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Microbiological Challenges  
in the Energy Industries

With an emerging focus on �ghting climate change and improving sustainability, it 
is imperative to share knowledge gained from investigating and addressing microbio-
logical challenges in the non-​renewable industry to the renewable industry. This book 
explores topics related to microbiological challenges impacting the energy sector. The 
chapters cover technological advances related to a wide range of topics including, but 
not limited to, microbiologically in�uenced corrosion in the energy sector, hydro-
carbon biodegradation, and hydrogen storage. It offers cross-​disciplinary knowledge 
and facilitates collaboration that can lead to holistic solutions for addressing complex 
microbiological challenges faced by the energy industry.

	� Provides real-​world perspectives on emerging trends, market demands, and 
technological challenges

	� Explores fundamental concepts and disruptive breakthroughs
	� Bridges the gap between theory and application, accelerating the development 

of cutting-​edge solutions and widespread adoption of technologies to address 
microbiological challenges

This text is aimed at an interdisciplinary audience, spanning readers in materials, 
chemical, process, corrosion, environmental, civil, and bioengineering.

Susmitha P. Kotu is a chemical engineer, scientist, and founder of Dr Kotu Insights, 
bringing extensive research and industry expertise to the management of microbio-
logical challenges across diverse sectors, including oil and gas, chemical, aviation, 
wind, and hydrogen industries.

Torben Lund Skovhus is docent and project manager at VIA University College in 
the Research Center for Built Environment, Climate and Water Technology, Horsens, 
Denmark. He is the principal owner of Skovhus BioConsult (SBC).

Kenneth Wunch, PhD, holds the position of Energy Technology Fellow at Lanxess 
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Foreword
In 2025, as this book is published, we �nd ourselves at a level of prosperity and techno-
logical advancement never experienced in human history. Global poverty rates have 
drastically fallen, and energy consumption has dramatically risen. Simultaneously, we 
are witnessing a world in which politics, regulations, markets, and trends are evolving 
faster than ever. With trade wars (and sometimes real wars) starting and ending on 
a weekly basis, and the effects of climate change becoming markedly noticeable all 
over the world, it has become ever more challenging to predict our future life and 
work. However, re�ecting on the past, those of us working in the energy research 
sector should be accustomed to change.

When I began my career related to the oil and gas microbiology in 2013, I quickly 
experienced the impact of an energy crisis, which led to high energy prices and sub-
sequently increased investments in research. Attending overseas conferences was 
common practice. This period was followed by a dramatic drop in oil prices in 2014, 
driven by the US shale boom. I experienced what that means for R&D: a promising 
project one day could be shelved inde�nitely the next. This volatility is a hallmark 
of the energy sector, where global events and politics can directly in�uence actions. 
The global pandemic in 2020 further demonstrated how rapidly circumstances can 
change, and how human ingenuity can restore normalcy within the short span of 
two years. This recovery, in turn, was interrupted by the global energy crisis of 
2021�​2023, driven by economic growth and the invasion of Ukraine by Russia. We 
witnessed unprecedented oil and gas prices and record pro�ts for companies. Now, 
as I write this in Spring of 2025, oil prices have fallen to as low as $60 per barrel. 
What will come next? Yet we are standing in front of a new challenge. Driven by 
climate change, climate action movements and the vision of a future energy market, 
governments and societies all over the world expect the former �oil and gas� com-
panies to transform into �energy� companies while maintaining the same economic 
principle of shareholder value generation. Thus, the past 5�​10 years have seen a very 
high interest in reducing greenhouse gas emissions and increasing renewable energy 
production and storage. This interest spans CO2 storage, hydrogen, geothermal, wind 
and solar energy, as well as some further technological alternatives still in the early 
stages of their development. As an example of the various research �elds, interest 
in hydrogen and hydrogen storage has resulted in signi�cant R&D projects and 
�eld trials investigating the economic, physical, geochemical, geological, and, not 
least, microbiological challenges thereof. However, it is becoming clear that the 
envisioned hydrogen economy is further away than anticipated. Without strong polit-
ical incentives and support, many major energy players have scaled down their activ-
ities. It becomes clear that the transition from �oil and gas� to renewable �energy� 
companies is complex and challenging. Despite all the rapid changes in the world, 
the world is not changing quickly enough to make oil and gas less pro�table. The 
rallying cry of �Drill, Baby, Drill� from both political leaders and CEOs is leading to 
a pause in R&D activities in the renewable sector, at least until the next energy crisis 
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or natural disaster leads policymakers to once again heed the warnings of climate-​ 
and energy scientists.

So, how can we, as researchers in the microbiology of energy systems, bridge the 
gap between non-​renewables and renewables? In fact, I believe there are two gaps, 
a technical and a temporal one, and in a manner, this book may serve as an example 
how human ingenuities will help overcome them. The technical gap derives from 
the clear need for novel approaches and methods in the renewables sector compared 
to those used in traditional oil and gas. I am certain that we can use the knowledge 
gained from the oil and gas sector, like corrosion, materials, porous structures, 
souring, fouling, microbial control, monitoring, and mitigation, for many renewable 
areas. And I am sure these topics will remain relevant for all types of energy pro-
duction, distribution, and storage now and in the future. Here this book gives a valu-
able update on different areas including biodegradation, microbiologically in�uenced 
corrosion (MIC), and development of microbial communities. Most chapters in this 
book focus on non-​renewables, which is unsurprising given the extensive research in 
this area over the past decades. Studies on renewable energy topics are just beginning 
or are in their early stages, and results from emerging topics will only materialize in 
the coming years. It will be exciting to see what �ndings they will bring to the table!

This lag in results leads me to the other, the temporal gap. It consists of the period 
during which we transition from a world still heavily reliant on oil and gas to one more 
diversi�ed, renewable, and sustainable. In both, we will have many things to do. We 
will still require improvements in microbial control, maintenance, and innovations, 
keeping in mind complex production, storage, and transport systems. Cross-​sector 
topics like geothermal energy, gas storage, infrastructure, and water management will 
be signi�cant in the future, although it will take time for them to become mature 
parts of the energy landscape. The chapters in this book on the renewable sectors are 
thus laying the foundations for our future work. How well we transition through this 
period will depend on many choices �​ personal ones and ones put upon us.

What we can be sure of is that the next big change is just around the corner. What 
we can do is to use our knowledge, experience, methods, and ideas across different 
areas to continue �nding solutions to supply society with the prosperity, technology, 
and energy it needs.

Nicole Dopffel
Norwegian Research Centre �​ NORCE

Bergen, Norway
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Preface
As the global energy landscape continues to evolve, a thorough investigation of the 
impact of microbiological challenges in both renewable and non-​renewable energy 
industries has never been more critical. Understanding the interactions between 
microorganisms and energy systems is essential for improving ef�ciency, sustain-
ability, and long-​term reliability. With an emerging focus on �ghting climate change 
and advancing sustainability efforts, it is imperative to transfer knowledge gained 
from investigating microbiological challenges in the non-​renewable industry to the 
renewable industry.

This book, Microbiological Challenges in the Energy Industries: Bridging the 
Gap between Renewables and Non-​Renewables, is a collaborative effort compiled 
by experts who attended the International Symposium on Applied Microbiology and 
Molecular Biology in Oil Systems, ISMOS-​9 in Edinburgh, UK, held on June 27�​30, 
2023. ISMOS is the largest event dedicated to microbiology and molecular biology in 
the energy sector, providing a unique forum for discussing how emerging microbial 
and molecular tools can help resolve energy industry challenges. ISMOS promotes 
collaboration between renewable and non-​renewable sectors, offering a platform 
for experts from academia and industry to exchange insights, facilitate knowledge 
transfer, and drive the development of solutions tailored to evolving research and 
industry needs.

The aim of this book is to explore key microbiological challenges impacting various 
industries, highlighting technological advancements across a broad range of topics, 
including microbiologically in�uenced corrosion (MIC), hydrocarbon biodegrad-
ation, and hydrogen storage. The contributions from industry experts offer practical 
insights into emerging trends, market demands, and technological challenges, while 
academic researchers present fundamental concepts and disruptive breakthroughs. 
By bridging the gap between theory and application, the book facilitates the devel-
opment of cutting-​edge solutions and promotes the widespread adoption of technolo-
gies to address microbiological challenges in energy systems. This book is structured 
into three sections and provides interdisciplinary insights designed to accelerate the 
adoption of innovative strategies.

Section I focuses on bridging the gap between renewable and non-​renewable 
energy systems by examining how established microbiological monitoring method-
ologies can be applied to emerging industries to support their sustainable evolution. 
Chapter 1 is authored by a team of experts and provides an overview of the similar
ities and differences along with discussing ways to transfer knowledge of microbio-
logical management practices between renewable and non-​renewable energy systems. 
Chapter 2 provides an in-​depth discussion of the learnings of microbiological man
agement in oil and gas and bridging the gap for renewable energy industries like 
offshore wind, solar, geothermal, hydrogen, and carbon capture. Chapter 3 provides 
a comprehensive overview of the various impacts of microorganisms in the energy 
industry.
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Section II delves into microbial communities and their impact on the energy 
industry by offering a deeper understanding of microbial behavior in extreme envir-
onments. Chapter 4 presents research on the effects of extreme environments on 
microbial metabolism in crude oil reservoirs. Chapter 5 provides a comprehensive 
overview of MIC mechanisms of iron-​oxidizing bacteria for effective management 
of MIC caused by these bacteria. Chapter 6 discusses the advances in hydrocarbon 
biodegradation to improve strategies for mitigating the threats of oil spills supporting 
environmental sustainability.

Section III highlights microbiological management in non-​renewable energy 
systems, featuring industry case studies. Chapters in this section cover microbial 
assessments to address various microbiological challenges in topside processing 
facilities (Chapter 7), crude oil pipelines (Chapter 8), and reservoirs (Chapter 9). 
Chapter 10 discusses the impact of weld microstructure on MIC and offers insights 
into the impact of metallurgical factors for MIC investigations. The effects of bio�lms 
on biocide tolerance were explored in Chapter 11 with a goal to ensure sustainable 
corrosion management practices. Additionally, Chapter 12 explores production chem
istry adulteration and its role in amplifying the environmental footprint of oil and gas 
applications.

The editors hope this book serves as a catalyst for continued advancements to 
strengthen microbiological management across energy systems and ensure that 
insights from non-​renewable industries can inform and support the development of 
renewable energy technologies. The editors wish to thank all authors and reviewers 
who contributed their time, knowledge, and expertise to this book, making this an 
invaluable resource.

Susmitha P. Kotu
Kenneth Wunch

Torben Lund Skovhus
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Management 
of Microbiological 
Challenges in the Energy 
Industry
Susmitha P. Kotu, Kenneth Wunch,   
Torben Lund Skovhus, Biwen Annie An-​Stepec, 
and Sreenivas Kookampara Mana

This chapter presents cutting-edge insights into managing microbiological challenges 
in the energy industry, drawing from expert perspectives shared through a series of 
interviews. It serves as a valuable resource for researchers, engineers, and industry 
professionals striving to understand and mitigate microbiological threats while 
supporting the transition to renewable energy. Interdisciplinary knowledge-sharing 
and collaboration across industries will be essential in driving a successful energy 
transition while ensuring effective microbiological management.

1.1  INSIGHTS FROM DR. SUSMITHA P. KOTU

1. Share your background and how you started working with microbiological
challenges in the energy industry.

Over the past 11 years, I (Figure 1.1) have passionately explored and addressed 
various microbiological challenges impacting the energy industry. My journey into 
this fascinating �eld began during my undergraduate studies in chemical engin-
eering, where a professor introduced me to the intriguing world of microbiology 
through his PhD research. That moment ignited my curiosity about the intersec-
tion of engineering and microbiology. Motivated by this interest, I pursued summer 
internships in microbiology-​focused areas, laying the foundation for my future 
career.

Eager to delve deeper into this interdisciplinary �eld, I joined the PhD program at  
Texas A&M University, where I had the privilege of being co-​supervised by Dr. Arul  
Jayaraman and Dr. Sam Mannan. Their research on microbial communities and pro-
cess safety provided the perfect platform for me to study microbiologically in�uenced  
corrosion (MIC), a topic I had never encountered before. I immersed myself in  

1
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studying existing literature, identifying research gaps, and crafting objectives for my  
PhD thesis. During my studies, I thoroughly enjoyed investigating co-​culture bio�lms,  
analyzing bio�lm structure and physiology, and exploring metabolites produced by  
microorganisms that cause MIC.

To gain industry insight and practical experience, I pursued internships in 
corrosion and microbiology labs at ExxonMobil and Baker Hughes under the 
mentorship of Dr. Dennis Enning and Ms. Crystal Lee, respectively. These opportun-
ities strengthened my passion for tackling microbiological challenges within the oil 
and gas industry and equipped me with valuable skills.

After completing my PhD, I joined DNV as a microbiology project manager and 
business development lead, guided by the mentorship of Mr. Rick Eckert. At DNV, 
I have worked on a diverse range of technical topics, including bio�lm growth, MIC 
assessments, laboratory biocide testing, �eld biocide effectiveness monitoring, 
bioremediation, souring, microbiological challenges related to hydrogen, and 
developing biomarkers for diagnosing MIC. This breadth of experience has further 
deepened my commitment to solving microbiological issues in the energy sector.

2.	 According to you, what are some of the projected areas of focus related to micro-
biological challenges in the energy industry? Have you seen any changes to the 
areas of focus in the past 5 years?

Over the past 5 years, the energy industry has notably embraced molecular micro-
biological methods for evaluating microbiological threats and their severity. This 
shift has been accompanied by efforts to standardize these methods, exempli�ed by 
the publication of standards such as AMPP TM21465 and ASTM D8412. Looking 
ahead, I believe the industry will increasingly focus on leveraging biomarkers to diag-
nose microbiological challenges. Additionally, there will likely be an emphasis on 
developing and implementing key performance indicators (KPIs) that link biomarker-​
related parameters to the severity of microbiological threats.

3.	 What are the similarities and differences in microbiological management 
practices between renewable and non-​renewable energy systems?

Microbiological management practices across renewable and non-​renewable energy 
systems generally include three key aspects: diagnosing microbiological threats, 
selecting appropriate mitigation strategies, and monitoring the effectiveness of those 
strategies.

FIGURE 1.1  Susmitha P. Kotu, Dr Kotu Insights.
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Similarities: The fundamental methods used for diagnosing threats, choosing miti-
gation measures, and tracking their effectiveness are often consistent between both 
energy systems.

Differences: The types of microbiological threats can vary signi�cantly depending on 
the energy system. Renewable energy systems may face new or unique threats that 
require tailored approaches, including nuances in the application of mitigation strat-
egies speci�c to the technology or process involved.

4.	 What are the biggest gaps in current research, and how should they be 
addressed to advance our understanding of microbiological impacts in the 
energy industry?

One of the most signi�cant gaps in current research is the need for a comprehensive 
assessment of microbiological threats speci�c to renewable energy systems. While 
considerable progress has been made in understanding microbiological impacts in 
non-​renewable energy systems, renewable industries remain an evolving area with 
distinct challenges that require targeted investigation. For example, biofouling, 
souring, or MIC may manifest differently in renewable systems due to variations in 
materials, processes, and environmental conditions.

5.	 In your opinion, which renewable energy source would have the largest micro-
biological impact? What are some ways to transfer knowledge about microbio-
logical challenges to this new area?

While each renewable energy source faces unique microbiological challenges, 
hydrogen storage might have the largest microbiological impact because of the role 
of hydrogen in the metabolism of several microbiological groups. This interaction 
can lead to MIC and other issues that threaten the integrity and ef�ciency of hydrogen 
storage systems. Leveraging strategies like cross-​industry collaboration between oil 
and gas and emerging renewable industries, utilizing standards focused on microbio-
logical threat detection and mitigation, and investment in research to bridge know-
ledge gaps would facilitate proactive tackling of microbiological challenges to ensure 
effective knowledge transfer.

6.	 In your opinion, how could the microbiological challenges in the offshore 
wind industry and/​or geothermal industry and/​or hydrogen storage industry be 
addressed?

While each renewable energy source faces unique microbiological challenges, hydrogen 
storage might have the largest microbiological impact because of the role of hydrogen 
in the metabolism of several microbiological groups. This interaction can lead to MIC 
and other issues that threaten the integrity and ef�ciency of hydrogen storage systems. 
Leveraging strategies like cross-​industry collaboration between oil and gas and emerging 
renewable industries, utilizing standards focused on microbiological threat detection and 
mitigation, and investment in research to bridge knowledge gaps would facilitate pro-
active tackling of microbiological challenges to ensure effective knowledge transfer.
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7.	 How do you foresee the role of synthetic biology and genetic engineering in 
addressing microbiological challenges in the energy industry?

Synthetic biology and genetic engineering have emerged as transformative tools in 
drug development, yet their applications in addressing microbiological challenges 
within the energy industry remain relatively underexplored. Although some proof-​of-​
concept studies have demonstrated potential in this �eld1, a broader adoption faces 
challenges, particularly in adapting these technologies to harsh conditions typical of 
energy systems, such as high temperatures, high pressures, the presence of solids, and 
exposure to oil.

Looking ahead, the successful integration of synthetic biology into energy industry 
practices will require thorough investigations to demonstrate its ef�cacy in these 
demanding environments, while also ensuring there are no unintended consequences 
associated with its implementation. For instance, technologies leveraging synthetic 
biology must be rigorously validated for safety, robustness, and consistency in real-​
world applications.

A recent review2 highlights the immense potential of synthetic biology in 
sustainability-​focused applications, as well as the challenges of controlling and 
monitoring microorganisms engineered for autonomous functionality. These insights 
underscore the need for continued research and development to potentially unlock syn-
thetic biology�s role in overcoming microbiological challenges in the energy sector.

8.	 How can regulations and standards support better management of microbio-
logical challenges in the energy industry?

Regulations and standards play a vital role in effectively managing microbiological 
challenges in the energy industry by enabling the identi�cation of key threats, 
assessing their severity, and guiding the implementation of optimal solutions to safe-
guard people, assets, and the environment.

Industry standards that provide robust methodologies for diagnosing speci�c 
microbiological threats�​such as biofouling, MIC, or souring�​are essential for accur-
ately determining the severity of these threats. Once the nature and magnitude of the 
challenge are understood, the focus shifts to standards that outline best practices for 
identifying optimal mitigation strategies and evaluating the effectiveness of mitiga-
tion plans. By facilitating a systematic and proactive approach, these regulations and 
standards ensure better management of microbiological challenges across the industry.

1.2  INSIGHTS FROM DR. KENNETH WUNCH

1.	 Share your background and how you started working with microbiological 
challenges in the energy industry.

I (Figure 1.2) began my professional journey in academia, driven by a deep curiosity  
about how microbiology intersects with and in�uences technological advancement.  
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Over time, my interests evolved, and I found myself increasingly drawn to the  
�eld of biodeterioration�​the degradation of materials by biological means. This  
interest naturally led me to industries where microorganisms play a critical yet often  
underappreciated role. Among these, the energy sector stood out as a particularly  
dynamic and impactful area of application.

In the oil and gas industry, for instance, microorganisms can pose signi�cant 
challenges. They contribute to corrosion in pipelines, biofouling in heat exchangers 
and cooling systems, souring of reservoirs through hydrogen sul�de production, and 
even the degradation of stored fuels. These issues not only incur substantial economic 
costs but also pose serious safety and environmental risks.

Recognizing the importance of these microbial interactions, I began focusing my 
research and applied work on understanding how microorganisms engage with the 
materials and systems used throughout the energy infrastructure. My background in 
microbiology provided a strong foundation to explore these complex interactions. 
From there, I developed targeted strategies for detecting, monitoring, and mitigating 
the detrimental effects of microbial activity. Whether through biocide optimization, 
material selection, or bio�lm control, my goal has been to bridge microbiological 
insights with practical solutions�​ultimately helping industries manage microbial 
risks more effectively and sustainably.

2.	 According to you, what are some of the projected areas of focus related to micro-
biological challenges in the energy industry? Have you seen any changes to the 
areas of focus in the past 5 years?

In answering this question, I am reminded of the well-​known phrase, �if you 
can�t measure it, you can�t manage it.� This concept is especially true in the con-
text of microbial monitoring and control in oil and gas systems. A decade ago, 
efforts to evaluate microbial contamination largely relied on conventional culturing 
techniques, such as serial dilution using �bug bottles,� to quantify speci�c groups 

FIGURE 1.2  Ken Wunch, Lanxess.
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of microorganisms�​primarily sulfate-​reducing bacteria (SRB), acid-​producing bac-
teria (APB), and general heterotrophs. While these methods provided some insights, 
they were inherently limited in scope and resolution. They often missed the broader 
picture of microbial community dynamics, overlooking organisms that were non-​
culturable under lab conditions or those interacting in more complex ways with their 
environment.

The advent and growing accessibility of molecular tools�​most notably 
quantitative polymerase chain reaction (qPCR), metagenomics, and advanced 
bioinformatics�​have revolutionized how microbial contamination is studied and 
managed. These techniques enable a much more comprehensive and precise investi-
gation into the microbial ecology of oil and gas systems. We are now able to identify 
not just the presence of microorganisms but also their relative abundance, genetic 
potential, and ecological roles. This deeper understanding allows us to link speci�c 
microorganisms to problematic outcomes such as MIC, reservoir souring, and bio-
fouling, and to trace their sources and transmission routes within complex industrial 
systems.

Ironically, while our ability to analyze and interpret microbial populations has 
advanced dramatically, the chemical biocides and mitigation strategies employed to 
control these populations have remained largely unchanged over the past decade. This 
stagnation is primarily due to the high regulatory and �nancial barriers associated 
with the development and approval of new chemical treatments. Nonetheless, the 
way these treatments are applied has evolved signi�cantly. Because of insights gained 
from molecular monitoring, operators can now make more informed decisions about 
when, where, and how to deploy biocides, leading to more targeted, ef�cient, and 
environmentally conscious microbial control programs.

3.	 What are the similarities and differences in microbiological management 
practices between renewable and non-​renewable energy systems?

The toolbox for microbiological management in both renewable and non-​renewable 
energy systems is remarkably similar. It comprises a range of analytical, preventative, 
and mitigation strategies aimed at controlling microbial activity. These tools include 
microbial monitoring techniques, biocide applications, bio�lm control methods, 
and strategies for managing corrosion and souring caused by microbial processes. 
However, the fundamental difference lies not in the tools themselves, but in how, 
where, and why they are applied.

A prime example of this distinction is the de�nition and function of a reservoir. 
In non-​renewable energy systems, such as oil and gas, a reservoir typically refers 
to a subsurface geological formation containing hydrocarbons that are extracted for 
energy production. Microbiological management in these environments focuses on 
preventing reservoir souring (caused by SRB), mitigating MIC, and maintaining �ow 
assurance.

