRB are likely dominant in the production of MIC 
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on linepipe steels though here we show that actual corrosion is the result of a biofilm, a formed 

iron-sulfide layer and steel microstructures. 

5.2 Introduction 

 As early as 1926, traditional microbiologists detected the presence of SRB in oil 

environments [1]. Studies have shown that most kinds of cultivated SRB are capable of the 

production of hydrogen sulfide (H2S), which is a toxic and corrosive gas in both aerial and 

aqueous form [2]- [7]. At a minimum, hydrogen sulfide is thought to be responsible for a variety 

of environmental effects which include reservoir souring, contamination of natural gas and oil, 

corrosion of metal surfaces, “plugging” of reservoirs due to the formation of extensive pore-

space filling microbial biofilms and the precipitation of metal sulfides [8], [9]. SRB have 

received much attention in the oil and gas industry and MIC investigations have revealed that 

these microorganisms have several detrimental metabolic activities including the ability to (1) 

oxidize hydrogen as an electron donor for metabolic life, (2) use O2 and Fe
3+

 as a terminal 

electron acceptor, (3) utilize aliphatic and aromatic hydrocarbons as a carbon source, (4) use very 

low levels of water for cellular maintenance and growth, (5) couple sulfate reduction to the 

intracellular production of magnetite, (6) compete with nitrate-reducing/sulfur-oxidizing bacteria 

(NRB–SOB) (since they may have a nitrite reducing activity) and (7) cause elemental oxidation 

of iron [3], [6], [10]-[13]. In total, all of these activities can significantly degrade the quality of 

oil and gas in a reservoir. Moreover, SRB adversely impact the integrity of steel throughout oil 

and gas installations and support infrastructure. 

This study investigates the impact of environmental SRB (cultivated from oil field 

samples rather than obtained from a culture collection) on the corrosion behavior of API 5L X52 

linepipe steel. The SRB consortium used in this study was cultivated from an oil well in 

Louisiana, USA. 

5.3 Materials and Methods 

The materials, testing apparatus, techniques, and procedures used to investigate the 

microbial corrosion induced by a SRB consortium are described in Sections 5.3.1 through 5.3.5. 
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5.3.1 Microorganisms and Testing Medium 

The microbial consortium used in this study was cultivated from water samples obtained 

from a geological Tokio formation located in Louisiana, USA. The physical and chemical 

properties of the collected water are shown in Table 5.1. The water samples were collected and 

bottled at the oil wellhead from an approximate depth of 2200 ft. as described under NACE 

Standard TM0194 (2004) [14]. Modified Baar’s medium (ATCC 1250) was used to cultivate the 

SRB. Baar’s medium is reported to be suitable when studying the influence of mixed bacterial 

communities on steel corrosion, though many different media recipes exist (e.g., the highly 

regarded Postgate series of media for the cultivation of SRB) and any number of anaerobic 

media recipes likely work [15]. Lata et al. [16] used modified Baar’s medium to investigate the 

corrosion effects of two species of SRB, namely Desulfovibrio desulfuricans and 

Desulfotomaculum nigrificans, on stainless steel materials. Baar’s medium was composed of 

magnesium sulfate (2.0 g), sodium citrate (5.0 g), calcium sulfate di-hydrate (1.0 g), ammonium 

chloride (1.0 g), sodium chloride (25.0 g), di-potassium hydrogen orthophosphate (0.5 g), 

sodium lactate 60% syrup (3.5 g), and yeast extract (1.0 g). All components were per liter of 

distilled water. One mL of 1% resazurin solution was used as a redox indicator. The pH of the 

medium was adjusted to 7.5 using 5M sodium hydroxide and sterilized in an autoclave at 121 ˚C 

for 20 minutes. The SRB species were cultured in the growth medium with filter-sterilized 5% 

ferrous ammonium sulfate added to the medium at a ratio of 0.1 to 5.0 mL, respectively. The 

bacteria were incubated for 72 hours at 37 
o
C under an oxygen-free nitrogen headspace. The 

blacking color and unpleasant rotten egg smell were indicators for SRB growth, as is shown in 

Figure 5.1. 

5.3.2 Sulfate-Reducing Consortium Identifications 

Genomic DNA was extracted from the bacterial consortium using the MoBio Powersoil 

DNA extraction kit (MoBio, Carlsbad, CA) with the 10-minute vortexing step replaced by one 

minute of bead beating. Primers 515F (5′–GTGCCAGCMGCCGCGGTAA–3′) and 1391R (5′- 

GACGGGCGGTGWGTRCA–3) [17] were used to amplify 16S rRNA genes. Polymerase chain 

reaction (PCR), cloning and transformation were conducted as described by Sahl et al. [18]. 

Unique restriction fragment length polymorphisms (RFLP) were sequenced on an ABI 3730 

DNA sequencer at Davis Sequencing, Inc. (Davis, CA), and Sanger sequence reads were called 
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with PHRED [19, 20] via Xplorseq [21].  Sequences were aligned with the SINA aligner [22] 

and added (parsimony insertion) to the Silva SSURef111_NR guide tree [23] with the ARB 

software package [24].  Sequences were also compared to the Genbank database [25] via the 

Basic Local Alignment Search Tool (BLAST) [26].  Phylogenetic trees were created with 

RAxML [27]. Relevant sequences were obtained from the Genbank database and aligned and 

masked with ssu-align [28]. Phylogenetic trees were created using the GTR substitution model 

and the gamma distribution of rate heterogeneity. The number of bootstrap replicates was 

determined using the RAxML frequency-based criterion [29]. 16S rRNA gene sequences 

produced during this research were deposited in Genbank with accession numbers KC756849-

KC756851. 

 

 

 

Figure 5.1. Images for a) Collected produced water from sour oil well b) Cultivated SRB using 

modified Barr’s (ATCC 1250) medium. 

 

 

5.3.3 Sample Preparation 

Pipeline steel (API 5L X52) coupons, provided by a local energy company, were used for 

this study and their chemical compositions are shown in Table 5.2. Metallographic specimens 

from the received materials were prepared with standard methods for optical microscopy (1 

micro final polish and 2% nital etch). Representative microstructures of a prepared coupon are 

 
 

a 

 b 
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shown in Figure 5.2. The microstructures of X52 steel consist of proeutectoid ferrite and pearlite. 

The microstructure at low magnification showed banding with ferrite rich and pearlite rich areas 

elongated along the rolling direction as shown in Figure 5.2 a. The proeutectoid ferrite fraction is 

80% for the steel microstructures. The pearlite colonies, shown in Figure 5.2 b, are most likely 

isolated in the ferrite-rich bands. The isolated pearlite colonies mostly occurred at triple points of 

the ferrite/ferrite grain boundaries. 

 

 

Table 5.1. Physical And Chemical Properties of the Water Sampled form Tokio Formation at 

2200 ft depth. 

 

Composition  Conc. (mg/l) 

Calcium, Ca 5,440 

Chloride, Cl 47,098 

Magnesium, Mg 683 

Sodium, Na 23,772 

Sulfate, SO
4
 1,300 

Bicarbonate, HCO
3
 232 

Total Dissolved Solids, TDS 78,475 

pH 6.1 

SG 1.0577 

Vapor Pressure at pumping temperature (Psi) 39.0 

Temperature (F) 190 

 

 

For corrosion evaluations, the coupons were machined to a size of 10x10x5 mm and 

embedded in a mold of non-conducting epoxy resin, leaving an exposed surface area with a 

polished mirror finish of 100 mm
2
. For electrical connection, a copper wire was soldered at the 

rear of the coupons prior to epoxy embedding. The coupons were polished with a progressively 

finer polishing paper until a final grit size of 600 micro was obtained. After polishing, the 
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coupons were rinsed with distilled water, ultrasonically degreased in acetone and sterilized by 

exposure to 100 vol.% ethanol for 24 hours. 

 

 

Table 5.2. The chemical composition of API-5L X52 carbon steel coupons (weight %) 

 

Fe C Si Cr Ni Mn Cu Mo Nb Ti Al V S P 

98.51 0.070 0.195 0.03 0.02 1.05 0.05 0.004 0.021 0.001 0.029 0.003 0.008 0.008 

 

 

  

Figure 5.2. Optical micrograph for API X52 steel etched with 2% nital etch showing 

microstructural features. a) Lower magnifications show banding with ferrite rich and pearlite rich 

areas elongated along the rolling direction. b) Higher magnification shows pearlite colonies. 

 

 

5.3.4 Electrochemical Tests 

The electrochemical measurements were made in a conventional three electrode ASTM 

glass cell coupled with a potentiostat and a high frequency impedance analyzer (Gamry-600). 

The electrochemical cell was composed of a test coupon as a working electrode (WE), a graphite 

electrode as an auxiliary electrode and a saturated calomel electrode (SCE) as a reference 

electrode. All glassware was autoclaved at 121 ºC for 20 minutes at 20 psi pressure and then 
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were air dried to achieve an initial aseptic condition. Graphite electrodes, purging tubes, rubber 

stoppers and needles were sterilized by immersion in 70 vol.% ethanol for 24 hours followed by 

exposure to a UV lamp for 20 minutes. Two solutions were used in this experiment. Under a 

sterilized condition (in a sterilized laminar flow hood), the first cell was prepared with 600 mL of 

sterilized modified Baar’s growth media (described above) and the second cell was prepared 

with 600 mL sterilized Baar’s media inoculated with 5 mL of the SRB consortium at 10
6
 

cell/mL. The electrochemical cells were purged for one hour with pure nitrogen gas to establish 

the anaerobic environment. The experimental setup is displayed in Figure 5.3. 

Open circuit potential values (OCP) of the systems were monitored with time during the 

immersion period followed by periodic readings for up to 336 hours. Impedance measurements 

were performed on the system at the open circuit potential for various time intervals from 

immersion up to 288 hours. The frequency sweep was applied from 10
5
 to 10

-2
 Hz with an AC 

amplitude of 10 mV. During the LPR technique, the polarization resistance (Rp) was measured 

on the system at a scanning amplitude of +/- 10mV with reference to the open circuit potential 

for various time intervals from immersion up to 336 hours. During the tests, bacteria activities 

were estimated by direct count of planktonic cells using a Petroff-Hausser counting chamber 

under the microscope at a magnification of 40X. 

5.3.5 Surface Analysis and Corrosion Product Compositions of the Coupons Exposed to 

SRB 

At the conclusion of each test, the working electrode was carefully removed from the 

system for fixation. To fix the grown biofilm to the steel surface, the coupons were immersed for 

1 hour in a 2% glutaraldehyde solution, dehydrated with 4 ethanol solutions (15 minutes each) of 

25, 50, 75 and 100% successively, air dried overnight and then gold sputtered [30]. After 

fixation, the coupons were examined using field emission scanning electron microscopy (FE-

SEM) coupled with energy dispersive spectroscopy (EDS) to evaluate the morphology and 

chemical composition of the biofilm. Corrosion product composition was obtained using an X-

ray diffraction method with a Philips PW 3040/60 spectrometer with a Cu Kα radiation source. 

The coupons were then cleaned using a standard protocol described under the ASTM-GI-03 [31] 

and the pit morphology and density on the exposed coupons were examined using FE-SEM. 
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Figure 5.3. a) Assembled electrochemical corrosion cells containing modified Barr’s growth 

media; b) Purging with N2 at 32°C maintained with hotplates and water path; c) Abiotic media 

after 96 hours ; d) Biotic media with black color due to SRB growth. 
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5.4 Results and Discussion 

The experimental results of the influence of SRB consortium on the corrosion behavior of 

API 5L X52 steel are presented and discussed in the following Sections 

5.4.1 Identification of the Sulfate-Reducing Consortium 

Analyses of 16S rRNA gene sequences indicated that the mixed bacterial culture 

consortium contained three main phylotypes: members of the Proteobacteria (Desulfomicrobium 

sp.), Firmicutes (members of the Clostridiales) and Bacteroidetes (Anaerophaga sp.), as shown 

in Figure 5.4. 

 

 

Figure 5.4. The Phylogenetic Characterization of SRB Consortium. 

 

 

Desulfomicrobium including mesophiles and thermophiles are known to be commonly associated 

with oil reservoirs. They have been isolated previously from different oil fields in the North Sea 

[32] and in 5 of 6 different Alberta oil fields in Canada, as observed by Voordouw and 

colleagues [33]. Desulfomicrobium sp. are anaerobic, Gram-negative, rod-shaped, sulfate-

reducing bacteria that grow on different carbon source substrates; they can include lactate, 



115 

pyruvate, glycerol, and ethanol and have optimal growth temperatures of between 25 and 35 °C 

[32]. They are capable of using sulfate, thiosulfate or sulfite as a terminal electron acceptor [13], 

[34]. Several researchers have further reported that in the presence of 0.5% NaCl, 

Desulfomicrobium metabolize lactate and sulfate to produce acetate, CO2 and H2S as major end 

products [32], [34]. These microorganisms can play a significant role in oil field reservoir 

souring by the reductive generation of hydrogen sulfides from these sulfur containing electron 

acceptors [34]. Clostridium sp. are anaerobic microbes that are Gram-positive, spore-forming 

bacteria. This type of bacteria is capable of surviving high temperatures due to the formation of 

heat-resistant endospores [1], [13], [34]. It was reported that Clostridium sp. spore-forming 

microbes are able to survive in high temperatures and at high hydrocarbon concentrations [34]. It 

has been accepted that Clostridium sp. could result in corrosion of carbon steels in oil and gas 

industry environments [2], [34].The Anaerophaga sp. have been previously identified in 

produced water samples obtained from the high-temperature Troll oil formation in the North Sea 

[34]. 

5.4.2 Bacteria Activities 

Figure 5.5 illustrates the growth process of SRB in the enriched growth medium. The 

results indicate that the growth process of SRB can be divided into two main stages. The first 

stage, one to seven days (160 hrs), is called the exponent phase. During this stage, the number of 

viable SRB species increased quickly to approximately the maximum value of 1.6x10
8
 cells/ml. 

It has been shown that during the exponent phase, the concentration of hydrogen sulfide (H2S) 

increases proportionally with increasing number of cells [2], [5], [6]. After the 7th day, the 

growth process reaches the 2nd stage, the stationary phase, which takes place during the period 

from 160 to 366 hours. During this phase, there was no increase in the number of cells and the 

growth was limited by insufficient nutrient and waste product accumulations. The accumulation 

of high concentrations of hydrogen sulfide, produced during the exponent phase, can adversely 

impact and inhibit the growth of SRB. It was reported that at hydrogen sulfide concentrations of 

about 547 mg/L (16.1 mM), SRB, Desulfovibrio sp., culture growth is completely inhibited [35]. 

The inhibition may be the result of an intrinsic toxicity of H2S to living systems, or it might be 

due to indirect toxicity by rendering the iron insoluble as iron sulfide. Iron is needed for cell 

structures such as cytochrome C [35]. 
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Figure 5.5. The growth trend of SRB consortium isolated from a sour oil field and inoculated in 

Barr’s medium. 

 

 

The biotic solution became completely black within 72 hours and remained black for the 

entire time of the experiment. The characteristics of the unpleasant smell of hydrogen sulfide and 

the black colored solution were evidence of SRB growth and metabolism. The growth process of 

SRB is capable of inducing changes to the solution conditions in limited culture medium. These 

changes include an increase in sulfide concentrations and enhancement of redox quality via their 

metabolic products. The influence on redox quality is not time dependent; however, it does 

depend on the concentrations of nutrients in the solution. The planktonic bacteria will attach to 

the surface and develop a biofilm. It should be mentioned that the sessile cells at the interface of 

biofilm and metal are the major contributors to the bio-catalytic phenomenon that promotes the 

corrosion process [2]-[6]. 

5.4.3 Surface Morphology and Element Analysis 

At the conclusion of the tests, the visual inspection of the steel coupon exposed to the 

biotic system revealed dense, thick, and black products covering the surface. There was a 
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significant difference in the appearance, structure and morphology of the corrosion products that 

developed on the steel coupons exposed to the biotic system compared to those exposed to the 

abiotic system, as shown in Figures 5.6 and 5.7. Both the morphological observations and energy 

dispersive spectroscopy (EDS) elemental analysis of corrosion products of API X52 steel 

immersed in the biotic system are shown in Figure 5.6 a, b, c and d. As shown in Figure 5.6 a, 

there are two distinctive areas: A1 and A2. Quantitative EDS analysis shows A2 is composed of 

a higher amount of sulfides, sodium salts, phosphates and carbon (Figure 5.6 c and Table 5.3). 

The light region (A2) is considered the ‘outer layer’ where the sulfur is the predominant 

constituent, Figure 5.6 c. For the dark region, A1 is considered the inner layer, in which iron, 

oxygen and carbon, in addition to sulfur and phosphorous, are the predominant elements, as 

shown in Figure 5.6 d and Table 5.3. The characteristic spherical structures shown in Figure 5.6 

a and b might represent microbially produced siderite (FeCO3) surrounded by a mixture of iron 

sulfide and iron oxides. 

Similar features have been reported by Hendrik Venzlaff et al. [36] for steel surfaces 

exposed to the SRB species Desulfopila corrodens. The capacity of Desulfomicrobium and t 

Clostridiales to convert the carbon source (lactate) through pyruvate to acetate with production 

of carbonate supports the formation of siderite [13], [37]. Furthermore, the presence of di-

potassium hydrogen orthophosphate and sodium chloride in the growth media might lead to the 

precipitation of phosphorous-based compounds and sodium chloride on the surface, as suggested 

by the EDS spectra [38]. 

The morphological observations and elemental analysis of surface deposits and corrosion 

products on API X52 carbon steel exposed to an abiotic system are shown in Figure 5.7 a and b. 

There is one coherent homogenous layer of corrosion product with salt crystal deposits that are 

likely precipitates that came out of the Baar’s growth medium solution on the surface of the steel 

coupon. As shown in Figure 5.7 b and Table 5.3, quantitative EDS analysis shows that this layer 

might be composed of iron oxides mixed with sodium chlorides, calcium and carbon-based 

compounds that accumulated from the growth medium [38]. 

 

 



118 

  
 

  

Figure 5.6. FE-SEM and EDS analysis for the system under biotic conditions. a) FE-SEM Image 

of carbon steel exposed to Barr’s medium inoculated with SRB; b) Arrow points to a magnified 

image of iron carbonate layer. c) and d) show EDS analysis corresponding to the FE-SEM outer 

and inner regions, respectively.  

 

 

The morphological observations and elemental analysis of surface deposits and corrosion 

products on API X52 carbon steel exposed to an abiotic system are shown in Figure 5.7 a and b. 

There is one coherent homogenous layer of corrosion product with salt crystal deposits that are 

likely precipitates that came out of the Baar’s growth medium solution on the surface of the steel 

coupon. As shown in Figure 5.7 b and Table 5.3, quantitative EDS analysis shows that this layer 

might be composed of iron oxides mixed with sodium chlorides, calcium and carbon-based 

compounds that accumulated from the growth medium [38]. 
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Table 5.3. Comparative of EDS analysis corresponding to the abiotic and the biotic systems, 

respectively. 

 

Element Wt % C O Na Si Fe S Cl Mn Ca P Total 

Abiotic system 

Whole Region 0.01 18.73 4.54 ---- 68.38 1.54 4.61 2.11 0.08 0.00 100 

Biotic System 

Outer Region 

(A2) 
14.99 4.20 8.66 1.69 10.06 55.09 0.00 0.00 0.00 6.84 100 

Inner Region 

(A1) 
10.35 23.58 6.96 0.89 26.98 22.43 0.00 0.00 0.00 8.72 100 

 

 

As shown in Table 5.3, Figure 5.6 and Figure 5.7, the biotic and abiotic systems 

displayed significant differences in distribution and composition of corrosion products. In the 

presence of the sulfate reducing bacterial consortium, there is significant accumulation of sulfur-

based compounds, siderite and a substantial amount of corrosion products with growth in the 

upward direction observed. In addition, the interface of the steel coupon exposed to the microbial 

biofilm does not have a rigid appearance, most likely due to the biofilm matrix, whose nature is 

polysaccharidic and viscoelastic (Figure 5.6 and Figure 5.8), while the corrosion products for the 

abiotic system exhibits a completely different thin-flat layer with a hard texture (Figure 5.7) with 

precipitative salts present in heap pile crystals. 

The biofilm that developed in the presence of the SRB consortium, together with the 

produced corrosion products, have a heterogeneous morphology and thickness, as shown in 

Figure 5.8. The FE-SEM micrograph (Figure 5.8) reveals the presence of the corrosion products, 

cells, spores and EPS fibers distributed over the steel coupon. At the conclusion of the 

experiment, the steel substrate was hardly visible. It was covered with a thick, porous, black 

layer. A jelly-like substance observed among the corrosion products was speculated to be 

biofilm-produced extracellular polymeric substances (EPS) [38]-[39]. Rod-shaped and coccus-

shaped bacteria occupied a small fraction of the volume compared to the precipitated EPS and 

corrosion products. EPS and corrosion products have been reported to occupy 75-95% of biofilm 
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volume, while 5-25% is occupied by the metabolizing cells [2], [38]. Higher concentrations of 

hydrogen sulfide, phosphate-based compounds and other potentially biotically-generated, 

corrosion-influencing compounds are likely to be promoted by SRB metabolism and biofilm 

formation [3], [5], [38]-[41]. Conversely, the nature of the corrosion film for the abiotic system 

exhibits a completely different thin-flat layer with a hard texture, as shown in Figure 5.7. 

 

 

 
 

 
Figure 5.7. a) FE-SEM and b) EDS analysis on the API X52 steel exposed to sterilized Baar’s, 

abiotic, Medium. 
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Figure 5.8. FE-SEM images for the biofilm developed on the API X52 exposed to the SRB 

containing medium at different magnifications. 

 

5.4.4 X-ray Diffraction Results 

The XRD spectra of API X52 steel coupons exposed to the biotic system are displayed in 

Figure 5.9. The XRD pattern confirmed the formation of a significant amount of iron sulfide 

compounds that include mackinawite (Fe1+xS), other iron sulfide (FeS), siderite (FeCO3) and iron 

(III) oxide-hydroxide FeO(OH) [36], [37], [40]. The formation of mackinawite and other iron 

sulfide in the presence of SRB is expected as a consequence of metabolic production of sulfide 

[39], [42]. Due to the very high reactivity of H2S with iron, the mackinawite layer has been 

shown to form much more quickly than what would have been expected from the typical kinetics 

Binary Fission 

a 

 

b 

 

c 

 

d 

 



122 

for a precipitation process. The formed mackinawite is not stable and may dissolve depending on 

the solution saturation level. It has been shown that for the pH range 4-7, a typical SRB 

containing environment, the solution is often supersaturated with respect to iron sulfide and the 

mackinawite layer does not dissolve [41]. The produced iron sulfide films can both protect or 

deteriorate the metallic surface. Thin protective iron sulfide films are associated with low ferrous 

ion concentration rates, while thick, active films are believed to form in the presence of high 

ferrous ion concentrations. These protective films have been proposed to fail due to disruption by 

microbial action, bulky growth, and oxidation [42]. It has also been proposed that a general 

corrosion rate for steel can be defined and relatively easily accessed by the rates of iron sulfide 

layer formation and breakdown [43]. 

 

 

 
Figure 5.9. XRD spectra for the system under biotic conditions for 14 days exposure with FE-

SEM image of the examined surface. 

 

 

The capacity of Desulfomicrobium and Clostridium sp. to convert the carbon source 

(lactate) through pyruvate to acetate and produce carbonate resulted in the formation of siderite 
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(FeCO3). Species related to Desulfomicrobium and Clostridium sp.  (present in the consortium) 

are capable to fermentative utilization of lactate depending on the pH medium and produce 

acetate, HCO3 or propionic acid that may be relevant to this system, but however due to some 

limitations such measurements have not been made [13].
.
 It might be possible that the bacterial 

consortium work in synergistic way and affect the corrosion of the alloy steel. 

To produce siderite, a number of chemical reactions are involved. EDS and XRD results 

suggested that the following reactions occurred as a result of metabolic activities of the SRB 

consortium and corrosion behavior of the steel surface. The basic chemical and electrochemical 

reactions can vary according to the metal alloy surface content and EDS analyses, but generally 

include a cathodic reaction under natural deaerated conditions [2]-[7], [38], [39], [41]: 

 

2H2O + 2e
-
 → H2 + 2OH

-
 5.1 

The SRB Desulfomicrobium sp. may use cathodic hydrogen as the dominant electron 

donor to reduce the electron acceptor sulfate to sulfide as follows [2]-[7, [39]:
 
 

 

SO4
2-

 + 9H
+
 + 8e

-
 → HS

-
 +4H2O 5.2 

 

Reaction 5.2 normally happens at a slow rate without bio-catalysis from bacteria; however, in 

systems that contain microbes, the reaction can be rapid, being enzymatically catalyzed by the 

cytochrome and hydrogenase enzyme systems of Desulfomicrobium sp.
 
Some hydrogen sulfide 

ions will convert to hydrogen sulfide, especially at acidic pH, as described in reaction 5.3 [3], 

[37]: 

 

HS
-
 +H

+
             H2S 5.3 

 

Reaction 5.3 is rapidly facilitated by the presence of Desulfomicrobium sp. at pHs between 1 and 

7. The production of hydrogen sulfide and the oxidation of iron (anodic reaction) then lead to the 

formation of different types of iron sulfide [3], [38]-[39]: 
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Fe
0
 → Fe

2+
 +2e

-
 5.4 

Fe
2+

 + H2S → FeYSX + 2H
+
 5.5 

 

According to Liu et al. [44], the ferrous ions (Fe
2+

) produced by the dissolution process 

can then react with sulfide metabolized by the bacteria, subsequently producing different forms 

of iron sulfides (FeSx). Therefore, it is expected that the structure of the biofilm changes 

according to the different growth phases of the SRB as the amount of iron sulfides inter-tangled 

with the biofilm can vary over space and time [38], [39], [41], [42]. 

The rate-determining step (RDS) for the SRB metabolic activities, as indicated by 

reaction 5.2, is proton reduction to form hydrogen, as indicated by reaction 5.6. The kinetic of 

this hydrogen reduction is expected to be slow due to the fact that the concentration of protons is 

extremely low under natural de-aerated conditions [3], [45]. 

 

H
+
  + 1e

-
 → Hads 5.6 

 

where Hads is the hydrogen adsorbed to the metallic surface, likely within the pore space between 

grain boundaries. Therefore, when there is not enough hydrogen to drive the metabolic reaction 

(reaction 5.2), Desulfomicrobium sp. may switch to converting the carbon source (lactate) 

through pyruvate to acetate with the production of carbonate [13], [38], [39].
 
When SRB utilize 

lactate as an electron donor, they produce extra adenosine triphosphate (ATP) through the proton 

motive force with the subsequent oxidation of lactate to acetate plus carbon dioxide [13]. The 

produced hydrogen crosses the cytoplasmic membrane and is oxidized by periplasmic 

hydrogenase enzymes to initiate a proton motive force, which in turn bio-catalyzes reaction 5.2 

[13], [37]. The prime reactions of this process are as follows. 

 

2CH3CHOHCOO
-
 + 2SO4

2-
 → 4CH3COO

-
 +HCO3

-
 + H2S + HS

-
 + H

+
 + CO2 5.7 

 

Produced carbonate ions will react with ferrous ions and form insoluble siderite (FeCO3) 

in addition to iron sulfide (FeS) in a thermodynamically favorable reaction. The net reaction will 

be as follows [13], [37]: 
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4Fe+ SO4
2-

 + 3HCO3
- 
+ H2O → FeS (s) + 3FeCO3 (s) + 5OH

-
, ∆Gᴼ = − 86.1 KJ/mol Fe 5.8 

 

Figure 5.10 presents a graphical model representation of the possible corrosion 

mechanisms that occur in the presence of SRB consortium.  

 

Figure 5.10. Possible corrosion mechanisms that occur in the presence of SRB consortium. 

 

 

Closer inspection of the API X52 steel electrode in Figure 5.11 shows variations in 

surface roughness. Generalized corrosion was observed in an irregular pattern on the coupon as 
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seen in Figure 5.11 a. The image at higher magnification in Figure 5.11 a, c, d, e and f also 

shows preferential etching of selected pearlite grains in a regular, rectangular and repetitive 

manner. The attack appears to be in an un-preferred orientation. Inter-granular attack that 

produces microstructural relief and etching of pearlite microstructures is shown in Figure 5.11 c 

and d. 

The rectangular attack, as shown in Figure 5.11 e and f, found predominantly in the more 

corroded areas on the surface, may be the result of the galvanic coupling between the semi-

conductive iron sulfide that acts as cathode and the steel surface that acts as the anode. Galvanic 

corrosion is either a chemical or an electrochemical corrosion phenomenon. The latter is due to a 

potential difference between two different surfaces connected through a circuit for current flow 

to occur from a more active metal anode, to a less active corroded surface as the cathode. In this 

case, the iron sulfide is considered the cathode with a calculated equilibrium potential for sulfate 

reduction (SO4
2-

/ FeS) of − 0.25 V and the steel surface is the anode with a calculated 

equilibrium potential of iron oxidation (Fe
0
/ Fe

2+
) of − 0.44 V [3], [37]. Anodic corrosion of iron 

by galvanic coupling with iron sulfide has been proposed previously [45]-[47], and the galvanic 

corrosion is thought to attack the iron matrix adjacent to, in this case, microbially enhanced iron 

sulfide deposits. 

Furthermore, the conductivity of the iron sulfide augments this coupling between the 

solution and the underlying surface that in turn catalyzes the corrosion process in a positive-

feedback, microbially-enhanced, corrosive loop. The conductivity of heterogeneous corrosion 

products composed of iron sulfide and siderite in SRB cultures has been reported to be around 50 

Sm
-1

 which is higher than that of many typical semiconductors, such as silicon. This conductivity 

is mainly due to the presence of iron sulfide, as FeCO3 is considered an insulating mineral [37]. 

From the standpoint of bio-corrosive materials, perhaps more can and should be done with 

microbially-produced corrosive products as a source of novel materials. 

The preferred attacks shown in the pearlite microstructures (Figure 5.11 c and d) are 

attributed to the nature of the heterogeneous structures of pearlite. The microstructures of the 

tested API 5L X52 steel contain 20% pearlite, as shown in Figure 5.2 a. Pearlite consists of 

plates of cementite (Fe3C) in a matrix of ferrite [48]. The structural and compositional 

inhomogeneity within pearlite structure invites the possibility of this preferred attack and 
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enhances localized corrosion [49]. When pearlite is exposed to localized corrosion, as in this 

case, galvanic microcells between ferrite (cathode) and cementite (anode) are generated. 

Consequently, the surface exhibits deeper and larger pits as well as crevasses between plates 

(Figure 5.11 d, e and f). For the abiotic control, minimal pitting corrosion damage was observed 

where the polishing marks were still visible (Figure 5.12). 

5.4.5 Open Circuit Potential/Polarization Resistance 

The open circuit potential variations for the biotic and abiotic systems are shown in 

Figure 5.13. The Ecorr as a function of time data revealed that in the biotic system, a substantial 

shift of Ecorr towards noble values (-600 mV/SCE) occurred for the first 100 hours and then 

remained more or less stable throughout the period of exposure. This potential shift for the biotic 

system was attributed to the growth of the SRB species, their metabolic activities and subsequent 

accumulation of iron sulfide on the surface. SRB attached to the coupon surface, colonized and 

reproduced to form a biofilm, and the activity of microbes in this biofilm subsequently altered 

the electrochemical processes taking place at the steel surface. At least, these alterations include 

pH changes, H2S production, iron sulfides formation and even EPS production. These factors 

collectively enhance the reduction capacity of the system and accelerate anodic dissolution [38], 

[39], [41], [44]. 

In stark contrast, the abiotic system had a notable increase of the Ecorr, which then 

remained more or less steady at approximately -690 mV/SCE, as shown in Figure 5.13. This 

potential shift might be attributed to the accumulation of growth medium constituents, such as 

organic compounds, potassium, sodium chloride and phosphorous, on the coupon surface [39]. 