In contrast, renewable energy systems increasingly rely on subsurface reservoirs 
for energy storage rather than extraction. These reservoirs might include salt 
caverns, aquifers, or depleted gas �elds repurposed for storing substances such as 
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storage solutions becomes crucial. As hydrogen production often outpaces demand, 
storing it in underground reservoirs, such as depleted gas �elds and salt caverns, 
provides an effective way to ensure its availability when needed. However, these 
storage sites already host established microbiological communities that could poten-
tially interact with the stored hydrogen in unintended ways, causing biodeterioration 
and compromising storage and transmission integrity. Microbial activity could lead 
to unwanted chemical reactions, loss of hydrogen, and even the potential formation 
of harmful byproducts.

The speci�c microbiological risks associated with hydrogen storage are not yet 
fully understood, but early studies suggest that microorganisms residing in these 
reservoirs may facilitate hydrogen consumption or even create hydrogen sul�de 
byproducts that degrade the quality of stored energy. This microbial activity poses a 
major threat to the long-​term sustainability of underground hydrogen storage systems. 
Resultantly, the monitoring and management of microbial populations within these 
storage sites are critical to ensuring their reliability and maintaining the ef�ciency of 
hydrogen storage.

Leveraging practices from microbial control in conventional oil and gas �elds could 
provide valuable insights into how to manage these microbial challenges in renewable 
energy storage. In traditional fossil fuel operations, microbial contamination has long 
been a concern, especially in relation to reservoir souring and biofouling, which can 
lead to equipment damage and operational inef�ciencies. The lessons learned from 
these experiences could be adapted to the unique needs of underground hydrogen 
storage. These practices could involve the use of biocides, microbial monitoring, and 
management strategies designed to control microbial growth and activity. In addition, 
developing a better understanding of the microbial communities present in hydrogen 
storage environments is essential in tailoring these strategies. By employing a pro-
active, science-​based approach to microbial control, it may be possible to ensure the 
successful integration of hydrogen storage systems into the broader green energy 
infrastructure.

6.	 In your opinion, how could the microbiological challenges in the offshore 
wind industry and/​or geothermal industry and/​or hydrogen storage industry be 
addressed?

Managing microbial challenges in renewable energy systems, particularly wind and 
solar, is crucial for maintaining the ef�ciency and longevity of these technologies. 
Biomass accumulation on anchoring devices, such as the bases of wind turbines and 
the mounts of solar panels, can lead to structural degradation, increased mainten-
ance costs, and reduced energy output. Microorganisms, including bacteria and algae, 
thrive in moist environments and can form bio�lms that are dif�cult to remove once 
established. Implementing strategies to control microbial growth�​such as the use of 
anti-​fouling materials, regular cleaning protocols, or biological inhibitors�​is essen-
tial to ensure optimal performance and to prevent long-​term damage to infrastructure.

In geothermal systems, microbial contamination also poses challenges, but the 
nature of these systems makes the problem more manageable. Geothermal plants 
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often operate as closed-​loop systems with extremely high temperatures, which natur-
ally inhibit the growth of many microbial species. While microbial activity can still 
occur, particularly in cooler areas of the system or during maintenance shutdowns, it 
is generally easier to control due to the contained environment and harsh conditions. 
Nevertheless, monitoring and preventative measures remain important to avoid bio-
fouling, corrosion, or the formation of microbial-​induced scaling, which can affect 
operational ef�ciency and equipment lifespan.

7.	 How do you foresee the role of synthetic biology and genetic engineering in 
addressing microbiological challenges in the energy industry?

In my area of interest, biodeterioration, I do not anticipate that synthetic biology and 
genetic engineering will play a major role in addressing the challenges faced by the 
energy industry. While these advanced technologies have shown promise in other 
scienti�c domains, their practical integration into real-​world industrial applications�​
particularly in controlling microbial-​induced damage�​remains limited. The complex 
and unpredictable nature of microbial ecosystems in energy infrastructure often makes 
it dif�cult to design and implement effective engineered solutions. Additionally, eco-
nomic and regulatory barriers further limit the widespread adoption of synthetic or 
genetically modi�ed organisms in industrial settings, especially when safer, more 
established methods are available.

There have been arguments supporting the idea that stimulating the growth of 
an exogenous microbial population to control an endogenous one could be a viable 
strategy. One example of this is the attempt to use nitrate to promote the growth of 
nitrate-​reducing bacteria as a way to outcompete and suppress sulfate-​reducing bac-
teria, which are notorious for causing reservoir souring. However, despite the theor-
etical foundation, this approach has not delivered successful outcomes in the energy 
sector. Field applications have shown that nitrate amendments often create an uncon-
trollable biomass and fail to suf�ciently shift microbial populations in a predictable 
or sustained way, thereby limiting the effectiveness of this strategy. These challenges 
highlight the need for more practical and reliable methods to combat biodeterioration 
in energy systems.

8.	 How can regulations and standards support better management of microbio-
logical challenges in the energy industry?

Global biocide regulation within the energy industry varies signi�cantly, creating 
challenges for both ef�cacy and safety. In regions like the Middle East, regulatory 
oversight is minimal, which can result in poor biocide management practices. This 
lack of control increases the risk of introducing substandard or adulterated products 
into the market. Without proper guidelines and enforcement, companies may rely on 
less effective or potentially harmful biocide formulations, compromising not only 
operational ef�ciency but also environmental and personnel safety.

Conversely, regions such as Europe are characterized by extremely strict biocide 
regulations. The regulatory framework is so stringent that only a limited number of 
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active substances are approved for use, which can signi�cantly restrict the range of 
available treatment options. Although this tight control helps ensure environmental 
protection and product integrity, it also narrows the operational �toolbox� for com-
panies needing �exible and effective microbial control. The result is a complex balan-
cing act between regulatory compliance and maintaining effective biocide strategies 
in varying environmental and operational conditions.

1.3  INSIGHTS FROM DR. TORBEN LUND SKOVHUS

1.	 Share your background and how you started working with microbiological 
challenges in the energy industry.

Right after my PhD 20 years ago I (Figure 1.3) started working as a consultant with 
a Danish oil company, Maersk Oil. Here, I had the great privilege of working with 
Mr. Jan Larsen, a production chemist in the company. His job was to mitigate micro-
bial activity in the oil reservoir as well as in the oil and gas pipeline infrastructure 
in the North Sea. Together we developed some of the �rst large-​scale monitoring 
programs for troublesome microorganisms based on MMM (molecular microbio-
logical methods) focusing on qPCR and DNA sequencing.

I am currently a Docent and Project Manager at VIA University College in the 
Research Centre for Built Environment, Climate and Water Technology in Horsens, 
Denmark. My journey in academia began at Aarhus University, where I graduated 
in 2002 with a master�s degree in biology. I earned my PhD in molecular microbial 
ecology from the Department of Microbiology at Aarhus University in 2005.

That same year, I joined the Danish Technological Institute (DTI) in the Centre for 
Chemistry and Water Technology. I was responsible for consultancy activities for the oil 
and gas industry around the North Sea and later on at a global scale. While leading the 
DTI Microbiology Laboratory, I developed several consultancy and business activities 
with the oil and gas industry worldwide. I also founded DTI Oil and Gas in both Denmark 
and Norway, where I served as the team and business development leader for 5 years.

Later, I worked as a project manager at DNV (Det Norske Veritas) in the �eld of 
corrosion management in both Bergen and Esbjerg. Currently, I am the Vice Chair 
of the COST Action CA20130 (www.euro-​mic.org) and the Chair of ISMOS TSC, 
an organization I co-​founded in 2006 with Dr. Corinne Whitby (www.ismos-​10.org).

Over the past 25 years I have authored over 200 technical and scienti�c papers,  
presentations, and book chapters related to industrial microbiology, applied  

FIGURE 1.3  Torben Lund Skovhus, VIA University College, Denmark.
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biotechnology, corrosion management, oil�eld microbiology, water treatment and  
safety, reservoir souring, and biocorrosion. I have also spent considerable time editing  
and reviewing book proposals in my �eld of expertise. Some of the books I have co-​ 
edited include:

	� Applied Microbiology and Molecular Biology in Oil�eld Systems 
(Springer, 2011).

	� 3rd International Symposium on Applied Microbiology and Molecular 
Biology in Oil Systems (Elsevier, 2013).

	� Applications of Molecular Microbiological Methods (Caister Academic 
Press, 2014).

	� Microbiologically In�uenced Corrosion in the Upstream Oil and Gas Industry 
(CRC Press, 2017).

	� Microbiological Sensors for the Drinking Water Industry (IWA 
Publishing, 2018).

	� Oil�eld Microbiology (CRC Press, 2019).
	� Failure Analysis of Microbiologically In�uenced Corrosion (CRC Press, 2021).
	� Petroleum Microbiology (CRC Press, 2024).

In 2020, I received the NACE Technical Achievement Award for my outstanding 
research on MIC in the Energy Sector, and in 2024, the AMPP Fellow Honor Award, 
which was a great endorsement of my work in MIC education and research. I think 
I will leave it with that and move on to answering some of the interesting questions 
I was provided.

2.	 According to you, what are some of the projected areas of focus related to micro-
biological challenges in the energy industry? Have you seen any changes to the 
areas of focus in the past 5 years?

Research in MIC has attracted a lot of attention over the years (CRC Press, 2017), 
mainly because it has been hard to monitor and discriminate from abiotic corrosion 
mechanisms in the past. However, with the broader introduction of MMM in recent 
years (Springer, 2011), it has become much easier to diagnose and assess MIC for 
operators and vendors in the energy industry. Also, the multiple line of evidence 
(MLOE) approach toward MIC failures has been shown to be a successful tool for 
researchers and industry professionals to follow when they perform a failure analysis 
and suspect MIC as a potential threat (CRC Press, 2021). In recent years, more focus 
has been on corrosion in general and MIC in particular of offshore wind turbines 
(OWTs) in the marine environment.

3.	 What are the similarities and differences in microbiological management 
practices between renewable and non-​renewable energy systems?

There should not be much difference, as these are all energy infrastructures that need 
to be operated and managed. However, oil and gas infrastructures are much older than 
renewable infrastructures, such as OWTs. Consequently, oil and gas operators have 
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been managing for several decades, integrating it into their well-​established corrosion 
management programs and standards. In my opinion, the renewable energy industry 
still needs to catch up in developing robust corrosion management systems that also 
address the threat of MIC as a corrosion mechanism.

4.	 What are the biggest gaps in current research, and how should they be addressed 
to advance our understanding of microbiological impacts in the energy industry?

In my opinion, we have most of the tools and technologies needed to assess, mitigate, 
and monitor corrosion and MIC. The challenge is to use these resources wisely and 
develop smarter, more updated regulatory frameworks to prevent leaks, spills, and 
other disasters. While standardization is gradually improving, there is still a long way 
to go. Many operating companies apply production chemicals as a form of insurance, 
hoping they will be effective. However, few make the effort to implement strong 
corrosion management systems to ensure that treatments are controlling corrosion. 
This should be a primary focus area over the next decade. Additionally, there is a 
pressing need for updated training courses for industry professionals, students, 
and established academics. Currently, access to the latest knowledge through MIC 
training courses is limited worldwide, despite high demand. This is the main reason 
we recently established the MIC E-​learning Academy (www.mic-​learn​ing.com), 
which features free tutorials, an online expert community, and certi�ed online training 
material. I would like to see more students and industry professionals enhance their 
knowledge in the �eld of energy systems and MIC (and related microbial problems) 
in the coming decade.

5.	 How can regulations and standards support better management of microbio-
logical challenges in the energy industry?

Regulations and standards can significantly enhance the management of micro-
biological challenges in the energy industry. Developing and enforcing compre-
hensive guidelines for detecting, controlling, and mitigating microbial growth 
in energy systems is essential. Regular microbial monitoring and reporting 
should be mandated to identify issues early and ensure proactive management. 
Implementing standardized microbial threat assessments for different energy 
sectors can help operators understand specific threats and develop targeted 
mitigation strategies. Creating training and certification programs for industry 
professionals on microbiological management ensures that personnel are know-
ledgeable about the latest techniques and best practices. Providing funding and 
support for research and development in this field can lead to new technolo-
gies and methods for microbial control. Encouraging collaboration and infor-
mation sharing between industry stakeholders, regulatory bodies, and research 
institutions helps disseminate knowledge and best practices. Finally, ensuring 
that MIC is explicitly addressed in corrosion management standards integrates 
MIC management into existing programs for a holistic approach to infrastructure 
maintenance.
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1.4  INSIGHTS FROM DR. BIWEN ANNIE AN-STEPEC

1.	 Share your background and how you started working with microbiological 
challenges in the energy industry.

I (Figure 1.4) began my journey in environmental microbiology in 2014, focusing 
on oil and gas systems under the supervision of Dr. Gerrit Voordouw, who led the 
Petroleum Microbiology Research Group at the University of Calgary. In 2017, 
I moved to Berlin, Germany, to work at the Federal Institute for Materials Research 
and Testing (BAM), where I focused on MIC. Our work emphasized the interdiscip-
linary nature of MIC, bridging materials science and microbiology. During this time, 
I also became increasingly involved with hydrogen-​related topics.

In 2020, together with Dr. Nicole Dopffel and Dr. Andrea Koerdt, we initiated 
the �Living on H2� webinars, an annual free webinar series dedicated to research on 
microbiology and underground hydrogen storage.

Since 2023, I have been working at the Norwegian Research Centre (NORCE), 
delving deeper into hydrogen storage within various geological formations. Together 
with Dr. Dopffel, we collaborate with international experts and participate in several 
national and international projects. Additionally, Dr. Dopffel leads the HyLife project, 
funded through the CET Partnership, where I head the work package on mitigating 
microbial impacts within H2 storage systems. Currently, our research focuses not only 
on studying hydrogen consumption processes but also on producing hydrogen from 
biological waste products.

2.	 According to you, what are some of the projected areas of focus related to micro-
biological challenges in the energy industry? Have you seen any changes to the 
areas of focus in the last 5 years?

In my opinion, microbiological issues in the energy industry still have many 
unanswered questions. Issues such as MIC, souring, and biodegradation have not 
been fully addressed due to a lack of interdisciplinarity within the energy land-
scape. However, with the growing emphasis on interdisciplinary approaches, such 
as MLOEs, there is greater potential to solve some of these unanswered questions. 

FIGURE 1.4  Annie Biwen An Stepec, NORCE Norwegian Research Centre.
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Another key development over the past 5 years is the rapid advancements in arti-
�cial intelligence and machine learning. Predictive modelling for energy systems, 
including the impacts of biological reactions, has been progressing at a fast pace. 
Several papers have been published on modelling hydrogen storage within porous 
media, salt caverns, and aquifers in the past 5 years, and even more are projected in 
the coming years. The languages spoken by microbiologists and modelers are quite 
different, so in the upcoming years, we need to bridge the gap between these �elds. 
Merging our languages and facilitating effective knowledge transfer between experi-
mental work and computational simulations will be crucial.

3.	 What are the similarities and differences in microbiological management 
practices between renewable and non-​renewable energy systems?

There are many similar aspects, particularly on the type of microbial species we are 
trying to manage within the energy systems. In most cases, it ends with the usual 
suspects such as sulfate-​reducing prokaryotes (SRPs). However, the main diffe-
rence lies in the types of storage systems we aim to treat and the mode of delivery 
for mitigators. For example, due to the lack of water in hydrogen storage systems, 
it is debatable how we can control an active hydrogen-​utilizing SRP community 
without any means of administering biocides. This challenge requires the expertise of 
specialized personnel, including engineers, chemists, geologists, environmentalists, 
and microbiologists, to work together and �nd a solution.

4.	 What are the biggest gaps in current research, and how should they be 
addressed to advance our understanding of microbiological impacts in the 
energy industry?

I believe one of the biggest gaps is the vast amount of data we have collected over the 
years within individual energy systems, including their physicochemical conditions 
and microbiological data. The challenge lies in how this data is stored, processed, 
used for further analyses, and properly disseminated. Additionally, there is the issue 
of open data sharing from operators. Without proper data management, we cannot 
produce accurate models to simulate various storage conditions. Another gap is in 
microbiology itself, speci�cally how to properly simulate microbial reactions in 
different environmental conditions. As we know, microorganisms grow at different 
rates under varying conditions, and accurately predicting their growth rates and the 
production of harmful metabolic products requires extensive data inputs from various 
sources. Therefore, advancing our understanding of microbiological impacts in the 
energy industry necessitates open data access.

5.	 In your opinion, which renewable energy source would have the largest micro-
biological impact? What are some ways to transfer knowledge about microbio-
logical challenges to this new area?

I think geothermal and H2 storage could suffer a bit more from microbiological 
impacts compared to other systems. Geothermal systems can be affected by microbial 
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activities that cause corrosion, scaling, and biofouling, thereby reducing ef�ciency 
and increasing maintenance costs. Similarly, hydrogen storage systems can be 
impacted by microbial processes that consume hydrogen. To transfer our knowledge, 
we should continue to improve our current practices and learn from some of our 
experiences within the oil and gas �elds by encouraging interdisciplinary collabor-
ation between microbiologists, engineers, geologists, and other experts. We could 
organize workshops and webinars to share the latest research �ndings and best 
practices. As leaders in the �eld, particularly from the industry, we could promote 
open access to data from various energy systems to increase the accuracy of building 
predictive models and simulations. We could also develop specialized training 
programs for energy sector professionals and reduce the knowledge gaps between the 
disciplines. Finally, publish research �ndings in accessible formats to inform policy 
and operational decisions. By implementing some of these methods, we can perhaps 
reduce the distance between traditional energy �elds to renewable energy systems.

6.	 How do you foresee the role of synthetic biology and genetic engineering in 
addressing microbiological challenges in the energy industry?

I believe synthetic biology and genetic engineering hold signi�cant potential in micro-
biology, particularly within the medical �eld. They can also enhance biofuel pro-
duction by engineering microorganisms to break down materials faster and improve 
fermentation processes. Additionally, genome editing tools could be used to mitigate 
MIC by targeting key genes related to MIC. However, the scalability of these tech-
nologies remains a question. How will they be addressed from regulatory and ethical 
perspectives? These are crucial questions that need to be tackled intelligently to min-
imize potential long-​term impacts on our ecosystem.

7.	 How can regulations and standards support better management of microbio-
logical challenges in the energy industry?

Regulations and standards can ensure best practices within the �eld to minimize 
potential environmental and health risks to the public. They should also foster inter-
disciplinary collaboration and data sharing by setting a clear framework and pro-
viding resources, such as funding. Additionally, regulations and standards should be 
regularly disseminated to relevant stakeholders in easily understandable language to 
avoid misinformation and confusion.

1.5  INSIGHTS FROM DR. SREENIVAS KOOKAMPARA MANA

1.	 Share your background and how you started working with microbiological 
challenges in the energy industry.

I (Figure 1.5) come from a strong microbiological background, having earned  
my degree in microbiology, which sparked my fascination with the complex  
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roles microorganisms play in both natural and industrial systems. Early in my  
career, I supported microbiologists by optimizing and providing culture media  
solutions to facilitate microbial growth in research and applied settings. Over  
time, my focus shifted toward microbial control in industrial sectors, where  
I encountered significant challenges in water treatment, oil and gas, and other  
industrial products and processes. The oil and gas industry, in particular,  
presents unique microbial challenges with far-​reaching implications on product-
ivity, product quality, and health and safety attributes. Recognizing the need  
for effective mitigation strategies, I delved into developing targeted microbial  
control solutions and biocide formulations tailored to the rigorous demands of  
this sector. This journey has allowed me to bridge fundamental microbiological  
research with real-​world industrial applications, helping to implement efficient,  
sustainable, and safe microbial management practices in the energy industry.

2.	 According to you, what are some of the projected areas of focus related to micro-
biological challenges in the energy industry? Have you seen any changes to the 
areas of focus in the past 5 years?

Over the past 5 years, the focus on microbiological challenges in the energy industry 
has undergone a noticeable shift. Particularly after COVID-​19, there has been a move 
away from proactive microbial control programs toward a more reactive approach, 
where intervention occurs only when an event happens. This shift has contributed 
to the commoditization of biocides and a decline in innovation within the sector. 
Additionally, it has led to an in�ux of non-​genuine products, further complicating the 
effectiveness of microbial control strategies. Unlike chemical issues such as scaling or 
corrosion, microbial in�uences take longer to manifest, making them harder to detect 
and address in a timely manner. This delay often results in signi�cant operational 
and �nancial consequences. To mitigate these challenges, energy sector operators 
must prioritize a structured, qualitative microbial control program. A collaborative 
approach between operators and biocide manufacturers is essential to ensure the 
implementation of high-​quality, science-​driven solutions that go beyond cost-​driven 
decisions and safeguard long-​term system integrity.

FIGURE 1.5  K.M. Sreenivas, Lanxess.
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3.	 What are the similarities and differences in microbiological management 
practices between renewable and non-​renewable energy systems?

Microbiological management remains a critical challenge across oil and gas operations 
as well as emerging energy storage solutions, particularly hydrogen storage in salt 
caverns. While traditional oil and gas microbial control has focused on mitigating 
reservoir souring, bio�lm formation, and MIC using targeted biocide strategies, the 
evolving energy landscape presents new complexities. In hydrogen storage, microbial 
activity poses a direct risk to ef�ciency and infrastructure integrity, with hydrogen-​
consuming microorganisms contributing to gas loss and potential material degrad-
ation. Unlike conventional oil and gas applications, where microbial control strategies 
are well-​established, hydrogen storage demands a more nuanced approach, including 
microbial-​resistant materials, controlled environmental conditions, and precision 
microbial monitoring. Furthermore, the commoditization of biocides in the oil and 
gas sector has led to quality concerns, increasing the risk of ineffective treatments and 
long-​term operational issues. As the industry transitions toward low-​carbon energy 
solutions, a collaborative approach between operators, biocide manufacturers, and 
researchers is essential to develop high-​quality, application-​speci�c microbial con-
trol strategies that align with both current operational challenges and future sustain-
ability goals.

4.	 What are the biggest gaps in current research, and how should they be addressed 
to advance our understanding of microbiological impacts in the energy industry?

One of the biggest gaps in current microbiological research within the energy 
industry is the increasing focus on cost-​driven decisions at the expense of innov-
ation. While cost-​effectiveness is important, it should not come at the cost of 
advancing microbial control strategies, particularly in areas such as MIC and bio-
fouling management. A clear example is the post-​COVID surge in MIC cases, 
largely due to production slowdowns, prolonged pipeline stagnation, and cost-​
cutting measures that have led to the widespread use of low-​quality, non-​genuine 
biocidal products. The lack of investment in high-​quality, application-​speci�c 
microbial control solutions has resulted in operational inef�ciencies, safety risks, 
and long-​term infrastructure damage. To address these gaps, research should 
prioritize the development of robust, high-​purity biocides, real-​time microbial 
monitoring technologies, and predictive modeling tools that assess microbial 
threats before they escalate. Additionally, there is a need for standardized biocide 
ef�cacy benchmarking, ensuring that operators receive reliable solutions rather 
than commoditized chemicals with questionable performance. The industry must 
also shift toward proactive microbial control strategies, integrating continuous 
microbiological surveillance with data-​driven decision-​making to optimize bio-
cide application and reduce the risk of system failures. A collaborative approach 
between operators, biocide manufacturers, and research institutions is critical 
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to maintaining the innovation pipeline, ensuring that microbial challenges are 
addressed sustainably rather than through short-​term cost-​cutting measures that 
compromise long-​term energy infrastructure resilience.

5.	 In your opinion, which renewable energy source would have the largest micro-
biological impact? What are some ways to transfer knowledge about microbio-
logical challenges to this new area?

Among renewable energy technologies, hydrogen storage and bioenergy (biofuels and 
biogas) pose the most serious microbiological challenges due to the direct involve-
ment of microbial communities in their processes. Hydrogen storage in depleted 
reservoirs and in salt caverns is highly susceptible to microbial contamination, in 
which hydrogenotrophic microorganisms (sulfate-​reducing and methanogenic bac-
teria) consume stored hydrogen, resulting in gas loss, formation of a bio�lm, and 
infrastructure deterioration. Similarly, in bioenergy systems, microbial competition, 
contamination, and metabolic inef�ciencies impact biogas yield and biofuel purity, 
compromising overall production ef�ciency.

Transferring microbiological expertise from oil and gas to these new industries 
must be accomplished in a structured, multidisciplinary approach.

	� Firstly, adopting real-​time microbial monitoring technologies (such as qPCR, 
next-​generation sequencing (NGS), and adenosine triphosphate (ATP) 
assays), already prevalent in oil and gas, can facilitate earlier detection and 
active control of microbial contamination.

	� Secondly, there must be cross-​industry collaboration between oil and gas 
microbiologists, energy storage experts, and bioenergy researchers to produce 
best practices for microbial control.

	� Thirdly, there must be standardized guidance for biocide application and 
microbial risk management to ensure that hydrogen and bioenergy systems 
employ ef�cient microbial mitigation methods without compromising sus-
tainability goals.

	� Lastly, digital platforms and industry forums must be leveraged to facilitate 
knowledge sharing, making oil and gas microbiology�s lessons learned trans-
ferable to renewable energy challenges in a useful way.

Executing these strategies in a combined approach will allow a robust microbial 
management system to be established, ensuring that microbial hazards in renewable 
energy are proactively managed, not reactively.

6.	 In your opinion, how could the microbiological challenges in the offshore 
wind industry and/​or geothermal industry and/​or hydrogen storage industry be 
addressed?

Microbiological challenges in offshore wind, geothermal, and hydrogen storage 
industries must be met with industry-​speci�c mitigation methods to ensure long-​term 
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operational effectiveness and integrity. In offshore wind farms, MIC and biofouling 
pose a serious risk to submerged infrastructure, necessitating the application of 
advanced antifouling paints, microbial-​resistant material, and online microbial 
monitoring systems. The geothermal industry is challenged by thermophilic micro-
bial activity, inducing scaling, bio�lm formation, and reservoir plugging, resulting 
in loss of ef�ciency. To mitigate these, the inclusion of high-​temperature-​resistant 
biocides, regular �ushing processes, and adaptive microbial control programs will be 
of paramount importance. Hydrogen storage in salt caverns and depleted reservoirs is 
vulnerable to hydrogenotrophic microbial action, causing gas loss, bio�lm formation, 
and corrosion hazards. The application of strict microbial surveillance programs, pre-​
treatment of storage areas, and application of selective biocides or microbial inhibitors 
can be employed to mitigate these hazards. In all three industries, cross-​industry 
cooperation, application of microbial surveillance technologies, and development of 
standardized microbial risk management guidelines will be of key signi�cance in 
ensuring sustainable, long-​term solutions to microbiological hazards.

7.	 How do you foresee the role of synthetic biology and genetic engineering in 
addressing microbiological challenges in the energy industry?

Many traditional oil and gas biocide actives are facing increasing regulatory 
restrictions, creating an urgent need for new molecules or alternative technologies 
to control microbial threats. Synthetic biology presents a promising pathway for 
innovation, including the development of bio-​based antimicrobials, enzyme-​based 
treatments, quorum-​sensing inhibitors, and precision biosensors for microbial detec-
tion and control. In hydrogen storage, synthetic biology could help manage microbial 
hydrogen consumption by introducing non-​chemical inhibitors rather than altering 
native microbial communities. Similarly, in oil and gas systems, advanced biosensors 
could facilitate real-​time microbial detection, enabling early intervention to prevent 
MIC or biofouling before they lead to operational failures. In geothermal energy 
and biofuel production, synthetic biology-​driven enzyme applications and meta-
bolic optimizations could improve ef�ciency while minimizing waste. However, the 
adoption of these technologies must be carefully assessed within stringent regula-
tory frameworks to ensure they are safe, scalable, and environmentally responsible. 
While these advancements offer valuable alternatives, it is crucial to ensure that bio-
cidal ef�cacy, environmental footprints, and innovation are not compromised. The 
industry must strike a balance between regulatory compliance, operational ef�ciency, 
and technological advancements to develop sustainable, high-​performance microbial 
control strategies.

8.	 How can regulations and standards support better management of microbio-
logical challenges in the energy industry?

Regulations and standards play a crucial role in driving sustainable microbial con-
trol in the energy industry by ensuring that microbial management strategies remain 
scienti�cally sound, innovative, and effective. Innovation is key for long-​term 

 



22 Microbiological Challenges in the Energy Industries

��

sustainability, and it should not be mistaken for merely reducing or eliminating chem-
ical constituents in microbial control programs. Rather, sustainability should focus 
on optimizing biocide use to achieve improved microbial control while minimizing 
environmental impact. While sustainable practices may involve higher short-​term 
costs, they lead to long-​term operational ef�ciency and cost savings by preventing 
failures due to MIC, biofouling, better product quality by preventing reservoir souring 
and process inef�ciencies.

A major challenge in the microbial control industry is the false perception that 
it is fully matured, which has limited investments in innovation and led to the com-
moditization of biocides. This approach has discouraged research and development 
efforts, resulting in a lack of novel, high-​performance solutions in key energy sectors. 
Regulatory bodies can address this by supporting research and development funding, 
mandating rigorous scienti�c studies before market approval, and establishing 
protections for innovative biocide formulations to prevent unauthorized replication 
in unregulated regions.

Beyond regulations, operators also have a critical role to play in recognizing 
that innovation has a cost and ensuring that these costs are fairly distributed for 
sustainable operations. By aligning regulatory frameworks with industry-​driven 
innovation, the energy sector can foster a scienti�cally advanced, environmentally 
responsible, and economically viable approach to microbial control. This will 
not only drive long-​term sustainability but also protect energy infrastructure from 
avoidable microbiological threats.

NOTES
1	 Summer NS, Summer EJ, Gill JJ, Young R. Phage remediation of microbe-​induced 

corrosion. In Proceedings of CORROSION. October 2008.
2	 Jones EM, Marken JP, Silver PA. Synthetic microbiology in sustainability applications. 

Nature Reviews Microbiology. June 2024;22(6):345�59.
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2.1 � INTRODUCTION

The oil and gas (O&G) industry has been aware of the role that sulphate-​reducing 
prokaryotes (SRP) and other types of microorganisms have in microbiologically 
in�uenced corrosion (MIC) and reservoir souring for many years. Wherever free 
water is encountered in O&G operations, such as, but not restricted to, hydrocarbon 
exploration and production, and re�ned product transportation, there have been 
reported incidents of detrimental microbiological activity.

The economic signi�cance of this, especially the presence of sulphate-​reducing 
bacteria (SRB), has been extensively covered in numerous reviews since the 1960s 
(e.g. Postgate, 1965). Despite this, bacterial monitoring and control were often low 
on the list of priorities in oil�eld operations for many years. As a result of the decades 
of neglect and minimal effort in monitoring and treating fouling issues, many aged 
assets have been struck down with integrity failures that require costly repairs. In 
fact, this can sometimes be the �treatment,� whereby systems are monitored and when 
a failure occurs the part is replaced or repaired, rather than proactively preventing 
failures. This attitude is irresponsible and unsustainable, and it is hoped that such 
practices are abandoned in the management of emerging technologies. Aside from 
asset integrity and MIC, decades of neglect have led to devalued products with soured 
oil�elds becoming more prevalent through years of seawater injection with little to no 
water pre-​treatment. This leads to proliferative SRP growth and hydrogen sulphide 
production, which not only sours the oil but also presents corrosion risk, and poten-
tially fatal health and safety risk through toxic hydrogen sulphide (H2S) exposure.

In 2015, the global cost of corrosion was estimated at around US$2.5 trillion 
(Koch et al., 2016) with 20% of the cost of all failures attributed to microbial activity 
(Maxwell et al., 2004). Yet, it took many decades of research and case study reviews 
for the effect of microbes on various aspects within the O&G industry to become 
widely accepted. This facilitated further research to understand the processes involved, 
development of monitoring techniques and strategies, as well as the development of 
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industry standards to guide monitoring and mitigation. As we are making increased 
efforts to transition away from O&G, can we learn from past experiences, and hope-
fully fast-​track our understanding of microbial involvement in new spaces? How 
do we ensure we transfer knowledge gained over the years, such as evidence of 
microbes� remarkable ability to inhabit niche environments like oil reservoirs, which 
were thought to be unable to support microbial growth?

For a long time, it was believed that life was only capable of survival in �typ-
ical� conditions found at ambient pressure and temperatures, and moderate sal-
inity. However, since the discovery of Thermus aquaticus at Yellowstone National 
Park which was shown to grow optimally at a hyper-​thermophilic temperature of 
70°C (Brock, 1967), many more microorganisms have been identi�ed as thriving 
at extreme environments, including psychrophiles/​hyperthermophiles (low and high 
temperatures, respectively), barophiles (high pressure), halophiles (high salinity), 
xerophiles (low water availability), and acidophiles/​alkaliphiles (low and high pH, 
respectively); more impressive are poly-​extremophiles capable of living at multiple 
extreme conditions, which are frequently encountered in the O&G industry. There 
is abundant evidence of extremophiles inhabiting high-​pressure, high-​temperature 
reservoirs (see Pannekens et al., 2019 for a review), as well as extremotolerant 
organisms which can remain dormant for centuries as endospores but are still viable 
and capable of growth once introduced to favourable conditions (Chakraborty et al., 
2018). The presence of extremophilic and/​or extremotolerant organisms can present 
issues to the energy industry, as we have learnt from seawater injection practices in 
O&G production. Water�ooding is a common practice in secondary oil recovery to 
increase pressure within the reservoir, but the introduction of water may �revive� dor-
mant microorganisms and stimulate extremophiles. A variety of water sources can be 
used and whilst seawater is the most common choice in the North Sea, other water 
sources might be considered (e.g., fresh water and aquifers). Seawater �ooding results 
in mixing of sulphate-​rich cooler seawater with formation water, which can stimulate 
growth of SRP (including those that are extremophiles) and subsequent production of 
H2S (Hagar et al., 2022), leading to soured oil and enhanced corrosion risk. Another 
common practice is the use of the water accumulated during oil production, termed 
produced water, which often contains a mix of chemicals added during the oil separ-
ation process, traces of hydrocarbons, and a diverse range of microorganisms. When 
reinjected downhole, produced water further modi�es the already complex reservoir 
environment where diverse microorganisms can thrive. Furthermore, to make up the 
water demand for re-​injection, produced water is often mixed with sulphate-​rich sea-
water, which creates an ideal environment for microorganisms to �ourish, thus leading 
to the possible onset of exacerbated issues such as biofouling or corrosion (Mand 
et al., 2014). Regardless of the water source, detrimental microbiological impact is 
likely, and information from this can be used to predict changes in microbial com-
munities when modifying subsurface environments with the in�ux of any material.

Microorganisms have evolved to inhabit, survive, and thrive in nearly all of Earth�s 
environments studied so far; for example, microbial life has been detected in the 
permafrost of the McMurdo Dry valley (Goordial et al., 2016). They are present in 
environments where macroscopic organisms are present as well as being the sole 
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life forms in other environments and will likely exist well beyond any future global 
�extinction� events. In fact, microorganisms are crucial in regulating many ecosystem 
processes and contribute vastly to our human demands, such as in agriculture and bio-
technological applications, and therefore we must consider their life-​supporting role 
as well as any harmful impact they may have as we set out upon our energy transition.

When considering some of the emerging industries that will hopefully assure 
energy security beyond O&G, microorganisms are already playing a crucial role. 
For example, microbial fermentative conversion of biomass into biofuel components 
proves bene�cial; however, there may also be microbial hindrance, such as bio�lm 
build-​up, �lter blockages, and MIC (Stamps et al., 2020). Similarly, the growth of 
microorganisms on surfaces and the development of bio�lm presents issues in other 
industries such as the wind and solar energy sectors. In other areas which are being 
explored to help drive the energy transition, the microbiological interactions are 
less well understood, such as hydrogen transport and storage, carbon capture util-
isation and storage (CCUS), and geothermal energy generation, all of which require 
further research to raise awareness of any potential microbiological issues to be 
addressed. In the following sections, the historical development of microbiological 
monitoring in the O&G industry is explored. Lessons from the past can guide the 
development of more ef�cient approaches for monitoring and mitigating potential 
issues caused by microorganisms, as the energy sector transitions to a new era of 
energy sources.

2.2 � A BRIEF HISTORY OF MICROBIOLOGICAL MONITORING  
IN THE O&G INDUSTRY

Dissimilatory sulphate-​reducing bacteria are believed to be among the oldest forms 
of microbial life on Earth, with their activity traced back more than three billion years 
through sulphur isotope analysis (Pfenning et al., 1981). The �rst microorganisms 
capable of reducing sulphate to sulphide were isolated by Beijerinck (1895). Over the 
following years and decades, additional sulphate-​reducers were isolated, signi�cantly 
expanding our understanding of the diversity and environmental conditions under 
which this group of organisms can thrive (Odom, 1993). However, even when armed 
with this knowledge and reports of biofouling of offshore production platforms, 
particularly in the North Sea (Freeman, 1977; Ralph and Troake, 1980), and early 
observations of water close to oil-​bearing formations showing a decreased level of 
sulphate along with a proportional increase in sulphide (Rogers, 1919; Bastin, 1926; 
Kalish et al., 1964), active monitoring of microbial populations in the O&G industry 
was rarely seen as a priority.

Pioneering work in oil�eld microbiology by several researchers, including ZoBell 
(1958) and Nilsen et al. (1996), con�rmed microbiological activity associated with 
oil reservoirs and the effect of sulphate reducers on metal infrastructure. A culture-​
based technique was one of the �rst monitoring methods employed whereby sulphate-​
reducers were grown in a lactate-​based medium with high ferrous iron concentrations 
to estimate population numbers. Identi�cation and enumeration of bacteria in oil�eld 
samples by culture-​based methods of detection was accepted as an industry standard 
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in 1975 when the American Petroleum Institute (API) published guidance for the 
use of liquid media for monitoring SRB numbers in injection waters (API, 1975). 
These methods were more widely adopted following the introduction of the NACE 
standard TM0194 Field Monitoring of Bacterial Growth in Oil and Gas Systems 
(NACE, 2014), with multiple revised iterations, the latest of which is expected for 
release in 2025. This standard is now complemented by several others including 
ASTM Standard: Test Methods for Sulphate-​Reducing Bacteria in Water (D4412-​
19) (ASTM, 2024), NACE standards: Detection, Testing, and Evaluation of MIC 
on External Surfaces of Buried Pipelines (TM0106-​2016-​SG) (NACE, 2016), and 
Internal Surface of Pipelines (TM0212-​2018) (NACE, 2018), and Energy Institute 
(EI) standards: Guidelines for the Management of MIC in Oil and Gas Production 
(EI, 2017), and in Water Injection Systems (EI, 2022).

The use of the most probable number (MPN) test, among other culture incubation 
methods, was extensively used in early research to aid understanding of the varied 
growth abilities of SRB and other groups of bacteria important in the O&G industry 
such as acid-​producing bacteria, nitrate-​reducing bacteria, and iron-​oxidising bac-
teria. It quickly became clear that these microorganisms could grow at temperatures 
ranging from psychrophilic (0�​20°C) up to hyper-​thermophilic (70�​100°C) and over 
a wide range of salinities, from fresh water to high brines. Moreover, modi�cations 
in media recipes by changing the electron donor or nutrient and salt compositions 
stimulated growth of metabolically diverse populations, and many of these media 
recipes are still utilised to this day. This important catalogue of information aided the 
understanding of what systems were susceptible to fouling based on the in-​situ envir-
onmental conditions. However, the disadvantage of using culture-​dependent enumer-
ation techniques is that only a small number of microorganisms are considered to be 
culturable, meaning much of the fouling occurring was likely not identi�ed and so at 
times this left some populations unchecked. Other microbiological techniques com-
monly used in diagnostic microbiology, such as light and phase contrast microscopy, 
were also utilised to observe and count microbial cells. These methods were origin-
ally used to provide a quick estimate of microbial numbers, but even with the use 
of bacterial cell wall gram staining and �uorescent probe staining techniques (e.g., 
DAPI), they did not exclusively identify microbial cells. Moreover, these methods 
are impractical for �eld use and so they have not become standard tests for routine 
monitoring.

To gain a clearer understanding of prokaryotic growth in O&G systems, culture-​
independent techniques are necessary. The use of biochemical and DNA-​based testing 
has been instrumental in achieving this. By measuring products of biochemical 
activity such as adenosine triphosphate (ATP) and phospholipid fatty acids (PLFAs) 
within a sample, it was possible to quantify a greater portion of the biological load as 
there was no reliance on growing microbes in the lab. However, these methods do not 
allow discrimination of a speci�c bacterial type, although PLFA analysis does allow 
basic microbial pro�ling with some speci�city to SRB populations (Dowling et al., 
1986). Another limitation of culture-​dependent testing is the long incubation time, 
which can take up to 28 days for enumeration of SRB populations. By using DNA-​
based testing methods, testing times could be signi�cantly reduced as the sample 
could be analysed almost immediately, without the need for culture growth.
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The revolutionary breakthroughs in DNA analysis and testing, starting with Sanger 
sequencing in the 1970s and the polymerase chain reaction (PCR) in the 1980s, 
followed by next-​generation sequencing (NGS) in the 2000s, have set a precedent 
for biological analytical testing that has shone an enormously insightful light on the 
microbiological world. Although these innovative technologies were widely used in 
academic research across other disciplines, the O&G industry did not begin making 
signi�cant efforts to apply them for understanding microbiological involvement in 
MIC and reservoir souring until the early 2000s. Through various research projects, 
a deeper understanding of microbial communities involved in O&G operations was 
developed using methods such as �uorescence in situ hybridisation (FISH) (Hoffmann 
et al., 2009), denaturing gradient gel electrophoresis (DGGE) (Larsen et al., 2006, 
Hoffmann et al., 2008), and DNA clone libraries (Gittel, 2009), but it was not until 
the �omics� era that we started to appreciate the breadth and depth of microbial com-
munity population dynamics, and moreover, how little was actually known.

The technological leap in testing techniques offered a much wider observa-
tion of communities involved with MIC. Community and functional pro�ling have 
highlighted the intricacies and complexities of synergistic microbial action where 
many more organisms have an active role, and where not just sulphate reduction is the 
predominate corrosive mechanism. Indeed, sulphate reduction is a major factor, but 
other microorganisms directly or indirectly implicated in MIC include methanogens 
(Dinh et al., 2004), iron-​oxidising bacteria (Valencia-​Cantero et al., 2014), thiosulfate-​
reducing bacteria (Magot et al., 1997), among others, as reviewed by Kip and van 
Veen (2015). Improved computational power has also assisted in our understanding 
of microbial communities, and how they shift in response to a change in environ-
mental conditions. Intelligent bioinformatic software can clean, sort, identify, clas-
sify, and organise huge datasets for interpretation. Analysis of metagenomes allows 
inference of function by monitoring upregulation of genes speci�c to mechanisms 
identi�ed in MIC studies. This can provide insight into how a community might 
function and the role microorganisms play within a speci�c system. Research data 
from advanced testing methods combined with bioinformatic analysis has provided 
deeper insight into different microbial pathways and discovery of the involvement of 
different microorganisms, and has aided the development of better prediction models 
for scenarios such as reservoir souring and MIC.

The mere presence of certain organisms is not always the answer and understanding 
the actual function of those microorganisms has become equally important. Function 
or activity cannot be elucidated with 16S quantitative-​PCR (qPCR) or NGS ana-
lysis as it only provides information on abundance and community composition. In 
response, other technologies have been explored, such as gene marker assays. An 
evolved understanding of underlying molecular mechanisms from culture studies 
has facilitated the development of biological marker compounds (biomarkers). 
Biomarkers are encoded by speci�c functional genes that can be targeted by 
developing qPCR assays, such as the gene encoding the large subunit of the [NiFe] 
hydrogenase (labelled micH) (Lahme et al., 2021). Identi�cation of this gene, present 
in methanogenic taxa capable of corrosion mechanisms, translates to a binary marker 
for (methanogenic) MIC and can be applied more widely for MIC risk assessment in 
geographically diverse oil�elds.
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While specialised methods can be employed in a laboratory, �eld operators must 
strike a balance between cost, reliability, accessibility, and usability. Nevertheless, 
these advances in technology have introduced a catalogue of monitoring techniques 
allowing for a holistic-​based approach including the consideration of metadata to 
aid in risk management. Therefore, we must assess and develop a set of analytical 
tools based on existing knowledge of microbiological communities in the oil and gas 
industry, to bridge the gap towards the energy transition and ensure the security of 
future energy supply.