There is a significant difference in the noble direction, of approximately 90 mV/SCE, between 

the biotic and abiotic systems. This positive shift in Ecorr is known as ennoblement. Ennoblement 

has been reported for different metallic alloys exposed to microbes. It is probably the most 

notable phenomenon in many MIC investigations [2]-[4].
 
Ennoblement has been attributed to 

microbial colonization, biofilm formation and the deposition of sulfides, all of which collectively 

result in organometallic catalysis and acidification of the electrode surface [2]-[4] The 

accumulation of corrosion products, such as iron sulfide, which results in a galvanic coupling 

with the steel surface, may contribute to this ennoblement phenomenon. Ennoblement is also 

known to promote pitting corrosion, which is more critical for passive alloys [2]-[4]. 
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Figure 5.11. FE-SEM analysis for the API X52 steel surface after cleaning for the system under 

biotic conditions at various magnifications.  
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Figure 5.12. FE-SEM analysis for the API X52 steel surface after cleaning for the system under 

abiotic conditions exposure at various magnifications. 

 

The polarization resistance (Rp) variations for the biotic and abiotic systems are shown in 

Figure 5.14 a.  The Rp as a function of time data revealed that in the biotic system, a substantial 

decrease of Rp to 500 Ω.cm
2
 was followed by another decrease to approximately 250 Ω.cm

2
 at 

350 hours. There was also a noticeable increase in the Rp to ~3000 Ω.cm
2
 at 100 hours for the 

biotic system. This increase is attributed to the formation of a film of siderite (FeCO3) and 

mackinawite (both contributed by, or due to, the metabolic activity of microbes present) that 

provides short-term protection to the steel surface. It has been reported that the mackinawite 

layer partially protects the steel from corrosion [43]. The substantial drop in the Rp is attributed 

to the formation of a stable biofilm with conductive iron-sulfide mixed layers on the surface of 
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the steel coupon. SRB metabolic activities produce hydrogen sulfide and form organic 

compounds such as extracellular polymeric substance (EPS) with acids at the metal/biofilm 

interface [2], [3], [38].
 
These factors along with galvanic coupling between the iron sulfide and 

underlying surface create an aggressive environment that leads to this substantial decrease of 

polarization resistance.  

In contrast, Figure 5.14 a shows that in the abiotic system, Rp decreased to about 1000 

Ω.cm
2
 in the first 50 hours, followed by an increase to about 1200 Ω.cm

2
, which then remained 

more or less steady throughout the experiment. The initial drop in the Rp was due to the 

corrosion effects of the deposited nutrients (i.e. sulfide and sodium chloride from the sterile 

growth medium) on the surface. However when stable deposits and a corrosion film was formed 

on the surface, they also provided some protection as indicated by a steady resistance afterwards. 

The polarization resistance is inversely proportional to the corrosion rate, implying a 

higher corrosion rate at lower resistance. The corrosion rate plots over time for the biotic and 

abiotic systems are shown in Figure 5.14 b. The corrosion rate for the biotic system increased 

significantly after 100 hours, which is in agreement with the shift in the open circuit potential 

(Figure 5.13). The corrosion rate for the biotic system reached a maximum value of 45 mpy after 

250 hours, whereas the corrosion rate for the abiotic system for the same interval is 

approximately 15 mpy. 

 

 

Figure 5.13. Open Circuit Potential (OCP) variations under biotic and abiotic conditions. 
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Figure 5.14. a) Polarization resistance (Rp) and b) Corrosion rate variations under biotic and 

abiotic conditions.  
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changes induced by the bacterial metabolic activities and what portion was due to other chemical 

redox couples promoted by the iron sulfide galvanic coupling. 

5.4.6 Electrical Impedance Spectroscopy (EIS) 

Figure 5.15 a displays the Nyquist plots for a carbon steel coupon exposed to an abiotic 

system. At low frequencies (LF) (Figure 5.15 a), the magnitude of the capacitive loop 
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represented by the semicircle diameter increased with time. These LF magnitudes represent the 

change in the charge transfer resistance (Rct) that describes the evolution of the anodic reaction 

controlled by charge transfer processes [38], [39], [41]. The resistance increased to values around 

4000 Ω.cm
2
. The diagram obtained at 192 and 288 hours exhibited a bigger loop diameter, which 

indicates an increase in charge transfer resistance with time. Under these conditions, it was found 

that the corrosion process occurred in the first 50 hours and a steady corrosion rate was observed 

as the exposure time increased (Figure 5.14 b). In the abiotic system, the anodic reaction is 

represented by reaction 5.4 and the cathodic reaction is shown by reaction 5.1. For this abiotic 

system, the steady corrosion rate is possibly due to the protective effect of a mixed layer of 

deposits and corrosion products possibly composed of sodium chloride, sulfide, potassium and 

carbon-based compounds on the electrode surface [38], [50]. The formation of a capacitive layer 

on the steel surface is confirmed by phase angle spectra (Figure 5.15 b) that displayed one time 

constant or one peak at 10 Hz. The equivalent electrical circuit, based on the minimum deviation 

between the measured and fitted data for the abiotic condition, is shown in Figure 5.16. The 

circuit includes 1) a resistance Rs, considered the solution resistance and 2) parallel connection of 

a charge transfer resistance (Rct) for the steel surface and constant phase element (CPE) 

associated with a double layer capacitance due to the formation of a heterogeneous layer 

composed of corrosion products along with other compounds deposited from the growth media. 

In general, a CPE is used instead of a capacitor to compensate for the deviation from 

ideal behavior. The impedance of CPE is defined by the following Equation [37], [50]: 

 

ZCPE = (CPE)
-1
(jω)

-  5.9 

 

When the carbon steel was exposed to a biotic system, the EIS spectra varied 

significantly with exposure time as shown in Figure 5.17. The low frequency (LF) magnitude, 

represented by the semicircle diameter of all plot lines, significantly decreased with time, 

indicating a decrease in charge transfer resistance (Rct) and subsequent increase in corrosion rate, 

as supported by Figure 5.17 b. The SRB consortium impacts the corrosion rate by at least three 

mechanisms: via biofilm formation; reduction of sulfates and production of hydrogen sulfide; 

and the subsequent formation of iron sulfides [38], 39], [41]. For the first 48 hours, the medium 
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frequency (MF) response presented in the phase diagram in Figure 5.17 c shows one time 

constant that indicates an activation control process, which is represented by the circuit diagram 

for the abiotic system shown in Figure 5.16. This behavior is attributed to the formation of an 

unstable conditioning layer based on a mixture of inorganic/organic compounds; it is essentially 

the time of biofilm formation [38], [39], [41].  

 

 

  

Figure 5.15. EIS date abiotic system; (a) Nyquist Plots (b) Phase angle plots. 

 

 

 

 
Figure 5.16. Circuit equivalent used to fit the EIS data for the abiotic system . 
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However, after biofilm formation, and in conjunction with the development of iron 

sulfide and siderite components as part of the biofilm, and when a steady state is reached at 96 

hours, another time constant appears in the phase angle spectra in Figure 5.17 c. Figure 5.18 a 

shows the circuit equivalent used to fit the EIS data at 96 and 192 hours, where the formed 

compact biofilm (bf) constitutes an additional parallel combination of resistance and capacitance. 

At 288 hours, both the compact biofilm layer and iron sulfide layers start developing pores and 

the corresponding EIS data fit the circuit equivalent shown in Figure 5.18 b. The enhancement of 

the dissolution kinetics on the metallic surface is evidenced by the decrease of the magnitude of 

charge transfer resistance (Rct) with time, as shown in Figures 5.17 a and 5.14 b. EIS spectra 

suggest that the formation of an adherent biofilm along with a mixed layer of iron sulfide and 

siderite established ‘micro’ electrochemical cells on the steel surface and subsequently enhanced 

the corrosion process.  

The EIS results reveal several general statements about how the corrosion proceeds in the 

biotic system: 

(1) Before 96 hours, the MF response shows one time constant (Figure 5.17 c) that was attributed 

to the formation of an unstable layer of a mixture of corrosion products, mainly ferric hydroxide 

and organic compounds. At this stage, the SRB bacteria attached to the surface, assimilated 

lactate and reduced sulfate to sulfide ions. Biogenic hydrogen sulfide and a subsequent mixed 

layer of iron sulfide and siderite within an EPS matrix are formed by the precipitation of ferrous 

ions with sulfide and carbonate ions. 

(2) At 96 hours, the mixed layers of EPS and semi conductive corrosion products was stable as 

evidenced by the phase angle spectra that reveal two time constants (Figure 5.17 c). At this stage, 

the microenvironment changes induced by the bacterial metabolic activities in the biofilm and 

the galvanic coupling between the iron sulfide and the underlying metallic surface increased the 

corrosion rate significantly, as shown in Figure 5.14 b. The galvanic coupling attacks were more 

pronounced with pearlite microstructures, as represented by Figure 5.11 c and d, due to their 

structure and compositional heterogeneity that induced electrochemical potential gradients. 

(3) At 288 hours, in the final stage, after the rampant proliferation of the SRB, the production of 

excess hydrogen sulfide combined with the accumulation of excess corrosion products lead to 

the decomposition of both the biofilm and the iron sulfide films, which developed cracks that 
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became loose and porous due to the production of polysulfide products and the induced intrinsic 

physical growth stresses. Subsequently, the bare steel surface was exposed to the aggressive 

medium again, a fresh biofilm redeveloped with subsequent corrosion products in a repetitive 

process that accelerated the corrosion rate significantly (~45 mpy), as shown in Figure 5.14 b. 

 

 

 
Figure 5.17. EIS date for biotic system; a) and b) Nyquist Plots; (c) Phase angle plots. 
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a)  

b)  

 

Figure 5.18. Circuit equivalents used to fit the EIS data for the biotic system, a) at 96 h and 192 h 

and b) at 288 h and 366 h. 

 

5.5 Conclusions 
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with corrosion product layer that became loose and porous, exposing fresh steel to restart the 

corrosion process. The corrosion of the steel coupons was significantly more severe in the biotic 

system than in the abiotic control system. The corrosion rate was ~45 mpy in the biotic system, 

compared to only ~15 mpy in the abiotic system. This three-fold increase in corrosion in the 

presence of microbes (as would be naturally found in most working environments) thus 

significantly shortens the lifespan of emplaced steelwork infrastructure. The nature of the 

corrosion was generalized with preferential etching of select pearlite microstructures in a regular, 

rectangular, and repeating manner on the X52 steel. The galvanic coupling attacks were more 

pronounced with pearlite microstructures due to high electrochemical potential gradients.  

Moreover, the biofilm, as well as iron sulfide, altered the kinetic behavior of the system by 

inducing an extra time constant in the circuit model. To prevent MIC on steel infrastructure is a 

difficult proposition. More work is needed to better investigate the process of MIC and to 

consider how to work with in situ microbiota in order to protect infrastructure by consideration 

of protective—rather than destructive—biofilms. 
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 CHAPTER 6 

SULFATE REDUCING BACTERIAL BIOFILM INFLUENCE ON CORROSION BEHAVIOR 

OF LOW-ALLOY, HIGH- STRENGTH STEEL (API-5L X80) 
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6.1 Abstract  

The utilization of high strength carbon steels in oil and gas transportation systems has 

recently increased. This work investigates microbiologically influenced corrosion (MIC) of API 

5L X80 linepipe steel by sulfate reducing bacteria (SRB). The biofilm and pit morphology that 

developed with time were characterized with field emission scanning electron microscopy 

(FESEM). In addition, electrochemical impedance spectroscopy (EIS), polarization resistance 

(Rp) and open circuit potential (OCP) were used to analyze corrosion behavior. Through circuit 

modeling, EIS results were used to interpret the physicoelectric interactions between the 

electrode, biofilm and solution interfaces. The results confirmed that the extensive localized 

corrosion activity of SRB is due to a formed biofilm and a porous iron sulfide layer on the metal 

surface. Energy Dispersive Spectroscopy (EDS) revealed the presence of different sulfide and 

oxide constituents in the corrosion products for the system exposed to SRB. 

6.2 Introduction  

In the last decade, oil and gas demand has increased drastically, and efficient, cost-

effective steel pipe grades are required to transport the large amounts of oil and gas needed to 

                                                 

 

 

†
 Reprinted with permission of Int. Biodeter. Biodeg. vol. 78, pp. 34-42, 2013. 
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keep up with the demand. High-strength steel pipeline technology development provides 

significant economic benefit to pipeline operators through increasing pressure (i.e., more volume 

and thus revenue) of transmitted oil/gas while decreasing wall thickness of the pipe [1]. 

Recently, high strength steel grades (API5L X80 and above) have been installed in pipeline 

projects in Northern Canada, the North Sea and the Japanese Sub-Sea [1]. Microbiologically 

influenced corrosion (MIC) is one of the most damaging mechanisms to pipeline steel materials. 

Microorganisms are thought to be responsible for greater than 20% of pipeline systems failures 

[2]. MIC is not a distinct type of corrosion form, but rather is the synergistic interaction of 

microorganisms, with resulting biofilms and metabolic products that enhances corrosion 

processes. In most cases MIC morphologies are localized types of corrosion that manifest as 

pitting, crevice corrosion, under deposit corrosion, cracking, enhanced erosion corrosion and 

dealloying [3]. 

Pipelines are considered suitable environments for microorganisms (from all three 

domains of life, Bacteria, Archaea and Eucarya) to live because the essential components for 

their metabolism are present in these environments. Heterotrophic microorganisms need nutrition 

comprising primarily of four main components to thrive: a carbon source, water, an electron 

donor and an electron acceptor [4]. Hydrocarbons act as an excellent food source, because they 

provide both a carbon source and an electron donor, for a wide variety of bacteria. The main 

types of bacteria associated with metals in pipeline systems are sulfate-reducing bacteria (SRB), 

iron and CO2 reducing bacteria, and iron and manganese oxidizing bacteria [2], [3]. 

Of these, SRB have been recognized as the major MIC causative bacteria in pipeline 

systems. Typically, MIC results from synergistic interactions of different microorganisms acting 

in consortia, which coexist in the environment and are able to affect the corrosion process 

through co-operative metabolisms. SRB are facultative anaerobes, live in oxygen-free 

environments, utilize sulfate as a terminal electron acceptor and produce hydrogen sulfide (H2S) 

as a metabolic byproduct. Furthermore, this type of bacteria has the ability to reduce both nitrate 

and thiosulfate and obtain energy from organic nutrients, such as lactate. They grow in a pH 

range from 4.0 to 9.5 and tolerate pressure up to 500 atmospheres [2]. Most SRB exist in 

temperatures ranging between 25-60ºC [2]-[4]. SRB can be found everywhere in oil and gas 

production facilities, from in the deep subsurface to throughout the refinery to through the 
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delivery system. The environments inside pipeline systems typically have anaerobic and/or low 

oxygen concentrations, thus allowing SRB to be the main contributor to bio-corrosion [2], [3].  

The objective of this study is to investigate the impact of environmental SRB (cultivated 

from oil field samples rather than obtained from a culture collection) on the corrosion behavior 

of low alloy high strength (API 5L X80) linepipe steel. The SRB consortium used in this study 

were cultivated from an oil well in Louisiana, USA.  

6.3 Materials and Methods 

The materials, testing apparatus, techniques, and procedures used to investigate the 

microbial corrosion induced by a SRB consortium are described in Sections 6.3.1 through 6.3.6 

6.3.1 Organisms and Testing Medium 

The SRB consortium used in this study was cultivated from water samples obtained from 

an oil well located in Louisiana, USA. The water samples were collected and bottled at the 

wellhead from an approximate depth of 2200 ft.(670 m) as described under the NACE Standard 

TM0194 [5]. The SRB were cultivated in modified Baar’s medium (ATCC medium 1250). 

Baar’s medium is reported to be suitable when studying the influence of mixed bacterial 

communities on steel corrosion [6]. This growth medium was composed of magnesium sulfate 

(2.0 g), sodium citrate (5.0 g), calcium sulfate di-hydrate (1.0 g), ammonium chloride (1.0 g), 

sodium chloride (25.0 g), di-potassium hydrogen orthophosphate (0.5 g), sodium lactate 60% 

syrup (3.5 g), and yeast extract (1.0 g). All components were per liter of distilled water. The pH 

of the medium was adjusted to 7.5 using 5M sodium hydroxide. The growth medium was then 

sterilized in an autoclave at 121˚C for 20 minutes. The SRB species were cultured in the growth 

medium with filter-sterilized 5% ferrous ammonium sulfate. The ferrous ammonium sulfate was 

added to the medium at a ratio of 0.1 ml to 5.0 ml respectively. The bacteria were incubated for 

72 hours at 37 
o
C under an oxygen-free nitrogen headspace. 

6.3.2 Identification of the Sulfate-Reducing Consortium 

DNA was extracted from cultivars using the MoBio Powersoil DNA extraction kit 

(MoBio, Carlsbad, CA); the 10-minute vortexing step was replaced by one minute of bead 

beating. 16S rRNA gene amplification was carried out using the universal polymerase chain 

reaction (PCR) primers 515F and 1391R [7]. PCR, cloning and transformation were carried out 
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as described by Sahl et al. [8]. Unique restriction fragment length polymorphisms (RFLP) were 

sequenced on an ABI 3730 DNA sequencer at Davis Sequencing, Inc. (Davis, CA). Sanger reads 

were called with PHRED [9], [10] via Xplorseq [11]. Sequences were compared to the GenBank 

database via BLAST [11]. 

6.3.3 Specimens Preparation 

Steel coupons were cut from a 6-inch (12.5 mm) section of API-5L X80 carbon steel pipe 

with chemical compositions (in weight %) shown in Table 6.1. Microstructure characterization 

of the material was performed by optical microscopy. Optical micrographs were obtained after 

polishing and etching with 2% nital reagent. Figure 6.1 reveals uniform acicular ferrite (AF) 

structure which consists of polygonal ferrite (PF), granular bainite (GB) and a small amount of 

pearlite and grain sizes ranging from 4 to 20 µm. The coupons were machined to a size of 10 mm 

x 10 mm x 5 mm and embedded in a mold of non-conducting epoxy resin, leaving an exposed 

area of 100 mm
2
. For electrical connection, a copper wire was soldered at the rear of the 

coupons. The coupons were polished with progressively finer sand paper to a final grit size of 

600 microns. After polishing, the coupons were rinsed with distilled water, ultrasonically 

degreased in 100% acetone followed by 100% ethanol and sterilized by exposure to 100% 

ethanol for 24 hours. 

 

 

Table 6.1. The chemical composition of API-5L X80 carbon steel coupons (weight %) 

 

C Mn Ti S P Fe 

0.07 1.36 0.008 0.003 0.004 Balance 

 

 

6.3.4 Electrochemical Tests 

Electrochemical impedance spectroscopy (EIS), open circuit potential (OCP) and 

polarization resistance (Rp) measurements were taken simultaneously under both biotic and 

abiotic (control) conditions for 30 consecutive days at different time intervals. The 

measurements were made in a conventional three-electrode ASTM electrochemical cell coupled 
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with a potentiostat (Gamry-600). The electrochemical cells were composed of a test coupon as a 

working electrode (WE), a graphite electrode as an auxiliary electrode and a saturated calomel 

electrode (SCE) as a reference electrode. All glassware was autoclaved at 121ºC for 20 minutes 

and dried prior to experiment initiation. Graphite electrodes, purging tubes, rubber stoppers and 

needles were sterilized by immersing in 70 vol. % ethanol for 24 hours followed by exposure to a 

UV lamp for 20 minutes. Two solutions were used in this experiment: a sterile (control) solution 

and an inoculated (experimental) solution. Using aseptic technique (in a laminar flow hood), the 

control cell was prepared with 600 ml of enriched Barr’s growth medium (described above) and 

the experimental cell was prepared with 600 ml enriched Barr’s growth medium inoculated with 

5 ml of SRB consortium at 10
8
 cell/ml. The electrochemical cells were purged for one hour with 

pure nitrogen gas to establish an anaerobic environment. The EIS measurements were performed 

on the system at the open circuit potential for various time intervals from immersion up to 30 

days. The frequency sweep was applied from 10
5
 to 10

-2
 Hz with an AC amplitude of 10 mV. 

The polarization resistance (Rp) was measured on the system at scanning amplitude of +/- 10mV 

with reference to the open circuit potential for various time intervals.  

 

 

 

Figure 6.1. API X80 linepipe steel micrograph showing uniform acicular ferrite (AF) structure 

which consist of polygonal ferrite (PF), granular bainite (GB) and a small amount of pearlite. 

 

Pearlite 

Acicular Ferrite 
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6.3.5 Sulfide Measurements 

The sulfide level in the growth medium was monitored over the test period to monitor the 

growth of the SRB consortium. Samples of the test medium were extracted from the 

electrochemical cell using a sterile syringe. The procedure detailed under the American Public 

Health Association [12] standard method was followed. 

6.3.6 Surface Analysis of Coupons Exposed to SRB 

At the conclusion of each test, the working electrodes were carefully removed from the 

system for examination with electron microscopy. To fix the biological samples, the coupons 

(with undisturbed biofilm) were immersed for 1 hour in a 2% glutaraldehyde solution, serially 

dehydrated in ethanol (15 minutes each in 25, 50, 75 and 100% ethanol), and then gold sputtered. 

Afterward, electron microscopy, using the field emission scanning electron microscopy 

(FESEM) coupled with energy dispersive spectroscopy (EDS) techniques were used to evaluate 

the biofilm and corrosion morphology. The coupons were then cleaned according to the 

procedure described under the ASTM-G1-3 [13] and pit morphology and density were examined 

using FESEM.  

6.4 Results and Discussion 

The experimental results of the influence of SRB consortium on the corrosion behavior of 

API 5L X52 steel are presented and discussed in the following Sections 

6.4.1 Identification of the Sulfate-Reducing Consortium 

16S rRNA gene analysis indicated that the mixed bacterial culture consortium contained 

three phylotypes: members of the Proteobacteria (Desulfomicrobium sp.), Firmicutes 

(Clostridium sp.) and Bacteroidetes (Anaerophaga sp.). Desulfomicrobium has been isolated 

previously from different oil fields in the North Sea [14]. Also, the presence of similar SRB 

species in five of six different Alberta oil fields in Canada has been demonstrated by Voordouw 

et al. [15]. Desulfomicrobium sp. are anaerobic, Gram-negative, rod-shaped, sulfate-reducing 

bacteria that grow on different carbon source substrates including lactate, pyruvate, glycerol, and 

ethanol with optimal growth temperatures between 25°C and 35°C. They are capable of using 

sulfate, thiosulfate or sulfite electron acceptors [4], [14]. It has been reported that these 

microorganisms can play a significant role in oil field reservoir souring by generation of 
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hydrogen sulfides [14]. Clostridium is another group of anaerobic microbes that is Gram-

negative, spore-forming bacteria. This type of bacteria is capable of surviving high temperatures 

due to heat-resistant endospores [3], [4]. Anaerophaga sp. has also been previously identified in 

produced water samples obtained from the high-temperature Troll oil formation in the North Sea 

[16]. 

6.4.2 Morphology and Composition of Interfacial Surfaces 

The morphology observations and elemental analysis of corrosion products of API X80 

carbon steel exposed to abiotic conditions over 30 days are shown in Figure 6.2. There is one 

coherent, homogenous layer of corrosion product formed on the surface. Quantitative EDS 

analysis shows that this layer is composed of iron oxides mixed with phosphates and chlorides in 

addition to carbon-based compounds that accumulated from the growth medium (Table 6.2). The 

presence of di-potassium hydrogen orthophosphate (a constituent in the growth medium) might 

lead to the formation of phosphorous-based compounds at the steel surface. The formation of 

crystalline and amorphous iron phosphides are expected products as the growth medium is 

supplemented with phosphates along with sulfates [17].  

 

 

Table 6.2. Comparison of EDS analysis corresponding to the abiotic and the biotic systems, 

respectively. 

 

Wt %  Element  C O Na Si Fe S Cl P Total 

Abiotic system          

    Whole Region 2.35 43.31 3.20 0.54 25.64 1.71 1.49 24.44 100 

Biotic System          

    Dark Region 9.52 31.21 8.66 1.24 23.85 11.49 ---- 14.02 100 

    Light Region  12.13 6.03 1.79 0.89 27.40 51.29 ---- 0.47 100 

 

 

The characteristics of the layer that developed in the presence of the sulfate-reducing 

microbial consortium over 30 days are shown in Figure 6.3. FESEM and EDS analysis display 

the morphological and chemical characteristics of the developed biofilm on the carbon steel 

surface, as shown in Figure 6.3. In Figure 6.3 a, two distinctive areas are shown in a FESEM 
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image: the light outer layer that is composed mainly of high amounts of sulfides, carbon based 

compounds, iron oxides and low amounts of sodium chloride and phosphates (Figure 6.3 b and 

Table 6.2); and the dark inner layer with different compositions composed of low amounts of 

sulfides and high amounts of carbon-based compounds, iron oxides, sodium chloride and 

phosphates (Figure 6.3 c and Table 6.2). The dark area appearing in Figure 6.3 a is a highly 

cohesive, cracked mass with homogeneous consistency. These cracks are not the result of 

sample/image processing as they are evident on the coupons after the experiment; thus, they 

might be induced by intrinsic physical growth stresses. The light region in Figure 6.3 a shows 

heterogeneous distribution with thicker mass layers. 

 

 

 
 

Figure 6.2.  FESEM and EDS analysis for the abiotic system. a) FESEM image of carbon steel 

exposed to sterile growth medium nutrients, at 200X. One homogenous layer of corrosion 

products composed of iron oxides, phosphates, organic compounds and other salts can be 

observed over the surface. b) EDS analysis corresponding to the FESEM of the dark region 

shown in Fig. 6.2 a. 

 

 

The corrosion products for biotic and abiotic systems showed significant differences in 

appearance, structure and composition (Figures 6.2 and 6.3 and Table 6.2). There is evidence of 

accumulation of sulfide-based compounds in the presence of SRB in the biotic systems (Figure 

6.3 b and c). The interface in the biotic system exhibits thick, hard and high mass corrosion 

b 

 

a 
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products while the abiotic interface appears to have a flat, homogenous and rigid corrosion layer 

(Figure 6.3 a compared to Figure 6.2 b).  

 

 

  

 
 

Figure 6.3. FESEM and EDS analysis for the system under biotic conditions. (a) FESEM image 

of carbon steel exposed to Barr’s medium inoculated with SRB, at 200. Arrow points to a 

cracked thick mackinawite layer. b) and c) show EDS analysis corresponding to the FESEM 

light and dark region, respectively. 

 

 

The significant amount of products observed in the biotic system is primarily due to the 

production of a biofilm matrix. Figure 6.4 displays different surface magnifications of the 

biofilm structure. Microscopy confirms bacterial attachment to the metal surface (Figure 6.4). 

The acicular ferrite microstructures associated with small grain sizes (Figure 6.1) may promote 

b 

c 

a 

Light Reigon 

Dark Reigon 

b 
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SRB attachment and biofilm development. The addition of alloying elements, such as sulfur, 

which is also a microbial nutrient, has been reported to increase the susceptibility of low-alloy 

carbon steel to MIC [3]. Reports show that sulfide inclusions sites were the most favorable sites 

for bacterial colonization [2], [3].The morphology of the SRB cells is rod-shaped, with different 

length and sizes. The cells are of 2-20 µm in length and they interlink to form an elongated 

thread-like structure (Figure 6.4 b); Desulfomicrobium sp. can have rod or oval morphology [2], 

[4]. Some of the SRB species possess an array of organic filaments and are potentially 

interconnected via putative bacterial nanowire structures (Figure 6.4 c and d). Studies have 

reported that bacterial nanowires are conductive and could facilitate various electron transport 

reactions [18]. It may be possible that these structures can be used as a method to capture 

electrons from the steel directly, or to capture molecular hydrogen to supplement their energy in 

the absence of a carbon source. Such behavior has been reported for metal-reducing bacteria 

such as Geobacter sulfurreducens [19] and Shewanella oneidensis MR-1 [20]. Here, this study 

reports the potential for such a phenomenon under effectively ‘real-world’ conditions. 

As shown in Figure 6.4 a and b, the biofilm contains bacterial cells and extracellular 

polymeric substance (EPS) as well as corrosion products. Most commonly, the EPS and 

corrosion products occupied 75-95 % of produced biofilm volume, while 5-25% is occupied by 

the cells [17]. Bacterial EPS consists mostly of polysaccharides, proteins, nucleic acids, 

phospholipids and humic substance [21]. EPS helps the bacteria anchor to the metal surface and 

is thought to play a significant role in the corrosion process as it has the capacity to bind metal 

ions to form concentration cells and, in turn, result in galvanic coupling [21]. 

SRB utilize cathodic hydrogen via hydrogenase enzymes to obtain the required electrons 

to reduce sulfate to sulfide by the following Reaction [22], [17]:  

 

SO4
2-

 + 8H
+
 + 8e → HS

-
 +OH

-
+3H2O 6.1 

 In a deaerated environment the hydrogen is produced by the water dissociation cathodic 

Reaction 6.2: 

 

2H2O + 2e → H2 + 2OH
-
 6.2 
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Figure 6.4. FESEM image for the biofilm developed on the API X80 steel exposed to the SRB 

containing medium after 30 days exposure at different magnifications: (a) 2000X with arrows 

point to bacterial cells; (b) 3000 with arrow points to twisted bacteria shapes and bacteria cross-

linked; (c) and (d) 15000 X and 25,000X with arrows pointed to nano-wire structures.  

 

 

Electron transport reactions lead to proton motive force formation that supplies energy to 

the cells [23]. Some biologically produced sulfide ions will convert to hydrogen sulfide 

especially at acidic pH as follows: 

 

HS
-
 +H

+
→ H2S 6.3 

 

a 

 

c 

 

d 

 

b 
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Figure 6.5 shows the dissolved sulfide variations over the period of exposure. As shown 

in Figure 6.5, the level of dissolved sulfide increased drastically for the first 12 days and then 

remained stable until the 20
th

 day when it sharply decreased. The high production of sulfide 

occurred during the cellular exponential growth phase until it reached a maximum value. At that 

stage, the bacterial growth slowed and arrived at a stationary phase followed by a death phase. 

The growth cycle influenced the decline in sulfide level with time. During the stationary phase, 

there is no increase in the number of cells and growth is limited by insufficient nutrients and 

waste product accumulations [4]. It is postulated that the exponential phase promotes MIC 

because of the high bacterial activities and subsequent metabolic products. The production of 

hydrogen sulfide and the oxidation of iron (anodic reaction), promotes the formation of iron 

sulfide as follows [2]:
  

 

Fe → Fe
2+

 +2e 6.4 

Fe
2+

 + H2S → FeS + 2H
+
 6.5 

 

 

 

 

Figure 6.5. Variations of the dissolved sulfide level in the biotic system with time. 
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In the presence of sulfide and hydrogen sulfide, a porous mackinawite layer followed by 

a thicker mackinawite layer develops on the steel surface [24]. It appears that the mackinawite 

layer that initially formed on the steel surface by a solid-state reaction can then become cracked 

easily (Figure 6.3 a). When more ferrous ions are released from the steel surface, another form of 

iron sulfide (i.e. cubic ferrous sulfide and pyrite) could be precipitated on the steel surface, 

depending upon the local super saturation of iron sulfide [24].  

The coupons immersed in the sulfate-reducing consortium exhibit aggressive and deeper 

pitting in comparison with abiotic controls as shown in Figure 6.6 and 6.7, respectively. The 

metabolic activities of the sulfate-reducing consortium and associated biofilm induce higher 

concentrations of sulfide, phosphate-based compounds and other potentially biologically-

generated, corrosion-influencing compounds that collectively enhance the corrosion process. As 

shown in Figure 6.6 c and d, some pits resemble actual bacterial cell morphologies, which could 

be attributed to the potential direct contact between individual cells and the steel surface. It is 

quite possible that SRB acquire their energy by obtaining electrons through direct contact of the 

steel via their apparent nanowire connections (Figure 6.4 d). Steel has a negative redox potential, 

E°SHE =        that makes it an electron donor [25]. It was reported that SRB species could use 

a putative pathway that involves a membrane-associated cytochrome and intracellular 

hydrogenase-mediated electron transfer system to acquire energy directly from iron [18], [25]. 