2.3 � O&G MICROBIOLOGICAL MONITORING: CURRENT STATUS

Detailed research and development studies, such as isolated culture physiological 
testing, alongside molecular ecology analysis (i.e., NGS), have helped reveal the pos-
sible functional traits, metabolic mechanisms, and community dynamics manifested by 
microbial populations during O&G operations. As highlighted in the previous section, 
increased awareness from this research has helped to develop an array of microbial 
monitoring methods which can be used routinely to combat harmful microbiological 
growth and activity. It is worthwhile mentioning that (1) monitoring microbiological 
numbers to prevent any issues relating to their presence, and (2) detecting speci�c 
microbes to determine the root cause for any potentially microbiological related 
issues, are two distinct tasks that require different monitoring strategies. The advance-
ment in microbiological monitoring techniques has yielded improvement in detecting 
and monitoring microbiological activity in oil�eld systems, but routine monitoring 
must also be practical and affordable to ensure they are done regularly allowing for 
comprehensive data collection and trending. Before setting up a monitoring regime, it 
is good practice to review the existing status, operational history, and system set-​up. In 
some cases, the use of viable culture techniques may be suf�cient for microbiological 
monitoring, particularly when microbial growth is effectively controlled through bio-
cide treatment or other management measures. When these measures do not seem 
to achieve microbial control or a failure occurs, other methods such as qPCR and 
NGS are useful additions for monitoring. qPCR analysis can target non-​culturable 
microorganisms known to negatively affect oil�eld systems, whereas NGS analysis 
can help identify the microbial community, enabling the evaluation of potential sources 
and route of microbial contamination. Microbiological monitoring programmes should 
be tailored to the system under investigation. However, regardless of monitoring tech-
nique one key element is to trend the data to collect meaningful metadata. As outlined 
in the previous section, various standards have been developed over time to assist 
with monitoring and controlling microbial numbers in O&G systems. Additionally, 
many new standards and publications (e.g., AMPP TM21465, 2024, Lomans et al., 
2016) focus on molecular microbiological methods, providing ample information and 
guidance for selecting the most suitable techniques and approaches for the task at hand.

There are several key issues that the O&G industry must manage. One is the 
presence of H2S (whether microbial or abiotic) which poses a concern for three 
reasons: (1) its contribution to corrosion, (2) onset of reservoir souring and the eco-
nomic impact on recovering and re�ning soured oil, and (3) the health and safety 
hazards it poses to oil�eld workers. There are many scenarios in which H2S can be 
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microbiologically produced, such as through SRB activity. By monitoring and control-
ling key microorganisms related to this, as well as managing in�uencing conditions 
(e.g., removal of sulphate rich environments), effective mitigation strategies can be 
employed to prevent the onset and progression of these issues.

Routine microbiological monitoring in seawater injection systems is well established 
and the primary problematic microorganisms are well understood. Additionally, the 
availability of extensive process system setup information, such as seawater com-
position and chemicals used, typically presents fewer variables compared to produc-
tion systems. Routine monitoring and maintenance of this system can be achieved by 
following clear guidelines, such as maintaining speci�ed concentrations of chemical 
treatments at the correct locations and measuring microbial numbers at key locations. 
Due to the nature of the system and an understanding of the challenges, culture-​
dependent methods, such as MPN testing, provides a robust monitoring method. 
However, a shift from conventional seawater injection, such as using produced water 
for re-​injection (PWRI), can introduce additional chemicals and diversify microbio-
logical populations, which may then require additional molecular testing methods. 
This strategy was described by Mand et al. (2014), where next generation sequencing 
(NGS) highlighted the presence of sulphur-​oxidising bacteria (SOB) and prompted a 
review of remedial measures (i.e. adjustment of oxygen scavenger rates to optimise sea-
water deaeration before mixing with produced water). This highlights that monitoring 
seawater injection systems should follow a holistic routine monitoring approach (see 
Hoffmann, 2021). Furthermore, it emphasises that each system can be unique, and that 
different circumstances may dictate the requirement of a slightly different strategy.

Production systems can be more complex, particularly if multiple sources are  
feeding into them, which contrasts with water injection systems that usually have  
a small number of lift pumps feeding a single, continuous, and open-​ended system  
(see Figure 2.1 for a standardised offshore production system). In both onshore and  

FIGURE 2.1  Simpli�ed schematic of an offshore O&G processing facility. This illustrates 
that any location (e.g., separator or drains vessels) can be a source of microbial fouling, and 
arrows indicate the �ow of potentially contaminated �uids between vessels. From this it is 
possible to see how unchecked microbial fouling can be widely distributed across a system, 
which may lead to issues such as MIC.
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offshore installations, there can be hundreds of wells from different reservoirs, with  
varying levels of water cut, and seawater breakthrough with very diverse micro-
biology and water chemistries. Once these �uids are comingled in manifolds and  
downstream separation and process facilities, a intricate and dynamic microbio-
logical community assembles. Decades of research and data trending has de�ned  
monitoring strategies for different systems found in O&G operations, including: (1)  
risers and �owlines, (2) hydrocarbon processing, and (3) ef�uent and drainage, as  
outlined below.

1.	 Risers and Flowlines: MPN testing is used to provide baseline data and 
guide biocide and control strategies. However, the mixing of environ-
mental variables (such as temperature ranges, salinities, chemicals and 
carbon sources) may induce a shift in the community where different 
microorganisms dominate. At this stage, regular molecular testing, such as 
qPCR (e.g., SRB, SRA, methanogens) and NGS of individual well �uids, is 
used to monitor the onset of reservoir souring and the in�ux of biofouling. 
As with most systems, trending this data will track �uctuations and allow 
proactive intervention with targeted biocide application to mitigate down-
stream contamination.

2.	 Hydrocarbon Processing: Trended microbiological data can help highlight 
biofouling hotspots which can have a negative effect on the oil separation 
process. This information can also help identify potential contamination 
sources if fouling is detected downstream of wells and reactive treatment 
can be administered to speci�c vessels. Fluids in the process system, espe-
cially during separation, experience a wide range of temperatures, and it is 
important to consider all these factors and identify microbial hotspots, as a 
localised issue may affect the entire system or even the entire plant.

3.	 Ef�uent and Drainage: Complications can arise when non-​well �uids are 
fed into the process system, such as recirculation of drains and slops �uids 
designed to reclaim processed oil and other hydrocarbons (e.g., gas oil, lube 
oil, oil-​based drilling �uids) back into the system. Drain tanks and vessels 
can be a growth hotspot for problematic microbes, as they are at ambient 
temperature and pressure, provide a mixture of growth substrates (such as 
volatile fatty acids), usually hold a signi�cant water cut, and can be stag-
nant for extended periods during shutdowns. When these �uids are pumped 
back into processing, the high microbial load is widely distributed leading to 
fouling issues. In such scenarios, a combination of testing methods is advised 
to gauge the microbial communities that have developed over time and the 
risk they pose. Based on this assessment, suitable action (e.g., a shock dose 
of biocide) should be taken before facilities are restarted to prevent systemic 
fouling.

However, if systems are not monitored and controlled, pipeline failures or tank 
failures can occur. Once a failure has occurred, a set of analyses are required to assess 
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whether the event was due to microbial activity or other mechanisms. To accurately, 
�place� certain microbes at the site of a failure, DNA-​based methods such as qPCR 
and NGS are more suitable as they detect speci�c microorganisms from various sam-
pling material, which may not be suitable for culture-​based methods. Notably, the 
presence of certain microorganism does not necessarily indicate that they are active 
or �to blame� for the failure. Assessing the possibility of MIC requires a combination 
of biological, chemical and metallurgy testing to diagnose the failure mechanism 
with greater con�dence. The test methods adopted, lessons learned, and solutions 
developed in O&G operations, will be invaluable for testing and monitoring the in�u-
ence of microbiology in the emerging and renewable sectors, as we are already begin-
ning to discover.

2.4 � CHALLENGES FACED BY THE RENEWABLE AND EMERGING 
ENERGY SECTORS

Microbial life can be found in many environments including the extreme conditions 
found in the O&G industry. The energy industry has been aware of the microbial 
impacts on operations, such as growth in reservoirs. However, surprisingly, some 
of this knowledge is often ignored in the discussions about energy transition. While 
some areas of renewable energy, such as wind and solar, have been established for 
some time, the experience with MIC from the O&G industry and other sectors has 
not been fully leveraged to prevent similar issues. Table 2.1 describes the possible 
parallels between these different environments and Figure 2.2 details expected micro
biological impacts and similarities between the different sectors, which are reviewed 
in more detailed below.

2.4.1 � OFFSHoRE WIND

Wind farms have become a common feature within our landscapes for many 
decades, with the world�s �rst major offshore wind farm installed around 2002�​2003 
in Denmark. Offshore wind farms are often constructed from materials like those 
used in �xed platform offshore O&G production rigs, such as steel. In the marine 
environment, there is a chance of MIC and other corrosion mechanisms on wind 
turbine monopiles. A UK-​based �eld study assessing corrosion rates using steel 
coupons (S355) to replicate a wind turbine structure highlighted a high corrosion 
rate of 0.83 mm/​year, with MIC postulated as a contributing factor (Khodabux et al., 
2020). In particular, MIC appears to occur at the �mud zone� where the monopile 
is submerged into the seabed and where nutrients are plentiful. On steel structures, 
MIC can often be the most aggressive corrosion mechanism and has been termed 
�accelerated low water corrosion� which is usually experienced in intertidal zones 
and ports where pollutants provide a nutrient source. This form of MIC has been 
associated with sulphur-​utilising prokaryotes and corrosion rates of up to 1 mm/​year 
have been measured (Smith et al., 2019).
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TABLE 2.1
Environmental Conditions and Stressors Shared by Different Industry Sectors, Highlighting the Similarities and the Potential 
for Converged Microbial Community Structure and Assembly Patterns

Sector Temp (°C) Salinity (NaCl) Nutrient Availability pH Carbon Source
Water 
Content

O&G 5�​120 0�​160 Low�​high 5�​10 Hydrocarbons, VFA Low�​high
Solar 5�​65 0�​20 Low 6�​7 Atmospheric debris Low
Offshore wind 0�​30 0�​35 Low�​medium 6�​7 Atmospheric debris, marine 

life, organic matter
Low�​high

Geothermal 30�​450 0�​160 Low�​high 5�​10 Organic matter High
Hydrogen 5�​80 0�​160 Low-​high 5�​10 Hydrocarbons, VFA Low�​high
CCUS 5�​80 0�​160 Low�​high 5�​10 Hydrocarbons, VFA Low�​high
Biofuels 30�​80 0�​15 High 5�​10 Sugars, hydrocarbons, 

alcohols, organic matter
Low�​high

Data collated from available literature research sources at the time of writing and estimates provided where necessary. VFA, volatile fatty acids.
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Despite important work highlighting corrosion risk of offshore wind turbine  
structures, there are not always monitoring strategies in place, thus contributing  
to integrity issues and failures. Nłhr-​Nielsen and Mathiesen (2018) presented a  
detailed review of corrosion issues and monitoring in wind farms, highlighting how  
the industry has learned over time by implementing design changes and monitoring  
regimes where possible. However, offshore wind farms are usually unmanned, which  
can lead to problems going unnoticed, and so appropriate measures such as corrosion  
coatings and cathodic protection are usually utilised. With offshore wind farms now  
being constructed on a large scale, such as the Hornsea offshore project, which runs  
334 turbines with further expansion planned, it is crucial to raise awareness and take  
actions to maintain a reliable energy supply through wind farms.

FIGURE 2.2  Microbiological impacts on productivity and integrity shared by the different 
sectors (1 �​ O&G industry, including exploration, production, processing, storage and 
transport; 2 �​ geothermal industries, including both natural and engineered sources; 3 �​ CCUS; 
4 �​ hydrogen, including production, re�ning, transport, and storage; 5 �​ biofuels, including 
various feedstock production, end users, transport, and storage; 6 �​ solar energy, mainly use of 
panels; 7 �​ offshore wind farms). Overlapping issues are highlighted by shades of darker grey 
where industries are placed based on existing current knowledge and research.
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2.4.2 �S oLAR

Now an established source of renewable energy, solar panels have become a crucial 
part of the energy transition by converting sunlight into electricity through photo-
voltaic cells. For some countries such as Australia, solar panels can offer reliable 
and low maintenance energy. Unlike offshore wind installations which are prone to 
corrosion, or geothermal systems which can experience biofouling, solar panels are 
less susceptible to adverse microbial activity. This is due to the extreme changes in 
radiation intensity, temperatures, water supply and low nutrient availability, all of 
which make it challenging for microbes to survive. However, when conditions are 
conducive, mould and algae can grow on the surface of solar panels. If growth results 
in widespread coverage, it could block sunlight, reducing ef�ciency and performance.

Diverse microbial populations were characterised from solar panels in California 
and Spain, with both locations showing similar pro�les indicating the strength of the 
environmental pressures. However, functional analyses did not return associated risks 
such as MIC (Porcar et al., 2018). Gorbushina et al. (2023) described panel colonisa
tion by specialised, free-​living, desert-​adapted melanised ascomycetous fungi which 
can invade new solar panel surface niches. Elevated levels of fungi were detected 
from photovoltaic panels in a study that developed a monitoring tool using qPCR to 
improve maintenance decisions (Martin-​Sanchez et al., 2018). Panel surface growth 
can impact solar panel ef�ciency, requiring cleaning with detergents, particularly 
when soiling rates are high, as dust and debris offer nutritional value and enhanced 
attachment surfaces. Decreased solar panel ef�ciency due to microbial growth or 
other factors can be effectively monitored with digital performance data and cleaned 
as required. It must also be noted that while the bio�lms themselves may not directly 
cause corrosion, similar to pipelines, the colonisation of harmful bacteria beneath the 
bio�lm is possible which could result in growth of microbes capable of material deg-
radation, in which case molecular testing methods would prove particularly useful.

2.4.3 � GEoTHERMAL

Bregnard et al. (2023) published a detailed review on studies of microorganisms 
inhabiting deep geothermal reservoirs, addressing the dif�culties of studying these 
environments. Their review described how the presence of certain microorganisms 
can impact geothermal power plants and compared �ndings from deep geothermal 
systems (despite limited data) to other systems, such as oil reservoirs, where similar 
conditions exist. The primary issues they highlighted stemmed from both contam-
ination of �uids during drilling and other processes, as well as the presence of indi-
genous microorganisms. These �ndings closely mirror studies conducted on microbial 
communities in oil reservoirs. A wide range of microorganisms known to the O&G 
industry have also been detected in geothermal �uids, such as sulphate-​reducing bac-
teria, thiosulfate-​reducing bacteria, hydrogen-​oxidising bacteria (Morozova et al., 
2011), as well as Firmicutes. The key issues arising from microorganisms in the 
geothermal industry include their contribution to microbially induced scaling and 
corrosion, which can decrease the ef�cacy of geothermal power plant systems. Like 
the O&G industry, the deposition of material such as scale and biomass can cause 
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issues such as clogging of wells or disrupting �ow assurance. Additionally, the 
issue of corrosion and understanding the different mechanisms involved remains a 
challenge, much like it has been in the O&G industry in the last years and decades.

2.4.4 �H YDRogEN SToRAgE AND TRANSPoRT

Hydrogen will play a vital role in the energy transition, especially when its produc-
tion is powered from renewable energy sources (wind, solar, etc.), also known as 
green hydrogen. Once produced, hydrogen can be transported and stored for later 
use, helping to balance seasonal �uctuations in demand and easing the supply burden 
on other energy sources. However, as production sites are predominantly located 
in remote locations, it is necessary to store hydrogen in medium-​to-​large quantities 
before transporting it to the distribution system, which highlights the need for safe 
storage technologies. For large-​scale storage applications, underground storage is the 
preferred method, with options such as porous rock formations (aquifers, depleted 
natural gas and oil reservoirs) and in exploited underground spaces (salt caverns, 
disused mines). Numerous hydrogen energy storage projects have been launched 
around the world, with most of these (approximately 75%) utilising depleted O&G 
deposits (Trakowski et al., 2019). Salt caverns have also been considered and as pre
viously noted, microorganisms are capable of surviving and thriving in most habitats, 
so it would be irresponsible to not consider the potential microbial interactions in 
these environments. Hydrogen, being a highly reducing and energy-​dense electron 
donor, can serve as an electron donor for a wide range of microorganisms present 
in the subsurface. Microbial hydrogen consumption can catalyse the reduction of 
various compounds such as nitrate, ferric iron, sulphate, elemental sulphur, or carbon 
dioxide (CO2) to produce nitrogen, ferrous iron, H2S, acetate or methane (CH4). When 
compared to the O&G industry (see Figure 2.2), similar issues could arise during H2 
storage and transportation, including potential H2 loss due to microbiological activity. 
In fact, Dopffel et al. (2023) have shown that salt caverns can contain H2-​consuming 
microbes, such as sulphate reducers which could consume a signi�cant volume of 
H2 over time and production of H2S; however, more work is required to understand 
these mechanisms. Efforts have already been made to close the knowledge gap with 
international and multi-​discipline projects such as the HyLife CETP Project (https://​
hyl​ife-​cetp.com/​).

2.4.5 � CARBoN CAPTURE UTILISATIoN AND SToRAgE

CCUS is considered a key technology to mitigate the environmental impact of CO2 
emissions. Similar to H2 storage, underground geological formations, such as saline 
aquifers and depleted O&G reservoirs, are typically preferred. However, before 
selecting potential CCUS sites, a thorough assessment is required to identify speci�c 
risks and uncertainties (Bui et al., 2018). One aspect that remains poorly understood 
is the in�uence of microbiological communities present in these environments.

Depleted hydrocarbon reservoirs have strong CO2 storage potential (Leung et al., 
2014) as numerous hydrocarbon reservoirs have already undergone CO2 injection as 
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a means of enhanced oil recovery (CO2-​EOR). Tyne et al. (2021) compared (bio)
geochemical compositions of an oil�eld which was CO2-​EOR �ooded in the 1980s 
to a neighbouring �eld never subjected to CO2-​EOR and showed that microbial 
methanogenesis may be an important subsurface sink of CO2 globally and should be 
considered in the selection of sites. Additionally, the presence of hydrocarbons, espe-
cially oil, at selected O&G sites adds complexity, mainly due to the diverse chem-
ical compositions involved. As the hydrocarbon and aqueous phases under reservoir 
conditions are immiscible, and CO2 dissolves into the reservoir �uids forming CO2�​
brine and CO2�​hydrocarbon mixtures, predicting the success of CCUS presents a 
signi�cant challenge.

Although the knowledge available on the effect of microorganisms during CCUS 
is limited, there is evidence suggesting both positive and negative impacts from sub-
surface microbiological communities. The ability of microbes to utilise and sequester 
CO2 through mineralisation processes could enhance the success of CCUS and 
deliver usable products. However, there is also the risk that microbial communities 
could compromise the capacity, integrity, and long-​term safety of CO2 storage sites 
through interactions analogous to the O&G industry (i.e., MIC). Furthermore, trans-
port between CO2 emission centres to storage sites requires further investigation. For 
example, like the O&G industry where pipelines are used for transportation of poten-
tially corrosive chemicals and gases, the selection of appropriate materials and oper-
ational design is vital to resist corrosion mechanisms and integrity failure.

2.4.6 �B IoFUELS PRoDUcTIoN, SToRAgE, AND TRANSPoRT

Biofuels present an energy source that can help reduce greenhouse gas emissions. 
There are several classi�cations of biofuels, depending on the biomass feedstock 
used and the conversion process employed. Conventional (�rst-​generation) biofuels, 
mainly used in transportation, are produced from crops, such as corn or sugarcane, 
and rely on microbial fermentation reactions to produce bioethanol, commonly 
blended into fuels. However, this process requires large areas of arable land for crop 
growth and in some regions resulted in undesirable deforestation practices for land 
space. Moreover, the industrial processing and transport involved may not always 
be eco-​friendly. To address the sustainability concerns of �rst-​generation biofuels, 
second-​generation biofuels have been developed. These are produced from organic 
wastes, such as food waste, used cooking oils, and urban waste, with products like 
sustainable aviation fuel being among their outputs. Third-​generation biofuels are 
derived from algae and marine species, and fourth-​generation biofuels utilise gen-
etically modi�ed organisms and CO2 sequestration methods. These improved tech-
nologies help address the concerns over climate impact and offer carbon-​negative 
production processes. However, these are still in the early stages of development and 
are not yet commercially viable.

Most biofuel production processes rely, to some degree, on microbial activity 
(Cavelius et al., 2023). As a result, sub-​optimal growing conditions can lead to poor 
production ef�ciency, and systems can be subject to problematic microbiological 
activity such as fouling if not properly controlled. Thus, precise microbial monitoring 
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of these processes is paramount given that in 2017, biofuels made up 4.5% of the 
energy consumption in the road transport and non-​road mobile machinery, and 
in 2018, biodiesel accounted for 62% of the biofuels used in the European Union 
(Puricelli et al., 2021). The hygroscopic properties of biofuels �​ speci�cally, fatty 
acid methyl esters (FAMEs) �​attract water which supports bacterial growth and can 
compromise biofuel quality. This makes controlling moisture content more dif�cult 
than with fossil fuels, making biofuels more susceptible to microbial contamination. 
Whilst microbial growth and subsequent issues are not a new problem, the variation 
within biodiesels (due to different sources and blends) provides a richer food source 
for microbes resulting in problems such as bio�lm development, �lter blockages, and 
poor combustion.

2.5 � HOW MICROORGANISMS ARE ASSISTING THE ENERGY 
INDUSTRY TRANSITION TO NET ZERO

Microorganisms can be problematic in the energy industry as discussed above 
but can also be bene�cial. For example, microbial production of surface-​active 
compounds has been exploited in microbial enhanced oil recovery practices 
(Nikolova and Gutierrez, 2020), and the ability of microorganisms to utilise 
hydrocarbons as a growth substrate has been utilised in bioremediation efforts 
(e.g., Exxon Valdez and Deepwater Horizon) (Atlas, 2011). This ability has been 
known for many decades, but more recently, there has been signi�cant develop-
ment of microbes to degrade plastics. While this might not be directly relevant 
to the energy transition, it is consistent with the aim of creating a greener and 
cleaner future. Consequently, many energy operators are investing in such research 
projects.

The metabolic properties of microbes have also been leveraged in an aim to 
decarbonise energy production, heavy industry and enhance production of sustain-
able, clean commodities. For example, a variety of microorganisms, ranging from 
Saccharomyces cerevisiae to Clostridium sp., have been successfully used in bio-
fuel production (Love, 2022). As highlighted earlier, microbial processes are vital in 
many types of biofuel production and looking forward, our ability to further exploit 
microbial metabolic processes through genetic modi�cation (e.g., fourth-​generation 
biofuels) to increase bioenergy production ef�ciencies is promising. This process 
is usually accompanied with energy produced from renewable sources and may 
incorporate carbon capture technologies to create a carbon-​negative industrial sector 
(Cavelius et al., 2023). More recently, advancements in technology have facilitated 
the development of microbial fuel cell technology, which is based on a relatively 
older concept whereby microorganisms couple the oxidation of organic compounds 
and electron transfer to electrodes. Astute engineering has enabled the harnessing of 
energy generated from these bacterial biochemical reactions and electron exchange 
processes to produce electricity (Lovley, 2006). Thus, microbial fuel cells present a 
renewable self-​sustaining form of energy, capable of using waste organic products 
such as sewage for electricity generation, which does not contribute net carbon 
dioxide.
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This section has provided a non-​exhaustive overview of how we can harness 
microorganisms for our bene�t. However, their key role in carbon and nutrient cyc-
ling, animal (including human) and plant health, agriculture and global food security 
is often overlooked. Microorganisms are rarely the focus of climate change studies 
and frequently ignored in discussions of environmental solutions. It is important to 
appreciate the signi�cance of this microscopic majority and give them the attention 
they deserve by putting them under the magnifying glass.