The chemical and small grains associated with the microstructural acicular ferrite and pearlites of 

the API X80 steel induce greater susceptibility to MIC. On the other hand, less pitting corrosion 

was observed in the abiotic system where the polishing marks are still evident, as shown in 

Figure 6.7.  

6.4.3 Open Circuit Potential (Ecorr)/Polarization Resistance Measurements 

The Ecorr as a function of time data for biotic and abiotic systems are shown in Figure 6.8 

a. The Ecorr as function of time data revealed that in biotic mediums, a shift of Ecorr towards 

active value at (-720 mV/SCE) occurred in the first 2 days, followed by rapid positive shift of 

Ecorr at  a value of  (-580 mV/SCE) between 1 and 7 days, followed by a reasonably stable 

region. This potential shift clearly supports that the activity and the growth of the sulfate-

reducing consortium have enhanced the redox quality of the medium and accelerated the iron 

dissolution. SRB attached to the coupon surface colonized and reproduced to form a biofilm. The 
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aggressiveness factors of the biofilm and the active metabolisms of the sessile bacteria alter the 

electrochemical process; subsequently, changing the pH level produced more sulfide and 

introduced multiple cathodic reactions as supported by the literature [2], 16], [22].  

 

 

  

  

Figure 6.6. Clean API X80 steel surface removed from biotic system at different magnifications 

50X (a) and (b) 1000X. (c) and (d) Magnification of the region of (b) where the arrow is pointing 

to the pitting exhibit bacteria shape with residual biomass 1000 X and 2000X. 

 

 

 

 

a 

 

b 

 

c 

 

d 
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Figure 6.7. Clean API X80 steel surface removed from abiotic system where the polish marks are 

still feasible with minor pitting. 

 

 

Furthermore, in the abiotic control system, there was a notable increase of the Ecorr, which 

then remained more or less steady at approximately -700 mV/SCE. This potential shift in the 

abiotic system might be attributed to the accumulation of growth medium constituents, such as 

organic compounds, potassium, sulfate, sodium chloride and phosphorous, on the coupon surface  

[17]. It is interesting to note the difference of Ecorr values of the carbon steel coupons in both 

systems; the positive shift (approximately 100 mV/SCE) observed in the medium containing 

SRB was not observed in the abiotic system. This positive shift in Ecorr is known as ennoblement, 

probably the most notable phenomenon in MIC investigations [3]. The exact mechanism of 

ennoblement remains unsolved [3]. Complex deposits of microbial cells, extracellular polymers, 

and organic and inorganic compounds that accumulate on the metal surface accelerate corrosion 

by changing the electrochemical behavior of the metal. Collectively, these factors could result in 

ennoblement [3]. Many studies have attempted to determine whether or not there is a direct link 

between biofilm formation and ennoblement [26]. Others correlate ennobled potential with cell 

density and biological activity in the biofilm by measuring ATP accumulation, electron transport 

activity and lipopolysaccharide content [26]. 
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The polarization resistance (Rp) variations for biotic and abiotic systems are shown in 

Figure 6.8 b.  The Rp as a function of time data for the biotic system revealed an increase to 

5000 Ω.cm
2
 for the first 2 days followed by a substantial decrease to 200 Ω.cm

2
, which then 

remained stable throughout the period of exposure. The initial increase in the Rp is correlated to 

development of a conditioning film composed of macromolecules and other corrosion products. 

This layer, which could possibly be protective in nature, is important for the initial adhesion of 

bacterial cells [2], [17], [22].  The production of sulfide by SRB species and the formation of 

organic compounds, such as extracellular polymeric substance (EPS), at the metal/biofilm 

interface create an aggressive environment that leads to a decrease of polarization resistance 

[17], [22], [23]. The polarization resistance is inversely proportional to the corrosion current, 

which means high corrosion rate at low resistance. The corrosion rate plots over time for biotic 

and abiotic systems are shown in Figure 6.8 c. The corrosion rate for the biotic system reached a 

value over 60 mpy after 200 hours. In the abiotic system, Rp remained more or less steady at 

approximately 1000 Ω.cm
2
 and the corrosion rate was significantly low and remained constant at 

10 mpy. 

6.4.4 Electrical Impedance Spectroscopy  

Figure 6.9 a displays the impedance response for a carbon steel coupon exposed to an 

abiotic medium over time. The steady state was reached at 240 hours. At low frequencies (LF), 

shown in Figure 6.9 a, the magnitude of the capacitive loop represented by the semicircle 

diameter decreased with time. These LF magnitudes represent the change in the charge transfer 

resistance (Rct) that describes the evolution of the anodic reaction that is controlled by the 

charge transfer process.
 

In the abiotic experiment, the kinetics of the anodic reaction is 

represented by reaction (6.4) with the cathodic reaction shown by reaction (6.2). The decrease of 

the Rct with time indicates an increase in corrosion rate (Figure 6.8 c)  possibly due to the effect 

of the formation of a mixed, thin layer of sodium chloride, sulfide, potassium and carbon-based 

compounds, as well as other corrosion products, on the electrode surface [17], [23].
 
The 

electrical circuit representation for the abiotic system is shown in Figure 6.10 a. Curve fits were 

based on the minimum deviation between the measured and fitted data. The circuit includes a 

charge transfer resistance (Rct) for the steel surface, a constant phase element (CPE) associated 

with the electrical double layer and an Rs representing the solution resistance. This one time 
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constant RC circuit is confirmed by the phase angle spectra, Figure 6.9 b, which shows peak at 

medium frequency (MF). 

 

 

  

 

Figure 6.8. a) Open circuit potentials; b) Polarization resistance; c) Corrosion rate variations for 

API X80 steel exposed to both biotic and abiotic systems.  
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Figure 6.9.  EIS date for API X80 steel exposed to abiotic system. a) Nyquist Plots; b) Phase 

angle plots.  

 

 

 

 

Figure 6.10. Circuits models used to fit for the EIS date. a) single layer circuit R(RC) for abiotic 

medium; b) double layer circuit for biotic medium R(C(R(RC))). 

 

 

Significant changes were observed when the carbon steel was exposed to the sulfate-

reducing consortium. The EIS spectra varied significantly with exposure time, as shown in 

Figure 6.11 a. The low frequency (LF) magnitude represented by the semicircle diameter (Figure 
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6.11 a), significantly decreased with time. These shifts indicate substantial decrease in the charge 

transfer resistance (Rct), demonstrating that the sulfate-reducing consortium accelerated 

corrosion (Figure 6.8 c). The bio-catalytic activities of the SRB likely increased the corrosion 

rate via biofilm formation, production of sulfide and subsequent formation of conductive iron 

sulfide layers [2], [22]. For the first 240 hours, the MF response, presented in the phase diagram 

in Figure 6.11 b, shows one time constant, indicating that the system was under activation 

control processes. This behavior is attributed to the formation of an unstable conditioning layer 

based on a mixture of inorganic and organic compounds.
 
However, after mature biofilm 

formation, a steady state was reached and two time constants appeared in the phase response 

(Figure 6.11 b). An adherent biofilm and an iron sulfide layer that influenced the kinetic 

processes in the electrochemical cell formed. The equivalent circuit for a biotic system is 

presented in Figure 6.10 b. It consists of two constant phase elements (CPE) that are associated 

with the behavior of the biofilm and the double layer capacitor. Rfilm denotes the biofilm 

resistance, a charge transfer resistance (Rct) for steel surface and a Rs representing the solution 

resistance. 

 

 

 

 

Figure 6.11. EIS date API X80 steel exposed to biotic medium. (a) Nyquist Plots (b) Phase angle 

plots. 
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The formation of conductive iron sulfide film on the surface enhanced the corrosion 

kinetics. This kinetic enhancement is evidenced by the decrease in the magnitude of charge 

transfer resistance (Rct) as shown in Figure 6.11 a. The shifts in the phase response at low 

frequencies reveal higher electrical capacitance value, which confirmed the high conductivity of 

corrosion products. The enhanced corrosion kinetics could be attributed to the formation of a 

porous, conductive iron sulfide layer in the presence of SRB. Another possible reason for the 

enhanced corrosion kinetics could be the direct consumption of electrons from the steel surface 

by SRB via their electron transport pathways [18], [25]. 

6.5 Conclusions 

This study investigated the microbiologically influenced corrosion (MIC) of API 5L 

grade X80 carbon steel coupons by a sulfate-reducing consortium cultivated from an oil well 

produced water. Elemental analysis with EDS detected phosphorous-based corrosion products on 

both the biotic and abiotic experimental systems; however, in the presence of a SRB-biofilm, 

substantial levels of sulfides were also detected. The presence of the biofilm produced a variety 

of corrosion products in terms of composition, structure, and conductivity. More importantly, the 

corrosion of the steel was more severe in the biotic condition than in the abiotic control. 

Moreover, the biofilm altered the kinetics behavior of the system by inducing an extra time 

constant in the circuit model. The biocatalytic activities at the biofilm/steel interface increased 

the corrosion rate significantly. The corrosion rate increased from 10 mpy under abiotic 

conditions to 60 mpy under biotic conditions. The nature of the corrosion was localized pitting. 

Some pit morphologies resembled microbial morphology, at the cellular level, which could be 

attributed to the direct contact between the cells and the steel surface. The chemical 

heterogeneity associated with the microstructural carbides of the API X80 steel add to the 

propensity of microbiologically influenced corrosion. With the increasing widespread application 

of API X80 linepipe steels used in energy delivery infrastructure, MIC is predicted to be an ever-

present, growing problem in need of further understanding. 

6.6 References Cited 

[1] T. Y. Jin, Z. Y. Liu, Y. F. Cheng, “Effect of non-metallic inclusions on hydrogen-induced 

cracking of API5L X100 steel,” Int. J. Hydrogen Energy, vol. 35, pp. 8014-8021, 2010. 



162 

[2] R. Javaherdashti, Microbiologically Influenced Corrosion—an Engineering Insight. 

London, UK: Springer-Verlag, 2008, pp. 29–66. 

[3] B. J. Little, J. S. Lee, Microbiologically Influenced Corrosion. Hoboken, NJ: Wiley & 

Sons, 2007. 

[4] M. Madigan, Brock Biology of Microorganisms, 12th ed. San Francisco: Pearson, 2009, pp. 

118–124, 13–639. 

[5] Field Monitoring of Bacterial Growth in Oil and Gas Systems, NACE Standard TM0194-

2004. 

[6] P. J. Antony, R. K. Singh, R. Mohanram, P. Kumar, and R. Raman, “Influence of thermal 

aging on sulfate-reducing bacteria (SRB)-influenced corrosion behaviour of 2205 duplex 

stainless steel,” Corr. Sci., vol. 50, no. 7, pp. 1858-1864, Jul., 2008. 

[7] D. J. Lane, “16S/23S rRNA sequencing,” in Nucleic Acid Techniques in Bacterial 

Systematics, E. Stackenbrandt, M. Goodfellow, eds. New York: Wiley, 1991, pp. 115-175 

[8] J. W. Sahl, F. Nathaniel, H. J. Kirk, W. David, W. C. Stone, R. S. John, “Novel microbial 

diversity retrieved by autonomous robotic exploration of the world’s deepest vertical 

phreatic sinkhole,” Astrobiology, vol. 10, no. 2, 201-13, 2010. doi:10.1089/ast.2009.0378. 

[9] B. Ewing, H. LaDeana, C. W. Michael, G. Phil, “Base-calling of automated sequencer 

traces using phred. I. accuracy assessment,” Genome Res., vol. 8, no. 3, pp. 175-185, 1998. 

[10] B. Ewing and P. Green, “Base-Calling of Automated Sequencer Traces Using Phred. II. 

Error Probabilities.” Genome Res., vol. 8, no. 3, 186-194, 1998. doi:10.1101/gr.8.3.186.  

[11] D. N. Frank, “XplorSeq: A Software Environment for Integrated Management and 

Phylogenetic Analysis of Metagenomic Sequence Data.” BMC Bioinformatics, vol. 9, no. 

1, pp. 9-420, Oct., 2008. doi:10.1186/1471-2105-9-420. 

[12] Standard methods for the Examination of Water and Wastewater, 17
th

 ed., Amer. Pub. 

Health Assoc., Washington, 1989. 

[13] Standard Practice for Preparing, Cleaning and Evaluating Corrosion Test Specimens, 

ASTM G1-03, 2009. 

[14] J. Y. Leu, T. C. McGovern, A. R. Porter, W. A. Hamilton, “The Same Species of Sulfate-

Reducing Desulfomicrobium Occur in Different Oil Field Environments in The North 

Sea,” Lett. Appl. Microbiol., vol. 29, pp. 246-252, 1999. 

[15] G. Voordouw, J. K. Voordouw, T. R. Jack, “Identification of Distinct Communities of 

Sulfate-Reducing Bacteria in Oil Fields by Reverse Sample Genome Probing,” Appl. 

Environ. Microbiol., vol. 58, pp. 3542-3552, 1992. 

http://www.ncbi.nlm.nih.gov/pubmed/20298146


163 

[16] H. Dahle, F. Garshol, M. Madsen, N. Birkeland, “Microbial Community Structure Analysis 

of Produced Water From A High-Temperature North Sea Oil-Field,” Biomed. Life Sci., vol. 

9, pp. 37-49, 2008. 

[17] H. Castaneda and X. D. Benetton, “SRB-biofilm influence in active corrosion sites formed 

at the steel-electrolyte interface when exposed to artificial seawater conditions,” Corr. Sci., 

vol. 50, no. 4, pp. 1169-1183, Apr. 2008. 

[18] Sherar, B.W., Power, I.M. , Keech, P.G. , Mitlin, S. , Southam, G. , Shoesmith, D.W.,2011, 

Characterizing the effect of carbon steel exposure in sulfide containing solutions to 

microbially induced corrosion. Corrosion Science 53:955–960. 

[19] Y. A. Gorby, S. Yanina, J. S. McLean, K. M. Rosso, D. Moyles, A. Dohnalkova, et al., 

“Electrically conductive bacterial nanowires produced by Shewanella oneidensis strain 

MR-1 and other microorganisms,” Proc. National Acad. Sci., vol. 103, pp. 11358-11363, 

2006. 

[20] G. Reguera, K. D. McCarthy, T. Mehta, J. S. Nicoll, M. T. Tuominen, D. R. Lovley, 

“Extracellular electron transfer via microbial nanowires,” Nat., vol. 435, pp. 1098-1101, 

2005. 

[21] A. Jahn and P. H. Nielsen, “Cell biomass and exoploymer compositions in sewer biofilm,” 

Water Sci. Technol., vol. 37, pp. 17-24, 1998. 

[22] I. Beech, J. Sunner, “Biocorrosion towards understanding interactions between biofilms 

and metals,” Curr. Opin. Biotechnol., vol. 15, pp.181-186, 2004. 

[23] F. Kuanga, J. Wang, L. Yana, D. Zhanga, “Effects of Sulfate-Reducing Bacteria on The 

Corrosion Behavior of Carbon Steel,” Electrochim. Acta, vol. 52, no. 20, pp. 6084-6088, 

2007. 

[24] M. Singer, M. B. Brown, A. Camancho, S. Nesic, “Combined Effect of Carbon Dioxide, 

Hydrogen Sulfide, and Acetic Acid on Bottom-of-the-Line Corrosion,” Corr., pp. 015004-

1 to 015004-16, 2011. 

[25] J. Duan, S. Wu, X. Zhang, G. Huang, M. Du, B. Hou, “Corrosion of carbon steel 

influenced by anaerobic biofilm in natural seawater,” Electrochim. Acta, vol. 54, pp. 22-28, 

2008. 

[26] W. H. Dickinson, F. Caccavo, B. Olesen, Z. Lewandowski, “Ennoblement of stainless steel 

by the manganese-depositing bacterium Leptothrix discophora,” Appl. Environ. Microbiol., 

vol. 63, pp. 2502-2506, 1997. 

  



164 

 

 CHAPTER 7 

THE SHIELDING EFFECT OF FIELD-TYPE IRON REDUCING BACTERIAL 

FLORA ON THE CORROSION OF LINEPIPE STEEL 

(Under review by Engineering Failure Analysis Journal)  

Faisal M. AlAbbas, Shaily M Bhola, John R Spear, David L Olson, Brajendra Mishra, 

Anthony E. Kakpovbia 

7.1 Abstract 

Microbiologically influenced corrosion (MIC) by microbes capable of iron reduction 

(iron reducing bacteria (IRB) on API 5L grade X52 carbon steel coupons) was investigated. 

Field-type IRB was isolated and cultivated from a water sample collected from a sour oil well 

located in Louisiana, USA. 16S rRNA gene sequence analysis indicated that the mixed bacterial 

consortium contained two phylotypes close to members of Proteobacteria (Shewanella 

oneidensis sp.) and Firmicutes (Brevibacillus sp.). The corrosion behavior of carbon steel 

coupons exposed to different media, with and without these microbes, was characterized by open 

circuit potential (OCP), electrochemical impedance spectroscopy (EIS), and polarization 

resistance (Rp), and a corrosion mechanism was proposed. The biofilm and pit morphology that 

developed with time were characterized using field emission scanning electron microscopy 

(FESEM). Interestingly, surface morphology and electrochemical evaluations confirmed that 

IRB metabolic activities and resulting biofilms inhibit the corrosion process. The maximum 

corrosion rate in the biotic system was 4 mpy while it was 20 mpy in the abiotic solution. Minor 

isolated pits were revealed in the biotic system whereas extensive general pitting was found in 

the abiotic system. Elemental analysis and corrosion product structures were characterized by 

energy-dispersive X-ray spectroscopy (EDS) and X-ray diffraction. XRD confirmed the 

formation of a significant amount of iron oxide compounds that include iron, hematite (Fe2O3), 

magnetite (Fe3O4) and goethite FeOOH on the steel surface exposed to the biotic system. 
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7.2 Introduction 

Carbon steel pipelines are considered the most efficient and economical way to transport 

hydrocarbon in the oil and gas industry. During oil and gas operations, pipeline networks are 

subjected to different corrosion deterioration mechanisms that result from the interaction 

between the fluid process and steel. Among these corrosion mechanisms is microbiologically 

influenced corrosion (MIC). MIC is believed to be responsible for greater than 20% of the total 

corrosion cost in the oil and gas industry [1]. Microorganisms are capable of causing catastrophic 

failures in oil and gas structures including pipeline systems, storage terminals and refineries [2]. 

Since the advent of modern oil and gas production, scientists and engineers have faced problems 

caused by microorganisms. Indigenous microorganisms that naturally reside in hydrocarbon 

feeds and associated secondary systems are able to induce localized changes in the aqueous 

environment (e.g., alter the concentration of the electrolyte components pH and oxygen 

concentration), which leads to localized forms of corrosion such as pitting and crevice formation 

[1], [3]. 

Petroleum hydrocarbons are an excellent carbon (food) source for a wide variety of 

microbes in all three domains of life, Bacteria, Archaea and Eucarya, and microbial 

representatives of all three domains likely play roles in MIC [3], [4]. The main types of 

microorganisms associated with corrosion of metal in pipeline systems are sulfate reducing 

bacteria (SRB), iron reducing bacteria (IRB), iron and manganese oxidizing bacteria (I/MOB), 

acid producing bacteria (APB) and methanogensis [3], [4]. SRB have been cited as the major 

MIC causative bacteria in the oil and gas industry [1], [3], [4]. In practical situations, MIC results 

from synergistic interactions of different microorganism consortia that coexist in the 

environment and are able to affect the chemical and electrochemical processes through co-

operative metabolisms.  

Unfortunately, the focus on SRB in MIC studies underestimates the role of other type of 

microorganisms (i.e. IRB) in the corrosion process [1]. As early as 1980, Westlake and 

colleagues were able to cultivate and characterize Pseudomonas ferrireductans from different 

oilfield samples. This type of bacteria is capable of reducing iron and has been referred as (IRB) 

[5].
 
IRB are facultative anaerobic where they use oxygen under aerobic conditions and ferric ion 

(Fe
+3

) reduction under anaerobic conditions [1], [3], [4].
 
It has been reported that IRB are able to 
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metabolize other different electron acceptors including Mn(IV), NO
3–

, NO
2–  

, S2O3
2–

, SO3 [1], 

[3]-[7] 

Although the role of some types of microorganisms (i.e. SRB) is well established in the 

MIC investigations, the involvement of IRB in MIC is still debatable [6]. Conflicting 

investigations have reported both accelerating and inhibiting actions of IRB towards the 

corrosion process [6], [8], [9]. It has been postulated that IRB accelerate corrosion by (1) 

reducing insoluble ferric ion compounds to soluble ferrous ion, which in turn remove the 

protective corrosion scales formed on exposed surfaces and (2) promoting the formation of 

concentration cells among the biofilm [10]. Corrosion effects of pseudomonas sp. of mild steel 

were reported under micro aerobic conditions that were attributed to anodic polarization due to 

the ability of IRB to remove the protective ferric compounds [11]. Javaherdashti et al. [12] 

demonstrated that mild steel expose to a culture of IRB fails faster than under abiotic conditions 

implying the corrosion enhancement action of IRB.  

Conversely, there is evidence that IRB could inhibit the corrosion process under specific 

conditions. IRB could inhibit the corrosion process via different mechanisms including (1) 

aerobic respiration by removing the oxygen from the system [8], [13] and (2) the presence of 

IRB along with SRB in the biofilm could be beneficiary as they could destroy the ecological 

nests of sulfate-reducers within the biofilms formed on metal surfaces[14]. Little et al. [15]
 

reported short term protection of biofilms composed of a mixed culture of IRB and SRB. 

However, there are no certainties under real-world situations regarding whether the IRB will 

inhibit or promote corrosion. The complex nature of the biofilms developed on the corroding 

material, diverse microorganism structure and induced multiple chemical and electrochemical 

interactions result in these uncertainties. The corrosion mechanisms and subsequent rates depend 

on conditions of interfaces (solution/ biofilm/surface) and the activities of sessile bacteria 

prevailing in the biofilm [14]. 

The goal of this investigation is to study the impact of an environmentally field-type of 

aerobic bacteria (cultivated from oil field samples rather than obtained from a culture collection) 

on the corrosion behavior of API 5L X52 linepipe steel. The aerobic bacteria consortium used in 

this study was cultivated from a sour oil well in Louisiana, USA at 2200 ft  (670 m) depth. 
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7.3 Materials and Methods 

The materials, testing apparatus, techniques, and procedures used to investigate the 

microbial corrosion induced by IRB consortium are described in Sections 7.3.1 through 7.3.6 

7.3.1 Organisms and Testing Medium 

The aerobic bacteria consortium used in this study was cultivated from water samples 

obtained from a sour oil well located in Louisiana, USA. The water samples were collected and 

bottled at the wellhead from an approximate depth of 2200 ft. (670 m) as described by NACE 

Standard TM0194 [16]. The physical and chemical properties of the collected water sample are 

shown in Table 7.1. For IRB isolation, one milliliter of the water sample was transferred to a 250 

ml of Erlenmeyer flask containing 100 ml of nutrient enriched solution that was composed of 

tryptone (10 g), sodium chloride (10 g), and yeast extract (5.0 g) added to one liter of distilled 

water [3]. The pH of the medium was adjusted to 7.2 using 5M sodium hydroxide and autoclaved 

at 121ºC for 20 minutes. The bacteria were incubated at 30 
o
C in a rotary shaker at 150rpm until 

turbid growth was observed, as shown in Figure 7.1. 

 

Table 7.1. Physical and Chemical Properties of the Water Sampled form Tokio Formation at 

2200 ft (670 m) depth. 

Composition  Conc. (mg/l) 

Calcium, Ca 5,440 

Chloride, Cl 47,098 

Magnesium, Mg 683 

Sodium, Na 23,772 

Sulfate, SO
4
 1,300 

Bicarbonate, HCO
3
 232 

Total Dissolved Solids, TDS 78,475 

pH 6.1 

SG 1.0577 

Vapor Pressure at pumping temperature (Psi) 39.0 

Temperature (F) 190 
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Figure 7.1. a) The cultivated field-type Iron Reducing Bacterial consortium from water samples 

obtained from a sour oil well located in Louisiana, USA using LB medium, turbidity of the 

medium indicating bacterial growth; b) growing colonies in agar plate. 

 

7.3.2 Identification of the Iron-Reducing Consortium 

DNA was extracted from cultivars using the MoBio Powersoil DNA extraction kit. 16S 

rRNA gene amplification was carried out using the ‘universal’ polymerase chain reaction (PCR) 

primers 515F and 1391R. PCR, cloning and transformation were then carried out as described by 

Sahl et al. [17]. Unique restriction fragment length polymorphisms (RFLP) were sequenced on 

an ABI 3730 DNA sequencer at Davis Sequencing, Inc. (Davis, CA). Sanger reads were called 

with PHRED via Xplorseq [18]. Sequences were compared to the GenBank database via BLAST 

(http://blast.ncbi.nlm.nih.gov/Blast.cgi). 

7.3.3 Sample Preparation  

Pipeline steel (API 5L X52) coupons provided by a local energy company were used for 

this study and chemical compositions are shown in Table 7.2. Metallographic specimens from 

the received materials were prepared with standard methods for optical microscopy (1 μm final 

polish and 2% nital etch). Representative microstructures are shown in Figure 7.2 and it can be 

seen that API 5L X52 contains a mixture of polygonal ferrite and pearlite structures. 

For corrosion evaluations, the coupons were machined to a size of 10 mm x 10 mm  x 5 

mm and embedded in a mold of non-conducting epoxy resin, leaving an exposed surface area of 

100 mm
2
. For electrical connection, a copper wire was soldered at the rear of the coupons. The 

  

a 

 

b 

 

http://blast.ncbi.nlm.nih.gov/Blast.cgi
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coupons were polished with a progressively finer sand grinding paper until a final grit size of 600 

microns was obtained. After polishing, the coupons were rinsed with distilled water, 

ultrasonically degreased in acetone and sterilized by exposing them to 100 vol.% ethanol for 24 

hours. 

 

Table 7.2. Chemical composition of API 5L X52 linepipe carbon steel (wt. %)   

Fe 
C Si Cr Ni Mn Cu Mo Nb Ti Al V S P 

98.51 0.070 0.195 0.03 0.02 1.05 0.05 0.004 0.021 0.001 0.029 0.003 0.008 0.008 

 

 

 

Figure 7.2. Light microscopy for API X52 steel etched with 2 pct. nital showing consists of 

polygonal ferrite and pearlite. 

 

7.3.4 Exposure Tests  

In order to evaluate the corrosion products and biofilm, long term exposure tests were 

conducted. The exposure immersion tests were made in 1000 ml Duran bottles. Prior to the tests, 

the bottles autoclaved at 121ºC for 20 minutes and were air dried. The steel coupons were 

suspended in a vertical position.  Under sterilized conditions (in a sterilized laminar flow hood), 

 

Ferrite 

Pearlite 
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the first bottle was prepared with 1000 ml of sterilized nutrient enriched solution (described 

above) and the second cell was prepared with 1000 ml sterilized solution inoculated with 5 ml of 

the aerobic consortium at 10
6
 cell/ml. To simulate the flow in the pipeline, exposure tests were 

performed at a flow rate of 0.9 m/s (100 rpm) under atmospheric pressure conditions at 30
o
C. 

7.3.5 Electrochemical Tests 

Electrochemical measurements were made in a conventional three electrode ASTM cell 

coupled with a potentiostat and a high frequency impedance analyzer, as illustrated in Figure 7.3. 

The electrochemical cells were composed of a test coupon as a working electrode (WE), a 

graphite electrode as an auxiliary electrode and a saturated calomel electrode (SCE) as a 

reference. The glassware was autoclaved at 121ºC for 20 minutes and air dried. Graphite 

electrodes, purging tubes, rubber stoppers and needles were sterilized by immersion in 70 vol.% 

ethanol for 24 hours followed by exposure to a UV lamp for 20 minutes. Two solutions were 

used in this experiment. Under sterilized conditions (in a sterilized laminar flow hood), the first 

cell was prepared with 700 ml of sterilized nutrient enriched solution (described above) and the 

second cell was prepared with 700 ml sterilized solution inoculated with 5 ml of the aerobic 

consortium at 10
6
 cell/ml. To simulate the flow in the pipeline, electrochemical tests were 

performed at a flow rate of 0.9 m/s (100 rpm) under atmospheric pressure conditions at 30
o
C 

Open circuit potential values of the systems were monitored with time during the 

immersion period followed by periodic readings up to 336 hours. Impedance measurements were 

performed on the system of the open circuit potential for various time intervals from immersion 

up to 288 hours. The frequency sweep was applied from 10
5
 to 10

-2
 Hz with an AC amplitude of 

10 mV. The linear polarization resistance (LPR) was measured on the system at a scanning 

amplitude of +/- 10mV with reference to the open circuit potential for various time intervals 

from immersion up to 336 hours.  

During the tests, bacteria activities were estimated by direct count of planktonic cells 

using a Petroff-Hausser counting chamber under the microscope at a magnification of 40X. 

7.3.6 Surface Analysis of the Coupons Exposed to IRB 

At the conclusion of each test, the working electrodes were carefully removed from the 

system for fixation. To fix the grown biofilm to the steel surface, the coupons were immersed for 

1 hour in a 2% glutaraldehyde solution, dehydrated with 25, 50, 75 and 100% ethanol solutions 
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(for 15 minutes each) successively, air dried overnight and then gold sputtered. After fixation, 

the coupons were examined via field emission scanning electron microscopy (FESEM) coupled 

with energy dispersive spectroscopy (EDS). Corrosion products composition was obtained using 

the X-ray diffraction (XRD) method with a Philips PW 3040/60 spectrometer using Cu Kα 

radiation source. The coupons were then cleaned following the ASTM-GI-0313 [19] procedure, 

and the pit morphology and density on the exposed coupons were examined by FESEM. 

 

 

 

Figure 7.3. A schematic illustration of the electrochemical setup 

 

7.4 Results and Discussions 

The experimental results of the influence of IRB consortium on the corrosion behavior of 

API 5L X52 steel are presented and discussed in the following Sections. 

7.4.1 Identification of the Aerobic Bacteria Consortium 

Based on 99.9 % similarity, 16S rRNA gene analysis indicated that the mixed bacterial 

culture consortium contained two phylotypes that have been related to: members of the 

Proteobacteria (Shewanella oneidensis sp.) and Firmicutes (Brevibacillus sp.). Shewanella 
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oneidensis are facultative anaerobic IRB that are capable of diverse metabolisms. They are able 

to reduce ferric iron and sulfite, oxidize hydrogen gas, and produce sulfide [6]. It has been 

reported that these bacteria might be involved in biocorrosion whereas some studies suggest that 

Shewanella oneidensis may have an inhibitory effect towards corrosion [8], [19].  

On the other hand, Brevibacillus are aerobic spore-forming Firmicutes microbes. They 

have the ability to degrade hydrocarbons and plastics [21]. They were used to treat part of the 

Daqing oil field, in which the oil production increased by 165% for about 200 days [21]. 

Laboratory investigation has revealed that Brevibacillus provide stable operations in highly 

competent microbial fuel cells [22]. Pham et al. [23] have demonstrated that Brevibacillus can 

achieve extracellular electron transfer in the presence of Pseudomonas sp. This complimentary 

bacterial interaction is considered to be an instrumental process in the anodic electron transfer of 

the microbial fuel cell (MFC) [23]. 

7.4.2 Bacterial Activities  

Figure 7.4 illustrates the growth process of IRB in the enriched growth medium. The 

results indicate that the growth process of IRB can be divided into three main stages. Up to 50 

hours is the first stage called the exponent phase. During this stage, the number of viable IRB 

species increases quickly to approximately the maximum value of 10
8
 cells/ml. After 50 hours, 

the growth process reaches the second stage; this is called the stationary phase and lasts from 50 

to 150 hours. During this phase, there is no increase in the number of cells, and growth is limited 

by insufficient nutrient and waste products accumulations. The last phase is the declining or 

death phase that starts after 150 hours. The lack of nutrients and waste accumulation might result 

in the death of bacteria [3,4]. In this study, the biotic solution became completely turbid within 

24 hours and remained turbid for the rest of the experiment. The characteristic unpleasant smell 

of dead fish and the turbid solution were the evidence of IRB growth and metabolism. The 

bacterial cells had either round or rod shaped morphology with size ranging from 1 to 5 µm. 

7.4.3 Morphology and Composition of Interfacial Surfaces after Exposure  

The morphology observations of corrosion products of API X52 carbon steel exposed to 

a sterilized control medium (abiotic) and inoculated medium (biotic) are shown in Figure 7.5 a 

and b, respectively. There are significant differences in the characteristics, composition and 

structures of the layers developed in the presence of the IRB microbial consortium (biotic) 
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compared to the abiotic system. For the abiotic system, there is one homogenous layer of 

corrosion products (Figure 7.5 a) formed on the surface with some deposited salt crystals. 

Quantitative elemental EDS analysis, shown in Figure 7.5 c and Table 7.3, revealed peaks for 

oxygen, iron, sodium, chloride and carbon that accumulated from the growth medium. The EDS 

elemental analysis suggests that the corrosion layer might be composed mainly of a mixture of 

iron oxides, iron chlorides, sodium chlorides and organic compounds. 

 

 

 

Figure 7.4. IRB consortium growth trend inoculated in LB medium 

 

 

In comparison, the significant number of products observed in the biotic system, as 

shown in Figure 7.5 b, is most likely due to the production of a biofilm matrix. The bacterial 

growth in the biotic system was evidenced by the solution turbidity and unpleasant dead fish 

smell. In the case of the biotic condition, the EDS analysis, as shown in Figure 7.5 d and Table 

7.2, revealed peaks for nitrogen and phosphorus in addition to oxygen, iron, sodium and carbon. 

The presence of the nitrogen and phosphorus is attributed to the microbial production of 

extracellular polymer substance (EPS) as well as Fe-EPS complex [24]. The EDS results suggest 

that in biotic system the steel surface is covered with a mixed layer of corrosion products and 

biofilm matrix. 
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The structure of the biofilm developed by the presence of the IRB consortium together 

with the produced corrosion products is shown in Figure 7.6. The FESEM micrograph (Figure 

7.6) reveals the presence of the cells, spores and extra polymeric substrate (EPS) fibers 

intermingled on the surface of the coupon. A jelly-like substance could be observed among the 

corrosion products, which was attributed to biofilm produced EPS [25]. Elongated rod-shaped 

cells and round-shaped with round head cells occupied a small volume fraction compared to the 

precipitated corrosion products and EPS. The sizes of the cells range from 1 to 5 µm. EPS and 

corrosion products have been reported to occupy 75-95 % of biofilm volume, while 5-25% of the 

biofilm is occupied by the metabolizing cells [25]. 

 

 

  

 
 

Figure 7.5. FESEM for the API 5L X52 surface: a) FESEM image of API 5L X 52 steel exposed 

to abiotic systems at 200X. b) FESEM Image of carbon steel exposed to biotic system at 500X. 

c) EDS spectra from abiotic. d) EDS spectra for biotic system. 
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Table 7.3. Comparison of EDS analysis corresponding to the abiotic and the biotic systems 

Element Wt % C O Na Cl Si Fe N P Total 

Biotic System 16.36 31.32 1.19 _ 3.34 33.08 2.26 12.45 100 

Abiotic System 6.78 35.58 1.34 1.66 _ 54.63 _ _ 100 

 

 

  

 

Figure 7.6. FESEM image for the biofilm developed on the API 5L X52 steel exposed to the IRB 

containing medium 3000X, 5000X and 25000X with arrows pointing to nanowires structures and 

EPS. 
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7.4.4 X-ray Diffraction  

Figure 7.7 presents the details of XRD data corresponding to the phases present in the 

corrosion product sample collected from the system exposed to biotic conditions for 45 days. 

The XRD pattern confirmed the formation of iron oxide compounds that include iron, hematite 

(Fe2O3),) magnetite and goethite FeOOH. 

7.4.5 Morphology Surfaces after Cleaning 

Figure 7.8 displays FESEM images of the steel surface exposed to the abiotic system 

after cleaning. As shown in the Figure 7.8 the steel surface exhibited aggressive pitting colonies. 

In comparison, Figure 7.9 displays FESEM images of the steel surface exposed to the biotic 

system, which reveal minor pitting as is evident with the visible polishing marks. These images 

suggest the protection behavior prompted by the activities of the IRB consortium in case of the 

biotic system. Moreover, under biotic conditions, the retained biofilm solid in the pitting crater, 

Figure 7.9 d, suggest the pitting may result by underdeposit localized cells induced by the IRB 

attachment to the surface.     

 

 

 

Figure 7.7. XRD spectra for corrosion products developed on the API 5L X52 steel surface under 

biotic conditions. 
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Figure 7.8. FESEM images for the API X52 steel coupon surface after cleaning for the system 

under abiotic conditions exposure at different magnifications showing pitting corrosion. 

 

 

 

7.4.6 Corrosion Mechanisms under Biotic and Abiotic Environments 

The compositions and structures of the corrosion products developed on the steel surfaces 

in abiotic and biotic systems suggested the following reactions occurred. 

7.4.6.1 Corrosion Mechanisms for the Abiotic System 

The anodic reaction includes the iron dissolution to produce ferrous ions (Fe
2+

) per 

Reaction 7.1: 

2Fe
0
 → 2Fe

2+
 +4e

-
 7.1 

 

a 

 
b 

 

d 

 

c 
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Figure 7.9. FESEM images for the API X52 steel surface after cleaning for the system under 

biotic conditions: a) and b) at 200X, still show polishing marks; c) at 1000X, showing minor 

pitting; and d) at 5000X with arrows pointing to retained biofilm in the pit vicinity and biofilm 

crater. 

 

 

In neutral aerobic conditions, the total cathodic reactions include the reduction of 

dissolved oxygen and water dissociation, as shown by Reactions 7.2 and 7.3 [25], [26]: 

 

1/2 O 2 + H2O + 2e
-
 → 2OH

-
 7.2 
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2H2O + 2e
-
 → H2 + 2OH

-
 7.3 

 

 

Since the enriched growth medium solution contains sodium chloride (10g/L), an 

additional cathodic is also expected, per Reaction 7.4 [26]: 

 

Fe
2+

  + Cl
-
 → Fe(Cl)2 7.4 

 

The ferrous ions react with hydroxide and chloride ions to form iron hydroxide and iron 

chloride as corrosion products. The overall reaction is shown by Reaction 7.5: 

 

2Fe
2+

 + 2OH
-
 + 2Cl

-
  →  Fe(OH)2 + Fe(Cl)2   7.5 

 

Therefore, in the abiotic system the corrosion products are primarily composed of iron 

hydroxide and iron chloride, as suggested by the elemental EDS results shown in Figure 7.5 c.  

The iron dissolution is controlled by activation process, while the cathodic oxygen reduction is 

controlled by the diffusion process. The diffusion control process implies that the corrosion 

current density (icorr) equals the limiting current density (iL) [26]. In our experimental conditions, 

the limiting current density increases due to the stirring effect [26]. Changes in the limiting 

current density can cause changes in the electrochemical kinetics of the system. In addition, the 

presence of sodium chloride along with dissolved oxygen in the growth medium, enhanced by 

stirring effects, explains the aggressive pitting under the abiotic conditions. This mechanism is 

known to induce localized anodes on the surface, subjecting the material to localized corrosion 

processes. This process is similar to the differential aeration cell, well documented in corrosion 

literature [26]. Once initiated, localized corrosion processes, such as pitting, are autocatalytic in 

nature [27]. Classic autocatalytic pitting mechanisms include film rupture, dissolution, 

hydrolysis, acidification, and chloride migration [27]. A schematic representation that 

summarizes the corrosion mechanism under abiotic conditions is shown in Figure 7.10. 
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Figure 7.10. Schematic representations of the corrosion mechanism under abiotic conditions. 

 

 

7.4.6.2 Corrosion Mechanisms for the Biotic System 

The presence of IRB consortium in the biotic system alters the corrosion behavior due to 

the induced effects by the IRB bacterial metabolic activities. Shewanella oneidensis are 

facultative anaerobic IRB which use oxygen as terminal electron acceptors in aerobic conditions 

and switch to reducing insoluble ferric ion as electron acceptors when under anaerobic 

conditions [1], [5], [6], [14]. Shewanella oneidensis form a biofilm on the metal surface, utilize 

tryptone, the carbon source, as electron donor and scavenge adjacent oxygen molecules via their 

aerobic respiration [5], [6]. As oxygen is depleted, the bacteria turn to Fe
3+

 anaerobic respiration 

and produce Fe
2+

 ions diffuse into the bulk fluid [1], [5], [6], [14]. The chemical and 

electrochemical processes in the case of a biotic system include iron dissolution, per Reaction 7.1 

and the followings Reactions [1], [6], [14], [26]:  

IRB metabolic activities include aerobic depletion of oxygen (reaction 7.6) and anaerobic 

consumption of ferric ions (reaction 7.7) as electron acceptors.  
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Fe
3+

 + 2e
-
→ Fe

2+
 7.7 

 

Formation of different iron oxides: 

 

2Fe
2+

 + 4OH
-
→2Fe(OH)2 7.8 

4e
-
+ 2Fe

2+
+3H2O→ Fe2O3 +3H2 7.9 

3Fe(OH)2 → Fe3O4 +2H2O + H2 7.10 

 

In the case of a biotic system, the protective behavior of the IRB consortium might be 

explained by the following simultaneous mechanisms:  

a) The increased consumption of oxygen by Shewanella oneidensis sp respiration decreases the 

limiting current density resulting in a lower corrosion rate. Dubiel et al. [8] reported that 

mutants of Shewanella oneidensis sp. inhibit corrosion on stainless steel surfaces in a 

medium containing yeast extract and peptone. They proposed that Shewanella oneidensis sp. 

could be potentially be used as a method to control corrosion in pipeline systems [8]. 

Shewanella oneidensis sp. may colonize the metal surface and consume oxygen molecules 

adjacent to the metal surface by aerobic respiration. 

b) As oxygen is depleted, the bacteria turn to Fe
3+

 anaerobic respiration and the produced Fe
2+

 

ions diffuse into the bulk fluid [5]. This process creates a chemical shield that reduces 

oxygen diffusion, which in turn, inhibits the cathodic reaction due to lower oxygen 

availability. By the electrochemical reaction, Fe
2+

 is oxidized to Fe
3+

 and is again reduced by 

bacterial respiration. Consequently, corrosion is inhibited [1], [6].  

Figure 7.11 provides an illustrative schematic that summarize the IRB protective 

mechanisms explained in a and b. 

c) Another mechanism that might be responsible for the corrosion inhibition is related to the 

generation of a cathodic protection current by the bacterial consortium. Figure 7.6 reveals 

that some bacterial cells possess nano-wire structures. It is possible these bacteria utilize 

these nano-wires structures to transfer cathodic current to the steel surface and in turn protect 

against corrosion. It was reported that Shewanella oneidensis sp. produced electrically 
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conductive pilus-like appendages called bacterial nanowires that can transfer electrons to the 

electrode [28]. The capacity of Shewanella oneidensis sp. to transfer electrons from organic 

sources to electrodes without intervening catalysts serves as the basis for electricity 

production in microbial fuel cells [28]. This postulation is further supported with our finding 

of the presence of Brevibacillus sp. as part of this isolated aerobic consortium. Brevibacillus 

sp. have been investigated in MFC for their capacity to conduct electrons [23]. Interestingly, 

previous studies show that the ability of Pseudomonas sp. to conduct electrons was enhanced 

in the presence of Brevibacillus sp.. The metabolites produced by Brevibacillus sp. enable 

Pseudomonas sp. to achieve extracellular electron transfer [23]. Based on these facts, it is 

possible that Brevibacillus sp. and Shewanella oneidensis sp., through their complimentary 

metabolisms, produce cathodic currents that provide extra corrosion inhibition. 

7.4.7 Electrochemical Evaluations 

To gain more insight about the evolution and kinetics of the corrosion process for both 

the abiotic and biotic systems, electrochemical tests were performed including open circuit 

potential, polarization resistance and electrical impedance spectroscopy. These tests are 

considered nondestructive methods and provide in situ monitoring of the corrosion process 

without affecting biological aspects and solution chemistry [8]. 

7.4.7.1 Open Circuit Potential/Polarization Resistance   

The open circuit potential variations for the biotic and abiotic systems are shown in 

Figure 7.12. The Ecorr as a function of time data revealed that in the biotic system, the corrosion 

potential decreased to active value (−720 mV/SCE) at 50 hours followed by a substantial shift 

towards noble values (−580 mV/SCE) at 100 hours, which then remained stable throughout the 

period of exposure. Conversely, in the abiotic system, there was a notable increase of the Ecorr, 

which then remained more or less steady at approximately −680 mV/SCE, as shown in Figure 

7.12. The polarization resistance variations for the biotic and abiotic systems are shown in Figure 

7.13 a. The Rp as a function of time data revealed that in the biotic system, there was a 

substantial increase of polarization resistance (Rp) to ~7000 Ω.cm
2
 followed by a decrease to 

~6500 Ω.cm
2
 at 150 hours and then it remained stable at ~5000 Ω.cm

2
. In striking contrast, the 

Rp trend of the abiotic system shows a drop from ~2000 to ~500 Ω.cm
2
 at 200 hours and then the 

Rp remains stable over the remaining period, as shown in Figure 7.13 a. When comparing the 
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two Rp trends for the biotic and abiotic system, the Rp values for the abiotic system are 

significantly lower than are those for the biotic system. This observation suggests that the 

corrosion rate is substantially higher under abiotic conditions. 

 

 

 

Figure 7.11. Schematic representation of Corrosion inhibition by IRB through oxygen aerobic 

respirations and the formation of a chemical protection shield. 

 

 

Polarization resistance is inversely proportional to corrosion current density [26], [29]. 

The relation used to determine corrosion current density, icorr, using the polarization resistance 

method can be derived from mixed potential theory using the following relationship, 
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Rp [ohm.cm
2
]  = (βa.βc /(2.3icorr(βa  +  βc)) 7.11 

where  a and  c are the Tafel slope for the anodic and cathodic reactions respectively.  

The Rp trend confirms the corrosion inhibition by the IRB consortium as it reveals that 

current density decreased with time. As the bacteria reached the death phase at around 150 hours, 

as shown in Figure 7.4, their activity decreased and subsequently their capacity for corrosion 

inhibition was less. This behavior might explain the decrease of Rp at 200 hours (Figure 7.13 a).  

The corrosion rate plots over time for the biotic and abiotic systems are shown in Figure 

7.13 b. The corrosion rate for the abiotic medium reached a maximum value of 20 mpy after 200 

hours, whereas the corrosion rate for the biotic system remained around 4 mpy over the 

experimental period. 

The drop of Ecorr to active value in the biotic system has been related to the growth and 

aerobic metabolic activities of the IRB consortium. IRB colonize the surface and consume the 

adjacent oxygen molecules, per reaction 7.6, resulting in a decrease of the limiting current 

density (iL) and decrease in the Ecorr. However, when oxygen is depleted, IRB will switch to 

anaerobic respiration by reducing the ferric ions (Fe
3+

) to ferrous ions (Fe
2+

) per reaction 7.7, 

increasing the concentration of ferrous ion in the solution [7], [8].This mechanism shifts the 

reversible potential (Ecorr) to a more noble value and decreases the corrosion current density 

(icorr), as made evident in Figure 7.12 and Figure 7.13 a. These observations are consistent with 

findings when mild steel and stainless steel were exposed to mutants of Shewanella oneidensis 

[8], [30]. 

On the other hand, Nagiub et al. [27] showed a decrease of Ecorr and icorr for brass and 

aluminum alloy 2024 when they were exposed to two strains of Shewanella sp. that were 

attributed to aerobic metabolic activities. There is a difference in noble direction of 

approximately 100 mV/SCE between the biotic and abiotic systems. This positive shift in Ecorr is 

known as ennoblement. Ennoblement has been reported for different alloys exposed to IRB 

strains [3], [8]. Ennoblement has been cited as probably the most notable phenomenon in many 

MIC investigations [3]. The microbial colonization, biofilm formation and iron reduction of the 

IRB consortium play significant roles in the ennoblement phenomena [31]. 
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Figure 7.12. Open Circuit Potential (OCP) variations under biotic and abiotic conditions. 

 

 

 

  

Figure 7.13. Polarization resistance (a) and corrosion rate variations (b) for API 5L X52 steel 

exposed both biotic and abiotic systems. 
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The Ecorr, Rp and corrosion rate data confirm the corrosion inhibition properties of the 

IRB in accordance with the mechanism proposed above. There is no single mechanism to explain 

the inhibition process however the best proposed hypothesis in accordance with the literature and 

our findings have already been stated above. Furthermore to support our hypothesis, the 

dominant protection phase by the IRB was through the oxygen removal during the first 50 hours 

(shown by a decrease in Ecorr and an increase in Rp), followed by the anaerobic reduction of the 

ferric ions to the ferrous ions for the next 150 hours with the development of a protection shield 

which further prevents diffusion of oxygen and chloride to the surface (shown by an increase in 

Ecorr and an increase in Rp) and followed by bacterial growth limitation in the stationery or 

decline phase. The role of the other bacterial species, Brevibacillus sp., working in synergism 

cannot be excluded. 

7.4.7.2 Electrical Impedance Spectroscopy (EIS)  

Figure 7.14 a displays the Nyquist plots for the carbon steel coupon exposed to the 

abiotic system over time. The steady state was reached at 120 hours. At low frequencies (LF), 

shown in Figure 7.14 a, the magnitude of the capacitive loop represented by the semicircle 

diameter decreased with time from ~2500 Ω.cm
2
 to 500 Ω.cm

2
. These LF magnitudes represent 

the change in charge transfer resistance (Rct) that describes the evolution of the anodic reaction 

[25]. It is apparent from the Nyquist plots that there is a significant decrease in the low frequency 

limit of the impedance for the system. This observation fits well with the significant increasing 

corrosion rates observed in the Rp data. The decrease of Rct with time indicates an increase in 

corrosion rate, possibly due to the effect of oxygen and chloride in the medium, and a subsequent 

formation of a mixed layer of iron hydroxides, iron chloride and carbon-based compounds on the 

electrode surface [8], [25]. In this case the presence of oxygen and chloride in the system 

enhances the cathodic reactions that drive the anodic dissolution of the metal. The formation of a 

corrosion product layer was confirmed by the two capacitive loop impedance spectra at 72 hours 

and phase angle spectra (Figure 7.14 b) that show two time constants at 10 Hz and 0.1 Hz 

medium frequencies. 

Based on the minimum deviation between the measured and fitted data, the impedance 

spectra were modeled with an equivalent electrical circuit that has two time constants, as shown 

in Figure 7.15. The circuit includes (1) resistance Rs, considered as solution resistance; (2) 
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parallel combination of a charge transfer resistance (Rct) and constant phase element (CPEdl) 

associated with steel surface double layer capacitance; and (3) another parallel combination of a 

resistance, Rpo and constant phase element, CPEpo, associated with the formation of a 

heterogeneous layer composed of corrosion products along with other compounds deposited 

from the growth media. In general, a CPE is used instead of capacitor to compensate for 

deviation from ideal behavior. The impedance of CPE is defined by Equation 7.12 [33]: 

 

ZCPE = (CPE)
-1
(jω)

-  7.12 

 

 

  

Figure 7.14.  EIS data for API 5L X52 steel exposed to abiotic culture medium. a) Nyquist Plots; 

b) Phase angle plots.  

 

 

When the carbon steel was exposed to the biotic system, the EIS spectra varied 

significantly with exposure time as shown in Figure 7.16 a. The low frequency (LF) magnitude, 

represented by the semicircle diameter, significantly increased with time, indicating an increase 

in the charge transfer resistance (Rct). The low frequency (10
-1

 Hz) response presented in the 

phase diagram (Figure 7.16 b) shows two time constants that indicate the formation of a 
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heterogeneous biofilm layer composed of a mixture of inorganic and organic compounds [2], 

[31], [33]. It is possible that the IRB metabolism of ferric ions develops a protection shield that 

acts as a barrier to corrosion. These EIS spectra for the biotic system provide further 

confirmation of the inhibitory actions of the IRB through the mechanisms described in the 

previous sections. The impedance spectra were modeled with an equivalent electrical circuit that 

has two time constants, as shown in Figure 7.17. The circuit consists of (1) solution resistance, 

Rs; (2) parallel combination of biofilm capacitance, CPEbf and resistance, Rbf; and (3) parallel 

combination of double layer capacitance, CPEdl and charge transfer resistance, Rct for the steel 

surface. 

 

 
Figure 7.15. Proposed equivalent circuit for the abiotic system.   

 

 

  

Figure 7.16. EIS data for API 5L X52 steel exposed to inoculated biotic medium. a) Nyquist 

Plots; b) Phase angle plots.  
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Figure 7.17. Proposed equivalent circuit for the biotic system 

 

 

7.5 Conclusions  

This study has investigated the microbiologically influenced corrosion of API 5L X52 

carbon steel coupons exposed to a field type of iron-reducing consortium cultivated from a sour 

oil well produced water. 16S rRNA gene sequence analysis indicated that the mixed bacterial 

culture consortium contained two phylotypes that are close to members of the Proteobacteria 

(Shewanella oneidensis sp.) and Firmicutes (Brevibacillus sp.). For the biotic system, X-ray 

diffraction confirmed the presence of iron oxide compounds that include iron, Hematite (Fe2O3), 

magnetite (Fe3O4) and iron (II) hydroxide Fe(OH)2. The IRB consortium exhibited inhibitory 

action on the corrosion process. The maximum corrosion rate in the biotic system was ~4 mpy 

while it was ~20 mpy in the abiotic system. The steel surface exposed to the abiotic system 

showed extensive pitting, whereas less pitting was found on the steel surface in contact with the 

biotic system as evident by the visible polishing marks.  Electrochemical evaluation, (OCP, Rp 

and EIS) confirm the inhibition effects of the field IRB consortium. Our research suggests that 

the IRB consortium could be used as a potential source to combat corrosion especially in an 

aerobic environment. 
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 CHAPTER 8 

SYNERGISTIC EFFECT OF STATIC MAGNETIC FIELDS AND SULFATE -

REDUCING BACTERIA ON THE CORROSION BEHAVIOUR OF LINEPIPE STEEL 

(To be submitted to a Journal and Part of the work published in QNDE conference)
‡
 

F. AlAbbas, A. Kakpovbia, B. Mishra, D. Olson, and J. Spear 

8.1 Abstract 

It has been accepted that corrosion protection systems and inspection detection methods 

such as non-destructive techniques induce remnant magnetic fields (RMF) in the pipeline steel. 

The aim of the present study is to investigate the influence of remnant magnetic fields caused by 

these tools on microbiologically influenced corrosion (MIC) by SRB consortium. The corrosion 

behavior of API 5L X52 carbon steel coupons exposed to magnetized and nonmagnetized biotic 

mediums was investigated by exposure immersion tests, electrochemical impedance 

spectroscopy (EIS), linear polarization resistance (Rp) and open circuit potential (OCP). The 

biofilm and pit morphology that developed with time were characterized using scanning field 

emission scanning electron microscopy (FE-SEM) and pitting depth scanning profilometry. 

Corrosion products and sludge produced by SRB were evaluated by X-ray diffraction (XRD) and 

X-ray photoelectron spectroscopy (XPS), respectively. The results confirm substantial increases 

of bacteria cell attachment, biofilm mass, corrosion and pitting penetration rates under 

magnetized biotic conditions compared to those in nonmagnetized biotic systems. The significant 

enhancement of MIC under magnetized biotic conditions has been attributed to the synergetic 

interaction between SRB cells and associated metabolic products with magnetic fields. The 

                                                 

 

 

“Could non-destructive methodologies enhance the microbiologically influenced corrosion (MIC) in pipeline 

systems?,” Review of Progress in Quantitative Nondestructive Evaluation (QNDE), AIP Conference Proceedings, 

vol. 32B, pp. 1270-1277, 2013. 
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effect of magnetic fields on the thermodynamics and kinetics of bacterial cell attachment and 

electrochemical process are presented. 

8.2 Introduction 

Oil and gas operators utilize stringent integrity programs to ensure the safety and 

reliability of production and associated pipeline facilities. Corrosion protection and 

nondestructive inspection detection techniques are considered to be the central elements of these 

integrity programs. It has been demonstrated that these techniques may induce a remnant 

magnetic field (RMF) in the protected and inspected structures[1], [2]. Cathodic Protection is 

among the corrosion protection techniques used in pipeline operations that utilize DC impressed 

current to protect the steel from corrosion and, in doing so, introduce a magnetic field to the 

pipeline steel. Intelligent pigging tools that are equipped with magnetic flux leakage (MFL) 

magnetize the linepipe steel surface to approximately two Tesla and then detect the local flux 

leakage caused by anomalies. It has been reported that the RMF left by these pigging and 

inspection operations is in the order of magnitude of 3,000 Gauess (0.3 Tesla) [2], [3]. There are 

several other sources that might also generate RMF in pipeline steels. Magnetic clamping plates, 

lifting magnets, and conventional non-destructive testing, as well as currents from welding and 

the earth’s magnetic field (aligned in the north-south direction), are among the many possible 

sources that contribute to magnetic remnant levels in pipeline steel [1], [3]. The magnitude of 

RMF is typically proportional to the maximum applied magnetic field [1], [3].  

Hypothetically, the magnetic fields might have synergistic effects on microbial 

influenced corrosion. The influence of magnetic fields on microbial adhesion, growth and 

biofilm development might arise from the interaction of the retained magnetic fields in the metal 

substrate and bulk with the microorganisms and associated metabolic products [4]. Some 

indigenous microorganisms (e.g. SRB) in hydrocarbons and associated seawater pipelines have 

surface charges that might increase their interactions with magnetic fields [5]. Additionally, 

during MIC, SRB produce a wide range of paramagnetic (e.g. mackinawite) and ferromagnetic 

sulfides (e.g. gregite) that, in turn, could increase the interaction between the bacteria and 

induced magnetic field [5], [6]. Other microorganisms, such as iron reducing bacteria (IRB) that 

thrive in iron rich media like hydrocarbon and seawater injection pipelines, pick up iron as part 

of their metabolism; by the time iron concentration increases in the cells of these 

http://www.google.com/search?q=mackinawite&start=0&spell=1&biw=1440&bih=730
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microorganisms, their magnetic susceptibility and attachment to magnetized surfaces 

proportionally increases [7]. 

Captivatingly, it has been reported that there are types of SRB and IRB recognized by 

magnetotactic bacteria (MTB) that have the ability to synthesize intracellular nano-sized fine 

magnetic particles known as magnetosomes [8], [9]. The size of these particles ranges from 40 to 

100 nm. These magnetosome strings are composed of ferromagnetic nano crystals and iron 

oxides particles such as magnetite, Fe3O4 [6], [7], [9]. However, when MTB residing in sour, 

sulfuric or sulfide containing, environments, their magnetosome particles consist of iron sulfide 

mineral particles such as gregite, Fe3S4 [7]-[9]. These MTB are commonly distributed in water 

columns or sediments with vertical chemical stratification [7]-[9]. It has been reported that MTB 

have strong interactions if they are exposed to the magnetic fields [7]-[9]. MTB have the ability 

to align and actively swim along the geomagnetic field and other magnetic fields [8], [9]. 

Unfortunately, the involvement of MTB on MIC is not documented in the literature [7]. 

Potentially, MTB could be among the microbial populations that residing in oil and marine 

ecosystems; hence, they may contribute to MIC [7]. Therefore, their contribution to MIC might 

be influenced by their exposure to magnetic fields. 

Using the single-wire technique, Bahaj et al. [10] measured the magnetic susceptibility of 

IRB aerobic Bacillus Subtilis and Candida Utilis and SRB anaerobic Desulfovibrio 

microorganisms and related the strength of magnetic susceptibility to the accumulated magnetic 

ions absorbed by the cell surface of the microorganisms. They reported that the magnetic 

susceptibilities of the Bacillus Subtilis and Candida Utilis w 5.1 x 10
-5

 and 2.1 x 10
-5

 (SI Unit) 

respectively for one day incubation, whereas the magnetic susceptibility for Desulfovibrio 

increased from 3.8 x 10
-5

 for one day incubation to 28.7 x 10
-5 

 (SI Unit) for the three day 

incubation period [10]. 

Beech et al. [4] investigated the effects of a magnetic field of 150 mT strength on the 

biofilm formation of pure iron substrate by pure culture of SRB. They revealed a substantial 

positive shift in the corrosion potential of magnetized samples exposed to a biotic medium. Also, 

the corrosion rate increased from 100 to 300µm/y in the presence of SRB and a magnetic field 

compared to the biotic system with no magnetic field. They attributed the increase in corrosion to 
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the increase in the bacterial adhesion and rapid production of anaerobic environments as a result 

of the synergistic interaction between the magnetic field and SRB [4]. 

Despite these investigations, little information is available on the relation between 

magnetic fields and MIC. This research has been conducted to gain a fundamental understanding 

of the relative influence of a static magnetic field (300 mT) on the corrosion influenced by 

consortium of sulfate reducing bacteria (SRB). 

8.3 Methods and Materials  

The materials, testing apparatus, techniques and procedures used to investigate the effect 

of a magnetic field on microbial corrosion induced by SRB consortium are described in Sections 

8.3.1 through 8.3.9. 

8.3.1 Organisms and Culture 

SRB mixed cultures of Desulfovibrio africanus sp., Desulfovibrio alaskensis and 

Desulfomicrobium sp. were used in this study. Freeze-dried samples of both D. africanus sp. and 

D alaskensis were obtained from the American Type Culture Collection (ATCC), while 

Desulfomicrobium sp. were isolated from water samples obtained from an oil well located in 

Louisiana, USA. The SRB cultures were cultivated in a modified Baar’s medium (ATCC 

medium 1250). Baar’s medium is reported to be suitable when studying the influence of mixed 

bacterial communities on steel corrosion, though many different media recipes exist (e.g. the 

Postgate series of media) and any number of them likely work [11]. This growth medium was 

composed of magnesium sulfate (2.0 g), sodium citrate (5.0 g), calcium sulfate di-hydrate (1.0 

g), ammonium chloride (1.0 g), sodium chloride (25.0 g), di-potassium hydrogen orthophosphate 

(0.5 g), sodium lactate 60% syrup (3.5 g), and yeast extract (1.0 g). All components were per 

liter of distilled water. The pH of the medium was adjusted to 7.5 using 5M sodium hydroxide 

and sterilized in an autoclave at 121˚C for 20 minutes. The SRB species were cultured in the 

growth medium with filter-sterilized 5% ferrous ammonium sulfate added to the medium at a 

ratio of 0.1 to 5.0 ml respectively. The bacteria were incubated for 72 hours at 37
o
C under an 

oxygen-free nitrogen headspace.  

http://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&cad=rja&ved=0CC8QFjAA&url=http%3A%2F%2Fjb.asm.org%2Fcontent%2F92%2F4%2F1122&ei=ETdcUeGyA4msqAHI5IG4Dw&usg=AFQjCNEWulnT75LwMS0ujjcUbqsgPz2MvA&bvm=bv.44697112,d.aWM
http://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&cad=rja&ved=0CC8QFjAA&url=http%3A%2F%2Fjb.asm.org%2Fcontent%2F92%2F4%2F1122&ei=ETdcUeGyA4msqAHI5IG4Dw&usg=AFQjCNEWulnT75LwMS0ujjcUbqsgPz2MvA&bvm=bv.44697112,d.aWM
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8.3.2 Experimental Materials 

Pipeline steel (API 5L X52) coupons, provided by a local energy company, were used for 

this study with the chemical composition as shown in Table 8.1. Metallographic specimens from 

the received materials were prepared with standard methods for optical microscopy (1 μm final 

polish and 2% nital etch). Representative microstructures are shown in Figure 8.1 where it can be 

seen that API 5L X52 steel contains a mixture of polygonal ferrite and pearlite structures. 