2.6 � LEARNING FROM THE PAST AND BRIDGING THE GAP

There is now a sizeable catalogue of data and information on microbiological 
activity in the energy industry, mostly from O&G, but also from pioneering work in 
renewables (wind, solar, etc.), as well as hydrogen storage and CCUS. This know-
ledge is supported by tried and tested monitoring strategies and treatment plans aimed 
at minimising negative microbiological impacts. Thus, the industry is in an extremely 
advantageous position as it ventures into new areas, equipped with this knowledge 
and expertise to prevent the billions of dollars in infrastructure and productivity losses 
as we have seen in the past. However, there are several challenges which may dis-
courage optimism. Firstly, while there has been relative success in controlling micro-
biological activity using biocides and other methods based on operational knowledge, 
the application of these practices to new systems is not guaranteed. Laboratory-​based 
studies may not always translate effectively to �eld conditions. Secondly, operational 
prioritisation remains a challenge, as has been the case historically where insuf�-
cient resources have been allocated to studying microbiology and its adverse effects. 
Finally, despite advances in sequencing and uncovering microbial communities in 
detail, our true understanding on function and activity is limited as testing comes 
from a laboratory and not �eld studies.

As the energy transition progresses, it is crucial to adopt more advanced func-
tional screening methods. For example, DNA stable-​isotope probing (SIP) allows 
the identi�cation of functional groups of organisms without the need for cultivation 
or inference from bioinformatic analyses. Using SIP, active microorganisms incorp-
orate a particular stable isotope labelled substrate (e.g., 13C) into their biomass during 
growth. These groups can then be separated from non-​active members and analysed 
to reveal phylogenetic and functional information. This method has been extensively 
used in hydrocarbon degradation capability studies, as discussed by Lueders (2010), 
and has helped improve our understanding of oil bioremediation processes. SIP could 
also be applied to newer technologies such as CCUS by evaluating the role of micro-
bial activity in the fate of CO2 injected into a reservoir, with microcosm and poten-
tially �eld studies using 13CO2.

With existing knowledge on microbiological function and processes, improving 
methodologies, continuously advancing technology, and early-​stage research, it 
should be possible to prevent or at least minimise integrity failures and product 
devaluation, as seen in the O&G industry. Furthermore, to achieve optimum perform-
ance of emerging technologies, microbial monitoring, using the methods we have 
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discussed in this chapter, will help us bridge the gap between non-​renewable and 
renewable energy.
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oxidation-​reduction, bioethanol, biodiesel, anaerobic digestion (AD), biogas, as well 
as non-​renewable sources like microbial enhanced oil recovery (MEOR) are essential 
(Adnan et al., 2019).

Oxidation�​reduction is the process by which matter is transformed into energy 
and is a fundamental characteristic of life (Burgin et al., 2011). Certain microbes 
have the ability to integrate solar energy through highly intricate methods that 
produce low-​energy substances from natural pollutants, such as natural contaminants 
produced during the extraction and processing of oil, sugarcane, and organic oils 
(Hoppe et al., 2018). Certain microbes, such as cyanobacteria, use photosyn
thesis to split water molecules, producing oxygen and hydrogen. Meanwhile, other 
microbes, including purple non-​sulfur bacteria and green sulfur bacteria, generate 
hydrogen through anaerobic methods (Dutta et al., 2005). However, some microbes 
have the ability to transform waste products into highly ef�cient energy molecules 
such as ethanol and biogas. Consequently, several microbial species possess geno-
typic and phenotypic characteristics that could drive the development of energy-​
driven products, leading to more advanced and effective technologies as well as 
environmental cleanup solutions (Bri�ki et al., 2017). Current methods of energy 
production are very challenging from technological, economic, and ecological 
perspectives. These methods not only pollute the environment but also require sig-
ni�cant capital investment in preliminary studies and adaptation of new technolo-
gies (Osman et al., 2023). Although the bene�ts of traditional energy sources such 
as oil, gas, and coal have been diminished by pollutants they produce (in terms of 
quantity, environmental impact, and ongoing need for disposal), this leads to signi�-
cant challenges of remediating CO2, nitrogen dioxide, sulfur dioxide, and various 
other oxides (Yoro & Daramola, 2020). As the continual process of energy pro
duction constantly impacts the environment, methods that utilize waste materials, 
such as biore�neries, have been developed to generate renewable energy (Parajuli 
et al., 2015). Microorganisms are necessary for developing waste puri�cation and 
utilization strategies. Therefore, different roles played by microorganisms in energy 
industry have been shown in Figure 3.1. The goal of renewable energy research is 
to identify economical biological re�neries capable of generating clean hydrogen 
to reduce the high levels of pollution in the environment (water and soil) (Sarkar & 
Bhattacharyya, 2012).

Algal biomass derived from wastewater treatment is becoming a prominent area of 
research as a potential source for the production of biofuel. However, this approach 
could have a signi�cant environmental impact, as compared to other green energy 
sources (Srimongkol et al., 2022). The production of third-​generation biofuels from 
algae could be considered one of the most promising and cost-​effective alternatives 
compared to other sources of renewable energies. Algae can be effectively grown 
in nutrient-​rich environments and have the ability to accumulate nutrients and 
heavy metals from wastewater, making them an extremely attractive option for 
large-​scale remediation. Moreover, algal biomass contains carbohydrates, proteins, 
vitamins, and other valuable components that can be used as food and animal feed-
stock. Additionally, algae have the potential to produce renewable biofuels such as 
biohydrogen, providing a future source of clean energy.
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However, it is essential to address key technical challenges of algal cultivation and  
harvesting techniques, as these remain major bottlenecks for industrial-​scale produc-
tion of algal biomass and biofuel. Despite these challenges, ongoing research aims to  
optimize large-​scale algae cultivation using wastewater as a nutrient source for bio-
fuel production. As this �eld progresses, it is essential to carefully consider the eco-
logical impact of algae-​based biofuels in comparison to other green energy sources.

3.2 � MICROBIAL DIVERSITY IN OIL AND GAS RESERVOIRS

A broad range of mesophilic as well as thermophilic microorganisms has been collected 
from oil reservoirs (J. Liu et al., 2019). Nevertheless, it is thought that up to 99% of 
the microbial population cannot be cultured in a laboratory environment (Pannekens 
et al., 2019). As a result, modern techniques based on phylogenetics, which do not 
require the cultivation of bacteria, have been utilized to determine the diversity of 
microbial species present in oil reservoirs. Environmental ribosomal RNA (rRNA) 
genome sequences, particularly the 16S rRNA, can then be analyzed and compared 
to known sequences (Liang et al., 2020). Microbial studies in oil reservoirs have pri
marily focused on sulfate-​reducers due to their detrimental impact on commercial 
oil recovery. Microbial communities from oil wells have been grown to understand 
their diversity, metabolic capabilities, and potential roles in both enhancing as well as 
inhibiting oil recovery processes (Pannekens et al., 2019). Microbial communities in 
anaerobic oil�elds are best classi�ed using a multi-​parametric approach that considers 
temperature, pH, pressure, salinity, and metabolic pathways, rather than considering 
oxygen tolerance only. In harsh conditions, these factors have a signi�cant impact 

FIGURE 3.1  Role of microorganisms in multiple aspects of the energy industry.
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on microbial life and functionality. Salinity facilitates halophilic consortia that affect 
bio�lm formation and polymer stability, whereas temperature encourages groups like 
thermophiles and hyperthermophiles (Santos et al., 2023). Furthermore, microbial 
activity is in�uenced by pH and pressure, and understanding their roles in the biogeo-
chemical cycle and oil recovery depends on metabolic pathways, including sulfate 
reduction and hydrocarbon degradation (Pannekens et al., 2019). This holistic classi
�cation offers a deeper understanding of the microbial dynamics within oil reservoirs. 
Although thermophilic sulfate reducers seem to contribute to in situ oil degradation, 
mesophilic sulfate-​reducing microorganisms are responsible for the degradation of 
upper borehole facilities (Zeldes et al., 2015).

3.2.1 �M IcRoBIAL ENHANcED OIL REcoVERY

MEOR method is used to employ microorganisms to extract the residual oil from a 
matured reservoir, making it relatively cheaper compared to other techniques such 
as gas, chemical, or thermal �ooding (Hu et al., 2021; Kumar et al., 2025). This 
cost-​effectiveness is due to the use of naturally occurring microorganisms, which 
reduce the need for expensive chemicals and intensive energy. Additionally, MEOR 
is an environmentally friendly process as it relies on biological means rather than 
chemical or thermal methods (Boll et al., 2017; Mahajan et al., 2025; She et al., 
2019). Therefore, the present study undertakes a comprehensive analysis of various 
research studies and �eld trials that have been identi�ed for their global ef�cacy. 
Several factors, such as the �uidity of oil, the composition of the reservoir rock, the 
different microbial populations present in the reservoir, and the �nancial and techno-
logical feasibilities of developing microbial systems for enhanced oil recovery (EOR), 
in�uence the ef�cacy of this method across various �elds and mature reservoirs 
(Brown, 2010). Additionally, it has been observed that different MEOR techniques 
have developed from laboratory-​scale testing to �eld applications in real oil�elds, 
focusing on speci�c approaches. Synthesis of bio-​solvents, polymeric materials, and 
biosurfactants is among the most important of these techniques (Geetha et al., 2018; 
Mahajan et al., 2021).

Currently, MEOR technique holds potential for increasing oil extraction, and in 
some cases, this method has been shown to be economically sustainable (She et al., 
2019). This is because industries only implement a technology if they perceive tan
gible bene�ts from its adoption. MEOR techniques could be applied in conditions 
where physical�​chemical techniques may not be appropriate, and thus offer an alter-
native to traditional physical�​chemical approaches in EOR (Sayyouh et al., 1993).

Future investigations will focus on improving yields and methods through math-
ematical modeling and evaluation, along with the production of economical products 
from microorganisms (Niu et al., 2020). As oil wells vary across locations, MEOR 
techniques must be tailored to each well, requiring individual analysis to determine 
the most appropriate approach. MEOR technique holds enormous potential for EOR, 
as many biological products developed during the process, such as biosurfactants 
and biopolymers, have practical applications in oil recovery (Tanner et al., 1993; 
Tyagi et al., 2025). By utilizing MEOR to increase oil production in environmentally 
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environments and can potentially absorb nutrients and heavy metals from wastewater. 
Additionally, algae may also be a source of future sustainable energy by producing 
biofuels like biohydrogen.

The industrial-​scale production of algal biomass and biofuels is limited by techno-
logical challenges related to algae cultivation and harvesting processes. Despite these 
hurdles, ongoing research is focused on optimizing large-​scale algae cultivation using 
wastewater as a nutrient source for biofuel production. As this �eld evolves, it is 
essential to carefully consider the ecological impact of algae-​based biofuels in com-
parison with other green energy sources.

3.3.1.1 � Ethanol Fermentation
The ability to produce biofuels from renewable sources and utilize them as alterna-
tive fuels has drawn signi�cant research interest. When lignocellulosic biomass is 
submerged in a mixture of cellulosic media, the cellulase and xylanase produced by 
Penicillium echinulatum can be used to produce bioethanol (Vaishnav et al., 2018). 
Due to its advantageous impacts on the ecosystem, bioethanol has become one of 
the most promising biofuels. Naturally fermentable carbohydrates such as glucose 
are fermented by microorganisms to produce ethanol (Mohd Azhar et al., 2017). 
Common feedstocks include sugarcane molasses, sugar beet juice or molasses, rice 
bran and cereal grains, often referred to as �rst-​generation feedstock (Mahajan & 
Singh Kocher, 2018).

Currently, the majority of the raw materials used for bioethanol production are 
derived from starch and sugar. However, a variety of easily accessible lignocellulosic 
biomass sources, such as pine needles, forest and agricultural waste, and herbaceous 
renewable energy crops, can be utilized for energy production, bioethanol, and higher 
value products (Ning et al., 2021). Effective pretreatment is required to break down the 
complex mixture of carbohydrates known as lignocellulose, which opens pathways 
for enzymes to produce fermentable sugars. These sugars are then hydrolyzed to 
produce ethanol. Sustainable lignocellulosic substances are low-​cost substrates that 
promote sustainability by avoiding competition with the agricultural industry, thus 
overcoming technological and �nancial challenges (Galbe & Wallberg, 2019).

Several bioprocess methods have been developed to produce bioethanol from sus-
tainable materials such as simultaneous sacchari�cation and fermentation (Afedzi & 
Parakulsuksatid, 2023), separate hydrolysis and fermentation (Maslova et al., 2019), 
and high solids loading fermentation (Vignesh & Chandraraj, 2021) . A signi�cant 
amount of research has also gone into developing substitute methods for the separ-
ation and puri�cation of bioethanol.

3.3.1.2 � Biodiesel Production
Microbiological fermentation is a more cost-​effective and ef�cient method for produ-
cing sustainable biodiesel, based on the research carried out by academic institutes and 
diverse biotechnological startup companies. Microbial strains have been transformed 
to enhance their potential for diesel production with the help of genetic engineering. 
Metabolic engineering plays a key role in the increased expression of gene sequences 
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for essential enzyme functions necessary for de novo production of biodiesel (Santos-​
Merino et al., 2019). For example, the genetic material from Zymomonas mobilis 
has been overexpressed in a genetically engineered strain of Escherichia coli, which 
serves as an ef�cient host. This approach has led to the establishment of an ideal de 
novo biochemical pathway for biodiesel production (Yang et al., 2016).

The microalga Scenedesmus abundans has been shown to contain high 
concentrations of triglycerides, making it a promising source of lipids for biodiesel pro-
duction. It demonstrates optimal properties under varying phosphate concentrations, 
pH ranges, and light intensity (Mandotra et al., 2016). Harvesting methods signi�
cantly impact the composition of fatty acids and the biodiesel characteristics of the 
extracted oil. To determine whether algal oils can be used as alternative sources of 
biodiesel components, the ef�cacy of fuels produced from fatty acid methyl ester 
(FAME) has been assessed according to Indian biodiesel standards. S. abundans, that 
is native to freshwater, is being cultivated in various growth media to enhance cell 
culture and oil production, thereby making it a valuable source of essential biodiesel 
components (Mandotra et al., 2016). Various lipid extraction techniques and the pro
cess of transesteri�cation are currently being explored to produce biodiesel with fatty 
acid molecules containing 16 to 18 carbon atoms, thereby achieving the desired bio-
diesel characteristics (Pikula et al., 2020).

3.3.2 � WASTE MANAgEMENT IN BIoENERgY

Biomass waste can have serious environmental effects, and the worldwide production 
of biomass waste from agricultural and forest decay, animal dung, and various other 
decomposed waste products has become an increasing management issue. Despite 
the implementation of stricter regulations in many regions to prevent recyclable waste 
from being sent to land�lls, the disposal, utilization, and management of biological 
waste remains underdeveloped (Amasuomo & Baird, 2016). Although biomass waste 
products are an ideal source of fuel for sustainable energy production and are a crucial 
substitute energy source in the transition to zero emissions, the ef�cient utilization 
of residual biomass has become even more crucial in modern industries. Microbes 
play a vital role in the conversion of biomass waste into bioenergy through processes 
such as AD, where microbes break down organic matter in the absence of oxygen 
to produce biogas, can be used as a renewable energy source (Harirchi et al., 2022). 
Additionally, microbial fermentation can convert biomass into bioethanol, another 
form of bioenergy. These microbial processes not only help in managing biomass 
waste but also contribute to reducing greenhouse gas emissions as well as depend-
ency on fossil fuels. The integration of microbial technologies in waste management 
systems enhances the ef�ciency of biomass conversion and supports the sustainability 
of bioenergy production.

3.3.2.1 � Anaerobic Digestion
The most common approach for biologically converting residual organic materials 
into biofuels and alternative energy in the form of biogas (methane) is through AD. 
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Biomass and its waste product energy is considered among the most important 
sources of sustainable energy for the future because it can provide a continuous 
energy supply. The development of primary digesters for commercial use took place 
circa 1920 (Cheng et al., 2013). The use of anaerobic metabolism for the breakdown 
of organic materials has increased signi�cantly in the past few decades, with the 
amount of waste material undergoing anaerobic decomposition rising at a rate of 25% 
annually (Osman et al., 2022).

Because AD occurs in aqueous conditions, biomass with high water content can 
be treated without the need for prior preparation. However, signi�cant water con-
tent in biomass reduces the energy ef�ciency of combustion, making it less effective 
for direct burning. As a result, it is preferable for bio-​oil produced through these 
processes to have minimal water content. For moist biomass and waste materials, 
energy-​intensive pre-​drying methods are required before AD can be applied effect-
ively (Li et al., 2012).

AD can be used on both the local scale as well as in large industrial processes. In 
emerging countries and remote areas where energy supplies are limited or absent, AD 
can be particularly bene�cial. For example, in rural parts of India, conventional bio-
mass and waste digesters, based on crop residue and weeds, are used to supply energy 
for cooking in local communities (Ngan et al., 2020).

3.3.2.2 � Biogas Production
For a futuristic energy framework, biogas produced from waste products could be 
potentially signi�cant. In addition to being utilized as a volatile fuel in automobile 
applications, biogas (methane) is a multifunctional source of clean energy that can 
replace traditional fuels for electricity and heat generation. Furthermore, biomethane 
can be used to produce chemical compounds as well as natural gas (Ullah Khan 
et al., 2017).

The AD of various waste materials for biogas production has been explored in 
India. Despite the availability of numerous other sustainable energy sources, biomass-​
based sustainable energy is one of the most cost-​effective and ef�cient solutions. 
The potential for producing energy from materials such as sewage sludge, livestock 
manure, crop residue, agricultural byproducts, paper and pulp industry waste, and 
sugar processing residues has been evaluated. AD, that produces biogas, has been 
shown in recent studies to have substantial advantages over other bioenergy resources 
due to its energy ef�ciency and sustainability (Uddin et al., 2021). Several countries 
are currently focusing on developing novel techniques for producing biogas from bio-
mass and biological waste (Achinas et al., 2017).

Research is increasingly focused on alternative energy sources derived from agri-
cultural and biological waste due to the growing global emphasis on waste reduction. 
Various methods, including chemical, thermal, mechanical, and enzyme-​based, can 
be used to enhance the decomposition process (Mohamad et al., 2015). However, it 
should be noted that these methods do not always correspond to an increased produc-
tion of biogas.
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3.4 � MICROBIAL COMMUNITIES IN GEOTHERMAL ENERGY

Geothermal waters host diverse microbial life; however, detailed studies are limited. 
Geothermal reservoirs can be considered as ecosystems that combine the deep bio-
sphere and geothermal systems, located below 1 m in depth and beyond the sea�oor 
or the terrestrial surface (Meyer-​Dombard & Malas, 2022). This study provides an 
overview of the known microorganisms from the extreme and deep geothermal �uids 
used for electricity production, as mentioned in Section 3.4.1. In these �uids, par
ticularly dissolved organic carbon (DOC) provides a signi�cant nutrient source that 
supports microbial growth in these harsh environments.

Geothermal �elds are extreme environments inhabited by unique microbial com-
munities, which have adapted to harsh environmental conditions such as high tem-
perature, high pH, and the presence of heavy metals. However, the mere presence 
of microbes does not necessarily imply metabolic activity, as they may be dormant. 
Therefore, when studying geothermal microbes, it is essential to conduct hydro-​
chemical, isotopic, and metabolic investigations to assess their activity (Urbieta 
et al., 2023). The microbial communities in geothermal environments have poten
tial applications in bioremediation, biofuel production, and biocatalyst development 
(Rupasinghe et al., 2022). These applications leverage the metabolic and physio
logical adaptations of microbes to survive in extreme conditions.

Some of the most signi�cant problems impacting the ef�ciency of geothermal power 
plants such as mineral scaling and corrosion, are believed to be caused by microorganisms 
that live in geothermal �uids (Penot et al., 2023). In fact, these deposits have the potential 
to block wells or other system components, which would disrupt the regular functioning 
of geothermal power plants. Silica precipitation in geothermal environments is frequently 
facilitated by microbes in addition to abiotic variables such as temperature �uctuations 
(Gangidine et al., 2020). Silica scaling can be caused by thermophilic bacteria, such as 
Thermus thermophilus (Fujino et al., 2016). The possibility of microbial in�uence could 
not be ruled out, even though their exact function has not been determined in all scaling 
types (e.g., copper-​based scaling).

3.4.1 �I MPAcT oF MIcRoBES oN GEoTHERMAL SYSTEMS

Microbes have a signi�cant impact on geothermal systems, and their effects can be either 
advantageous or detrimental. They have several effects on the environment, such as 
bioleaching, which improves resource use by breaking down rock minerals with the help 
of speci�c bacteria and archaea to extract substantial metals like copper, zinc, and gold 
from geothermal �uids (Watling, 2016). The formation of bio�lms by bacterial commu
nities on geothermal resources and pipelines, that can result in biofouling, lowers system 
performance by causing clogging and corrosion (Muhammad et al., 2020). Proper man
agement of biofouling is essential to maintain the performance of a geothermal facility.

Microbial activity can also cause mineral precipitation, that can lead to deposits 
of sul�des, silica, and carbonates (Hoffmann et al., 2021). In addition to aiding 
resource extraction, this can prolong the process by blocking �uid movement in geo-
thermal reservoirs. Certain microorganisms involved in bioremediation, break down 
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integrations show that several sustainable technologies may be effective to promote 
the larger goals of resource management and ecological sustainability.

3.4.3 �B IoREMEDIATIoN

Bioremediation refers to the metabolic capabilities of microorganisms to degrade, 
detoxify, or transform pollutants, providing an environmentally sustainable solution 
for cleanup of contaminated sites (Kumar et al., 2018). This process utilizes bac
teria, fungi, and plants to remediate soil, water, and air contaminated with organic 
and inorganic pollutants, including hydrocarbons, heavy metals, pesticides, and 
solvents. For example, hydrocarbon-​degrading bacteria such as Pseudomonas and 
Mycobacterium species play a crucial role in breaking down petroleum products in 
oil spills, converting them into less harmful compounds through metabolic processes 
(Das & Chandran, 2011). In case of heavy metals, certain bacteria, such as Geobacter 
and Shewanella, can reduce and immobilize metals such as uranium and chromium, 
thus preventing their spread in the environment (Das et al., 2023).