 

Table 8.1. Chemical composition of API 5L X52 linepipe carbon steel (wt. %)   
Fe C Si Cr Ni Mn Cu Mo Nb Ti Al V S P 

98.51 0.070 0.195 0.03 0.02 1.05 0.05 0.004 0.021 0.001 0.029 0.003 0.008 0.008 

 

 

 

Figure 8.1. Light microscopy for API X52 steel etched with 2% nital etch showing 

microstructural features. 

 

 

The testing coupons were machined into two sets of sizes. The first set was machined to a 

size of 10 mm x 10 mm x 5 mm, drilled and tapped with #3-48 to a depth of 2.5 mm. The 

threaded hole was drilled to attach the metal sample to a sample holder. The holder 

configurations described under ASTM G5 [12] were used during immersion and electrochemical 
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experiments. Samples in the second set were machined to a size of 20 mm x 10 mm x 5 mm and 

were drilled and tapped with #3-48 to a depth of 2.5 mm. The first set of sample was used for the 

electrochemical experiments while the second set was used as experimental coupons during the 

immersion testing experiments.  

For all cases, the coupons were polished with a progressively finer polishing paper until a 

final grit size of 600 microns was obtained. Prior to the experiments, the coupons were rinsed 

with distilled water, ultrasonically degreased in acetone and sterilized by exposing to 100 vol.% 

ethanol for 24 hours. 

8.3.3 Magnet Towers Assemblies  

Six different magnetic tower assemblies were used for this study. In each assembly, the 

static magnetic field was produced by stacked rectangle neodymium magnetic blocks (50.8 mm x 

50.8 mm x 25.4 mm). The blocks were oriented facing each other and mounted and fixed on a 

base support with a 50 mm exposure gap in between, as shown in Figure 8.2. All of the 

neodymium magnets had a thin nickel plating to prevent the oxidation of neodymium. This 

magnet-stacking configuration was utilized to create an approximate 300 mT static magnetic 

field at the center of the assembly, as shown in Figure 8.2. The profile of the magnetic field 

strength recorded in the vicinity of the 50 mm exposure is displayed in Figure 8.2.  

 

 

 

 

Figure 8.2. Magnetic tower assemblies with chart showing the magnetic field strength in the gap 

between the magnets. 
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8.3.4 Assembly Procedures for Immersion Tests 

The immersion tests were conducted in 300 mL special glass bottles at 32
o
C.  Prior to the 

tests, the glass bottles, cork caps, sample holders, glass sleeves and TFE-fluorocarbon sealing 

gaskets were autoclaved at 121˚C for twenty minutes and dried. Under sterilized conditions (in a 

sterilized laminar flow hood), each bottles was prepared with 300 ml of sterilized modified 

Baar’s growth medium (described in section 8.3.1). Steel coupons were then inserted and 

positioned in a vertical direction using sample holder arrangements described under ASTM-G5 

[12]. The bottles were immediately sealed with fitted rubber caps, purged for 30 minutes with 

pure nitrogen gas to establish the anaerobic environment, and then inoculated with 1ml of the 

SRB consortium at 10
8
 cell/ml. A total of 10 bottles were used for immersion exposure tests. 

Five inoculated cultures, experimental, were fixed at the center of the magnet assembly (M1), as 

shown in Figure 8.3, while the other five inoculated bottles were used as controls without 

magnetic fields (M2). Temperatures were maintained at 32
o
C throughout the experiments. Eight 

bottles, four for each setup (M1 and M2), were monitored at 5, 10, 15 and 25 days for planktonic 

bacterial density, sulfide level and sessile bacteria. Under anaerobic conditions, samples of each 

system were extracted periodically using a sterile syringe to assess the growth of bacteria and 

sulfide levels. The steel samples in the remaining two bottles (M1 and M2) were removed after 

45 days for biofilms, corrosion products and pitting evaluations. 

8.3.5 Planktonic and Sessile Cell Counts  

 The planktonic bacteria were estimated by direct count of planktonic cells using a 

Petroff-Hausser counting chamber under the microscope at a magnification of 40X. For sessile 

bacteria count, the coupons were carefully removed at the conclusion of each test and rinsed with 

deaerated distilled water to remove the planktonic cells. Then the coupon and 10 ml of water 

were placed in a sterile test tube. A sterilized surgical knife was used to scrape and remove 

visible black FeS film from the coupon surface, sonicating for 30 seconds and vortexing for 

another 30 seconds. The serial dilution method was then used to determine the concentration of 

sessile cells in the water mixture [13].  
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8.3.6 Sulfide Measurements  

The sulfide level was monitored over the test period to monitor the activities of the SRB 

consortium. Samples of the test medium were extracted from the vessels using a sterile syringe 

following the standard method detailed by the American Public Health Association [14]. 

8.3.7 Biofilm, Corrosion Products and Pitting Evaluations 

At the conclusion of each 45-days test, the steel coupons were carefully removed from 

their systems for fixation. To fix the grown biofilm to the steel surface, the coupons were 

immersed for 1 hour in a 2% glutaraldehyde solution, successively dehydrated with 25, 50, 75 

and 100% ethanol solutions for 15 minutes each, air dried overnight and then gold sputtered. 

After fixation, the coupons were examined using field emission scanning electron microscopy 

(FE-SEM) coupled with energy dispersive spectroscopy (EDS) to evaluate the morphology and 

chemical composition of the biofilm and corrosion products. Moreover, the compositions of the 

corrosion products for both systems were investigated by X-ray diffractions. X-ray diffraction 

(XRD) patterns of both systems (M1 and M2) and identification of peak families were carried 

out using the XRD method with a Philips PW 3040/60 X’Pert Pro spectrometer using Cu Kα 

radiation. 

The coupons were then cleaned using a standard protocol described under the ASTM-GI-

03 [15] and the pit morphology on the exposed coupons was examined using FE-SEM. Pitting 

depths profile measurements were then performed using Veeco DEKTAK 150 profilometer. The 

Statistical Student t-test was used to compare the pitting depths for magnetized and 

nonmagnetized biotic systems. The cleaned coupons where then weighed for weight loss, and the 

corrosion rate was calculated using Equation 8.1 [16]: 

 

               
     

   
 8.1 

 

 

where D is the density (g/cc), A is the area (in
2
), T is the time (hours), and W is the weight loss 

(mg).. The pitting penetration rate was then calculated using Equation 8.2: 
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 8.2 

  

8.3.8 Characterization and Measurements of the Biogenic Products and Zeta Potential  

The following procedure was followed in order to characterize the biogenic iron sulfide 

produced by the SRB consortium. One liter of inoculated cultures was prepared separately in a 

special jar following the same assembly procedure described in section 8.3.1 and 8.3.4. The 

culture was maintained at 32 
o
C under anaerobic conditions throughout the interval of the 

culture. After two days, the presence of black iron sulfide particles could be seen on the inner 

walls of the culture jar. By the fifth day, the culture medium was completely black with a smell 

of hydrogen sulfide—a rotten egg smell—in the headspace of the culture jar. Uniform growth in 

the jar was maintained by removing 30 mL and replenishing the jar in regular intervals with a 

fresh growth medium under anaerobic conditions. 

After 30 days, multiple samples of 20 ml each were extracted from the culture vessel and 

centrifuged at 5000 rpm for 5 minutes to obtain solid biogenic sludge samples. The supernatant 

was decanted and the recovered sludge weight was measured for magnetic susceptibility and 

compositional analysis. Afterward, the samples were anaerobically dried to determine the 

moisture content to enable the calculation of the dry weight equivalent. Some samples were then 

put in gelatin capsules to measure magnetic susceptibility and others were used for completing 

product compositional characterizations.  

To determine the magnetic susceptibility of the samples, the magnetic moment was 

measured at the National Institute of Standards and Technology (NIST), Boulder. The magnetic 

susceptibilities of the three different samples as a function of magnetic field and temperature 

were measured using a magnetometer based on a superconducting quantum interference device 

(SQUID). 

The sludge compositions were obtained using X-ray photoelectron spectroscopy (XPS). 

The XPS measurements were performed using collected sludge using a KratosHSi system, with 

an Al Kα monochromatic source at 225 W and pass energies between 160 and 40 eV depending 

on the resolution required. Charge neutralization of the sample surface was achieved with the use 

of a low-energy electron flood gun. Samples were measured at a 90° Take-Off-Angle (TOA) 
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yielding a sampling depth of ~10 nm. The analysis area was ~500 μm in diameter. High-energy 

resolution (hi-res) XPS analyses of the S 2p and Fe 2p regions were also performed on the 

samples.  

Zeta potentials measurements of the SRB consortium were performed using Dynamic 

Light Scattering (Malvern Zetasizer Nano ZS90) after cells were harvested in the mid-

exponential phase.  

8.3.9 Electrochemical Testing   

Electrochemical measurements were made in a three-electrode special glass cell coupled 

with a potentiostat and a high frequency impedance analyzer (Gamry-600). The electrochemical 

cells were composed of a test coupon as a working electrode (WE), a graphite electrode as an 

auxiliary electrode and a saturated calomel electrode (SCE) as a reference electrode. All 

glassware, accessories and sample holders were autoclaved at 121ºC for 20 minutes at 20 psi 

pressure and then air dried for an initial aseptic condition. Graphite electrodes, purging tubes, 

rubber stoppers, needles and TFE-fluorocarbon sealing gaskets were sterilized by immersing in 

70 vol.% ethanol for 24 hours followed by exposure to a UV lamp for 20 minutes. Four cells 

were used in this experiment. Under a sterilized condition (in a sterilized laminar flow hood), the 

first two cells were prepared with 200 ml of sterilized modified Baar’s growth media (described 

above) and the second two cells were prepared with 200 ml sterilized modified Baar’s media 

inoculated with 5 ml of the SRB consortium at 10
8
 cell/ml. The electrochemical cells were 

purged for one hour with pure nitrogen gas to establish the anaerobic environment. Four different 

testing conditions were established as follows: 

I. Biotic system exposed to magnetic fields (S1) 

II. Biotic system with no magnetic field (S2) 

III. Sterilized medium, abiotic system, exposed to magnetic fields (S3) 

IV. Sterilized medium, abiotic system, biotic system with no magnetic field (S4) 

For all experimental conditions, the temperatures were maintained at 32ºC using heat 

blanket monitored with thermocouples. Image and schematic representation of experimental set-

up with magnetic field are shown in Figure 8.4. 
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Figure 8.3. a) Schematic representation of the immersion test experiments in presence of 

magnetic fields; b) Image of the immersion experiment set up. 
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Figure 8.4. a) Schematic representation of the electrochemical experiments configurations in 

presence of magnetic fields; b) Image of the electrochemical experiments set up. 
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For all cases, open circuit potential values of the systems were monitored with time 

during the immersion period followed by periodic readings for up to 168 hours. During the LPR 

technique, the polarization resistance (Rp) was measured on the system at a scanning amplitude 

of +/- 10mV with reference to the open circuit potential for various time intervals from 

immersion up to 168 hours. 

Impedance measurements (EIS) were performed on S1 and S2 systems only. The EIS 

were measured at the open circuit potential for various time intervals from immersion up to 2 

hours. The frequency sweep was applied from 10
5
 to 10

-2
 Hz with AC amplitude of 10 mV.  

Potentiodynamic polarization measurements were performed for S1 and S2 systems by 

polarizing the working electrode from an initial potential of -500 mV vs. OCP, up to a final 

potential of 2 V vs. SCE after 10 days of immersion. A scan rate of 1 mV/s was used for the 

polarization sweep [12]. 

8.4 Results  

The influence of static magnetic fields on the API 5L X52 corrosion influenced by SRB 

consortium was evaluated with immersion and electrochemical tests. The experimental results 

are discussed in the following sections. 

8.4.1 Immersion Tests Results  

The immersion experimental results of the influence of SRB consortium and magnetic 

fields on the corrosion behavior of API 5L X52 steel are presented in the following sections. 

8.4.1.1 Planktonic and Sessile Bacteria Count 

Figure 8.5 a illustrates the average number of planktonic SRB in the system exposed to a 

magnetic field (M1) and to no magnetic field (M2). For both systems, Figure 8.5 a shows that 

SRB growth followed similar trend. The number of viable SRB species in both systems 

increased dramatically to approximately the maximum values of ~10
9
cells/ml at 10 days, which 

might suggest that SRB growth cycle was within the exponent phase. Afterward, the viable SRB 

in both systems dropped to ~10
8
 cells/ml at 15 days, followed by a further drop to ~10

7
celld /ml. 

Both M1 and M2 solutions became completely black within 72 hours and remained black for the 

rest of the experiment. The characteristic unpleasant smell of hydrogen sulfide and the black 

colored solution were evidence of SRB growth and metabolism. Clearly, there were no 

significant difference between the number of planktonic bacteria observed for M1and M2, as 
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shown in Figure 8.5 a. These results suggest that static magnetic field has no effect on SRB 

growth and proliferation.  

 

 

  

Figure 8.5. a) The growth trend of SRB with and without magnetic exposure; b) sulfide level 

with and without magnetic exposure. 

 

 

The number of sessile bacteria for M1 and M2 is shown in Table 8.2. For M1, the number 

of sessile bacteria was 10
5
 cell /ml at day 5 and then increased to and remained constant at 10

6
 

cell/ml throughout the period of experiment.  The number of counted sessile bacteria in M2, 

increased from 10
4
 cell/ml at day 5 to 10

5
 cell/ml at days 10 and 15, and then dropped back to 

10
4 

at day 25. The decrease in sessile bacteria in M2 at day 25 might have been caused by 

detachment of the biofilm caused by induced stresses. These stresses might have deteriorated the 

biofilm and sulfide layers and result in partial removal of the films. It has been reported that the 

mackinawite layer that formed on the steel surface by a solid-state reaction cracked easily [17]. 

The number of sessile bacteria in the system exposed to the magnetized biotic system, M1, was 

higher than those in the nonmagnetized biotic system, M2. These results reveal that magnetic 

fields promote the attachment of planktonic bacteria to the surface and thus increase the number 

of sessile bacteria in the biofilms. 
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Table 8.2. Number of sessile bacteria for both systems (M1 and M2), with and without magnetic 

fields exposure on API 5L X52 steel surface. 

Time (days) Number of sessile bacterial 

(cell/mL) for M1 system, with 

magnetic fields 

Number of sessile bacterial 

(cell/mL) for M2 system, in 

absence of magnetic fields 

5 10
5
 10

4
 

10 10
6
 10

5
 

15 10
6
 10

5
 

25 10
6
 10

4
 

 

 

8.4.1.2 Sulfide Measurements  

The sulfide level variations for M1 and M2 systems are shown in Figure 8.5 b. There 

were slight differences in the sulfide level among the two systems. Generally, the sulfide level 

over time for the system exposed to a magnetic field (M1) was higher than the sulfide level when 

there was no magnetic field (M2), which might be related to the agitation induced by the 

magnetic fields. The sulfide level as a function of time revealed that in the M1 system, a notable 

increase to ~1600 µg/L occurred for the first 10 days followed by a sharp decrease to ~500 µg/L 

at the 45
th

 day. In stark contrast, the M2 system had an increase of the sulfide level to~ 1400 

µg/L, which then decreased to ~500 µg/L at the 45
th

 day. This result suggests that the magnetic 

fields might have slight influence on the sulfide level in the system. However, it is not clear if 

this influence is related to stirring effects on the solution or to a change in physiological behavior 

of the SRB when exposed to magnetic fields. 

8.4.1.3 Morphology and Composition of Interfacial Surfaces 

The morphology observations and EDS elemental analysis of corrosion products and 

biofilm developed on the surface of API X52 carbon steel exposed to magnetized biotic (M1) 

and nonmagnetized biotic (M2) systems over 45 days are shown in Figure 8.6 and Figure 8.7, 

respectively. As shown in Figure 8.6 and Figure 8.7, the morphology of corrosion products for 

both systems showed significant differences in appearance, structures and compositions. The 

corrosion products and associated biofilm developed in the presence of a magnetic field, M1, 
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exhibited dense coherent heterogonous structures. The EDS spectra shown in Figure 8.6 e and 

Table 8.3 reveal that the corrosion products were composed of high amounts of sulfur, sodium 

chloride salts, iron, oxygen, phosphates, carbon and calcium. The presence of di-potassium 

hydrogen orthophosphate and sodium chloride in the growth media might lead to the 

precipitation of phosphorous and sodium chloride on the surface [18]. The EDS results suggest 

that the corrosion products might be composed of iron sulfide, iron oxides mixed with salt and 

organic depositions. 

Furthermore, at higher magnifications, there is evidence of accumulation of crystals that 

exhibit rectangular and compact structures, as shown in Figure 8.6 c and d. The EDS spectra, 

Figure 8.6 f, for theses crystals reveal that they are predominantly composed of a high amount of 

sulfur, oxygen and iron. The average width of theses rectangular-shaped structures was around 

1.5 µm. These crystals might be related to some type of iron sulfide structures, such as pyrite, 

mackinawite or greigite [4], [6], [18]. 

In contrast, the morphological observations of the corrosion products of API X52 steel 

immersed in a nonmagnetized biotic system (M2) reveal less dense incoherent structures with 

two distinctive areas: A1 and A2 as shown in Figure 8.7. Quantitative EDS analysis shows that 

area A1, the inner region, and A2, the outer region, are composed of a higher amount of carbon, 

oxygen, iron, and chloride, in addition to sulfur, sodium salts and phosphates (Figure 8.7  b, c 

and Table 8.3). The light region (A2) is considered to be the outer layer where sulfur is the 

predominant constituent. The EDS elemental analysis shown in Figures 8.7 b, c and Table 8.3 

suggest that the corrosion products are composed of iron sulfide, iron oxides mixed with sodium 

chlorides, calcium and carbon-based compounds that accumulated from the growth medium [18].  

The corrosion products morphology and EDS elemental analysis shown in Figure 8.6 and 

Table 8.3 suggest that the surface deposits and corrosion products in the magnetized biotic 

system might be have significant accumulations of sulfur-based compounds. Also, it is clearly 

shown that under magnetized biotic conditions, there are substantial amounts of surface deposits 

and corrosion products growing upward, as shown in Figure 8.6, compared to the M2 system, as 

shown in Figure 8.7.  
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Figure 8.6. a-d) FE-SEM images for API 5L X52 steel surface exposed to biotic with magnetic 

field; e) EDS analysis for the surface in image; a) and f) EDS analysis for the rectangular crystal 

structures.  
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Table 8.3. Comparative of EDS analysis corresponding to the biotic system with magnetic fields 

(M1) and the abiotic system with no magnetic fields (M2), respectively 

Element Wt % C O Na Fe S Cl Ca K P Total 

Biotic system exposed to magnetic fields (M1)  

Whole Region 14.30 23.8 4.54 18.32 21.97 6.99 0.23 0.73 1.26 100 

Biotic system with no magnetic fields (M2) 

Outer Region (A2) 7.30 14.88 10.86 9.47 15.62 33.63 0.00 0.00 7.36 100 

Inner Region (A1) 16.16 27.67 14.52 11.55 7.64 11.86 4.62 0.00 4.75 100 

 

 

Visual inspection for both coupons when removed from M1 and M2 vessels showed the 

coupon surface presence of the magnetized biotic system, M1, had much more evenly distributed 

dense black deposits whereas the blackened area became more localized and scattered on the 

coupon removed from the nonmagnetized biotic system, M2.These results suggest that the 

presence of magnetic fields in the M1 system enhance the accumulation of deposits, corrosion 

products and biofilm development on the surface. 

8.4.1.4 Biofilm Morphology 

The natures of biofilm developed by the presence of the SRB consortium together with 

magnetic fields (M1) or without magnetic fields (M2) are shown in Figure 8.8 and Figure 8.9 

respectively. For both systems, the biofilms consist of corrosion products, cells, spores and EPS 

fibers distributed over the coupons. However, qualitatively the biofilm developed in the presence 

of magnetic field, M1, exhibited denser structures compared to the biofilm developed in the 

absence of magnetic field, M2. 

For the M1 system, shown in Figure 8.8, the bacteria have mainly rod-shaped 

morphologies distributed in different sizes. There is also evidence of dense bacterial clusters 

distributed in the biofilm matrix. It can be seen that the bacteria cells cross-linked with each 

other and formed clusters that resemble net-shaped structures, as shown in Figure 8.8. The 

orientation and cross-linking of the bacterial cells might be attributed to the influence of 

magnetic fields. Possibly, the bacterial cells might respond to the magnetic fields when they 

became coated with indigenous paramagnetic oxides in the biofilm.    
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Figure 8.7. a) FE-SEM images for API 5L X52 steel surface exposed to biotic without magnetic 

field (M2); b) EDS analysis for the inner region A1; and c) EDS analysis for the outer region A2. 
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Figure 8.8. FESEM image for the biofilm developed on the API X52 steel exposed to the SRB 

containing medium exposed to magnetic fields (M1). 
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Figure 8.9. FESEM image for the biofilm developed on the API X52 steel exposed to the SRB 

containing medium without magnetic fields (M2). 
 

 

In comparison, the bacteria present in the biofilms developed on the surface exposed to 

M2 have rod- and round-shaped morphologies, shown in Figure 8.9, similar to the morphological 

features found in M1. It is quite possible that the round-shaped cells are still growing to form 

rod-shaped cells. Qualitatively and through the visual inspection of FE-SEM images shown in 

Figure 8.8 and Figure 8.9, it can be observed that the sessile bacterial density present in the M1 

system is significantly higher than that present in the M2 system. This observation is in 

agreement with the sessile bacteria count shown in Table 8.2.  
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Collectively these results suggest that magnetic fields might have no effect on the 

bacteria growth and morphology. However, they support the enhancement effect of magnetic 

fields on the bacteria attachment, deposition and biofilm developments. It should be noted the 

sessile bacteria are considered the predominant contributors to the MIC [5]. 

8.4.1.5 X-Ray Diffraction (XRD) 

XRD patterns were obtained to explore whether or not there are differences in the 

compositions of corrosion products between the two biotic systems with and without magnetic 

fields. The XRD spectra of API X52 steel coupons exposed for 45 days for the M1 and M2 

systems are displayed in Figure 8.10. The XRD patterns reveal peaks for iron sulfide compounds 

and iron for both systems in addition to iron (III) oxide-hydroxide FeOOH in the M1 system 

[19]. The evident differences between the two systems are as follows:  

 The number and intensities of peaks belonging to iron sulfides are higher in the case of 

the biotic system exposed to magnetic field (M1), which are in agreement with FE-SEM 

images and relevant EDS results, Figure 8.6. These observations imply that the magnetic 

fields might promote the iron sulfides formations on the surface.  

 The iron peak intensity for the nonmagnetized M2 system was significantly higher than 

that for the M1 system, which might indicate that the surface was not fully covered by the 

biofilm or the biofilm thicknesses were thinner than those formed in the presence of 

magnetic fields (M1).  

 A low angle peak, which might be due to extracellular polymeric substances (EPS), was 

observed in the magnetized biotic M1 system. It is possible that the presence of long 

chain molecules with long repeat distances resulted in this low angle peak. 

The XRD results suggest the influence on magnetic field is in the nature of corrosion products 

and organic compounds.  

8.4.1.6 Clean Surfaces and Pitting Results  

Closer inspections of the API X52 steel electrode exposed to biotic conditions in the 

presence and absence of magnetic fields for 45 days are displayed in Figure 8.11 and Figure 

8.12, respectively. In both conditions, the images show variations in surface roughness where 

general corrosion is observed in an irregular pattern on the coupon surfaces. Intergranular attack 

producing microstructural relief and etching of pearlite structures can be observed in both cases 
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at higher magnifications, as shown in Figure 8.11 e and Figure 8.12 f. The structural and 

composition inhomogeneity within pearlite structures might invite the possibility of this attack 

and enhance the localized corrosion [16]. 

 

 

 

Figure 8.10. XRD pattern of API 5L X52 steel exposed to SRB containing solutions with and 

without exposure to magnetic fields. 

 

 

Nevertheless, it is clearly observed in Figure 8.11 a that the coupon exposed to 

magnetized biotic conditions (M1) reveal significant pitting and metal removal, especially at the 

corners where magnetic fields are expected to be concentrated. Also the pitting sizes produced 

by M1 are larger than those in the M2 system. For the M1 system, Figure 8.11, the average pit 

crater sizes range from 200 to 350µm while the average pit sizes range from 10 to 45µm for the 

M2 system. These results indicate the synergetic effects of the magnetic fields and SRB activities 

result in a substantial increase of corrosion and pitting. 

To gain more quantitative appreciation of the extent of these synergetic impacts of the 

magnetic fields and SRB activities on the pitting rate and density, the pitting depths for four 

different coupons (two samples for each system) were performed after 25 and 45 days exposure, 

respectively. Around 9000 readings were recorded for each sample. Figure 8.13 a and b display 
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the recorded pitting depth profiles after 25 and 45 days exposure. The maximum pitting depths 

for coupons exposed to the M1 system were 3.5 and 12 µm after 25 and 45 days exposure, 

respectively. In contrast, the maximum pitting depths for coupons exposed to the M2 system 

were 1.5 and 7 µm after 25 and 45 days exposure, respectively. 

Descriptive statistical analysis using student t-test show the pitting sizes for the samples 

at different conditions are extremely statistically significant, as shown in Table 8.4. The 

calculated corrosion rates and pitting are shown in Table 8.5.  

In closing, these results show that the magnetic fields and SRB activities increases the 

corrosion and pitting penetration rate significantly. After 45 days of exposure, the corrosion rate 

increased from 2.28 mm/yr under M2 conditions to 5.47 mm/yr under M1 conditions. 

 

 

Table 8.4. Statistical comparison of pitting depths between M1 and M2 using Student t- test 

method. 

Exposure 

time 

(days) 

 

Biotic system with magnetic fields 

(M1) 

 

Biotic system without magnetic 

fields (M2) t - values 

Sample 

size 

Std. 

Dev. 
Mean 

Sample 

size 

Std. 

Dev. 

Mean 

 

25 
9000 554.7 -238.3 9000 62.9 -168.2 0.0120 

45 
9000 1796.73 -883.8 9000 1351.7 -1749.12 <0.0001 

 

 

Table 8.5. Comparisons of Corrosion rates and pitting penetration rate between M1 and M2 

systems 

Exposure 

time (days) 

Biotic system without magnetic fields (M1) 

 

Biotic system without magnetic fields 

(M1) 

Corrosion Rate 

(mm/yr) 

pit penetration 

rate (mm/yr) 

Corrosion 

Rate 

(mm/yr) 

pit penetration 

rate (mm/yr) 

25 
2.28 0.0638 1.3 0.0002 

45 
5.47 0.097 2.28 0.000486 
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Figure 8.11. FESEM analysis for the API X52 coupon surface after cleaning for the system 

under biotic conditions with magnetic field exposure. 
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Figure 8.12. FESEM analysis for the API X52 steel surface after cleaning for the system under 

biotic conditions without magnetic field exposure. 
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Figure 8.13. Pitting measurements profile for API X52 steel impressed in biotic solutions with 

and without magnetic fields exposure (a) 25 days exposure (b) 45 days exposure  
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8.4.2 Results of Zeta Potential and Measurements and Characterization of the Biogenic 

Products 

The characterization of bacterial cells and biogenic slugs results are presented in the 

following sections. 

8.4.2.1 Zeta Potentials  

The zeta potentials and size readings of the SRB consortium used in this study are 

displayed in Figure 8.14 a and b, respectively. The average zeta potential of the SRB is around -

53.4 mV while the average size is around 1.5µm. This zeta potential result suggests that the SRB 

consortium is a gram negative type. 

8.4.2.2 XPS Results of the Biogenic Products  

The XPS survey scan spectra of the biogenic sludge are shown in Figure 8.15 a. The XPS 

survey scan indicated the presence of carbon, oxygen, iron, nitrogen, sulfur, phosphorus, sodium, 

calcium and chloride. The semi-quantitative composition of the sludge was calculated from the 

peak areas as follow: 1s for carbon, oxygen, nitrogen, sodium, 2p for sulfur and calcium and 3p 

for iron. The theoretical cross sections yielded about 40.2 (atomic) % carbon, 37.7% oxygen, 

6.6% nitrogen, 6.7% iron, 6.6% sulfur, 2.1% phosphorous, 1.5% sodium and 0.5% calcium. The 

high concentrations of carbon, oxygen, and nitrogen might be related to bacterial cells and 

extracellular polymeric substrate (EPS) products [19,20]. The iron and sulfur might be 

components of the iron sulfides [19], [20]. The presence of di-potassium hydrogen 

orthophosphate, sodium and calcium salts in the growth media might explain the presence of 

phosphorus, nitrogen and calcium. Also the presence of phosphorus and nitrogen might be 

related to accumulation of biofilm on the surface. The high resolution XPS spectra for S and Fe 

are shown in Figure 8.15 b and c respectively. 

As shown in Figure 8.15 b, the high resolution XPS spectra for sulfur yielded peaks at ~ 

168, 164, and 160.9 eV. The peak at 160.9 eV binding energy corresponds to iron monosulfides 

such as pyrrhotite, and the peak at 164 eV binding energy might be related to disulfide. 

Moreover, the high energy peak of ~168 eV might represent the sulfur bound as sulfate [19,20]. 

Essentially, the sulfur peaks might be related to FeS which is represented by the peak with the 

lower binding energy (160.9 eV), FeS2 that is represented with high energy peak (164 eV) and 

sulfur bounded as sulfate at 168 eV [19], [20]. 



221 

 

 

Figure 8.14. a) Zeta potential readings for the SRB consortium b) Average sizes of the SRB 

culture. 
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The Fe 2p3/2 high resolution XPS spectra, Figure 8.15 c, yielded one peaks at ~711.9 eV, 

which might be representing Fe_III.–O bonds in oxides or hydroxides forms such as hematite 

(Fe2O3) and goethite (FeOOH). The presence of oxidized surface species is expected, due to 

brief exposures to atmospheric oxygen during sample handling. Also, the Fe 2p1/2 yields one 

peaks at 726.5 eV, which might be related to FeS [19], [20]. 

8.4.2.3 Magnetic Susceptibility Measurements Results  

Dry, yellow-brown, iron-sulfide-based powder samples, produced by SRB, were 

collected after 30 days inoculation. An average Fe content of 27.8 ± 0.1 % by mass was 

determined by inductively coupled plasma (ICP) mass. Specific magnetization was calculated as 

magnetic moment per unit sample mass in units of A.m
2
/kg (SI units, numerically equal to emu/g 

in CGS units). Based on the average Fe mass in the samples, specific magnetization was 

expressed as A.m
2
/kg-Fe. For three different samples, at a temperature of 300K (27°C) the 

magnetization was linear and reversible (nonhysteretic) in the magnetic field up to the maximum 

measurement field μ0H = 1 T (H = 800 kA/m, 10 kOe), indicative of paramagnetism as shown in 

Figure 8.16. Magnetization as a function of field at 5K (268 °C) exhibited a small amount of 

hysteresis and almost no curvature, even in fields up to 7 Tesla, Figure 8.17. 

Magnetization was also measured as a function of increasing temperature from 5 K to 

300 K (268 °C to 27 °C) in a field μ0H = 10 mT (H = 8 kA/m, 100 Oe), first after cooling in 

zero field and again after cooling in the field. The zero-field-cooled curve of magnetization vs. 

temperature has a broad peak at 30 ± 3 K, about 10 K below its bifurcation with the field-cooled 

curve, Figure 8.18. Such a peak often indicates the blocking of superparamagnetic particles at 

low temperature. However, the magnitude of the magnetization and the lack of curvature in plots 

of magnetization vs. field indicate that the material is simply paramagnetic. The zero-field-

cooled peak and the bifurcation between the zero-field-cooled and field-cooled curves instead 

suggest spin-glass freezing around Tf = 30 K. 

The XPS results reveal that the biogenic sludge is composed of different compounds of 

iron sulfides and iron oxides. 