The ef�ciency of bioremediation can be enhanced through bio-​stimulation, 
which involves the addition of nutrients and electron donors to stimulate indigenous 
microbial activity, or through bioaugmentation, where speci�c microbial strains are 
introduced to contaminated sites (Kuppan et al., 2024). Bioaugmentation, however, 
faces challenges as exogenous microorganisms are usually outcompeted by the native 
microbial community. Geothermal energy, a sustainable and renewable source of 
heat from the Earth�s interior, can play a crucial role in improving bioremediation 
methods (Kaur et al., 2021). The heat produced by geothermal sources can accelerate 
the breakdown and transformation of harmful substances by increasing the metabolic 
processes of microorganisms. By providing a steady and controlled heat source, geo-
thermal energy can provide ideal conditions for microbial activity, particularly in 
colder environments where natural microbial activities may be slower. Furthermore, 
geothermal energy can be utilized to maintain stable temperature levels required for 
thermophilic bacteria that are particularly effective in decomposing organic pollutants 
(Finore et al., 2023). This integration not only enhances the ef�ciency of bioremedi
ation but also aligns with the goals of sustainable environmental management by 
leveraging clean energy sources. Overall, a promising strategy for more effective and 
sustainable management of environmental degradation is the combination of bio-
remediation and geothermal energy.

3.4.4 �E NHANcED ENERgY EXTRAcTIoN

Microorganisms play a signi�cant role in enhancing geothermal energy extraction 
through various processes. Bioleaching, facilitated by thermophilic and acidophilic 
bacteria such as A. ferrooxidans and L. ferrooxidans, aids in the recovery of valuable 
metals from geothermal brines, thereby improving the economic feasibility of geo-
thermal projects. Biomineralization processes involving SRB can prevent the scaling 
of geothermal infrastructure by managing mineral precipitation, which helps maintain 
ef�cient heat transfer and �uid �ow (Sand, 2003). Moreover, methanogenic archaea 
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aid in the extraction of energy by converting CO2 and H2 into methane through a 
process known as biomethanation (Jiang et al., 2022). This biogenic methane can be 
used as a clean, sustainable energy source for improving geothermal energy output. 
These microbial activities not only enhance the ef�ciency and output of geothermal 
systems but also support the sustainability of energy extraction by mitigating envir-
onmental impacts through carbon sequestration and bioremediation (Bregnard et al., 
2023). Therefore, utilizing microbial processes offers an effective way to maximize 
the production of geothermal energy.

3.5 � TOOLS AND TECHNIQUES FOR STUDYING MICROBIAL 
COMMUNITIES

Several molecular approaches that depend on the simple extraction and study of 
molecules like proteins, lipids, and nucleic acids from environmental samples have 
provided both functional and structural data on microbial populations (Ahmad et al., 
2011). The condition of the ecological habitat can be in�uenced by alterations in the 
microbiota, implying that microbes can alter their environment. Bacterial community 
analysis utilizing culture-​independent molecular methods has resulted in a new phase 
of ecology of microbes, brought by recent developments in genomics and sequencing 
(Selim et al., 2024). Techniques including quantitative polymerase chain reaction 
(qPCR) and adenosine triphosphate (ATP) assays are crucial for assessing micro-
bial abundance and activity, respectively. Sequencing entire metagenomes allows 
for a more detailed understanding of the metabolic potential of microbial commu-
nities, including pathways involved in carbon, nitrogen, and sulfur cycling (P. Liu 
et al., 2023). It can provide insights into the functional roles of microbes in diverse 
ecosystems, helping to elucidate their contributions to biogeochemical cycles and 
environmental sustainability (Grossart et al., 2020).

DNA, protein molecules, and triglycerides from environmental tests have 
been directly isolated and examined with several types of molecular techniques 
that have been developed and have provided structural as well as functional data 
of microbial populations (Adrio & Demain, 2014). The enormous diversity of 
microorganisms and their associations with both abiotic and biotic environmental 
variables are more easily understood through the use of molecular techniques that 
include DNA �ngerprinting, metagenomics, proteogenomics, meta-​proteomics, and 
meta-​transcriptomics (Boon et al., 2014). Advances in omics-​based methods have 
provided deeper insights into these microbial communities. For example, meta-​
transcriptomics and metabolomics can help identify the waste products released into 
the environment (Lahlali et al., 2021). Metagenomics provides a taxonomical and 
functional overview of the sample by sequencing whole genomes, providing com-
prehensive data on microbial diversity and their metabolic effectiveness (Matchado 
et al., 2024). 16S rRNA sequencing provides a taxonomical and functional overview 
of the sample. This approach not only provides thorough information on micro-
bial diversity but also predicts their functional and metabolic capabilities. Although 
culture-​based approaches are valuable for studying the microbiology of both 
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naturally occurring as well as human-​impacted ecosystems, they signi�cantly limit 
the assessment of microbial diversity in genes by emphasizing a speci�c population 
of microbial communities (Philippot et al., 2021).

3.6 � GEOTHERMAL CASE STUDIES

Although studying microbes presents its own set of dif�culties, they may have an 
effect on how geothermal power facilities operate. The microbial communities of 
geothermal �elds could be studied with the use of high-​throughput sequencing, 
metagenomics, bioinformatics, and biostatistics. The study aimed to investigate 
the temporal dynamics of water samples taken from 31 geothermal ecosystems in 
New Zealand over a 34-​month period by linking physicochemical metrics to 16S 
rRNA gene high-​throughput sequencing (Power et al., 2023). The study found that 
the microbial community is stable, but that it responds differently to natural and 
human-​caused disturbances, and that it varies over time at high temperatures and 
pH levels. The conclusions were supported by utilizing several statistical analyses. 
Extreme physico-​chemical and environmental changes were found to be the sole 
factor that signi�cantly alters microbial community composition. Hydrothermal �uid 
supports a stable microbial ecology within a comparable environment at Mt. Erebus, 
Antarctica (the world�s southernmost active volcano). Noell et al. (2025) used com
parable approaches to examine the connection between geochemical variables and 
the richness of the microbial population. Two locations with high temperatures were 
investigated; one was shielded from the elements, while the other was subjected to 
severe weather. They found statistically signi�cant relationships among the species at 
each site using biostatistics and co-​occurrence network analysis. According to their 
research, pH �uctuations have a greater impact on microbial populations in these 
different habitats than temperature differences.

Neira et al. used genome-​guided predictions of adaptation strategies in 
strains of the extremely acidophilic methanotrophic genera Methylacidiphilum, 
Methylacidimicrobium, and Candidatus methylacidithermus, all belonging to the 
phylum Verrucomicrobia, to investigate how these microbes adapt to the harsh 
conditions found in geothermal environments, which include low pH, high tempera-
ture, and high salinity (Neira et al., 2022). To better understand how these under
studied genera maintain a stable pH, Neira et al. classi�ed the acid-​resistance genes 
and processes into two categories: primary and secondary defenses. Verrucomicrobia 
is a taxonomic group with deep roots; this comprehensive genomic research sheds 
light on how acid resistance evolved in this organism. In a similar study, the rele-
vance to the energy industry becomes apparent through the potential applications 
in biomining and bioleaching. The research on acidophilic bacteria and their meta-
bolic processes can aid in developing more effective techniques for extracting valu-
able metals from ores, mainly in geothermal environments (Malik & Hedrich, 2022). 
Additionally, understanding hydrogen metabolism in these bacteria could lead to 
advancements in bioenergy production because hydrogen is an alternative clean 
energy source.
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A similar study modelled the acidophilic bacterium, A. ferrooxidans‚ that utilizes 
hydrogen as an electron donor both aerobically and anaerobically (Kucera et al., 2020). 
Few studies have examined the metabolism of hydrogen in acidophilic, mesophilic 
bacteria, even though this element is a potential energy source in geothermal envir-
onment. Using state-​of-​the-​art multi-​omics methods, the scientists investigated the 
effects of carbon assimilation from CO2 on energy conservation and hydrogen metab-
olism, and they evaluated how these biological activities affected the subsurface com-
position of Earth (Kucera et al., 2013). Their �ndings provide valuable insights into 
the intricate interactions found within the Earth�s subterranean ecosystems and their 
potential effects for energy production and environmental sustainability (Gibert & 
Deharveng, 2002).

The Cas1 gene, an essential part of the CRISPR-​Cas system, which gives bac-
teria and archaea adaptive immunity against foreign genetic material, was previously 
studied for its phylogenomic diversity (Salgado et al., 2022). Using a wide tempera
ture range and a variety of neutrophilic hot springs across three continents, the above 
authors were able to retrieve 2150 Cas1 sequences from 48 metagenomes. While 
investigating the relationship between geographical location and ecological diversity 
of Cas1 and 16S rRNA, they found multiple novel Cas1 variants among communities 
of microbes that live in geothermal areas. This points to a large pool of genetic vari-
ation within these populations that has so far been unexplored.

Microbe diversity, dynamics, and interactions in harsh environments have been 
better understood through studies of microbial communities in both geothermal �elds 
and other extreme environments, including biofuel production sites and traditional 
oil and gas �elds (Bregnard et al., 2023). Recent research on these microbes has 
shown how they have evolved to survive in harsh conditions by revealing previously 
unknown genes, metabolic pathways, and acid resistance mechanisms (Schultz et al., 
2023). Future research on biotechnological applications, such as biofuel generation, 
bioremediation, and bioprocessing, can be facilitated by these discoveries (Nath, 
2024). Understanding the environmental conditions that impact microbial diversity 
and function requires long-​term monitoring and attention to the temporal dynamics 
of geothermal microbial communities.

3.7 � ENVIRONMENTAL AND ECONOMIC IMPLICATIONS

Microbial communities play a critical role in both the environmental and eco-
nomic dynamics of surface and subsurface energy systems. Environmentally, these 
microorganisms contribute to biogeochemical cycles that are essential for ecosystem 
stability and resilience. In geothermal systems, for instance, microbes facilitate the 
cycling of sulfur, nitrogen, and carbon, which can mitigate the release of harmful 
gases such as H2S and CO2 into the atmosphere. Moreover, certain microbes are cap-
able of bioremediation, breaking down organic pollutants and heavy metals present 
in geothermal waters, thereby reducing environmental contamination and improving 
the quality of ef�uent water. This natural cleanup process enhances the sustainability 
of energy extraction and minimizes the ecological footprint of geothermal and other 
energy systems.

 

 

 

 

 

 

 

 



59Microbial Communities and Their Impacts on the Energy Industry

��

Economically, microbial processes can signi�cantly reduce operational costs and 
improve the ef�ciency of energy systems. Bioleaching, a microbial-​driven process, 
enhances the extraction of valuable metals from geothermal brines, offering a cost-​
effective alternative to traditional mining techniques (Biswal & Balasubramanian, 
2023). Additionally, microbial biomineralization can prevent scaling and corrosion 
in geothermal infrastructure, thereby reducing maintenance costs and extending the 
lifespan of equipment. Methanogenic archaea, which produce methane from CO2 
and hydrogen, provide an additional renewable energy source that can be harnessed 
to supplement geothermal energy production, thereby increasing the overall energy 
yield and economic viability of these systems.

However, it is also essential to consider the negative economic impacts associated 
with microbial processes. Microbial process usage often involves signi�cant initial 
investments in technology and infrastructure, that could be an obstacle for smaller 
energy producers. Maintaining optimum conditions for microbial activity, including 
pH, temperature, and nutrition availability, can also be dif�cult and expensive. The 
intrinsic unpredictability of microbial communities can also lead to producing vari-
able results, thereby affecting certainty of energy production (J. Nguyen et al., 2021). 
Continuous monitoring and maintenance of microbial systems are required, which 
adds to operational costs and necessitates specialized personnel. Additionally, dif-
�cult environmental regulations might impose further �nancial burdens on energy 
companies, speci�cally if microbial processes deliberately cause environmental 
problems. Market and stakeholder resistance, due to concerns about the long-​term 
viability and safety of microbial technologies, may also pose challenges to wide-
spread acceptance.

Alternately, microbes could also play an essential role in hydrogen storage, 
becoming a major component of renewable energy systems (Dopffel et al., 2024). 
Hydrogen can be produced and stored through speci�c microbial processes, providing 
a sustainable energy storage alternative. For instance, some anaerobic microbes are 
capable of fermentative hydrogen generation, converting organic materials into 
hydrogen gas (Cabrol et al., 2017). Microbial electrolysis cells (MECs) also produce 
hydrogen from organic waste and wastewater through bioelectrochemical processes 
(Koul et al., 2022). This biogenic hydrogen can be captured and stored for later use, 
providing an adaptive and clean energy carrier that can supplement other renewable 
energy sources.

However, sustaining microbial ef�ciency, increasing production, and ensuring eco-
nomic feasibility remain critical factors in implementing microbial hydrogen storage 
technologies into conventional energy systems. Furthermore, microbial processes can 
also contribute to carbon capture, utilization, and storage (CCUS) by facilitating the 
sequestration of CO2 (Nagireddi et al., 2024). The ability of certain microbes to trans
form CO2 into stable forms helps decrease greenhouse gas emissions and improve the 
sustainability of energy systems (Onyeaka et al., 2021). By utilizing these microbial 
activities, energy companies can achieve more sustainable and pro�table operations, 
highlighting the intersection of environmental sustainability and economic bene�t in 
the application of microbial communities to energy systems (Apollon, 2023).
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3.8 � CONCLUSION AND FUTURE PROSPECTS

The integration of microbial communities into the energy industry presents a trans-
formative approach to enhancing both the environmental sustainability and economic 
ef�ciency of energy systems. Microorganisms play pivotal roles in processes such as 
bioleaching, biomineralization, and biomethanation, which contribute to the recovery 
of valuable resources, maintenance of infrastructure, and production of renewable 
energy sources. These microbial activities not only optimize the operational aspects 
of geothermal and other energy systems but also mitigate environmental impacts 
through bioremediation and carbon sequestration. However, microbes also have nega-
tive impacts toward the energy industry through processes such as souring, MIC, and 
fouling. Future of the energy industry is expected to bene�t greatly from the integra-
tion of microbial processes. By leveraging the natural capabilities of microorganisms, 
the industry can achieve greater sustainability, ef�ciency, and economic viability. 
Continued research and innovation in microbial biotechnology will be essential to 
unlock the full potential of these tiny but powerful organisms for sustainable energy 
production.
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4.1 � INTRODUCTION

Crude oil reservoirs are anoxic ecosystems that can vary widely in abiotic factors 
such as temperature, salinity, pH, and pressure, and as such are often characterized 
by high pressure (40�​80 MPa), high salinity (>35 g/​L), and/​or high temperature 
(>45oC) (Magot et al., 2000; Head et al., 2014; Xiong et al., 2015; Conlette et al., 
2016; Li et al., 2017a; Pannekens et al., 2019; Scheffer & Gieg, 2023). This diverse 
range of environmental conditions will play an important role in determining the 
types of microorganisms that inhabit a subsurface reservoir. Microbial communities 
inhabiting petroliferous reservoirs may be indigenous (e.g., naturally exist in the res-
ervoir environment prior to any human intervention) or may have been introduced 
through well development and/​or through the injection of outside water sources often 
utilized in secondary oil recovery operations. Thus, the abiotic factors and sources 
of microorganisms can result in a broad spectrum of microorganisms and diverse 
microbial interactions and metabolisms. It is important to understand the types of 
microorganisms in crude oil reservoirs under a variety of environmental conditions 
because their various metabolisms can affect oil production operations either bene-
�cially, such as helping to improve energy recovery, or negatively, such as causing 
souring, microbiologically in�uenced corrosion (MIC), or heavy oil generation 
through biodegradation that results in a decrease in oil quality (Head et al., 2003; 
Head et al., 2014; Berdugo-​Clavijo & Gieg, 2014; Pannekens et al., 2019; Sindi et al., 
2024). In this chapter, we overview the literature related to microbial communities 
and their activities in high-​temperature and/​or high-​salinity crude oil reservoirs, with 
particular emphasis on sulfate-​reducing and methanogenic processes.
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4.1.1 �F AcToRS THAT SHAPE CRUDE OIL RESERVoIR MIcRoBIAL CoMMUNITIES

The physiochemical and geological characteristics of subsurface crude oil reservoirs, 
including temperature, pressure, salinity, pH conditions, nutrient availability, rock 
type, and porosity, play a crucial role in shaping the growth and metabolic behaviors 
of the microorganisms that inhabit these environments (Varjani & Gnansounou, 2017; 
Pannekens et al., 2019). For instance, the porosity of reservoir rocks can enhance 
bio�lm formation, leading to high microbial diversity and increased metabolic activ-
ities (Rajbongshi & Gogoi, 2021). Environmental variables such as reservoir depth, 
geothermal gradient, and �uid circulation from operations in�uence the temperature 
and salinity of petroleum reservoirs which in turn greatly shape the microbial com-
munities and activities within oil reservoirs (Youssef et al., 2009; Li et al., 2017a; 
Li et al., 2017b; Wartell et al., 2021; Mbow et al., 2024). Reservoir temperatures 
typically span from 10°C to 120°C (Bachmann et al., 2014; Pannekens et al., 2019; 
Conrad, 2023), with temperature increasing by approximately 2�​3°C per 100 m of 
reservoir depth (Magot et al., 2000; Varjani & Gnansounou, 2017; Pannekens et al., 
2019). Consequently, oil reservoirs are often categorized as low temperature (<50°C), 
intermediate temperature (50�​60°C), or high temperature (>60°C) (Bachmann 
et al., 2014).

Many studies over the past three decades have con�rmed that active microbial 
populations inhabit oil reservoirs at temperatures ranging from approximately 30°C 
to 80°C (Orphan et al., 2000; Magot et al., 2000; Nazina et al., 2006; Voordouw, 
2009; Mayumi et al., 2011; Kim et al., 2018; Mu & Nazina, 2022), with hydro
carbon biodegradation occurring at temperatures of up to approximately 80�​90°C 
(Magot et al., 2000; Head et al., 2010; Head et al., 2014; Pannekens et al., 2019). 
Hence, in situ temperatures and temperature �uctuations and gradients can signi�-
cantly impact metabolic activities within the oil reservoir environment such as in situ 
petroleum biodegradation (Head et al., 2014). Likewise, temperature pro�les in this 
environment can create extreme conditions that in�uence which microbial commu-
nities thrive and the metabolic processes they perform. Reservoir temperatures can 
also vary at different stages of oil production, typically being higher during primary 
production than during secondary production due to partial cooling from injection 
water (IW) (Fida et al., 2016; Vigneron et al., 2017; Okpala et al., 2017; Pannekens 
et al., 2019). The development of temperature gradients during secondary recovery 
processes, wherein the near injection wellbore region is often cooler, can allow for the 
stimulation of undesired microbial activities such as sul�de production (Fida et al., 
2016; Okpala et al., 2017; Sindi et al., 2024).

Similarly, salinity conditions that are in�uenced by the source and composition 
of formation waters and/​or water sources introduced into the reservoir during oil 
production can affect microbial growth and metabolic processes within crude oil 
reservoirs (Lin et al., 2014; Shelton et al., 2016; Pannekens et al., 2019; Yin et al., 
2022). Salinity levels can also vary, ranging from freshwater to seawater (2�​4 g/​L, 
depending on the seawater location) to much more saline �uids (>5 g/​L) (Wolicka 
et al., 2010; Pannekens et al., 2019). Like temperature, salinity concentrations 
in crude oil reservoirs can also �uctuate during different production stages due to 
water �ooding processes (Lin et al., 2014), which can also alter subsurface microbial 
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community compositions and metabolic activities within oil reservoirs (Martins & 
Peixoto, 2012; Rajkumari et al., 2019; Voskuhl et al., 2021; Mbow et al., 2024).

4.1.2 �M IcRooRgANISMS IN CRUDE OIL RESERVoIRS

Although aerobic taxa have been reported in samples retrieved from anoxic petroleum 
reservoirs (An et al., 2013; Ridley & Voordouw, 2018), these subsurface ecosystems 
largely harbor anaerobic bacteria and archaea having diverse physiologies such as 
sulfate-​reducing prokaryotes (SRP), nitrate-​reducing prokaryotes, iron-​reducing 
prokaryotes, fermentative bacteria, and methanogenic archaea (Magot et al., 2000; 
Youssef et al., 2009; Wolicka et al., 2010; Varjani & Gnansounou, 2017; Marietou, 
2021; Rajbongshi & Gogoi, 2021). These groups of organisms can utilize diverse 
carbon sources, including, in some cases, hydrocarbons (Head et al., 2014; Varjani & 
Upasani, 2017). As mentioned above, while some microorganisms are indigenous to 
petroliferous reservoirs, others are introduced and/​or stimulated through the different 
activities involved in crude oil production (Rajbongshi & Gogoi, 2021; Mbow et al., 
2024). For instance, SRPs, which convert sulfate to hydrogen sul�de (H2S) as part 
of their energy-​conserving metabolism, may not be dominant in reservoirs lacking 
sulfate as an electron acceptor, but can be stimulated by the introduction of a sulfate-​
containing IW during secondary oil recovery (Youssef et al., 2009; Voordouw 2009; 
Gieg et al., 2011; Johnson et al., 2017; Pannekens et al., 2019;). SRPs are the major 
contributors to reservoir souring (Gieg et al., 2011; Johnson et al., 2017) and are 
important contributors to MIC in the oil and gas industry (Head et al., 2014; Enning 
& Garrelfs, 2014; Varjani & Gnansounou, 2017; Knisz et al., 2023; Sindi et al., 
2024). SRPs can be either bacteria or archaea and are known to be metabolically 
diverse, both in their carbon source utilization and some species have the ability to 
switch their metabolism to syntrophy in the absence of sulfate (Castro et al., 2006; 
Gieg et al., 2014; Rabus et al., 2016; Li et al., 2017a; Rajbongshi & Gogoi, 2021). 
Within crude oil reservoirs, bacteria have generally been found to be associated 
with the Proteobacteria and Firmicutes, while Archaeoglobus is the most well-​
studied archaeal SRP in the context of oil reservoirs and hydrocarbon biodegrad-
ation (Kheli� et al., 2014; Varjani & Gnansounou, 2017; Liu et al., 2018; Pannekens 
et al., 2019). Several examples of SRP isolated from crude oil reservoirs are shown in 
Table 4.1. It should be noted that other groups of sul�de-​producing microorganisms, 
such as sulfur-​reducers and/​or thiosulfate-​reducers, can also be present in crude oil 
reservoirs. For example, under the highly saline conditions frequently associated 
with shale reservoirs, thiosulfate-​reducers such as Halanaerobium usually dominate 
the microbial communities, potentially leading to sul�de production (Mouser et al., 
2016; Scheffer et al., 2021).