For samples cooled in zero fields to below Tf, randomly oriented magnetic moments are 

unable to align with a measuring field. This phenomenon results in a reduced magnetization for 
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samples cooled in a zero field. At Tf, the magnetic moments unfreeze and can align with the 

measuring field. With further increasing temperature, thermal activation reduces the 

magnetization of the ensemble of magnetic moments. Above Tf the magnetization is 

nonhysteretic, and curves of magnetization as a function of field are reversible. Above Tf, the 

specific magnetic susceptibility, equal to specific magnetization divided by field, roughly 

follows a Curie-Weiss law [21]:  

 

     
 

     
 8.3 

 

where C is the Curie constant per gram and   is the Weiss constant. Thus, reciprocal 

susceptibility 1/ is approximately linear in T, with a slope of 1/C. From the Curie constant per 

gram Fe one can deduce the magnetic moment per Fe ion μFe:  
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where N is Avogadro’s number, μ0 is the permeability of vacuum, A is the atomic mass of Fe, 

and kB is Boltzmann’s constant. One obtains an Fe magnetic moment of 4.3 ± 0.3 μB, where μB is 

the Bohr magneton equal to 9.274 x 10
-24

 Am
2
. For these samples,   = 55 ± 4 K, which 

indicates antiferromagnetic interaction among Fe ions. As suggested by XPS results, our samples 

are presumed to contain ferrous sulfides with Fe
2+

 iron ions. The magnetic moment of Fe
2+

 in 

salts generally ranges from 5.0 to 5.5 μB [22]. These ferrous sulfides are clearly different from the 

highly magnetic iron sulfides FexSy reported by Marius [6]. 

Our samples could be in the family of pyrrhotite minerals, with composition Fe1xS, x< 

0.13. Fe7S8 in particular has a low-temperature transition below about 30 K to a state of 

decreased magnetization [21], [23] and increased coercivity [24], although these have never been 

attributed to spin-glass effects. However, Fe7S8 is ferrimagnetic at room temperature, which is 

not seen in our samples.  
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Figure 8.15. a) XPS spectra of Biogenic sludge collected from 30 days old SRB culture; b) High 

resolution spectra of S 2p; and c) High resolution spectra of Fe 2p. 
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Figure 8.16. Specific magnetization for the collected three samples normalized to Fe mass as a 

function of field at 300 K. The linear, reversible curve is characteristic of paramagnetic 

materials.  
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A more likely alternative is that our samples consist of the iron-rich sulfide such as 

mackinawite, Fe1+xS, x< 0.07, which is generally regarded as paramagnetic [25]. It occurs as 

metastable fine particles and is synthesized only by precipitation from an aqueous solution [26]. 

While magnetic measurements of mackinawite are lacking in the literature, paramagnetism at all 

temperatures has been deduced from Mössbauer effect measurements [27], although other 

Mössbauer measurements suggest weak magnetic ordering at a low temperature of 11 K [28]. 

The latter find that the surface of mackinawite is composed of both Fe
2+

 and Fe
3+

 species. We 

believe this could be the source of magnetic frustration that leads to spin-glass freezing at low 

temperatures which, in turn, could explain the appearance of weak sextet peaks in Mullet’s 

Mössbauer spectra at 11 K.  

8.4.3 Electrochemical Evaluations Results  

Immersion corrosion experiment results presented in the proceeding section suggest the 

enhancement of SRB influenced corrosion by magnetic fields. To validate these results and 

establish more confidence in these observations, electrochemical evaluations including open 

circuit potential (OCP) and linear polarization resistance (Rp) were conducted in four different 

systems (S1, S2, S3 and S4) following the practices described in section 8.2.3. In addition EIS 

measurements were performed for S1 and S2 systems as the negative magnetized and 

nonmagnetized controls (S3 and S4) have not revealed major differences in OCP and Rp 

measurements.  

8.4.3.1 Open Circuit Potential (OCP) 

OCP measurements were recorded for all four systems. These data are displayed in 

Figure 8.19. The OCP for the magnetized biotic system (S1) was observed to increase from -702 

mV vs. SCE to -630 mV vs. SCE. The OCP for the nonmagnetized biotic system (S2) was 

observed to increase from -704 mV vs. SCE to -650 mV vs. SCE. For magnetized and 

nonmagnetized abiotic systems fields (S3) and (S4), the OCP values from -702 mV vs. SCE to -

690 mV vs. SCE and from -702mV vs. SCE to -695 mV vs. SCE, respectively. In general, there 

are substantial positive shift in both biotic systems (S1 and S2) compared to abiotic systems (S3 

and S4). This positive shift in potentials is known as ennoblement. Ennoblement has been cited 

for different alloys exposed to microbes. It is probably the most notable phenomenon in many 

MIC investigations [2], [29]. Ennoblement has been attributed to microbial colonization, bacteria 
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activities and biofilm formation, which collectively result in organometallic catalysis and 

acidification of the electrode surface. Moreover, the accumulation of corrosion products such as 

iron sulfide might result in galvanic coupling with the steel surface and may contribute to this 

ennoblement phenomenon [5], [29]. 

 

 

 

 
Figure 8.17. a) Specific magnetization normalized to Fe mass as a function of field up to 7 T at 5 

K. A small amount of hysteresis is evident; b) Detail of the 7 T hysteresis loop. The hysteresis 

loop is slightly shifted to negative field because the sample was cooled from 300 K to 5 K in 1 T 

field, which apparently induced an exchange anisotropy that was not overcome by the 7 T 

measuring field at 5 K. 
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Figure 8.18. Zero-field-cooled and field-cooled specific magnetization normalized to Fe mass as 

a function of temperature at a measuring field of 10 mT. The curves are characteristic of spin-

glass freezing at low temperature.  
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Figure 8.19. Open Circuit Potential (OCP) variations under different conditions [magnetized 

biotic (S1), d nonmagnetized biotic (S2), magnetized abiotic (S3) and nonmagnetized abiotic 

(S4)]. 
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Figure 8.20. a) Polarization resistance (Rp) and b) Corrosion rate variations of API 5L X52 steel 

under different conditions [magnetized biotic (S1), b) nonmagnetized biotic (S2), magnetized 

abiotic (S3) and nonmagnetized abiotic (S4)]. 
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Interestingly, the magnetized biotic system (S1) exhibited more positive corrosion 

potential value than those in the nonmagnetized biotic system (S2). For the S1 system, an 

average potential shift of 74mV in the positive direction compared to the control sample (S4). In 

contrast, the potentials for the nonmagnetized biotic system (S2) shifted to less positive value 

with an average increase of 54 mV compared to control sample (S4). The potential difference 

between magnetized and nonmagnetized biotic systems is approximately 20mV in a positive 

direction after 168 hours. This observation is attributed to the synergistic interaction of SRB 

activities, biofilm formation and magnetic fields in the case of the magnetized biotic system [2], 

[4], [29].  

In stark contrast, the potentials trends, shown in Figure 8.19, of the magnetized and 

nonmagnetized abiotic control systems showed a notable increase of the potentials, which then 

remained more or less steady at approximately -695 mV/SCE and -690 mV/SCE, respectively. 

These potential shifts might be attributed to the accumulation of the growth medium constituents 

such as organic compounds, potassium, sodium chloride, and phosphorous on the coupon 

surface. The effect of magnetic fields in the control samples was as significant as in the biotic 

conditions.  

To obtain the corrosion rates for the different systems, polarization resistance (Rp) was 

measured. The polarization resistance (Rp) variations for the magnetized and nonmagnetized 

biotic and abiotic systems are shown in Figure 8.20 a.  The Rp as a function of time data 

revealed that in the magnetized biotic system (S1), a substantial decrease of Rp to 151 Ω.cm
2
 

followed by another decrease to approximately 64 Ω.cm
2
 at 168 hours. For the nonmagnetized 

system (S2), the Rp decreased to 260 Ω.cm
2
, followed by another decrease to approximately 196 

Ω.cm
2
 at 168 hours. In contrast, the Rp values for the magnetized and nonmagnetized abiotic 

systems (S3 and S4) were higher than those for biotic systems. The average Rp values for S3 and 

S4 systems were around 1100 Ω.cm
2
 and 1250 Ω.cm

2
 respectively. Corrosion rates (CR) 

calculated from the Rp data are presented in Figure 8.20 b. The corrosion rates in the magnetized 

biotic system (S1) were significantly greater than those in the nonmagnetized system (S2) with 

average values of 53 and 20 mpy, respectively. In contrast the average corrosion rates from 

control systems (S3 and S4) were 6.7 and 7.4 mpy, respectively. 



231 

To summarize, the OCP, Rp and corrosion rate results reveal significant impacts of 

magnetic fields when introduced to the biotic system (S1). This statement is made evident by a 

substantial positive shift in corrosion potentials, a significant decrease in Rp and high corrosion 

rates. In contrast, the magnetic fields effects were minimal in the abiotic control system (S3) 

suggesting synergistic interaction of the SRB activities, associated metabolic products and 

biofilm with magnetic fields. These results provide more confidence in the observations and 

measurements provided by the immersion tests, section 8.4.2. To gain more information on the 

corrosion kinetics and electrochemical properties of magnetized and nonmagnetized biotic 

systems, impedance spectroscopy measurements were performed. 

8.4.3.2 Electrical Impedance Spectroscopy Results  

Figure 8.21 a and b show the EIS Zmod-frequency and phase angle-frequency Bode 

curves at different time intervals for the magnetized biotitic system (S1). The Bode curves show 

behavior characteristic of corroding metal, indicated by the drop of the resistive response drop at 

low frequencies (horizontal Zmod curve) confirming increased iron dissolution. The low 

frequency resistance (Rp) shown in Figure 8.21 a decreased to 20.6 Ω.cm
2
 at 120 hours and then 

remained constant. This drop provides more confirmation of the calculated high corrosion rate 

under magnetized biotic conditions, Figure 8.20 b. On the other hand, a noticeable shift occurred 

at 48 hours, at which the low frequency resistance increased to 511 Ω.cm
2
. This increase, 

attributed to a short term protection, might be provided by the accumulation of biofilm and iron 

sulfides on the steel surface. The formation of a protective layer on the steel surface is confirmed 

by phase angle spectra (Figure 8.21 b) that displayed two time constants or two peaks at ~10
2
 

and 10
-1

 Hz. It has been reported that an iron sulfide layer and biofilm layers partially protect the 

steel from corrosion [17], [18].  

The solution resistances of the magnetized biotic systems, shown at high frequencies, 

decreased from 1.57 Ω.cm
2
 at 12 hours to 0.717Ω.cm

2
at 120 hours and then remained constant 

(Figure 8.21 a). This observation suggests that magnetic fields enhance solution conductivity. 

These drops in solution resistances might be attributed to the stirring effects of the magnetic field 

[3]. 

The equivalent electrical circuit based on the minimum deviation between the measured 

and fitted data for the magnetized biotic condition is shown in Figure 8.22. The circuit 
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equivalent, used to fit the EIS data consists of two time constants representing the formed 

compact biofilm (bf), which constitutes an additional parallel combination of resistance and 

capacitance for mixed layer iron sulfides and corrosion deposits. After biofilm formation, in 

conjunction with the development of iron sulfide components at 48 hours, two time constants 

appear in the phase angle spectra as shown in Figure 8.21 b.  
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Figure 8.21. EIS data for magnetized biotic system (S1); a) Zmod-frequency Bode curve; b) 

Phase angle-frequency Bode curve. 

 

 

 

 

Figure 8.22. Circuits equivalent used to fit the EIS data for the magnetized abiotic system (S1) 

 

 

In contrast, Figure 8.23 a and b present the EIS Zmod-frequency and phase angle-

frequency Bode curves at similar time intervals for the nonmagntized biotic system (S2) . The 
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Bode curves in this case are significantly different from those in the magnetized biotic system 

(S1). However, there is no notable difference in the appearance of the shapes of the Bode curves 

with time among the two conditions.The low frequency resistance (Rp), Figure 8.23 a, decreased 

from 925 Ω.cm
2
at 12 hours to 226 Ω.cm

2
 at 120 hours and then remained constant. There is no 

change in the solution resistance at high frequency under the nonmagnetized biotic system.  
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Figure 8.23. EIS data for non-magnetized biotic system (S2); a) Zmod-frequency Bode curve; b) 

Phase angle-frequency Bode curve. 

 

 

It can be noticed that there are significant differences in the low resistance values 

between the two conditions (S1 and S2) shown in Figure 8.21 a and Figure 8.23 b, respectively. 

The magnetized biotic system displayed a much lower value (20.6 Ω.cm
2
) than did the value for 

the nonmagnetized system (226 Ω.cm
2
). This result provides further support for the induced 

effects by magnetic field under S1 conditions. 

For the nonmagnetized biotic system (S2), in the first 48 hours, the medium frequency 

(MF) response presented in the phase diagram, shown in Figure 8.23 b, shows one time constant 

that indicates the formation of an unstable conditioning layer based on a mixture of 

inorganic/organic compounds; it is essentially a time of biofilm formation. However, when a 

stable heterogeneous integral biofilm layer was formed, two time constants appeared at 96 hours 

as indicated by the change in phase angle spectra, shown in Figure 8.23 b. The impedance 

a b 
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spectra for S2 could be fitted with a two-time constants circuit with a CPE describing the biofilm 

and solution /steel electrical double layers, Figure 8.24. 

 

 

 

Figure 8.24. Circuits equivalent used to fit the EIS data for the nonmagnetized abiotic system 

(S2). 

 

 

The EIS results reveal several general statements about how corrosion proceeds in the 

magnetized and nonmagnetized biotic systems: 

I. In both cases, the SRB consortium enhanced the corrosion process most likely via 

biofilm formation; reduction of sulfates and production of hydrogen sulfide; and 

the subsequent formation of semi-conductive iron sulfides [29], [30]. 

II. The magnetic fields enhanced the SRB influenced corrosion as evidenced by the 

substantial decrease in the low frequency resistance under magnetized biotic 

conditions compared to nonmagnetized biotic conditions. 

III.  The magnetic fields might have altered the kinetic and species activities as 

indicated by the reduction in the solution conductivity observed under the 

magnetized biotic system, while no change was noticed in the nonmagnetized 

biotic conditions. 

IV. The magnetic fields promoted the formation of biofilm as evidenced by the early 

change shown in phase angle spectra. 

8.5 Discussion  

SRB have been cited as being responsible for most MIC cases in pipeline systems. Under 

biotic conditions, planktonic cells attach to the steel substrate, grow, reproduce and produce an 

extracellular polymeric substance (EPS) that results in a complex biofilm formation. It is 
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generally accepted that SRB enhance the corrosion process most likely via their metabolic 

activities of reducing sulfates to sulfide, production of hydrogen sulfide, biofilms depositions, 

and the subsequent formation of semi-conductive iron sulfides [29], [30]. SRB consume cathodic 

hydrogen via an enzyme known by hydrogenase to obtain the eight electrons required to reduce 

sulfate to hydrogen sulfide [5], [7], [18], [30]. In natural deaerated conditions, the hydrogen is 

produced by the following cathodic reaction [5], [7], [18], [30]: 

 

2H2O + 2e → H2 + 2OH
-
 8.5 

 

SRB oxidize the hydrogen and obtain eight electrons via their hydrogenase enzyme. 

Electron transport reactions lead to proton motive force formations that supplies energy to the 

cells.
 
These electrons facilitate the sulfate reduction process per Reaction 8.6: 

  

SO4
2-

 + 9H
+
 + 8e → HS

-
 + 4H2O 8.6 

 

Reaction 8.6 normally happens at a slow rate without biocatalysis from bacteria. It is 

catalyzed by the hydrogenase enzyme system of SRB cells, which are expected to be more 

significant at the exponent phase of the growth process.
 
Some sulfide ions will convert to 

hydrogen sulfide, especially at acidic pH [18], [30]: 

 

2HS
-
 +H2               2H2S+ 2e 8.7 

 

Reaction 8.7 is rapidly facilitated by the presence of SRB and at a pH between 1 and 7. 

The production of hydrogen sulfide and the oxidation of iron reaction 8.8 (anodic reaction), leads 

to the formation of iron sulfide: 

 

Fe → Fe
2+

 +2e 8.8 

Fe
2+

 + H2S → FeS + 2H
+
 8.9 

 

The above reactions are expected to happen under magnetized and nonmagnetized biotic 

conditions. However, the results of immersion corrosion tests and electrochemical evaluations 
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suggest that the induction of static magnetic fields at 3000 gauss strength increased SRB 

influenced corrosion. Several results have been presented that indicate the synergetic effects 

between magnetic fields and SRB activities. The substantial corrosion rate and high pitting depth 

observed under magnetized biotic conditions compared to nonmagnetized biotic conditions are 

evident. The possible effects of the magnetic fields might include 1) promotion of bacteria 

diffusion, attachments and subsequent biofilm formation on the metal surface; and or 2) increase 

in the driving force for corrosion through the stirring effects and support the formation of 

different semi-conductive iron sulfide compounds 

8.5.1 Influence of Magnetic Fields on Diffusion Bacteria Attachments and Subsequent 

Biofilm Formation 

Qualitative and quantitative results suggested by the FE-SEM images (Figure 8.8) and the 

sessile bacterial density measurements shown in Table 8.2 support the enhancement effects of 

magnetic fields on bacteria attachment and biofilm formation. The magnetic fields might 

facilitate the bacterial attachment through one of the following mechanisms: 

 Introduce additional external forces on the system, which increase the diffusion of 

bacterial cells approaching the metal surface proximity.  

 Decrease Gibb’s free energy of bacterial attachment. 

 Accelerate the establishment of conditioning layers on the metal surfaces, which are 

prerequisites for bacterial attachment and biofilm development. 

8.5.1.1 Magnetic fields introduce additional external forces on the system, which increase 

the diffusion of bacterial cells approaching the metal surface proximity. 

The process of bacterial cell attachment to a surface starts with the diffusion of these cells 

from the column toward the surface proximity. This bacterial transport process could facilitate 

the close proximity of bacteria to a surface leading to initial bacterial attachment [31], [32]. The 

transport process is achieved via convection, flagellar motility, sedimentation and/or eddy 

diffusion [32]. The presence of magnetic fields might increase the flux of bacteria towards the 

metal surface. The magnetic fields might provide extra forces that enhance the bacterial cells 

diffusion toward the surface. It has been reported that when magnetic fields applied in a solution 

contained a concentration of paramagnetic ions, driving forces acting on the solution would 
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increase [33], [34]. These forces have the same direction as the gradient of the paramagnetic ions 

and enhance the convective transport in the system.  

In our case, the SRB consortium used in this investigation have negative surface charges 

of -53 mV as indicated by the zeta potential measurements, shown in Figure 8.14 and are able to 

generate paramagnetic sludge particles, mainly iron sulfides, with an average calculated 

magnetic susceptibility of 1.4 x 10
-6

 m
3
/kgFe, as shown in Figure 8.17 and Figure 8.18. 

Therefore it is expected that under magnetized conditions, SRB cells will be affected and their 

transport toward the surface proximity will increase.  

It is also postulated that the magnetic susceptibility of SRB consortium increases with 

time due to further accumulation and production of the paramagnetic particles in the column; 

subsequently the magnitude of the magnetic fields effects on the bacterial cells might increase 

with time. The magnetic susceptibility of the SRB consortium was not measured in this work; 

however some values have been reported in the literature. Bahaj et al. [10] reported that the 

magnetic susceptibilities of SRB strains that are related to Desulfovibrio increased from 3.8x10
-5

 

at one-day incubation to 28.7x10
-5

 at the three-day incubation period. These changes in SRB 

magnetic susceptibility have been attributed to the accumulation of paramagnetic iron sulfide 

particles over time. 

In fact, the growth conditions of SRB might also play an important role on the magnetic 

susceptibilities of the produced iron sulfides. Marius et al. [6] were able to use SRB culture to 

produce magnetic sulfides by adding a high ratio of Fe
2+

/: Fe
3+

 and using mixed batch-

continuous culture cycles. Indeed, the ferrous sulfides in this research are clearly different from 

the highly magnetic iron sulfides FexSy reported by Marius et al. [6] due to some limitations in 

the equipment (chemostat) for this study. It should be noted that in practical situations (e.g. oil 

pipeline systems), it is expected the magnetic susceptibility of resident microbes will be higher 

due to the presence of different ferromagnetic scales such as magnetite (Fe3O4) and greigite 

(Fe3S4). 

From a fundamental perspective, the extent of the diffusion rate depends on the system 

under consideration and the forces act in the microorganism. The fluxes of colloidal particles like 

bacterial cells that diffuse to the surface in close proximity are expressed by Equation 8.10 [35]: 
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               8.10 

 

where C represents the planktonic bacteria density, M is mobility and F is the driving force for 

diffusion. If the exponent growth phase is considered (as it is the healthiest phase in the growth 

cycle) [36], planktonic bacteria density during this phase is expressed by Equation 8.11: 

 

     
  8.11 

 

where C0 is the initial density and n is the number of generations during the exponent phase. 

Under magnetized and nonmagnetized conditions, it is expected that planktonic bacteria density 

will not be affected by the presence of magnetic fields as suggested by Figure 8.5. The mobility 

term (M) is expressed using the Einstein-Nernst relationship Equation 8.12: 

 

  
 

  
 8.12 

 

where D is the diffusion coefficient of bacteria , K is Boltzmann’s constant and T is temperature.  

Substituting back into Equation 8.10, the bacteria flux can be expressed in Equation 8.13: 

 

             
  

 

  
   8.13 

 

Under nonmagnetized conditions, there are different driving forces that acting on the planktonic 

bacterial cells swimming in the column. These forces might include concentration gradients, 

electric potential gradients, migration, gravitational, frictional and bouncy forces [35]. For 

simplicity, the gravitational, frictional and bouncy forces will be ignored for this model. Forces 

are vectors and hence they can be added. The mathematical expression of these forces is shown 

in Equation 8.14 through 8.16 as follow: 

 

Concentration gradients force,  

         
  

  
 8.14 
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Electric potential gradient force, 

                  
  

  
 8.15 

 

where Z is number of electrical charges. The bacteria flux due to migration, 

 

               8.16 

 

where C is the bacteria density and Vm is the relative velocity of the bacteria cell. The total 

bacteria flux move toward the steel surface will be as follows: 

 

               
  

 

  
 
  

  
   

  

  
      

    
8.17 

 

In case of magnetized conditions, additional forces will be added to the forces presented 

under nonmagnetized conditions. The magnetostatic energy density of the electrolyte containing 

magnetic species is given by Equation 8.18 [37]:  

 

     
  

   
 

  
      

 

  
 

 8.18 

 

where ( mCB) represents the magnetization induced by flux intensity of B,µ0is and magnetic 

permeability of free space,  m is the molar magnetic susceptibility of the species involved. The 

force associated with the magnetostatic energy is obtained by taking the spatial derivative of 

Equation (8.13) and is given by Equation 8.19 [37]: 

 

      
     

 
  

  
 

  
   

 
  

 
 

 8.19 

 

where  B is the magnetic field gradient and  C is the concentration gradient. The force 

associated with the magnetostatic energy, Equation 8.19, is composed of two separate forces, the 
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concentration gradient force and the magnetic field gradient force. The concentration gradient 

force is given by Equation 8.20: 

 

    
     

 
  

  
 

 8.20 

 

And the magnetic gradient force is given by Equation 8.21: 

 

    
   

 
  

 
 

 8.21 

 

The direction of the concentration gradient force is towards areas with higher 

paramagnetic species concentrations whereas the magnetic field gradient force is directed toward 

areas with higher values of magnetic field strength, [33], [34], [37]. The third force is the Lorentz 

force that acts upon a unit fluid volume as expressed by Equation 8.22: 

 

       8.22 

 

SRB consortium used in this study carry charges and hence might be affected by the 

Lorentz force. In general, the Lorentz force acts when a fluid element carries current. The 

magnetic field gradient force acts when the volume element is located in a magnetic field 

gradient, and the concentration gradient force acts when the concentration in not uniform. Most 

importantly, the concentration gradient force is present even when the magnetic field is uniform, 

and acts upon the diffusion layer [37]. 

Taking into account all forces that contribute to the flux of bacteria in solution under 

magnetic fields, the bacteria flux is expressed by: 

 

             
  

 

  
 
  

  
   

  

  
  

         

   
  

           

   
          

    8.23 
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Once the bacteria come close to the surface, the initial adhesion process starts as a weak 

reversible attachment, and progresses to an irreversible attachment phase is reinforced by 

extracellular polymeric substance (EPS) production [5], [38]. The bacterial initial attachment is a 

thermodynamic process. If the total free energy of adhesion ∆Gadh is negative, it is more 

favorable for bacteria to attach to the surface; if the total energy is positive, it will be less 

favorable for attachment. 

8.5.1.2 Magnetic fields decrease Gibb’s free energy of bacterial attachment. 

There are different approaches used to assess the initial attachment of colloidal particles, 

like bacteria, to a surface. These approaches are based on the fundamental interaction forces 

between the bacteria and given surface, and in order to have an adequate description of this 

interaction, both long range and short range forces should be considered [39]. The DLVO 

(Derjaguin, Landau, Verwey and Overbeek) model is widely used to calculate the adhesion free 

energy variations involved in the attachment process as a function of separation distance between 

the interacting surfaces [40]. The DLVO approach displays a balance between attractive Lifshitz- 

van der Waals (∆G
LW

) and repulsive or attractive electrostatic forces (∆G
EL

). These two forces 

are functions of distance (d) between the bacteria and surface. In order to calculate the adhesion 

free energy (∆Gadh), the electrostatic interactions between surfaces should be included. The 

inclusion of electrostatic interactions requires that the zeta potentials of the interacting surfaces 

be measured, in addition to measuring contact angles. Under nonmagnetized conditions, the total 

adhesion free energy described by DLVO is per Equation 8.24 [40]: 

 

                        8.24 

 

The attractive Lifshitz- van der Waals       is calculated by: 

 

      
   

  
                  

   
 
   

8.25 

 

The repulsive or attractive electrostatic forces     : 
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(

8.26 

 

The term A is the Hamakar constant ,    and    are the zeta potentials of the bacteria and the 

flat surface, R is the sphere radius assuming the bacteria is sphere-shaped,    and   are the 

electrical permittivity of the vacuum and medium respectively,   is Debye- Huˆckel parameter 

and d is the distance in nm [39]. 

 However, under magnetized conditions, extra energies will be introduced by the magnetic 

fields, including magnetostatic energy (∆G
MFE

) on the solution containing paramagnetic particles 

(SRB in this case); this is given by Equation 8.13 and the energy induced to the metal surface is 

expressed by Equation 8.27 [1], [3]: 

 

            8.27 

 

Where M is the magnetization induced by magnetic field B, (       , μ magnetic 

permeability of free space, and    is the molar magnetic susceptibility of the species involved. 

So the total Gibbs free energy of bacteria attachment under magnetic conditions can be expressed 

using the DLVO approach as follows: 

 

                                        8.28 

 

The      values in microbial interactions are nearly always negative, indicating that the 

Lifshitzvander Waals forces are predominantly attractive whereas the      electrostatic 

interaction can be negative or positive based on the ionic strength and zeta potential of the 

bacteria and surface. The magnetostatic energy       and      can also be negative or 

positive depending on the bacteria surface charge and directions of magnetic field. Potentially, 

magnetic fields might have dual effects (increase or decrease) on the attachment process. If the 

total       is negative, it is more favorable for bacteria to attach to the surface whereas if the 

total energy is positive it will be less favorable for attachment. Yeo and Chua [40] reported that 

the adhesion of Pseudomonas fluorescens was dependent on different magnetic polarities. They 
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have found that a magnetic floppy disk with higher induced magnetic moment at the spin down 

state (south polarity) increases bacterial adhesion, while the spin up state (north polarity) behaves 

in the opposite way. In our case, there is enough evidence (Figure 8.8 and Table 8.2) to suggest 

that magnetic fields do enhance the attachment process. Nevertheless, conceptually magnetic 

fields can be used to prevent bacterial attachment to the surface by controlling their polarities. 

Increasing the number of sessile cells in the biofilms is an important step for MIC.  It 

should be understood that sessile cells in a biofilm are considered the dominant contributor to 

MIC. For SRB corrosion, planktonic and sessile cells both can produce H2S. The H2S produced 

by planktonic cells can diffuse through the biofilm and reach the metal surface causing H2S 

corrosion; however under normal conditions, the contribution from planktonic cells to the local 

concentration at the metal surface is small compared to the locally produced H2S by sessile cells, 

due to dilution effects of the bulk fluid. This fact is supported by the fact that in the absence of 

an SRB biofilm, pitting is not observed in the laboratory [5], [41].  

8.5.1.3 Magnetic fields accelerate the establishment of conditioning layers on the metal 

surfaces. 

Surface conditioning is also an important factor in bacteria diffusion and attachment to 

the surface. The accumulation of essential organic and inorganic nutrients and corrosion deposits 

on the surface might increase bacteria diffusion and attachment [5], [38]. The two peaks 

displayed at 48 hours in the phase spectra of the magnetized biotic condition, Figure 8.21, 

suggested that magnetic fields promoted the formation of a conditioning layer on the surface, 

which was faster than in the nonmagnetized biotic condition. The phase spectra of the 

nonmagnetized biotic condition revealed different peaks at 96 hours, as shown in Figure 8.23. 

These layers might be related to different of iron sulfides as suggested by Figure 8.6. The dense 

particle deposition and iron sulfide crystals revealed under magnetized biotic conditions, shown 

in Figure 8.6, might contribute to bacterial adhesion to the surface.  In comparison, under 

nonmagnetic biotic conditions, the deposition was less and such crystal structures were not 

revealed, shown in Figure 8.7.   

It has been shown that the attachment of SRB was affected by the presence of different 

scales on the surface [38]. Haile et al. [38] investigated the interaction between different SRB 

strains and FeS2, Fe2O3 and Al2O3 and evaluated the effect of scales in biofilm formation. They 
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found that adhesion energy between D. desulfuricans and D. singaporenus and a conditioned 

stainless steel surface was higher than that of an unconditioned surface. Their study also 

concluded that the presence of iron sulfide scales (pyrite) provided the minimum adhesion free 

energy of these SRB strains. They have suggested these bacteria can readily attach and develop a 

biofilm on the steel surface as well as on sulfide scales. 

In closing, the high sessile density and biofilm mass revealed under magnetized biotic 

conditions are attributed to the external forces and energies induced by the magnetic fields. 

These forces and energies facilitate the formation of conditioning layers, support planktonic 

diffusion, and decrease thermodynamic energies. It has been speculated these effects might have 

worked collectively and resulted in high sessile bacterial counts and dense biofilm.  

Under these conditions, the nature of SRB damage under magnetic conditions is most 

likely to be more deteriorating than those without magnetic fields, as revealed by Figure 8.11 and 

Figure 8.12, respectively. The biofilm and the active metabolisms of the attached bacteria alter 

the electrochemical process; subsequently producing more H2S and introducing multiple 

cathodic side reactions. These factors collectively enhance the redox quality of the system and 

accelerated the anodic dissolution. On one other aspect, under the influence of magnetic fields, 

the electrochemical process might be also affected. 

8.5.2 Influence of Magnetic Fields on Electrochemical Process 

 It has been reported that the electrochemical system properties might be altered by the 

application of magnetic fields [42]. The OCP results shown in Figure 8.19 a reveal a potential 

shift between magnetized (S1) and nonmagnetized biotic (S2) systems of approximately 20mV 

in positive directions after 168 hours. This observation might be attributed to the effects of 

magnetic fields on the electrochemical process. Beech et al. [4] reported similar results using a 

1.5 mT magnetic field with SRB culture. Figure 8.19 also shows a positive potential shift 

(~5mV) between magnetized (S3) and nonmagnetized biotic (S4) systems, which is not 

significant compared to the biotic systems. Additional effects induced by the metabolic activities 

of SRB might explain the substantial OCP shifts observed under the biotic conditions (S3 and 

S4). Lu and Yang [42] reported a positive change in OCP for iron in static aerated neutral and 

acidic solutions when exposed to 0.4 T magnetic fields. However, they found the shift in open-

circuit potential for iron in acid solutions is larger than in neutral salt solutions. 
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Moreover, under magnetized biotic conditions, the solution resistances decreased from 

1.57 Ω.cm
2
 at 12 hours to 0.717Ω.cm

2
, shown in Figure 8.21 a, while they were constant under 

nonmagnetized conditions. This observation provides further evidence for the possible effects of 

magnetic fields on the electrochemical characteristic (kinetics and thermodynamics) under biotic 

conditions. 