Methanogens represent another category of microorganisms frequently inhabiting 
petroleum reservoir ecosystems (Berdugo-​Clavijo & Gieg, 2014; Pannekens et al., 
2019; Christman et al., 2020). They are considered potentially more indigenous to 
crude oil reservoirs and capable of surviving the harsh environmental conditions 
therein due to their ability to thrive in electron-​acceptor-​ and nutrient-​depleted envir-
onments (Magot, 2000; Head et al., 2003; MeslØ et al., 2013). Methanogenesis results 
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TABLE 4.1
Examples of SRPs and Methanogens Isolated from Various Crude Oil Reservoirs Characterized by Different Temperature and 
Salinity Conditions

Microorganism
Optimum 
Temperature (oC)

Optimum 
Salinity (%) Isolation Source Metabolic Activity Reference

Desulfococccus oleovorans Hxd3 28�​30 Not given Oil�eld near Hamburg, 
Germany

Sulfate reduction Aeckersberg et al. 
(1998)

Archaeoglobus fulgidus 76 2 Hot North Sea oil�eld Sulfate reduction Beeder et al. (1994)
Thermodesulforhabdus norvegicus 60 2 Hot North Sea oil�eld Sulfate reduction Beeder et al. (1995)
Desulfacinum infernum 60 1 North Sea petroleum 

reservoir
Sulfate reduction Rees et al. (1995)

Desulfovibrio vietnamensis 30�​37 5 Vietnamese oil�eld Sulfate reduction Dang et al. (1996)
Desulfovibrio gabonensis 30 5�​6 Gabon oil pipeline Sulfate reduction Tardy-​Jacquenod et al., 

(1996)
Desulfotomaculum halophilum 35 14 France oil�eld brine Sulfate reduction Tardy-​Jacquenod et al. 

(1998)
Desulfacinum subterraneum 60 0.5 White Tiger oil�eld, 

Vietnam
Sulfate reduction Rozanova et al. (2001)

Desulfovibrio gracillis 37�​40 5�​6 Emeraude Oil�eld, 
Congo

Sulfate reduction Magot et al. (2004)

Desulfovibrio bastini 35 �​ 40 4 Emeraude Oil�eld, 
Congo

Sulfate reduction Magot et al. (2004)

Desulfovibrio alaskensis 37 3 Prudhoe Bay Alaska 
Oil well

Sulfate reduction Feio et al. (2004)

Desulfovermiculus halophilus 35�​37 8�​10 Oil�eld Sulfate reduction Belyakova et al. (2006))
Desulfoglaeba alkanexedens 31�​37 6 Oklahoma oil�eld Sulfate reduction Davidova et al. (2006)
Desulfotignum toluenicum 34 2 Oil reservoir model 

column
Sulfate reduction Ommedal & Torsvik, 

(2007)

Bacterial strain TM-​1 37�​58 18 Shengli oil�eld in East 
China

Crude oil degradation Hao & Lu (2009)

Desulfonauticus autotrophicus 58 2�​2.5 Oil�eld in Northern 
Germany

Sulfate reduction Mayilraj et al. (2009)

Desulfotomaculum kuznetsovii 55 Not given Indian petroleum 
re�nery

Sulfate reduction Anandkumar et al. 
(2009)

Enterobacter cloacae (MU-​1) 30 7.5�​9 Zhongyuan oilfeld, 
China

Hua et al. (2010)

Geobacillus stearothermophilus 
strain A-​2

60�​65 5�​30 Dagang petroleum 
reservoir

Crude oil degradation Zhou et al. (2016)

Methanobacterium ivanovii 45 0.09 Methanogenesis Belyaev et al. (1986)
Methanosarcina siciliae 40 2.4�​3.6 Oil well in Gulf of 

Mexico
Methanogenesis Ni & Boone (1991)

Methanobacterium 
thermoalcaliphilum

65 0�​2 Oil�elds of Tataria and 
Western Siberia

Methanogenesis Davydova-​
Charakhchyan et al. 
(1992)

Methanobacterium bryantii 37 0�​2 Oil�elds of Tataria and 
Western Siberia

Methanogenesis Davydova-​
Charakhchyan et al. 
(1992)

Methanococcus 
thermolithotrophicus ST22

60 1.5�​1.8 North Sea Statfjord 
reservoir

Methanogenesis Nilsen & Torsvik (1996)

Methanoplanus petrolearius 37 1�​3 Oil�eld in Gulf of 
Guinea

Methanogenesis Ollivier et al. (1997)

Methanohalophilus euhalobius 283 37 �​ Saline subsurface 
water oil�eld

Methanogenesis Davidova et al. (1997)

Methanocalculus halotolerans 38 5 Oil�eld in Alsace, 
France

Methanogenesis Ollivier et al. (1998)
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TABLE 4.1
Examples of SRPs and Methanogens Isolated from Various Crude Oil Reservoirs Characterized by Different Temperature and 
Salinity Conditions

Microorganism
Optimum 
Temperature (oC)

Optimum 
Salinity (%) Isolation Source Metabolic Activity Reference

Desulfococccus oleovorans Hxd3 28�​30 Not given Oil�eld near Hamburg, 
Germany

Sulfate reduction Aeckersberg et al. 
(1998)

Archaeoglobus fulgidus 76 2 Hot North Sea oil�eld Sulfate reduction Beeder et al. (1994)
Thermodesulforhabdus norvegicus 60 2 Hot North Sea oil�eld Sulfate reduction Beeder et al. (1995)
Desulfacinum infernum 60 1 North Sea petroleum 

reservoir
Sulfate reduction Rees et al. (1995)
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Desulfovibrio gabonensis 30 5�​6 Gabon oil pipeline Sulfate reduction Tardy-​Jacquenod et al., 
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Desulfotomaculum halophilum 35 14 France oil�eld brine Sulfate reduction Tardy-​Jacquenod et al. 

(1998)
Desulfacinum subterraneum 60 0.5 White Tiger oil�eld, 

Vietnam
Sulfate reduction Rozanova et al. (2001)

Desulfovibrio gracillis 37�​40 5�​6 Emeraude Oil�eld, 
Congo

Sulfate reduction Magot et al. (2004)

Desulfovibrio bastini 35 �​ 40 4 Emeraude Oil�eld, 
Congo

Sulfate reduction Magot et al. (2004)

Desulfovibrio alaskensis 37 3 Prudhoe Bay Alaska 
Oil well

Sulfate reduction Feio et al. (2004)

Desulfovermiculus halophilus 35�​37 8�​10 Oil�eld Sulfate reduction Belyakova et al. (2006))
Desulfoglaeba alkanexedens 31�​37 6 Oklahoma oil�eld Sulfate reduction Davidova et al. (2006)
Desulfotignum toluenicum 34 2 Oil reservoir model 

column
Sulfate reduction Ommedal & Torsvik, 

(2007)

Bacterial strain TM-​1 37�​58 18 Shengli oil�eld in East 
China

Crude oil degradation Hao & Lu (2009)

Desulfonauticus autotrophicus 58 2�​2.5 Oil�eld in Northern 
Germany

Sulfate reduction Mayilraj et al. (2009)

Desulfotomaculum kuznetsovii 55 Not given Indian petroleum 
re�nery

Sulfate reduction Anandkumar et al. 
(2009)

Enterobacter cloacae (MU-​1) 30 7.5�​9 Zhongyuan oilfeld, 
China

Hua et al. (2010)

Geobacillus stearothermophilus 
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60�​65 5�​30 Dagang petroleum 
reservoir

Crude oil degradation Zhou et al. (2016)

Methanobacterium ivanovii 45 0.09 Methanogenesis Belyaev et al. (1986)
Methanosarcina siciliae 40 2.4�​3.6 Oil well in Gulf of 

Mexico
Methanogenesis Ni & Boone (1991)

Methanobacterium 
thermoalcaliphilum

65 0�​2 Oil�elds of Tataria and 
Western Siberia

Methanogenesis Davydova-​
Charakhchyan et al. 
(1992)

Methanobacterium bryantii 37 0�​2 Oil�elds of Tataria and 
Western Siberia

Methanogenesis Davydova-​
Charakhchyan et al. 
(1992)

Methanococcus 
thermolithotrophicus ST22

60 1.5�​1.8 North Sea Statfjord 
reservoir

Methanogenesis Nilsen & Torsvik (1996)

Methanoplanus petrolearius 37 1�​3 Oil�eld in Gulf of 
Guinea

Methanogenesis Ollivier et al. (1997)

Methanohalophilus euhalobius 283 37 �​ Saline subsurface 
water oil�eld

Methanogenesis Davidova et al. (1997)

Methanocalculus halotolerans 38 5 Oil�eld in Alsace, 
France

Methanogenesis Ollivier et al. (1998)
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in the production of methane (CH4) from small organic compounds or CO2 (Conrad, 
2023). This phenomenon occurs naturally in various environments such as wetlands, 
rice paddies, municipal land�lls, and subsurface crude oil reservoirs, contributing 
approximately 217 Tg CH4 to the atmosphere annually (Bueno de Mesquita et al., 
2021), thus highlighting its signi�cance as a microbial process. Methane production 
from organic matter or carbon sources such as hydrocarbons involves a syntrophic 
partnership among diverse microorganisms, usually between fermentative bacteria 
and methanogens (Fowler et al., 2016; JimØnez et al., 2016). Methanogenesis occurs 
through three major pathways: acetoclastic, hydrogenotrophic, and methylotrophic 
methanogenesis (Jimnez et al., 2016; Conrad, 2020). Similar to other biological 
processes, abiotic variables such as temperature and salinity, regulate the different 
methanogenesis pathways (Conrad, 2020), consequently in�uencing the extent of 
methane production.

Both mesophilic and thermophilic methanogens have been isolated from various 
oil wells under diverse salinity conditions (Table 4.1). For instance, Methanocalculus 
halotolerans, isolated from an oil�eld in Alsace in France, was identi�ed as an indi-
genous hydrogenotrophic methanogen thriving optimally at a 5% w/​v NaCl con-
centration but capable of tolerating up to 12% w/​v NaCl (Ollivier et al., 1998). 
Similarly, Davidova et al. (1997) documented the isolation of the methylotroph 
Methanohalophilus euhalobius from a hypersaline oil�eld. Furthermore, Orphan 
et al. (2000) described the characterization of thermophilic methanogens belonging 
to the genera Methanobacterium, Methanococcus, Methanothermococcus, and 
Methanoculleus associated with high-​temperature reservoirs (having downhole 
temperatures ranging from 65°C to 125°C). Mayumi et al. (2011) reported the 
presence of hydrogenotrophic and acetoclastic methanogens belonging to the order 
Methanomicrobiales, Methanosarcinales, and Thermococcales in high-​temperature 
petroleum reservoirs in the Yabase oil�eld, Japan. Christman et al. (2020) recently 
identi�ed a dominant methanogenic lineage closely related to Methanohalophilus 
euhalobius in hypersaline crude oil reservoirs in the Gulf of Mexico. Based on these 
examples, it is clear that methanogens readily inhabit crude oil reservoirs characterized 
by high salinity and/​or temperature.

4.1.3 �M ETABoLIc AcTIVITIES IN CRUDE OIL RESERVoIRS

Although many microbial groups inhabit oil reservoir ecosystems, electron acceptors 
are typically depleted in the oil reservoir environment (Youssef et al., 2009; Head 
et al., 2014; Pannekens et al., 2019). Thus, metabolic processes such as fermenta
tion, methanogenesis, and acetogenesis become the dominant processes (Magot, 
2000; Jones et al., 2008; Pannekens et al., 2019). In the absence of sulfate, SRPs 
switch their metabolism to fermentation, producing short-​chain fatty acids (such as 
acetate, propionate), H2, and CO2, often in collaboration with methanogens (Berdugo-​
Clavijo & Gieg, 2014; Gieg et al., 2014). Methanogens then further metabolize the 
short-​chain fatty acids, H2, and sometimes acetate to produce methane through meth-
anogenesis (Gieg et al., 2014). Methanogenesis of complex carbon sources (such 
as hydrocarbons) typically involves a syntrophic process wherein different groups 
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of microorganisms perform distinct tasks in mutual partnership to achieve an 
overall favorable metabolic activity (Gray et al., 2011; Sieber et al., 2012; Morris 
et al., 2013; Gieg et al., 2014). For instance, fermentative SRPs like members of 
the genus Desulfovibrio have been observed to engage in syntrophic partnerships 
with hydrogenotrophic methanogens, such as Methanococcus or Methanobacterium 
sp. (Walker et al., 2009; Zheng et al., 2021), and hydrocarbon-​utilizing SRPs such 
as Desulfatibacillum alkenivorans AK-​01 have also been shown to form syntrophic 
partnerships with methanogens (Callaghan et al., 2012).

4.2 � CASE STUDIES DESCRIBING MICROBIAL COMMUNITIES AND 
ACTIVITIES IN HIGH-​TEMPERATURE AND HIGH-​SALINITY 
RESERVOIRS

Much of our understanding of oil�eld microbiology processes comes from laboratory 
studies conducted under lower temperature conditions (e.g., mesophilic conditions), 
low salinity conditions (seawater or lower salinity concentrations), and/​or under one 
of these conditions (e.g., lower temperature/​higher salinity or higher temperature/​
lower salinity) (Grabowski et al., 2005; Agrawal et al., 2014; Xiong et al., 2015; 
Zhang et al., 2020; Marietou 2021; Prajapat et al., 2021; Voskuhl et al., 2021; Mbow 
et al., 2024). Comparatively less is known about the microbial communities and their 
activities in reservoirs characterized by both high temperatures and salinities though 
studies are now emerging that describe microbial activities under such reservoir 
conditions. As these more extreme conditions can still support microbial life, it is 
imperative to better understand the impact of such microbial communities on oil�eld 
operations. Below we summarize some recent case studies that have examined micro-
bial communities and activities in high-​temperature (>50°C) and/​or high-​salinity 
(>40 g/​L) reservoirs, with examples focusing on primarily on methanogenesis or sul-
fate reduction.

4.2.1 � CASE STUDIES FRoM LITERATURE

Head et al. (2014) summarized the important environmental conditions and biogeo
chemical factors controlling microbial communities and activities (such as in situ 
hydrocarbon biodegradation) in crude oil reservoirs, including the impact of tem-
perature and salinity (among others) on methanogenic processes. According to the 
�ndings from the literature examined by Head et al. (2014), the higher temperature 
range conducive to in situ petroleum biodegradation spans from 55°C to 90°C, with 
optimal activity observed below 60°C. Interestingly, methanogenesis from oil bio-
degradation samples was found to be hindered by pasteurization treatment (at 90°C 
for 2 hours), even though methanogens within the microcosms remained active. This 
result suggests that while increasing temperature may not halt methanogenesis, it 
does reduce methane production by impeding the hydrocarbon-​degrading capabilities 
of fermenting bacteria, which are more susceptible to heat compared to methanogens. 
Additionally, in a separate experiment involving PW samples extracted from petroleum 
reservoirs with a temperature gradient ranging from 67°C to 113°C, methanogenesis 

 

 

   

  

 

  

  

 



80 Microbiological Challenges in the Energy Industries

��

was observed in all samples where the in situ temperature remained below 90°C, 
but not in those exceeding this threshold. This observation suggests that the upper 
temperature limit for biological activities within oil reservoirs, including methano-
genesis, could be capped at 90°C (Head et al., 2014). The study also revealed that 
the impact of salinity on methanogenesis varied depending on the speci�c pathway 
of methanogenesis employed, as salt tolerance increases with increasing energy yield 
from substrates (Head et al., 2014). For example, hydrogenotrophic methanogenesis 
(which utilizes H2 +​ CO2) yields higher energy compared to acetoclastic methanogen-
esis, which involves cleaving acetate. Thus, the former would have a higher tolerance 
to increasing salinity compared to the latter.

Although the methanogen Methanocalculus halotolerans was isolated from a 
hypersaline oil well and can thrive at salinity concentrations of up to 120 g/​L, it 
operates only at temperatures lower than 45°C, suggesting a potential correlation 
between temperature and salinity in in�uencing methanogenesis (Oren, 2010; Head 
et al., 2014). To validate this hypothesis, Head et al. (2014) conducted an experi
ment examining the combined effects of temperature and salinity on methanogenesis. 
The authors utilized River Tyne sediment samples as the source of microorganisms, 
amended with NaCl concentrations ranging from 1 to 137 g/​L, and incubated at 
temperatures of 30°C and 60°C with various methanogen substrates (acetate, CO2/​
H2, or methanol). At 30°C, methanogenesis was observed at salinity levels up to 137 
g/​L, particularly under methylotrophic conditions (e.g., in the methanol-​amended 
incubations). However, at 60°C, methanogenesis ceased above 46 g/​L NaCl across all 
three pathways. The experiment demonstrated a correlation between temperature and 
salinity effects on methanogenesis, which was shown to be inhibited by combined 
high-​temperature and high-​salinity conditions.

Blake et al. (2020) conducted a follow-​on study comparing methanogenesis in a 
broad thermal and salinity-​tolerant estuarine environment over 48 hours. Methane 
production was monitored in microcosms that were established using Tyne estuary 
sediments under various temperature conditions (ranging between 5�​30°C and 40�​
70°C) and salinity ranges (1�​137 g/​L) in the presence of different methanogenic 
substrates. At temperatures of �50°C, hydrogenotrophic methanogenesis exhibited 
the highest rates. The study clearly demonstrated that at a lower temperature of 
30°C, both hydrogenotrophic and methylotrophic methanogenesis were observed up 
to 137 g/​L NaCl, while acetoclastic methanogenesis was hindered at temperatures 
�50°C. Conversely, at 60°C, all three types of methanogenesis: hydrogenotrophic, 
methylotrophic, and acetoclastic, were inhibited at salinity levels below 50 g/​L NaCl. 
This study reinforces the �ndings of previous research reported by Head et al. (2014), 
indicating that moderately thermophilic methanogens (with optimal temperatures 
ranging from 40°C to 55°C) exhibit peak methanogenic activity with moderate sal-
inity tolerance of 40�​45 g/​L NaCl. In contrast, hyperthermophilic and hypersaline 
conditions potentially inhibit methanogenesis and other metabolic processes that may 
be associated with subsurface reservoir systems.

Conlette et al. (2016) conducted a study to elucidate the in�uence of environ
mental factors, including temperature, salinity, and pH, as well as substrate avail-
ability, on both methanogenesis and corrosion rates in an oil production skimmer 
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pit. The skimmer pit served as a temporary repository for liquid oily waste generated 
during oil production operations (Okoro et al., 2012), characterized by temperatures 
ranging from 45°C to 75°C due to the use of hot water in facility operations. Water 
samples were collected from two distinct points within the pit that were then incubated 
at varying temperature ranges (25�​55°C), with different NaCl concentrations (100, 
200, and 300 mM; 5.8, 11.6, and 17.4 g/​L, respectively), and supplemented with 
various methanogenic substrates (acetate, methanol, or H2/​CO2). Methane production 
was periodically monitored under the different conditions of temperature, salinity, 
and substrate availability. The experimental �ndings revealed that methanogenesis 
occurred across all temperatures tested (25�​55°C), with optimal activity observed 
within the range of 35�​45°C. Furthermore, while all samples showed methane 
production up to a salinity level of 200 mM (11.6 g/​L), the optimal methanogenic 
activity was observed at 100 mM (5.8 g/​L) NaCl. Acetoclastic and hydrogenotrophic 
methanogenesis were identi�ed as the predominant metabolic pathways utilized by 
methanogens in the skimmer pit. No methylotrophic methanogens were identi�ed, 
likely due to the low salinity concentration of the samples, as halophilic envir-
onments are known to favor methylotrophic methanogens more due to energetic 
constraints (Sorokin et al., 2017). This study provided further evidence that a com
bination of increasing temperature and salinity inhibits methanogenesis, though the 
inhibitory salinity values were substantially less than reported earlier by Head et al. 
(2014) and Blake et al. (2020). Additionally, the study demonstrated a correlation 
between methane production and general corrosion rates under varying environ-
mental conditions and substrate availability wherein corrosion rates were highest 
(~0.05 mm/​year) at the lowest salinity tested (100 mM NaCl; 5.8 g/​L) and lowest at 
the highest salinity tested (up to 0.01 mm/​year) (Conlette et al., 2016). Consequently, 
a combined approach of high-​temperature and higher-​salinity conditions may be 
considered an effective control measure against MIC in this case. This observation 
related to MIC requires additional study as the �ndings may be location speci�c; 
there have been few studies that have correlated temperature, salinity, and microbial 
corrosion (MIC).

Sindi et al. (2024) considered the salinity composition of IW used in secondary 
oil recovery on sulfate reducing activity (as applied to souring and MIC) and meth-
anogenesis. Many oil recovery operations use a PW reinjection (PWRI) approach 
wherein water recovered from the petroliferous subsurface is mixed with seawater 
or water from other sources. This water mixing approach can drastically alter the 
salinity of injected water which may impact microbial activities. Indeed, Sindi et al. 
(2024) found that incubations prepared from seawater having a 42 g/​L salinity (total 
dissolved solids (TDSs)) yielded the highest sulfate reduction and methanogenic 
activity across a range of temperatures (15�​60°C; using volatile fatty acids (VFAs) 
as carbon and energy sources). When the salinity was increased by mixing seawater 
with saline PW, yielding 127 or 204 g/​L salinity (TDSs) from either a location in the 
North Sea or the Arabian Peninsula, both sulfate-​reducing activity and methanogen-
esis were comparatively low at all temperatures tested (15�​60°C). Members of the 
Halanaerobiales were dominant in the 15°C and 30°C incubations. Only low gen-
eral corrosion rates were measured in all incubations in this study, although some 
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pitting was observed (Sindi et al., 2024). Overall, increased salinity due to simulating 
a PWRI approach led to limited microbial activity in this study.