8.5.2.1 Effect of magnetic fields on solution kinetic. 

In electrochemistry, The Butler-Volmer Equation is used to describe the kinetics of 

electron transfer reactions as follows [16]: 

 

           α              α        8.29 

 

where α is the transfer coefficient,   is the potential, f = F /R T with F being Faraday’s constant, 

T is temperature and R is the gas constant, and io is the exchange current density. The current 

density of corroding metal equals the summation of anodic and cathodic reaction currents and is 

expressed by Equation 8.30 [16], [42]: 

 

                    8.30 

 

For the systems used in the present study, the main cathodic reactions can be 1) the reduction of 

sulfate, reaction 8.5, (represented by ISO4
2-

) and/or 2) the reduction of sulfide, reaction 8.6 

(represented by IS
2-

); and the anodic reaction is the iron dissolution, reaction 8.8. The total 

current is represented by [41] 

 

                    8.31 

 

If the assumption is made that the anodic reaction is controlled by the charge-transfer 

step, then the anodic current can be expressed as follows: 

 

       
        β         

        β   8.32 
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If the assumption is made that the cathodic reactions are controlled by mass transport, the 

cathodic current is expressed by [16], [42]: 

 

                  

   

δ
 8.33 

 

where z is the number of electrons involved in an electrode reaction, F is Faraday’s constant, Dox 

and Cox are the diffusion coefficient and the concentration of S
2-

 and SO4
2- 

in the bulk solution, 

and δ is the diffusion layer thickness. At high rate, the concentration of cathodic reactants and 

products in the bulk solution is different than the concentration of reactants and products at the 

electrode surface interface. This situation leads to a concentration overpotential which varies 

with the rate of transport of reactants and products [42], [43]. Limiting current density can be 

increased in a number of ways, including higher solution concentrations, higher temperatures, or 

higher solution agitations. If the anodic reaction is controlled by the electron-transfer and the 

cathodic reactions are controlled by the mass transport step, the corrosion potential can be 

expressed by [16], [42] 

 

            β
 
   

  
    

  8.34 

 

where is Ee,a is the equilibrium potential for the cathodic reduction reactions and  a is the Tafel 

slope in natural logarithmic scale for the anodic dissolution. When magnetic fields are applied to 

the biotic system, they might induce a stirring effect that decreases the diffusion layer thickness 

and increases the supply of sulfide and sulfate to the biofilm. Therefore, it is believed that 

limiting current density would be increased due to magnetoconvective stirring effects. To verify 

this statement, potentiodynamic polarization was performed on magnetized and nonmagnetized 

biotic systems. The Potentiodynamic polarization curves shown in Figure 8.25 reveal an increase 

in limiting current and corrosion potential under the magnetized biotic conditions. The applied 

magnetic fields increased the cathodic limiting current via magnetoconvective and thus move the 

corrosion potential in the positive direction and increased the limiting current, as illustrated in 

Figure 8.26. 
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Figure 8.25. Potentiodynamic polarization curves for API X52 linepipe steel under magnetized 

and nonmagnetized biotic conditions. Note the decrease in limiting current density with 

increasing strength of magnetic field. 

 

 

 

Figure 8.26. Schematic showing of the magnetic field effect on the open-circuit and the cathodic 

reactions under magnetized and nonmagnetized biotic conditions. 
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The magnetoconvective stirring of magnetic fields could be presented by two 

mechanisms [42], [43]. The first is related to magnetohydrodynamics (MHD) phenomena. The 

MHD arises from the interaction between the charging–carrying ions and Lorentz force, 

Equation 8.17, induced by the magnetic fields. The changes of mass transport rates due to MHD 

flow in the presence of applied magnetic fields have been reported by others [42], [43]. The 

second mechanism for the magnetic effect on electrochemical reaction is related to gradient 

force, which is related to the movement of diamagnetic and paramagnetic species in magnetic 

fields and expressed by Equation 8.35: 

 

      
 

 
       8.35 

 

It is therefore believed that the magnetoconvective induced by the magnetic fields 

increases the transport/flux of ions to the metal/biofilm interface and decreases the thickness of 

the diffusion layer. Through this process, it is also believed that a magnetic field promotes the 

formation of different iron sulfide products, as shown in Figure 8.6 and Figure 8.10. The 

correlation between a positive shift in open circuit potential and magnetic field strength can be 

viewed with the use of the Pourbaix diagram [44] for the hydrogen-sulfide-iron-water system, 

Figure 8.27.  

The vertical red line in Figure 8.27 indicates the direction the potential can shift when a 

magnetic field is applied. For example, when the magnetic field strength is high, the potential 

may shift into regions marked A or B (formation of greigite and hematite). If the magnetic field 

strength is not very strong, the potential may shift into region C (formation of Mackinawite) and 

when the magnetic field is relatively weak, the potential may stay in region D (immunity). 

Lastly, there is experimental evidence obtained from the FE-SEM and XRD analysis, shown in 

Figure 8.6 and Figure 8.10, that suggests that corrosion products present on the steel surface 

under magnetized biotic conditions are different than those under nonmagnetized biotic 

conditions, shown in Figure 8.7 and Figure 8.10.The formation of different iron sulfides on the 

surface might provide further enhancement of corrosion due to galvanic coupling [29], [30].  
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Figure 8.27. Schematic Pourbaix diagram for the H2S-H2O- Fe system. The red arrow indicates 

the direction in which the potential might shift when a magnetic field is applied to the system. A 

strong magnetic field could push the potential into region A, while a weak magnetic field could 

shift the potential into region C, and region D would be no magnetic field. 

 

 

It is known that once a biofilm is mature, its catalytic ability will level off and the iron 

sulfide layer galvanic coupling might govern corrosion process [29], [30], [41]. In addition, these 

iron sulfide layers might act as semi-conductors that enhance the electron transport between the 

metal surface and the electrolyte [30]. However, in this present study it was unclear what portion 

of an increase in corrosion is a result of the changes induced by the bacterial metabolic activities 

and what portion is due to other chemical redox couples promoted by the iron sulfide galvanic 

coupling. 

On the other hand, under nonmagnetized conditions, planktonic cells may or may not 

contribute to corrosion. The H2S produced by planktonic cells can diffuse through the biofilm 

and reach the metal surface causing H2S corrosion; however due to dilution by the bulk fluid and 

the barrier by biofilm structures, the contribution from planktonic cells to the local concentration 

at the metal surface is small compared to the locally produced H2S by sessile cells. However, 

with the stirring effects induced by the magnetic fields, planktonic and sessile bacteria might 

both have significant impact on the corrosion process in the cases of magnetized biotic 

conditions. 

(B) 

(C) 

(A) 

(D) 
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To summarize, the presence of magnetic fields under biotic conditions result in 

significant shifts in corrosion potentials, an increase in cathodic current and an increase of 

solution conductivity. These observations have been related to the magnetic fields effects on the 

electrochemical process, including magnetohydrodynamics (MHD) and gradient forces that 

collectively increase the mass transport and promote the formation of different corrosion 

products. 

 

8.5.2.2 Effect of magnetic field on system thermodynamics. 

Using the thermodynamics concept [3], [16]: 

 

    δ     δ           
 8.36 

 

where dF is the change in Helmholtz energy, wint and wext are the internal and external work, 

respectively and  
 
 is the chemical potential. At constant pressure and temperature, the 

Helmholtz energy equals the total work. The chemical potential is expressed by 

 

 
  
   

  
         8.37 

 

If iron dissolution is considered for anodic reaction, in the case of nonmagnetized biotic system, 

the following work terms might be present; (   ) due to electrochemical process in which   is 

the electrical potential and F is Faraday’s constant; and (     is due to biofilm formation. The 

total Helmholtz energy is expressed by  

 

                    
          

 
8.38 

                   
        

    

 
8.39 

At equilibrium, dF=0. 

                
        

       8.40 
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        8.43 

 

Using the anodic reaction, the Nernst Equation of the MIC process is 

 

      
  

  

  
          

   

  
 8.44 

 

For the magnetized biotic system, if we just consider the extra work       that is induced by 

the magnetic effects on the carbon steel, the modified Nernst Equation is expressed by: 

 

      
  

  

  
          

   

  
 

   

  
 8.45 

 

From the above, it is thermodynamically proven that the driving force for anodic dissolution 

might be increased with biofilm formation on the steel surface and might be enhanced by the 

introduction of magnetic fields. 

8.6 Conclusions  

In this study the effects of magnetic fields in the presence of a SRB consortium were 

investigated using immersion exposure tests and electrochemical evaluations. The results have 

shows the following: 

1. Magnetic fields increased the attachment of bacterial cells and promoted biofilm formations.   

2. Different corrosion product structures formed on the surface under magnetized biotic 

conditions.  

3. Corrosion and the pitting penetration rates were significantly higher under magnetized biotic 

conditions than under nonmagnetized conditions.  
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4. Substantial positive shifts in corrosion potentials and significant decreases in Rp showed with 

the introduction of magnetic fields to the biotic systems compared to the nonmagnetized 

condition.  

5. In both cases, the SRB consortium enhanced the corrosion process, most likely via biofilm 

formation, reduction of sulfates and production of hydrogen sulfide, and the subsequent 

formation of semi-conductive iron sulfides. 

6. Magnetic fields enhanced SRB influenced corrosion as evident by the substantial decrease in 

the low frequency resistance under magnetized biotic conditions compared to nonmagnetized 

biotic conditions. 

7.  Magnetic fields might have altered the ionic kinetic in the solution as indicated by the 

reduction in the solution conductivity observed under the magnetized biotic system; no 

change was noticed in the nonmagnetized biotic conditions. 

The high corrosion rates observed under the magnetized biotic conditions have been 

related to their synergetic interactions of magnetic fields that influenced SRB cells adhesion, 

biofilm development and altered electrochemical process.   
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 CHAPTER 9 

INHIBITION BEHAVIOUR OF AZADIRACHTIN (NEEM) EXTRACT AS A GREEN 

BIOCIDE FOR BIOCORROSION INFLUENCED BY SULFATE REDUCING BACTERIA; 

PRELIMINARY INVESTIGATIONS 

 

(To be submitted to a Journal) 

9.1 Abstract 

This work investigates the inhibition effects of azadirachtin (Neem) extracts of 

microbiologically influenced corrosion (MIC) of API 5L X80 linepipe steel by a sulfate-reducing 

bacterial (SRB) consortium. The SRB consortium used in this study included three phylotypes: 

Desulfovibrio africanus, Desulfovibrio alaskensis and Desulfomicrobium sp. Steel coupons were 

incubated in the presence of the SRB consortium without and with 4 wt.% Neem extracts for 

periods of time. The morphology, compositions of the interfaces and subsequent corrosive pitting 

were characterized with field emission scanning electron microscopy (FE-SEM) coupled with 

energy dispersive spectroscopy (EDS). In addition, electrochemical impedance spectroscopy 

(EIS), linear polarization resistance (Rp) and open circuit potential (OCP) were used to 

investigate the in situ corrosion behavior under the two different conditions. The results revealed 

that Neem extracts reduce the biocorrosion rate by approximately 50%. The Neem significantly 

reduces the contribution of SRB in the corrosion process by minimizing the growth of cells, 

which subsequently suppresses the production of sulfide, density of sessile cells and 

development of biofilm. 

9.2 Introduction 

Microbiologically influenced corrosion (MIC) or biocorrosion is a considerable problem 

for the oil and gas industry. MIC is considered one of the most damaging mechanisms to pipeline 

steel materials. Microorganisms are thought to be responsible for greater than 20% of pipeline 

system failures [1]. The main tpes of bacteria associated with metals in pipeline systems are 

sulfate-reducing bacteria (SRB), iron and CO2 reducing bacteria and iron and manganese 

http://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&cad=rja&ved=0CC8QFjAA&url=http%3A%2F%2Fjb.asm.org%2Fcontent%2F92%2F4%2F1122&ei=ETdcUeGyA4msqAHI5IG4Dw&usg=AFQjCNEWulnT75LwMS0ujjcUbqsgPz2MvA&bvm=bv.44697112,d.aWM
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oxidizing bacteria [1], [2]. Among these, SRB have received much attention in the oil and gas 

industry and MIC investigations have revealed that these microorganisms have several 

detrimental metabolic activities including the ability to (1) oxidize hydrogen as an electron donor 

for metabolic life, (2) use O2 and Fe
3+

 as a terminal electron acceptor, (3) utilize aliphatic and 

aromatic hydrocarbons as a carbon source, (4) use very low levels of water for cellular 

maintenance and growth, (5) couple sulfate reduction to the intracellular production of 

magnetite, (6) compete with nitrate-reducing/sulfur-oxidizing bacteria (NRB–SOB) and (since 

they may have a nitrite reducing activity) (7) elemental oxidation of iron [1]-[7]. 

Basically, prevention and treatment of MIC primarily focused on destroying the 

microbial cell and/or preventing the development of biofilms [8]. Various commercial mitigation 

techniques have been used in the oil and gas industry to control MIC. These techniques include 

mechanical (i.e. pigging), chemical (i.e. biocides), electrochemical (i.e. cathodic protection) and 

biological (i.e. microbial injection of more beneficial microbiota) approaches [1], [2], [8]. 

Among these methods, biocide is considered the most effective approach; however biocides are 

not only expensive and toxic, but also pose considerable hazards to the environment and field 

personnel due to their toxicity [1], [2], [8]. 

The conventional criteria governing the selection of an effective biocide include i) proven 

efficacy against a broad spectrum of microorganisms; ii) ability to penetrate and disperse 

microbial slime; iii) chemical and physical compatibility with other products (e.g. corrosion 

inhibitors) and the environment (e.g. pH effects); iv) safe storage and easy use and storage; v) 

appropriate biodegradability; and vi) cost effectiveness [1], [9], [10]. Biocides, however, are 

inherently toxic and usually difficult to degrade. If used without a proper environmental risk 

assessment, they may have a negative impact on the environment [9]. Moreover, in the past view 

years, the ineffectiveness of biocides against sessile organisms has been documented [11], [12]. 

This is probably due to the inability of the chemical to penetrate the biofilm, in addition to 

physiological differences between sessile and planktonic cells [11]. It has also been reported that 

the sensitivity of biocides can be altered up to 1000-fold by changes in nutrients and growth rates 

[12]. 

Use of naturally occurring compounds such as plant extracts might be an environmentally 

benign way of treating MIC. A number of plant oils and aqueous plant extracts have been shown 
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to have inhibitory activity against yeast, filamentous fungi and bacteria [13]-[15]. Indian species 

such as clove, cinnamon, horse radish, cumin, tamarind, garlic, and onion are used as 

preservatives, disinfectants and antiseptics [16].  

The Neem tree is well known for its unusual biological properties. Its bark and leaves are 

known to possess diverse and multifarious therapeutic uses for the treatment of diseases [17]. 

The most important bioactive principal constituent in Neem is Azadirachtin [16], [17]. Neem leaf 

extract has been widely explored as a potential green corrosion inhibitor for alloys such as mild 

steel, carbon steel and zinc in acidic mediums [17]-[19].  

Despite these explorations, there is lack of information on the effects of Neem extracts on 

biocorrosion. The present investigation focuses on the use of Neem as a MIC inhibitor. The 

present study explores the use of formulated Neem seed extracts containing 6% w/w azadirachtin 

as an inhibitor towards microbiologically influenced corrosion of API 5L grade X80 carbon steel 

caused by SRB. 

9.2.1 Materials and Methods 

The materials, testing apparatus, techniques and procedures used in this investigation are 

described in sections 9.3.1 through 9.3.5. 

9.2.2 Organisms and Culture 

SRB mixed cultures of Desulfovibrio africanus sp., Desulfovibrio alaskensis and 

Desulfomicrobium sp. were used in this study. Freeze-dried samples of both D. africanus sp. 

(ATCC 19997) and D alaskensis (ATCC 14653) were obtained from the American Type Culture 

Collection (ATCC), while Desulfomicrobium sp. (accession # KC756851) were isolated from 

water samples obtained from an oil well located in Louisiana, USA. The SRB cultures were 

cultivated in supplemented enriched artificial sea water. The growth medium was composed of 

magnesium sulfate (2.0 g), sodium citrate (5.0 g), calcium sulfate di-hydrate (1.0 g), ammonium 

chloride (1.0 g), sodium chloride (25.0 g), di-potassium hydrogen orthophosphate (0.5 g), 

sodium lactate 60% syrup (3.5 g), and yeast extract (1.0 g). All components were per liter of 

distilled artificial seawater. The pH of the medium was adjusted to 7.5 using 5M sodium 

hydroxide and sterilized in an autoclave at 121˚C for 20 minutes. The SRB species were cultured 

in the growth medium with filter-sterilized 5% ferrous ammonium sulfate added to the medium 

http://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&cad=rja&ved=0CC8QFjAA&url=http%3A%2F%2Fjb.asm.org%2Fcontent%2F92%2F4%2F1122&ei=ETdcUeGyA4msqAHI5IG4Dw&usg=AFQjCNEWulnT75LwMS0ujjcUbqsgPz2MvA&bvm=bv.44697112,d.aWM
http://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&cad=rja&ved=0CC8QFjAA&url=http%3A%2F%2Fjb.asm.org%2Fcontent%2F92%2F4%2F1122&ei=ETdcUeGyA4msqAHI5IG4Dw&usg=AFQjCNEWulnT75LwMS0ujjcUbqsgPz2MvA&bvm=bv.44697112,d.aWM
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at a ratio of 0.1 ml to 5.0 ml respectively. The bacteria were incubated for 72 hours at 37
o
C under 

an oxygen-free nitrogen headspace.  

9.2.3 Sample Preparation 

Pipeline steel (API 5L X80) coupons, provided by a local energy company, were used for 

this study and composed of the following elements with a weight ratio of 0.073% C, 1.36% Mn, 

0.004% P, 0.008% Ti, 0.003% S and remaining % Fe . 

For corrosion evaluations, the coupons were machined to a size of 10 x10 x 5 mm and 

embedded in a mold of non-conducting epoxy resin, leaving an exposed surface area with a 

polished mirror finish of 100 mm
2
. For electrical connection, a copper wire was soldered at the 

rear of the coupons prior to epoxy embedding. The coupons were polished with a progressively 

finer polishing paper until a final grit size of 600 micron was obtained. After polishing, the 

coupons were rinsed with distilled water, ultrasonically degreased in acetone and sterilized by 

exposing to pure ethanol for 24 hours. 

9.2.4 Electrochemical Tests 

The electrochemical measurements were made in a conventional three electrode ASTM 

glass cell coupled with a potentiostat and a high frequency impedance analyzer (Gamry-600). 

The electrochemical cell composed of a test coupon as a working electrode (WE), a graphite 

electrode as an auxiliary electrode and a saturated calomel electrode (SCE) as a reference 

electrode. All glassware was autoclaved at 121ºC for 20 minutes at 20 psi pressure and then air 

dried for an initial aseptic condition. Graphite electrodes, purging tubes, rubber stoppers and 

needles were sterilized by immersing in 70 vol.% ethanol for 24 hours followed by exposure to a 

UV lamp for 20 minutes. Two solutions were used in this experiment, without Neem (M1) and 

with Neem (M2). Under a sterile hood (in a bio-safety cabinet), the cells were prepared with 700 

mL of enriched artificial seawater, described above, inoculated with 5 mL of SRB consortium at 

10
8
 cells/mL. Neem extract obtained from Arborjet Inc. (AZASOL, comprising of 6% w/w 

azadirachtin) was added at 4% w/w to one of the cells. The electrochemical cells were purged for 

one hour with pure nitrogen gas to establish the anaerobic environment.  

Open circuit potential values (OCP) of the systems were monitored with time during the 

immersion period followed by periodic readings for up to 336 hours. Impedance measurements 

were performed on the system at the open circuit potential for various time intervals from 
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immersion up to 288 hours. The frequency sweep was applied from 10
5
 to 10

-2
 Hz with an AC 

amplitude of 10 mV. During the LPR technique, the polarization resistance (Rp) was measured 

on the system at a scanning amplitude of +/- 10 mV with reference to the open circuit potential 

for various time intervals from immersion up to 336 hours. 

During the tests, the bacteria activities were estimated by direct count of planktonic cells 

using Petroff-Hausser counting chamber under the microscope at a magnification of 40X. 

9.2.5 Sulfide Measurements  

The sulfide levels in the vessels were monitored over the test period to monitor the 

activities of SRB consortium. Samples of the test medium were extracted from the vials using a 

sterile syringe under a sterile bio-safety cabinet/hood. The procedure detailed under the 

American Public Health Association (APHA, 1989) standard method was followed [20]. 

9.2.6 Surface Analysis and Corrosion Product Compositions of Coupons Exposed to SRB 

At the conclusion of each test, the working electrode was carefully removed from the 

system for fixation. To fix the grown biofilm to the steel surface, the coupons were immersed for 

1 hour in a 2% glutaraldehyde solution, dehydrated  successively with 15 minutes each of 25, 50, 

75 and 100% ethanol solutions, air dried overnight and then gold sputtered [21]. After fixation, 

the coupons were examined using field emission scanning electron microscopy (FE-SEM) 

coupled with energy dispersive spectroscopy (EDS) to evaluate the morphology and chemical 

composition of the biofilm. The coupons were then cleaned using a standard protocol described 

under the ASTM-GI-03 [22] and pit morphology and density on the exposed coupons were 

examined using FE-SEM. 

9.3 Results and Discussion 

The influence of Neem extracts on the API 5L X80 steel corrosion influenced by SRB 

consortium was evaluated with electrochemical and surface analytical methods. The 

experimental results are presented and discussed in the following sections. 

9.3.1 Bacteria Activities and Sulfide Measurements 

Figure 9.1 illustrates the growth process of SRB in the enriched artificial seawater 

medium prepared without Neem (M1) and with Neem (M2). The results indicated that SRB in 

the M1 system followed a typical bacterial growth cycle comprising of four phases- lag phase, 
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log/exponential phase, stationery phase and decline/death phase. During the lag phase, which 

was up to 48 hours, SRB start to colonize and gather nutrition to flourish. From 48 to 96 hours, 

during the exponential phase, the number of viable SRB species increased quickly to 

approximately the maximum value of 10
8
 cells/ml. It has been shown that during the exponent 

phase, the concentration of hydrogen sulfide increases [23]. The dissolved sulfide measurements 

variations over the period of exposure are shown Table 9.1. 
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Figure 9.1. SRB growth trends under biotic conditions with and without Neem extracts. 

 

 

As shown in Table 9.1, the level of dissolved sulfide increased drastically for the first 96 

hours to a maximum value of 1768 µg/l and then decreased to an approximate value of 1400 

µg/l, which then remained more or less stable. The high production of sulfide occurred during 

the cellular exponential growth phase until it reached its maximum value (1768 µg/l). After 96 

hours, the growth process reaches the stationary phase, as shown in Figure 9.1. During this 

phase, there was no increase in the number of cells and the growth was limited by insufficient 

nutrients and accumulation of waste products [23], [24]. It is possible that growth of SRB might 

be hindered by the accumulation of a high concentration of sulfide produced during the exponent 

phase and the nutrient limitations. It was suggested that the high sulfide concentrations 
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completely inhibited the SRB culture growth [25]. The inhibition may be the result of an intrinsic 

toxicity of H2S to living systems or it might be due to indirect toxicity by rendering the iron 

insoluble as iron sulfide. Iron is needed for cell structures such as cytochrome C [25]. After 168 

hours, the SRB cells declined to ~10
7
 cell/ml, which is indicative of a third stage, the death 

phase. 

The M1 solution became completely black within 72 hours and remained black for the 

remaining time of the experiment. The characteristic of unpleasant smell of hydrogen sulfide and 

the black colored solution were evidence of SRB growth and metabolism.  

In contrast, in the M2 solution where Neem was added, the cell count of viable SRB was 

about 10
2
 cell/ml for almost the entire time of experiment, as shown in Figure 9.1, and the sulfide 

measurements were below the deductible limits (< 2 µg/l). Probably, the Neem extract did not 

allow SRB to flourish through various phases of their life cycle and limited their metabolic 

processes to directly propagate them into the decline phase. The M2 solution had an orange color 

and did not turn black at any time during the experiment. These observations suggest the 

inhibition effects of the Neem extracts on the growth of the SRB consortium. 

 

 

Table 9.1. Sulfide measurements in (µg/l) under biotic conditions with and without Neem 

extracts 

Time  

(hours) 

Biotic system 

without Neem (M1) 

Biotic system 

with Neem (M2) 

48 425 BDL 

72 432 BDL 

96 1768 BDL 

120 1538 BDL 

144 1366 BDL 

192 1348 BDL 

 

9.3.2 Surface Morphology, Elemental Analysis and Biofilm Structures 

At the conclusion of the tests, the visual inspection of the steel coupon exposed to the 

biotic system with no Neem (M1) revealed dense, thick and black products covering the surface, 

while the steel surface exposed to the biotic system with Neem (M2) was covered in an orange 

heterogeneous layer. As shown in Figure 9.2 and Figure 9.3, there is a significant difference in 
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the appearance, structures and morphology of the corrosion products that developed on the steel 

coupons exposed to the M1 compared to those exposed to the M2 conditions. 

 

 

  

 

Figure 9.2. a) FE-SEM images for API 5L X80 steel surface exposed to biotic with no Neem 

extract (M1), (B) EDS analysis for  light region (R1)  and b) EDS analysis for the dark region 

(R2). 

 

 

Both the morphological FE-SEM images and energy dispersive spectroscopy (EDS) 

elemental analysis of corrosion products of API X80 steel immersed in the biotic system without 

Neem (M1) are shown in Figure 9.2 a, b and c. In Figure 9.2 a, there are two distinctive regions: 

light region (R1) and dark region (R2). Quantitative EDS analysis shows that R1 have corrosion 

products and deposits that are composed of high amount of sulfides, oxygen, iron, and carbon in 

a 

Light Region (R1) 

Dark Region (R2)  

b (b) 

c 

R2 EDS  

R1 EDS 
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addition to phosphorous and sodium chloride salts (Figure 9.2 a and Table 9.2). The light region 

(R2) is considered the ‘outer layer’ where the sulfide and carbon is the predominant constituents. 

For the dark region, R2 is considered the ‘inner layer’ in which the iron, oxygen and carbon are 

the predominant elements as shown in Figure 9.2 c and Table 9.2. The elemental analysis shown 

in Table 9.2, Figure 9.2 a and b, suggest that the surface deposits and corrosion products under 

the M1 conditions might be composed of significant accumulations of sulfur-based, iron oxides, 

organic and phosphorous-based compounds.  

 

 

Table 9.2. Comparative of EDS analysis corresponding to the biotic system without Neem (M1) 

and abiotic system with Neem extracts (M2) systems, respectively 

Wt %  Element  C O Na Si Fe S Cl P Mn 

M1 system          

Light Region 18.69 21.6 0.92 --- 24.43 26.59 3.78 4.00  -- 

Dark Region 12.27 31.26 --- --- 31.90 11.69 5.69 7.27 --- 

M2 System          

Black Region 16.20 11.34 --- --- 49.19 4.96 3.15 1.38 3.61 

White Region  13.43 21.53 0.96 1.04 27.62 --- 10.48 3.85 --- 

 

 

In contrast, the FE-SEM images and EDS spectra display the morphological and 

chemical characteristics of the layer grown on carbon steel exposed to biotic conditions with 

Neem (M2) as shown in Figure 9.3 a, b and c, respectively.  As shown in Figure 9.3 a, there are 

two distinctive areas: black area (A1) and white area (A2). The black area has homogenous, 

cohesive structures while the white area has incoherent, cracked and flaky structures. 

Quantitative EDS analysis shows that the area A1 is composed of a higher amount of iron, 

carbon, oxygen in addition to sodium chloride salts, phosphates and sulfur (Figure 9.3 b and 

Table 9.2). The EDS analysis suggests that the A1 is the inner reign due to the iron content and 

presence of manganese, which were related to the steel constituents. The A1 might be composed 

of iron oxides in addition to unknown organic compounds.  The white region (A2) is considered 

the outer layer and composed mainly of carbon, iron, oxygen, and sodium chloride salts, Figure 

9.3 c. The EDS elemental analysis shown in Figure 9.3 c and Table 9.2, suggest that this layer 

might compose mainly of iron oxides mixed with sodium chlorides, and carbon-based in addition 

of some iron sulfide compounds. The sulfur peaks shown in the EDS spectra for the M2 system 
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might be related to the addition of ferrous ammonium sulfate in the growth medium and the 

product of sulfide by the survived SRB cells as the Neem extracts did not inhibit the SRB growth 

completely. 

However, the EDS spectra for M1 and M2 reveal substantial differences in the sulfide 

levels between the two systems. The average sulfide level under the M1 conditions was ~ 27 wt 

% while it was ~3% for M2 systems, Table 9.2. These observations suggest the inhibitory effects 

of the azadirachtin Neem extracts. The presence of di-potassium hydrogen orthophosphate, 

sodium chloride in the growth media might lead to the precipitation of phosphorous, sodium 

chloride on the surfaces exposed to M1 and M2 systems [26].  

The EDS elemental analysis for both systems (Table 9.2) suggests that the surface 

deposits and corrosion products in the presence of the SRB consortium under M1 system might 

be composed of significant accumulations of sulfur-based compounds. In comparison, the 

surface exposed to M2 solution might be covered mainly with organic compounds in addition to 

iron oxides. There is a substantial amount of surface deposits and corrosion products growing 

upward (Figure 9.2 a) observed for the M1 system, which is most likely due to the biofilm matrix 

whose nature is polysaccharidic and viscoelastic [2], [26]. Conversely, the corrosion products for 

the M2 system exhibit a completely different thin-flat layer with a hard texture partially covered 

with a flaky cracked layer (Figure 9.3 a) suggesting minimum biofilm growth on the surface. 

Higher magnifications FE-SEM images display the nature of biofilm developed under the 

M1 conditions as shown in Figure 9.4. The presence of the SRB consortium together with the 

produced corrosion products has resulted in a heterogeneous morphology and thickness. The 

FESEM micrograph (Figure 9.4) reveals the presence of the corrosion products, cells, spores and 

EPS fibers distributed over the surface. At the conclusion of the experiment, the steel substrate 

was covered with a porous black layer. A jelly-like substance could be observed among the 

corrosion products, which was speculated to be biofilm-produced EPS. Figure 9.4 shows a high 

density of sessile rod-shaped bacteria mixed with corrosion products and EPS. Reports have 

shown that EPS and corrosion products occupy 75-95% of biofilm volume, while 5-25% of the 

biofilm is occupied by sessile bacteria [27]. Higher concentrations of hydrogen sulfide, 

phosphate-based compounds and other potentially biotically-generated, corrosion-influencing 

compounds are likely to be promoted by SRB metabolism and biofilm formation [3], [4], [26]. 
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Figure 9.3. a) FE-SEM images for API 5L X80 steel surface exposed to biotic with Neem extract 

(M2); b) EDS analysis for  dark region (A1);  and c) EDS analysis for the light region (A2).  
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Conversely, the nature of corrosion film for the M2 system exhibits a completely 

different thin-flat layer with a hard texture with small number of sessile bacteria (Figure 9.5). It 

can be seen that the density of sessile bacteria on the surface is substantially less than those 

under M1 conditions. The small density of sessile bacteria revealed under M2 conditions 

provides more confidence concerning the killing and inhibitory influences of the Neem extracts. 

The density of sessile bacteria is considered a significant factor in MIC. It should be understood 

that sessile cells in a biofilm are considered the dominant contributor to MIC [29].  

 

  

  

Figure 9.4. FE-SEM images for the biofilm developed on API 5L X80 steel surface exposed to 

biotic system with no Neem extract (M1).  

 
 

EPS 
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Figure 9.5. FE-SEM images for the biofilm developed on API 5L X80 surface exposed to biotic 

with Neem extract (M2). 

 

 

The corrosivity of the biofilm depends on different factors, including sessile cell density 

and their enzyme activities [29]. Both planktonic and sessile cells might produce sulfide. The 

sulfide produced by planktonic cells might diffuse to reach the metal surface causing hydrogen 

sulfide corrosion; however, under normal conditions, the contribution from planktonic cells to 

the local sulfide concentration at the metal surface is small compared to the local sulfide 

produced by sessile cells due to dilution effects of the bulk fluid, corrosion products and biofilm 

structures [29]. This is supported by the fact that in the absence of an SRB biofilm, pitting is not 

observed in the tested samples [29].  

 

Bacterial cells  
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9.3.3 Morphology Surfaces after Cleaning 

Figure 9.6 displays the FE-SEM images of the steel surface exposed to the M1 system 

after cleaning. As shown in Figure 9.6, the steel surface exhibits aggressive pitting colonies. In 

comparison, Figure 9.7 shows the FE-SEM images of the steel surface exposed to the M2 

system, which reveal minor pitting on the surface as evidenced by the polishing marks. These 

images suggest the inhibition effects of Neem extracts under the M2 conditions.  

 

  

Figure 9.6. FE-SEM images for the API 5L X80 steel clean surface exposed to biotic with no 

Neem extract (M1). 
 

 

  

Figure 9.7. FE-SEM images for the API 5L X80 steel clean surface exposed to biotic with Neem 

extract (M2). 
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9.3.4 Corrosion Mechanisms in Presence of SRB-Biofilm 

The different mechanisms by which the anaerobic SRB can facilitate corrosion have been 

discussed in the literature [29], [30]. These mechanisms include cathodic depolization, iron 

sulfide galvanic coupling and direct electrons uptake [7], [29], [30]. The main electrochemical 

reaction involves the production of sulfide via SRB metabolism activities. SRB utilize cathodic 

hydrogen via hydrogenase enzymes to obtain the required electrons to reduce sulfate to sulfide 

by Reaction 9.1 [1], [2], [4], [30]: 

 

SO4
2-

 + 9H
+
 + 8e → HS

-
 + 4H2O 9.1 

 

 In a deaerated environment the hydrogen is produced by the water dissociation cathodic 

Reaction 9.2: 

 

2H2O + 2e → H2 + 2OH
-
 9.2 

 

Electron transport reactions lead to proton motive force formation that supplies energy to 

the cells [4], [24]. Some biologically produced sulfide ions will convert to hydrogen sulfide 

especially at acidic pH per Reaction 9.3 [30]: 

 

HS
-
 +H

+
= H2S 9.3 

 

The production of hydrogen sulfide and the oxidation of iron (anodic reaction), promotes 

the formation of iron sulfide as follows [1], [2], [4], [30]:
  

 

Fe → Fe
2+

 +2e 9.4 

  

Fe
2+

 + H2S → FeS + 2H
+
 9.5 

  

                       9.6 

 

Under the M1 conditions, the SRB metabolic activities enhanced the corrosion process 

through the depolization of cathodic hydrogen, production of sulfide and the formation of a 

semi-conductive iron sulfide film on the surface [29], [30]. In comparison, under M2 conditions, 
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the inhibition effects of the Neem extracts might have eliminated the role of SRB metabolic 

activities. Moreover, a protection shielding layer might be developed under the M2 conditions 

due to the organic nature of the Neem extracts. This protection shield might provide further 

protection of the steel surface against the growth medium. 

9.3.5 Open Circuit Potential (Ecorr)/Polarization Resistance Measurements 

The variations of OCP as a function of time for a biotic system without Neem (M1) and 

an abiotic system containing 4% Neem extracts (M2) are shown in Figure 9.8. The OCP as a 

function of time data revealed that in the biotic system (M1), a substantial shift of OCP towards 

noble values (-620 mV/SCE) occurred for the first 100 hours and then remained stable 

throughout the remaining period of exposure. This potential shift might be attributed to the 

growth of the SRB species, their metabolic activities and biofilm development. SRB attached to 

the coupon surface, colonized and reproduced to form a biofilm, and the activities of microbes in 

this biofilm subsequently alter the electrochemical processes taking place on the steel surface 

[31]. These alterations might be driven by sulfide production, iron sulfides formation and even 

EPS production. These factors collectively enhance the reduction quality of the system and 

accelerated anodic dissolution1 [23], [26]. 
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Figure 9.8. Open Circuit Potential (OCP) variations under biotic condition without Neem 

extracts (M1) and with 4% Neem extracts (M2). 
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In stark contrast, the biotic system containing 4% Neem extracts (M2) had a notable 

increase of OCP, which then remained more or less steady at approximately -640 mV/SCE. This 

potential shift might be attributed to the accumulation of the organic compounds, Neem extracts, 

biofilm and growth medium constituents, such as potassium, sodium chloride and phosphorous, 

on the coupon surface [26], [31]. Comparing the OCP trends for the two systems, it can be 

noticed that the M2 system had a noble initial OCP (-650mV/SCE) compared to M1 which 

started at -700mV/SCE. This deviation in the onset OCP has been attributed to the effect of 

Neem additions to M2 system. Moreover, the M2 system displayed very stable OCP values, 

except for a small initial increase.  

There is a notable difference in noble direction of approximately 20 mV/SCE between 

the M1 and M2 systems. This positive shift in OCP is known as ennoblement, which is widely 

cited for different alloys exposed to microbes in different environments including fresh water, 

brackish water and seawaters [31]. The exact mechanisms of ennoblement have not been 

resolved. In many cases, ennoblement has been attributed to microbial colonization and biofilm 

formation, which collectively result in organometallic catalysis and acidification of the electrode 

surface [2], [31]. Noticeably, the OCP shift (ennoblement) observed under M1 conditions 

correlates very well with the growth trend of SRB shown in Figure 9.1. Dickinson et al. [32] has 

related ennobled potential to cell density and biological activity in the biofilm by measuring the 

ATP accumulation, electron transport activity and lipopolysaccharide content. The absence of 

ennoblement under M2 conditions supports inhibition effects induced by the Neem extracts. 

Correspondingly, the polarization resistance variations for the M1 and the M2 systems 

are shown in Figure 9.9 a. The Rp as a function of time data revealed that in the biotic system 

with no Neem (M1), an initial increase to ~2100 Ω.cm
2
 at 24 hours followed substantial decrease 

of Rp to 200 Ω.cm
2
 at around 100 hours. After this time, the Rp remained stable throughout the 

period of exposure. The initial increase on the Rp values might be attributed to the formation of 

an unstable protective conditioning layer. This layer might be composed of a mixture of salts, 

iron sulfide, potassium and carbon-based compounds on the electrode surface. The following 

decrease in Rp is attributed to the aggressiveness factors of the biofilm and the active 

metabolisms of the sessile bacteria. The production of sulfide by SRB species and subsequent 
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accumulation of biofilm, EPS and semi-conductive iron sulfide layers on the steel surface might 

introduce multiple side cathodic reactions and promote the corrosion process [3], [29], [30].  
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Figure 9.9. a) Polarization resistance (Rp) and b) Corrosion rate variations under variations under 

biotic condition without Neem extracts (M1) and with 4% Neem extracts (M2) 

 

 

In contrast, the biotic system containing Neem extracts (M2) showed higher Rp values 

over the system without Neem (M1), thus suggesting an inhibition effect. The Rp as a function of 

time data revealed that in the biotic system with 4% Neem (M2), an initial increase to ~35000 

Ω.cm
2
 at 24 hours followed substantial decrease of Rp to 1100 Ω.cm

2
 at 100 hours. After this 

time, the Rp decreased and remained stable at ~500 Ω.cm
2
 throughout the remaining period of 

exposure. The high initial increase on the Rp values might be related to the chemical adsorption 

of the phytochemical components of the Neem on the surface [33].  This chemical adsorption 

process might result in formation of an unstable protective conditioning layer. The Rp trends 

displayed in Figure 9.9 a clearly show that the biotic system containing Neem extracts (M2) 

shows higher Rp values than the system not containing Neem extracts (M1) shows, suggesting 

an inhibition effect. Polarization resistance values can be used to the determine corrosion current 

density,      , using Equation 9.7 [34]: 

 

a 
b 
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  9.7 

 

where  a is the anodic slope and  c is the cathodic slope.  

The corrosion rate plots over time for the M1 and M2 systems are shown in Figure 9.9 b. 

The average corrosion rate recorded under the biotic system with no Neem (M1) was ~35 mpy. 

In contrast, the average corrosion rate recorded under the biotic system containing 4% Neem 

extracts (M2) was ~14 mpy. These results revealed that Neem extract at 4% concentrations has 

reduced the corrosion rate by around 50%. 

9.3.6 Electrical Impedance Spectroscopy (EIS) 

Figure 9.10 a and b show the EIS Zmod-frequency and phase angle-frequency Bode 

curves at selected time intervals for the biotic system containing no Neem (M1). Both types of 

Bode curves show behavior characteristics of a corroding metal at low time intervals which is 

revealed from the observed resistive response at low frequencies (horizontal Zmod curve and 

phase angles nearing 0°), confirming increased iron dissolution caused by bacterial activity. As 

the SRB colonize over the steel surface and form a biofilm, there is a tendency for localized 

corrosion to facilitate, producing a noticeable drop in Zmod values at the low frequency end and 

a change in the appearance of phase angle Bode curves with time.  
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Figure 9.10. EIS data for biotic condition without Neem extracts: a) Zmod-frequency Bode 

curve; b) Phase angle-frequency Bode curve. 
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In contrast, Figure 9.11 a and b present the EIS Zmod-frequency and phase angle-

frequency Bode curves at similar time intervals for the system containing 4% Neem extract 

(M2). The Bode curves in this case are significantly different from that those for M1 system, 

implying corrosion inhibition effects. There is no notable difference in the appearance of the 

shapes of the Bode curves with time as can be seen in the above case. 
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Figure 9.11. EIS data under biotic condition with 4% Neem extracts (M2): a) Zmod-frequency 

Bode curve; b) Phase angle-frequency Bode curve. 

 

 

The impedance spectra for both systems M1 and M2 fit a one-time constant equivalent 

circuit model comprising of a solution resistance (Rs) in series with a parallel combination of 

polarization resistance of steel (Rp) and capacitance of the biofilm (Yo), Figure 9.12. The 

capacitance of the biofilm has been represented by a constant phase element (CPE). The 

presence of CPE can be explained by dispersion effects that are caused by microscopic 

roughness of a surface or biofilm malformation on the sample surface (18-19). In case of a CPE, 

the value of alpha, heterogeneity parameter is less than 1 [23], [26]. 

 

 

a 

 
b 
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Figure 9.12. Circuits models used to fit for the EIS data, Randle with CPE. 

 

 

To summarize, the surface analysis and electrochemical evaluations results suggest that 

Neem extracts have inhibition effects on MIC. This statement is supported by low planktonic 

cells density, low sulfide concentrations, less sessile bacterial density, less pitting, and low 

polarization resistance observed under M2 conditions compared to those under M1 conditions. 

The corrosion inhibition shown by using Neem extracts might be explained by the following. 

I. Neem significantly reduced the contribution of SRB in the corrosion process. Neem 

minimized the growth of SRB cells, subsequently reduced the production of sulfide, 

density of sessile cells and biofilm development.  

II. It is proposed that Neem might have provided protection to the steel surface by forming 

an organic and shielding the surface from the medium. Neem extracts are considered an 

incredible rich source of naturally synthesized chemical compounds [33]. They contain 

large numbers of different organic chemical compounds that might form adsorbed 

intermediates (organo-metallic complexes), such as iron-polyethylene [Fe-PE], which 

provide a protection shield to the surface. Okafor et al. [33] reported the inhibition effects 

of Azadirachta indica Neem extracts on mild steel corrosion in H2SO4 solution. Their 

investigation revealed that the Neem extracts functioned as good inhibitors in H2SO4 

solutions due to chemical adsorption of the phytochemical components of the plant on the 

metal surface. 

9.4 Conclusions  

This investigation provides preliminarily investigation on the effects of Neem extracts on 

biocorrosion. The results presented in this investigation provide promising results that show the 

inhibitory effects of 4 wt.% of Neem extracts (6% w/w Azadirachtins) on the corrosion 

influenced by SRB consortium. The results revealed that Neem extract at 4% concentrations 

reduced the corrosion rate by around 50%. Neem extracts significantly reduced the contribution 

Rs CPEdl

Rct

Element Freedom Value Error Error %

Rs Free(+) 16.69 N/A N/A

CPEdl-T Free(+) 0.013565 N/A N/A

CPEdl-P Free(+) 0.83663 N/A N/A

Rct Free(+) 2725 N/A N/A

Data File:

Circuit Model File: C:\Documents and Settings\Owner\Desktop\Luke\EIS models\Randle.mdl

Mode: Run Fitting / Selected Points (0 - 0)

Maximum Iterations: 100

Optimization Iterations: 0

Type of Fitting: Complex

Type of Weighting: Calc-Modulus
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of SRB in the corrosion process by reducing the growth of SRB cells, subsequently reduced the 

production of sulfide, density of sessile cells and biofilm development. Moreover, it is quite 

possible that Neem extracts might be adsorbed to the metal surface and provided organic coating 

protection against the medium. More work is needed to define the exact mechanisms of Neem 

extract inhibition influence on MIC. 
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 CHAPTER 10 

SUMMARY AND CONCLUSIONS 

 

The focus of this work is to obtain a comprehensive understanding of microbiologically 

influenced corrosion (MIC). This research deployed advanced techniques and methods to explore 

different factors that influence MIC, including the characteristics of the microbial structures of 

crude oil and associated secondary seawater injection systems, the propensity and mechanisms of 

linepipe steels (API 5L X52 and X80) under different exposure conditions, and the mitigation 

effects of Neem extracts. To the author's knowledge, the research presented in this dissertation 

provides one of the most comprehensive MIC studies to date as it covers the most important 

elements (identification, implication and mitigations) of biocorrosion investigations. 

One of the advanced molecular-based techniques employed is the sequencing of 16S 

rRNA genes via 454 pyrosequencing methodologies, which provided in-depth understanding of 

the microbial diversity associated with crude oil and seawater injection systems and their 

relevant impact on MIC. Key microbes, including SRB and IRB, were cultivated and identified 

in the laboratory to gain more thorough understanding of how these microbes impact microbial 

corrosion. Advanced electrochemical and surface analytical techniques were used to explore 

corrosion testing of linepipe carbon steels commonly used in oil and seawater injection pipeline 

systems exposed to these microbes under different conditions. These experimental works were 

directed toward answering the following technological and fundamental questions: 

1. How many and what types of microorganisms are present in Saudi Aramco oil operating 

systems (sweet crude, sour crude and water injection)? 

2. What are the potential implications of identified microorganisms on MIC in hydrocarbon 

and aquatic environments? 

3. What are the effects of field-type sulfate reducing bacteria (SRB) on the corrosion of 

linepipe steel (X52, X80)? What forms of corrosion and under which corrosion 

mechanisms are present? 
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4. What are the effects of field-type iron reducing bacteria (IRB) on the corrosion of 

linepipe steel (X52)? What forms of corrosion and under which corrosion mechanisms 

are present? 

5. How would the remanent magnetic field (3000 gauss) affect MIC in pipeline systems by 

SRB? 

6. Could Neem extracts be used to control MIC? 

 

The answers to these questions have been presented and discussed in detail in the previous 

chapters (4 through 9). The following short narratives summarize these answers. 

 

10.1 How many and what types of microorganisms are present in Saudi Aramco oil 

operating systems (sweet crude, sour crude and water injection systems? 

In Chapter 4, microbial diversity in corrosion products filtered from water samples 

collected from sweet crude oil, sour crude oil and secondary seawater injection pipelines was 

investigated with a 16S rRNA gene 454 pyrosequencing method. A total of ~6900 microbially 

identifying 16S rRNA gene sequences were obtained, of which ~3500 sequences were associated 

with the sweet crude sample, ~2300 were associated with the sour crude sample and ~1100 were 

associated with the sample collected from the seawater injection pipeline. The study revealed 

that the pipeline systems represent a novel environment with respect to their physicochemical 

conditions that lend themselves toward the development of novel microbial communities that are 

taxonomically, physiologically, and phylogenetically distinct and capable of inducing MIC in 

hydrocarbon and water containing systems.  

The dominant microbial phylum identified in the sweet crude sample was related to 

Halothiobacillaceae (75% of total population) while the predominant planktonic bacterial type 

found in the sour crude sample was Thermoanaerobacteraceae (members of the Firmicutes) 

(36%).  For seawater injection samples, the predominant bacterial type was Rhodobacteraceae 

(67%), which are members of the Alphaproteobacteria. Interestingly, Hydrogenotrophic 

methanogens archaea were identified in both the sweet and sour crude samples and account for 

5% and 7% of their relative total microbial population, respectively. 
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10.2 What are the potential implications of identified microorganisms on MIC in 

hydrocarbon and aquatic environments? 

Chapter 4 presented and discussed the role of each identified microbe on biocorrosion 

based on the MIC literatures and surveys.  The role of some of the identified microbes, such as 

Syntrophobacteraceae, Desulfovibrionaceae, Desulfohalobiaceae and Desulfobacterales in MIC 

related processes is well established. Moreover, the recent biocorrosion investigations show that 

methanogenic Archaea have been gaining more attention, not only for their potential role in 

MIC, but also for their methane producing ability which can serve as a carbon source for other 

MIC related microbiota.  

The bacteria associated with Rhodobacterales, Oceanospirillales and Flavobacteriales 

were identified in corrosion products collected from the seawater service pipeline; these bacteria 

have been identified as common surface colonizers in coastal marine environments. Thus, the 

native microbial residents of a marine/coastal environment can likely serve as an inoculum to 

initiate and foster MIC within oil and gas infrastructure.  Little is known in the community about 

the contribution of some of the microbes identified in this study (e.g. Thermotogales, commonly 

found in all samples) to MIC; thus, more research might be required to address their risk to 

microbial corrosion in pipeline systems. 

To the author's knowledge, the data presented in this research provides one of the most 

in-depth molecular-based diversity surveys ever applied to oil and seawater injection systems. 

However, knowledge and understanding of the biodiversity of oil reservoirs and secondary 

seawater injection systems are far from complete. The data generated in this research will 

provide useful information for industry personnel when considering MIC in pipeline integrity 

programs. The increased knowledge of the compositions and variability of microbial 

communities that exist in hydrocarbon and seawater injection systems, combined with 

subsequent future directions, will improve monitoring and prevention strategies of MIC in these 

systems. Moreover, capitalizing on this knowledge might enhance oil recovery and control 

souring and plugging in oil reservoirs via useful utilization of the metabolic activities of some 

microbes. 
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10.3 What are the effects of field-type sulfate reducing bacteria (SRB) on the corrosion of 

linepipe steel (X52, X80)? What forms of corrosion and under which corrosion 

mechanisms are present? 

Chapter 5 and 6 presented and discussed the role of field SRB on the corrosion 

susceptibility of two different grades of linepipe carbon steel (API 5L, X52 and X80). The SRB 

consortium was isolated from a sour oil field.  The 16S rRNA gene sequence analysis indicated 

that the mixed field bacterial culture consortium contained three phylotypes that are members of 

the Proteobacteria (Desulfomicrobium sp.), Firmicutes (members of the Clostridiales.) and 

Bacteroidetes (Anaerophaga sp.), all described previously as species associated with MIC. 

In general, for both cases, the microenvironment at the metal-liquid layer became highly 

altered by the bacterial biofilms via attachment of bacteria; deposition of organic by-products, 

such as extracellular polymeric substances (EPS and acids); and production of hydrogen sulfide, 

with the subsequent development of semi-conductive iron sulfides. More importantly, the 

corrosion of the steel was more severe in the biotic condition than it was in the abiotic control.  

The author herein reports that under the influence of the field-type SRB, the corrosion 

process is complex and could not be presented by a single mechanism. Bacterial activities, 

metabolic reactions and by-products contribute to the corrosion process. Based on observations 

and results, corrosion might involve synergistic mechanisms like the following. 

I. Production of organic by-products, such as extracellular polymeric substances (EPS) and 

acids.  The bacterial consortium (Desulfomicrobium & Clostridium) has the capacity to 

convert the carbon source (lactate) through pyruvate to acetate and produce carbonate. 

Some bacteria of the Clostridium and Desulfomicrobium genus are capable of 

fermentative utilization of lactate depending on the pH medium and of producing acetate, 

HCO3 or propionic acid that may be relevant to the system. It might be possible for the 

bacterial consortium to work in a synergistic way and to affect the corrosion of the alloy 

steel. The deposition of iron carbonate provides evidence for this mechanism.  

II. Production of hydrogen sulfide via sulfate reduction metabolism, with the subsequent 

development of semi-conductive iron sulfides that resulted in galvanic coupling.  

III. Direct electron uptake. As shown in Figure 6.6 c and d, some pits resemble actual 

bacterial cell morphologies, which could be attributed to the potential direct contact 
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between individual cells and the steel surface. It is quite possible that SRB acquire their 

energy by obtaining electrons through direct contact of the steel via their apparent 

nanowire connections (Figure 6.4 d). This mechanism is inspired by the fact that steel has 

a negative redox potential, E°Fe/SHE = -0.44V that makes it potential electron donor to 

SRB.  

The corrosion rate and nature of damage for the two steels (X52 and X80) were different 

under biotic conditions. The average corrosion rate recorded for API 5L X52 was around 45 mpy 

while it was 60 mpy for API 5L X80. Despite these values, the susceptibility of X52 steel to MIC 

is higher than X80. This statement is supported by the nature of corrosion, which was 

generalized with preferential etching of select pearlite microstructures in a regular, rectangular, 

and repeating manner on the X52 steel. In contrast the nature of the corrosion was localized 

pitting corrosion on the X80 steel. The localized corrosion observed on X80 steel explains the 

high corrosion rate recorded for X80. In this work, the linear polarization resistance method was 

utilized to measure the corrosion rates; it is known that this method is reliable for corrosion rate 

measurement in cases of general corrosion and is not reliable for localized corrosion.  

The differences in the corrosion rates and patterns observed for the two steel grades have 

been related to the difference in their microstructures. The X52 steel consists of proeutectoid 

ferrite and pearlite with large grains, while the X80 steel consists has a uniform acicular ferrite 

(AF) structure which consists of polygonal ferrite (PF), granular bainite (GB) and a small 

amount of pearlite with small grain sizes. The heterogeneous chemical and microstructural 

properties of the API X 52 steel electrodes resulted in general corrosion patterns with preferential 

attacks on pearlite microstructures. The high electrochemical potential gradients of pearlite 

microstructures make them more susceptible to galvanic coupling attacks. In contrast, the greater 

homogeneity of the API X80 steel resulted in a selected localized corrosion. In the case of X80, 

it might be possible that the SRB colonized selected grain boundaries that contain inclusions that 

might be used to supplement bacterial nutrients, such as sulfur. Reports show sulfide inclusion 

sites were the most favorable sites for bacterial colonization. Pitting initiation at manganese 

sulfide inclusions was reported when a microbial SRB consortium was applied to linepipe steel. 
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10.4 What are the effects of field-type iron reducing bacteria (IRB) on the corrosion of 

linepipe steel (X52)? What forms of corrosion and under which corrosion 

mechanisms are present? 

Chapter 7 presented and discussed the role of field-type IRB on the corrosion 

susceptibility of two different grades of linepipe carbon steel (API 5L, X52). The IRB 

consortium was isolated from a sour oil field. 16S rRNA gene sequence analysis indicated that 

the mixed bacterial culture consortium contained two phylotypes that are close to members of the 

Proteobacteria (Shewanella oneidensis sp.) and Firmicutes (Brevibacillus sp.). The IRB 

consortium exhibits inhibitory action on the corrosion process. The maximum corrosion rate in 

the biotic system was ~4 mpy while in the abiotic system, it was ~20 mpy. The protective 

behavior of the IRB consortium has been explained by the following simultaneous mechanisms. 

I. The increased consumption of oxygen by Shewanella oneidensis sp. respiration decreases 

the limiting current density resulting in a lower corrosion rate. Shewanella oneidensis sp. 

may colonize the metal surface and consume oxygen molecules adjacent to the metal 

surface by aerobic respiration. 

II. As oxygen is depleted, the bacteria turn to Fe
3+

 anaerobic respiration and the produced 

Fe
2+

 ions diffuse into the bulk fluid. This process creates a chemical shield that reduces 

oxygen diffusion, which in turn inhibits the cathodic reaction due to lower oxygen 

availability. By the electrochemical reaction, Fe
2+

 is oxidized to Fe
3+

 and again reduced 

by bacterial respiration. Consequently, corrosion is inhibited.  

III. Another mechanism that might be responsible for the corrosion inhibition is related to the 

generation of a cathodic protection current by the bacterial consortium. It has been shown 

that some bacterial cells possess nano-wire structures. It is possible these bacteria utilize 

nanowires structures to transfer cathodic current to the steel surface and in turn protect 

against corrosion. Shewanella oneidensis sp. are capable of producing electrically 

conductive pilus-like appendages called bacterial nanowires that can transfer electrons to 

the electrode. The capacity of Shewanella oneidensis sp. to transfer electrons from 

organic sources to electrodes without intervening catalysts serves as the basis for 

electricity production in microbial fuel cells (MFC). This postulation is further supported 

with this work’s finding of the presence of Brevibacillus sp. as part of this isolated 
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aerobic consortium. Brevibacillus sp. have been investigated in MFC for their capacity to 

conduct electrons; these microbes enhance it. It is possible that Brevibacillus sp. and 

Shewanella oneidensis sp., through their complimentary metabolisms, produce cathodic 

currents that provide extra corrosion inhibition. 

Potentially, the IRB consortium could be used as a strategy to combat corrosion especially in an 

aerobic environment. 

10.5 How would the remanent magnetic field (3000 gauss) affect MIC in pipeline systems 

by SRB? 

To the author’s knowledge, chapter 8 presented a novel in-depth work that investigates a 

complex system, SRB-influenced corrosion under the effect of magnetic fields. The effects of 

magnetic fields on MIC can be summarized as follows.  

I. Magnetic fields increased the attachment of bacterial cells and promoted biofilm 

formations.   

II. Different corrosion product structures formed on the surface under magnetized biotic 

conditions.  

III. Under magnetized biotic conditions, corrosion and pitting penetration rates were 

significantly higher than they were under nonmagnetized conditions.  

IV. The introduction of magnetic fields to biotic systems showed substantial positive shifts in 

corrosion potentials and a significant decrease in Rp compared to nonmagnetized 

magnetic conditions.  

V. In both cases, the SRB consortium enhanced the corrosion process, most likely via 

biofilm formation, reduction of sulfates and production of hydrogen sulfide, and the 

subsequent formation of semi-conductive iron sulfides. 

VI. Magnetic fields enhanced SRB-influenced corrosion, compared to nonmagnetized biotic 

conditions, as evidenced by the substantial decrease in low frequency resistance under 

magnetized biotic conditions. 

VII. Magnetic fields might have altered the ionic kinetic in the solution as indicated by the 

reduction in the solution conductivity observed under the magnetized biotic system; no 

change was noticed in the nonmagnetized biotic conditions. 
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The high corrosion rates observed under the magnetized biotic conditions have been 

related to the synergetic interactions of magnetic fields that influenced the SRB cells adhesion, 

biofilm development and altered electrochemical process. It should be noted that, due to the 

complexity of the system studied, future works would be required to obtain conclusive remarks 

on the effects of magnetic fields on biocorrosion. MIC investigations are considered to be a 

complex type of investigation and adding magnetic fields to the system makes the task far more 

complicated.  

10.6 Could the Neem extracts be used to control MIC? 

To the author’s knowledge, Chapter 9 presents a pioneer study on the inhibition effects of 

azadirachtin (Neem) extracts on MIC. The results reveal that Neem extracts reduced the 

biocorrosion rate by approximately 50%. Neem extracts significantly reduced the contribution of 

SRB in the corrosion process by minimizing the growth of cells, which subsequently suppressed 

the production of sulfide, density of sessile cells, and development of biofilm. Moreover, Neem 

extracts might provide an organic coating that protects the surface against the medium. Neem 

extracts are considered an incredibly rich source of naturally synthesized chemical compounds. 

They contain large numbers of different organic chemical compounds that might form adsorbed 

intermediates (organo-metallic complexes), such as iron-polyethylene [Fe-PE], which provide a 

protection shield to the surface. 
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CHAPTER 11 

FUTURE WORK (VISIONARY DIRECTIONS) 

 

 

This research highlights many exciting investigations that should be continued in future 

work to expand knowledge about MIC in terms of microbial identification, implications and 

mitigations.  

For microbial identifications, future work could include continued in-depth 

microbiologically molecular surveys (MMS) to more thoroughly characterize the microbial 

communities in different systems, including but not limited to gas and oil handling 

infrastructures such as reservoirs, pipelines, refineries and terminals. Additionally, continued 

microbial surveys could determine the sessile microbial structures in chronic corrosion sites in 

oil and gas handling systems. It is also feasible to use MMS as an in situ monitoring tool for MIC 

in the oil and gas industry; however more future work would be needed to standardize 

methodology, sample collections, data analysis and reporting.  The combination of MMS as well 

as cultivation-based methods can be integrated into corrosion management programs to 

determine causative microorganisms, to gauge the efficacy of strategies for MIC mitigating and 

to design more effective prevention strategies.  

For the microbial implications, the in-depth MMS provided by this research has shifted 

the paradigm of SRB as the main culprit microbes for MIC. This study reveals a wide spectrum 

of microorganisms whose contributions to MIC have not been fully explored.  Examples of these 

microbes are Thermotogales (commonly found in all oil and water samples) and 

hydrogenotrophic methanogens archaea, which were identified in both the sweet and sour crude 

samples. 

Additionally, the author could not find any data in the literature related to the role of 

magnetotactic bacteria (i.e. Magnetospirillum and Desulfovibrio magneticus) in biocorrosion. 

More details about this group of bacteria were provided in Chapter 2. Although the MMS did not 

reveal these microbes, the author believes that magnetotactic bacteria are present in oil and gas 

systems and there is evidence that those bacteria could directly or indirectly influence corrosion. 
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The fact that magnetotactic cells can accumulate ~20,000 to 40,000 fold of iron in their 

extracellular cells and 14% and 79% by weight of their magnetosome might significantly 

contribute to MIC as they might utilize the metal surface to obtain this much iron. Moreover, 

pipeline systems have remanent magnetic fields (discussed in Chapter 3) that might attract 

magnetotactic bacteria, the result probably being an enhancement or retardation of MIC. 

Definitely, there is extensive research still needed to explore the role of magnetotactic bacteria in 

MIC.  

On the special effects front, this research has started pioneered work on the effect of 

magnetic fields on MIC. However, due to the research limitations and complexity of this system, 

it was difficult to make conclusive statements about the effects of magnetic fields on MIC. 

Future work is needed to answer so many exciting questions in this area. Such future work could 

include continued studies of the magnetic fields effects on MIC under different exposure and 

laboratory parameters, including  

 magnetic field strengths; 

 microbes such as acid production bacteria, metal reducing/oxidizing bacteria and 

magnetotactic bacteria; 

 flow rates and speeds; 

 in presence of Neem extracts; 

 and injection of paramagnetic and ferromagnetic scales. 

On the MIC mitigation front, there are continuing industrial demands for innovative 

solutions that provide cost effective, safe, green and efficient MIC inhibitors.  This research has 

provided preliminary investigations on the innovative idea of using Neem extracts as a green 

biocide. The preliminary results are promising and future work is needed to provide in-depth 

investigations on this subject. Other mitigation ideas that are worth future exploration might 

include the following: 

 Utilization of special microbial injection such as magnetotactic bacteria (MB). 

MB might be injected to a system and, when subjected to high magnetic field, 

might clean the stream of other MIC causative bacteria.  

 Utilization of a metallic coating with elements that are known to inhibit corrosion 

and have the toxicity effect of microorganisms, such as molybdenum, copper and 
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silver. Several attempts were made in this research to explore the effect of 

depositing a nano layer of pure molybdenum on linepipe carbon steel to lower its 

susceptibility to MIC. This work was discontinued due to limitations of coating 

deposition techniques. The author strongly recommends continuing this idea.   

 Special design to increase the microstructural homogeneity which might increase 

the resistance of linepipe steel to MIC. This research shows that there are 

variations in the nature of MIC on X52 and X80 due to microstructural 

differences between these steels. 
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