A metagenomic approach has also been used recently to better characterize 
microbial communities found in reservoirs associated with both high salinities 
and temperatures. The study conducted by Christman et al. (2020) illustrated that 
oil reservoirs characterized by high salinity levels (149�​181 ppt salinity) are likely 
to have limited functional microbial processes and taxonomic diversity. The study 
examined multiple wells of a hypersaline crude oil reservoir (Gulf of Mexico) with 
an in situ temperature of 68°C using metagenomic analysis. The result of the ana-
lysis suggested that methylotrophic methanogenesis might represent the predom-
inant metabolic activity within the systems, possibly due to the halotolerance of 
methylotrophic methanogens (Sorokin et al., 2017; Guan et al., 2019). However, 
the overall microbial diversity within the system was notably limited, with bacterial 
members from Halanaerobium and methanogens from the Methanohalophilus lin-
eage dominating the community. This observation aligns with �ndings from other 
studies suggesting that high salinity likely serves as a barrier to microbial processes 
and limits microbial diversity within oil reservoirs. Scheffer et al. (2021) also used 
a metagenome approach to characterize the low-​biomass microbial community 
associated with a high-​temperature (52°C), high-​salinity (4.5%; 1.9 M Na+​, 2.35 M 
Cl�​) reservoir, also located in the Gulf of Mexico. Following the processing of forma-
tion water samples, several metagenome-​assembled genomes (MAGs) from bacteria 
such as Geotoga, Marinobacter, Arhodomonas, Flexistipes, and Halanaerobium, and 
the methanogen Methanohalophilus were assembled. Some novel MAGs were also 
retrieved. Analysis revealed genes for fermentation, salinity tolerance, metal resist-
ance, nitrate reduction, sulfur metabolism (e.g., thiosulfate reduction and oxidation), 
and methanogenesis (in the Methanohalophilus MAG) (among others) (Scheffer 
et al., 2021). These metagenome-​based studies provide an initial blueprint for the 
types of microbial physiologies associated with high-​temperature and high-​salinity 
reservoirs, forming the basis for any applications or problems that may arise due to 
microbial activities in these types of oil�elds.

4.2.2 �E FFEcTS oF HIgH TEMPERATURE AND SALINITY oN SULFATE REDUcTIoN 
AND METHANogENESIS USINg SAMPLES FRoM AN ALBERTA OILFIELD

In addition to the published literature case studies highlighted above, we also recently 
carried out preliminary experiments to determine the effects of temperature and sal-
inity on methanogenesis and sulfate reduction processes in oil�elds. The study was 
carried out using PW and IW samples from an oil reservoir in Alberta, Canada. The 
in situ reservoir temperature was approximately 70°C, while the IWs used for sec-
ondary oil production were from sources having temperatures of 43°C or 51°C. All 
samples were in the neutral pH range, contained some sulfate, and ranged in acetate 
concentrations. Samples were also characterized by different salinities (0.9�​2.5 M 
equivalent NaCl; 52�​146 g/​L NaCl), and thus were ideal samples to investigate tem-
perature and salinity controls on various sulfate reduction or methanogenic processes. 
Table 4.2 summarizes the measured properties of each sample used in this case study.
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FIGURE 4.1  Microbial community composition of original Alberta oil�eld samples characterized by different salinities, and 
comparisons with sulfate-​reducing enrichments incubated at various salinities and temperatures. A. Samples and enrichments at 2.5 M 
NaCl; B. Samples and enrichments at 1.4 M NaCl; C. Samples and enrichments at 0.9 M NaCl. The data are based on 16S rRNA gene 
sequencing. Taxa present at >1% relative abundance are shown.
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No medium was added to these samples. As the effects of salinity and temperature on 
methanogenic crude oil biodegradation were of interest under this electron-​accepting 
condition, light crude oil (°API =​ 37.8) was the only substrate added to the cultures, 
which were then incubated at either 30°C, 50°C, or 70°C. Methane production was 
measured by gas chromatography at various time points as previously described 
(Fowler et al., 2012).

Under sulfate-​reducing conditions, enrichment cultures utilizing VFA as the elec-
tron donor were successfully established from the different oil�eld samples and 
salinities at 30°C, 50°C, and 60°C. It should be noted that sulfate-​reducing activity 
from the tested oil�eld samples did not occur at either 65°C or 70°C. Figure 4.2 
shows sul�de concentrations resulting from initial enrichments conducted at each 
temperature and salinity. Overall, the microbial communities found in the 1.4 and 2.5 
M salinity oil�eld samples produced the most sul�de, while microorganisms in the 
0.9 M salinity samples produced the least amount of sul�de when VFA was provided 
as the electron donor (Figure 4.2). Another trend observed was that as the incubation 
temperature increased, the extent of sul�de production (as a surrogate for sulfate-​
reducing activity) decreased. For example, cultures prepared from the 1.4 M salinity 
oil�eld sample showed relatively high (8�​11 mM) levels of sul�de when incubated 
at 30 or 50°C, but this sul�de level dropped to about half in the 60°C incubations. An 
even more dramatic effect was seen for incubations prepared from the 2.5 M salinity 
sample. At 50°C, the amount of sul�de produced was half that produced at 30°C, 
while at 60°C, sul�de production was only about 10% of that produced in the 30°C 
incubations.

Figure 4.1 shows how the microbial community compositions shifted in the sulfate-​ 
reducing enrichments. (Note, only enrichments yielding suf�cient amounts of PCR  
products are shown.) In the 2.5 M salinity incubations, the microbial community com-
position changed from the original sample. At both 30°C and 50°C Desulfovermiculus  
became enriched while Halanaerobium became less dominant (Figure 4.1). At 1.4  

FIGURE 4.2  Sul�de production from oil�eld samples enriched with sulfate and VFA and 
incubated at varying temperatures of 30oC, 50oC, and 60oC, and at salinity (NaCl) ranges of 
0.9, 1.4 and 2.5 M.
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M salinity, a similar trend was seen at 30°C wherein Desulfovermiculus became  
enriched along with other taxa identi�ed as Halothiobacillus and Desulfuromonas,  
but at 50°C the enrichment became dominated by an uncultured Clostridiales. At  
60°C, the community shifted to being dominated by uncultured Desulfomaculales.  
In the 0.9 M salinity enrichments, only DNA from the 30°C incubation could be  
sequenced, which showed a slight enrichment in Halanaerobium compared to the  
original oil�eld sample (Figure 4.1c). Given these results, it remains unclear why  
Sample C, the lowest salinity sample (0.9 M), was the least active in sulfate-​reducing  
activity across all temperatures tested. The original sample (associated with a ~40°C  
temperature, Table 4.2) did harbor known sulfate-​reducing taxa (e.g., Desulfovibrio,  
Desulfohalobium, Desulfovermiculus, Figure 4.1), but these taxa did not appear  
to become enriched in any of the incubations. The overall trend observed wherein  
sulfate-​reducing activity decreases with increased temperature and salinity pressures  
can only be observed in the enrichments conducted at 1.4 M and 2.5 M salinities.  
Nevertheless, these trends do align with results reported in other studies, such as the  
cases described above.

After monitoring methane production for approximately 2 years, it became evident 
that temperature and salinity combinations also in�uenced methanogenesis  
(Figure 4.3). In the methanogenic incubations, methane production was highest when  
the salinity was 0.9 M at either 30°C or 50°C, with the 50°C incubations generally  
having increased methane production (Figure 4.3). The 1.4 M salinity incubations  
showed the least amount of methane production at both 30°C and 50°C; this may  
have been because the original sample did not harbor methanogens above 1% relative  
abundance (Figure 4.1b). The 2.5 M salinity incubations showed more methane at  
30°C than at 50°C. At 70°C, no methane was produced under any of the three salinity 
conditions tested (not shown). These results suggested that the optimal temperature 
for methanogenesis in these oil�eld samples fell within the range of 45�​55°C  
(aligning with the 40�​50°C range of the IW samples), with a salinity tolerance of up  

FIGURE 4.3  Methane production from oil�eld samples incubated with light crude oil at 
(a) 30°C or (b) 50°C at salinity concentrations of 0.9, 1.4, or 2.5 M, over a period of 540 days. 
Note that at time 0, no methane was detected, thus not shown on the graphs.
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to 2.5 M NaCl. However, when a temperature higher than 50°C was tested in conjunc-
tion with relatively high salinities (>0.9 M salinity), methanogenesis was inhibited.

These results imply that such environmental conditions could have a profound 
impact on in situ crude oil biodegradation, given that methanogenesis represents 
the �nal step in the degradation process. Therefore, changes in temperature and sal-
inity levels can potentially disrupt or enhance methanogenesis, likely in�uencing 
the overall ef�ciency of crude oil biodegradation within the reservoir environment 
we tested. Studies speci�cally examining crude oil biodegradation in the active 
enrichments will be the focus of future work.

The methanogenic microbial communities were also subjected to 16S rRNA gene  
sequencing analysis near the end of the incubation period (Figure 4.4). Among the  
samples examined, bacterial taxa dominated at 77% relative abundance compared  
to archaeal taxa at 23% relative abundance. The results further revealed a notable  
decrease in the relative abundance of methanogenic archaea as temperature and  
salinity increased. Members of the genera Methanosaeta, Methanobacterium, and  
Methanoculleus were present in the 30°C and 50°C samples at all salinities (0.9, 1.4,  
and 2.5 M NaCl), but their relative abundances decreased as salinity increased. The  

FIGURE 4.4  Microbial community composition of methanogenic cultures enriched from an 
Alberta oil�eld under different temperature and salinity conditions after more than 2 years 
of incubation as determined using 16S rRNA gene sequencing. Taxa present at >1% relative 
abundance are shown.
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presence of Methanocalculus and Methanolinea was detected at 30°C across all sal-
inity levels and at 50°C only at a salinity of 0.9 M NaCl. However, Methanoregula  
and Methanofastidiosales were only observed to grow at 30°C across all three salinity  
groups. Given the conditions, it was surprising that Methanohalophilus, a halophilic  
methanogen detected in the two of the original oil�eld samples (Samples A and C),  
did not become enriched in the methanogenic cultures (Figure 4.4). While reasons for  
this are not clear, it is possible that other methanogens (present at less than 1% rela-
tive abundance in the initial oil�eld samples) formed better partnerships with bacteria  
in the system and/​or outcompeted Methanohalophilus in the used of any methano-
genic substrates (e.g., H2/​CO2, acetate) generated in the enrichments.

Dominant among the bacteria were members of Enterobacteriaceae, 
Stenotrophomonas, Desulfovibrio, Spirochaetaceae, Pseudomonas, 
Caldatribacteriota, Desulfobulbaceae, Smithella, Desulfotomaculus, and 
Anaerolineaceae (Figure 4.4). Interestingly, most bacterial community members 
were present across all six conditions, although their relative abundance decreased as 
the environmental conditions became more extreme. However, there were exceptions, 
such as Enterobacteriaceae, Stenotrophomonas, Desulfovibrio, and Pseudomonas, 
which exhibited an increase in relative abundance with rising temperatures and 
salinities (Figure 4.4). The prevalence of Enterobacteriaceae and Spirochaetaceae 
across all samples mirrors the �ndings from Li et al. (2017b), who detected these bac
terial families in similar temperature-​controlled incubations at 37°C, 55°C, and 65°C.

The identi�cation of these methanogenic and bacterial taxa aligns with previous 
literature, highlighting their signi�cance in the syntrophic degradation of crude oil 
under methanogenic conditions (Gray et al., 2010; Berdugo-​Clavijo & Gieg, 2014; 
Toth & Gieg, 2018). Further, Conlette et al. (2016) reported the dominance of 
acetoclastic Methanosaeta, comprising 86% of the microbial community in an oil pro-
duction skimmer pit with an in situ temperature range of 35�​45 °C. This �nding cor-
responds to the prevalence of Methanosaeta in our study, which increased in relative 
abundance across at 30°C and 50°C. Similarly, in their investigation of methanogenic 
communities under various temperature and salinity conditions, Blake et al. (2020) 
identi�ed hydrogenotrophic Methanothermobacter as the sole methanogen presum-
ably capable of growth at 60°C. In our study, hydrogenotrophic Methanobacterium 
and Methanoculleus, for which thermophilic members can exist (Conrad, 2023), were 
identi�ed at both 30°C and 50°C.

Although these studies have established that higher temperatures reduce the rate of 
methanogenesis in the various systems when coupled with increasing salinity, what is 
not known is how temperature in�uences the various methanogenic pathways. Previous 
literature suggests that hydrogenotrophic methanogenesis tends to precede or dom-
inate other methanogenic pathways when temperatures exceed 40°C (Conrad, 2009; 
Mayumi et al., 2011; Conrad, 2023). However, our study identi�ed the presence of 
both hydrogenotrophic and acetoclastic methanogens in 30°C and 50°C incubations, 
a �nding implying that methanogenesis may exhibit system-​speci�c characteristics 
rather than being universally applicable. Nevertheless, a consistent trend observed 
in these studies is the inverse relationship between temperature and methanogenesis 
rate, with higher temperatures generally inhibiting methanogenesis.
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Combining the results from our study and those previously reported (Head et al., 
2014; Conlette et al., 2016; Blake et al., 2020; Sindi et al., 2024), microbial activities 
readily occur at mesophilic temperatures such as 30�​45°C and at a range of salinities 
(5.8�​137 g/​L). As temperatures increase to the thermogenic range (e.g., 50�​90°C), 
microbial activities such as methanogenesis can occur but at much lower salinities; 
increasing salinities to greater than 17�​52 g/​L (depending on the culture) at these 
higher temperatures inhibits microbial activity. While these ranges are based on the 
few reported studies to date and speci�c results will vary depending on the microbial 
community composition in each case, they do reveal that combined high temperatures 
and salinities reduce microbial activity.

4.3 � OVERALL SUMMARY AND FUTURE IMPLICATIONS

The metabolic activities of microorganisms inhabiting crude oil reservoir ecosystems 
have signi�cant impacts on the composition and quality of crude oil, oil degradation 
rate/​potentials, energy recovery, and infrastructure integrity in the oil and gas industry 
(Head et al., 2003; Youssef et al., 2009; Nazina et al., 2020; Bacosa et al., 2022; 
Knisz et al., 2023). These effects can be either positive or negative and may have 
huge environmental and economic implications. For instance, SRPs found in crude 
oil reservoirs produce sul�de, contributing to reservoir souring and MIC (Gieg et al., 
2011; Johnson et al., 2017). Methanogens, on the other hand, are implicated in MEOR 
as part of microbial consortia that can metabolize residual crude oil into methane gas, 
a technology that has been reported to signi�cantly increase crude oil recovery by 
allowing more than 25% of the residual oil not recovered through primary and sec-
ondary methods (Nikolova & Gutierrez, 2020; Mu & Nazina, 2022). Whether these 
microbial activities occur is largely in�uenced by the environmental conditions found 
within a reservoir (Head et al., 2014). Temperature and salinity are recognized as 
crucial environmental factors in�uencing microbial communities within petroleum 
reservoirs (Wolicka et al., 2010; Head et al., 2014; Xiong et al., 2015; Pannekens et al., 
2019; Conrad, 2023), with many studies demonstrating the impact of either salinity 
or temperature on microbial activities (e.g., Grabowski et al., 2005; Agrawal et al., 
2014; Xiong et al., 2015; Zhang et al., 2020; Marietou 2021; Prajapat et al., 2021; 
Voskuhl et al., 2021; Mbow et al., 2024). As many reservoirs can be characterized by 
both high temperature and salinity, identifying the microbial communities and their 
activities found in such environments is critical to understanding potential negative 
or positive microbial effects. In the past decade or so, several studies have emerged 
that have examined the combined effects of higher salinity and temperature environ-
ments on microbial communities and activities in reservoirs and related operations. 
The case studies brie�y overviewed in this chapter examined the combined effects 
of both high salinity and high temperatures, with samples originating from different 
locations across the globe including river or estuary sediments in England (Head 
et al., 2014; Blake et al., 2020; Sindi et al., 2024), the Niger Delta region (Conlette 
et al., 2016), the North Sea (Sindi et al., 2024), the Arabian Gulf (Sindi et al., 2024), 
or from Alberta, Canada (this chapter) �​ all showing that the combined effects of 
higher temperatures and higher salinities reduce microbial activities such as sulfate 
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reduction and methanogenesis. Going forward, metagenomic analyses such as those 
conducted by Christman et al. (2020) and Scheffer et al. (2021) and/​or other meta-​
omic analyses coupled with empirical measurements would help to better understand 
the genetic controls underlying these combined extreme effects on microbial commu-
nities inhabiting subsurface petroliferous reservoirs.

Although future scienti�c investigations may reveal different trends, the studies 
highlighted in this chapter have implications not only for understanding the conditions 
that are less favorable for microbial-​based crude reservoir recovery operations but can 
also help to inform decisions on the impact of microbial behaviors on some poten-
tial newer energy recovery strategies or climate change mitigation approaches. For 
example, CO2 (carbon) capture and storage into underground reservoirs and under-
ground hydrogen storage are coming into play as effective climate change mitigation 
strategies, both of which can be impacted by subsurface microbial activities (Dopffel 
et al., 2021; Tyne et al., 2021). Notably, microorganisms inhabiting subsurface sites 
for CO2 or H2 storage, such as spent reservoirs or salt caverns, can convert these 
gases to other gases like methane, which may or may not be desirable (Dopffel et al., 
2021; Tyne et al., 2021). Therefore, understanding how high salinity and tempera
ture conditions will affect microbial processes in underground hydrogen and carbon 
storage applications will be bene�cial in the design of such operations as we consider 
any new energy and/​or climate change challenges.

REFERENCES
Aekersberg, F., Rainey, F. A., & Widdel, F. (1998). Growth, natural relationships, cellular 

fatty acids and metabolic adaptation of sulfate-​reducing bacteria that utilize long-​chain 
alkanes under anoxic conditions. Archives of Microbiology, 170(5), 361�​369.

Agrawal, A., An, D., Cavallaro, A., & Voordouw, G. (2014). Souring in low-​temperature sur
face facilities of two high-​temperature Argentinian oil �elds. Applied Microbiology and 
Biotechnology, 98(18), 8017�​8029.

An, D., Caffrey, S. M., Soh, J., Agrawal, A., Brown, D., Budwill, K., ... & Voordouw, G. (2013). 
Metagenomics of hydrocarbon resource environments indicates aerobic taxa and genes 
to be unexpectedly common. Environmental Science and Technology, 47, 10708�​10717.

Anandkumar, B., Choi, J. H., Venkatachari, G., & Maruthamuthu, S. (2009). Molecular character
ization and corrosion behavior of thermophilic (55°C) SRB Desulfotomaculum kuznetsovii 
isolated from cooling tower in petroleum re�nery. Materials and Corrosion, 60(9), 730�​737.

Bachmann, R. T., Johnson, A. C., & Edyvean, R. G. J. (2014). Biotechnology in the petroleum 
industry: An overview. International Biodeterioration and Biodegradation, 86, 225�​237.

Bacosa, H. P., Ancla, S. M. B., Arcadio, C. G. L. A., Dalogdog, J. R. A., Ellos, D. M. C., Hayag, 
H. D. A., Jarabe, J. G. P., Karim, A. J. T., Navarro, C. K. P., Palma, M. P. I., Romarate, R. 
A., Similatan, K. M., Tangkion, J. A. B., Yurong, S. N. A., Mabuhay-​Omar, J. A., Inoue, 
C., & Adhikari, P. L. (2022). From surface water to the deep sea: A review on factors 
affecting the biodegradation of spilled oil in marine environment. Journal of Marine 
Science and Engineering, 10(3), 426.

Beeder, J., Nilsen, K., Rosnes, J. T., Torsvik, T., & Lien, T. (1994). Archaeoglobus fulgidus 
isolated from hot North Sea oil �eld waters. Applied and Environmental Microbiology, 
60(4), 1227�​1231.

Beeder, J., Torsvik, T., & Lien, T. (1995). Thermodesulforhabdus norvegicus gen. nov., sp. 
nov., a novel thermophilic sulfate-​reducing bacterium from oil �eld water. Archives of 
Microbiology, 164(5), 331�​336.

 

 

 

 

 

 

 

 

 

 

 

 



91High-Temperature and High-Salinity Effects

��

Belyakova, E. V., Rozanova, E. P., Borzenkov, I. A., Tourova, T. P., Pusheva, M. A., Lysenko, 
A. M., & Kolganova, T. V. (2006). The new facultatively chemolithoautotrophic, moder-
ately halophilic, sulfate-​reducing bacterium Desulfovermiculus halophilus gen. nov., sp. 
nov., isolated from an oil �eld. Microbiology, 75(2), 161�​171.

Belyaev, S. S., Wolkin, R., Kenealy, W. R., Deniro, M. J., Epstein, S., & Zeikus, J. G. 
(1983). Methanogenic bacteria from the Bondyuzhskoe oil �eld: General characteriza-
tion and analysis of stable-​carbon isotopic fractionation. Applied and Environmental 
Microbiology, 45(2), 201�​206.

Berdugo-​Clavijo, C., & Gieg, L. M. (2014). Conversion of crude oil to methane by a microbial 
consortium enriched from oil reservoir production waters. Frontiers in Microbiology, 
5, 197.

Blake, L. I., Sherry, A., Mejeha, O. K., Leary, P., Coombs, H., Stone, W., Head, I. M., & Gray, 
N. D. (2020). An unexpectedly broad thermal and salinity-​tolerant estuarine methanogen 
community. Microorganisms, 8(10), 1�​10.

Bueno de Mesquita, C. P., Zhou, J., Theroux, S. M., & Tringe, S. G. (2021). Methanogenesis and 
salt tolerance genes of a novel halophilic Methanosarcinaceae metagenome-​assembled 
genome from a former solar saltern. Genes, 12(10), 1609.

Callaghan, A. V., Morris, B. E., Pereira, I. A., McInerney, M. J., Austin, R. N., Groves, J. T., 
Kukor, J. J., Su�ita, J. M., Young, L. Y., Zylstra, G. J., & Wawrik, B. (2012). The genome 
sequence of Desulfatibacillum alkenivorans AK-​01: A blueprint for anaerobic alkane 
oxidation. Environmental Microbiology, 14(1), 101�​113.

Callbeck, C. M., Agrawal, A., & Voordow, G. (2013). Acetate production from oil under 
sulfate-​reducing conditions in bioreactors injected with sulfate and nitrate. Applied and 
Environmental Microbiology, 79(16), 5059�​5068.

Castro, H. F., Williams, N. H., & Ogram, A. (2006). Phylogeny of sulfate-​reducing bacteria. 
FEMS Microbiology Ecology, 31(1), 1�​9.

Christman, G. D., León-​Zayas, R. I., Summers, Z. M., & Biddle, J. F. (2020). Methanogens 
within a high salinity oil reservoir from the Gulf of Mexico. Frontiers in Microbiology, 
11, 570714.

Cline, J. D. (1969). Spectrophotometric determination of hydrogen sul�de in natural waters. 
Limnology and Oceanography, 14, 454�​458.

Conlette, O. C., Emmanuel, N. E., & Chijoke, O. G. (2016). Methanogen population of an oil 
production skimmer pit and the effects of environmental factors and substrate availability 
on methanogenesis and corrosion rates. Microbial Ecology, 72, 175�​184.

Conrad, R. (2009). The global methane cycle: Recent advances in understanding the microbial 
processes involved. Environmental Microbiology Reports, 1(5), 285�​292.

Conrad, R. (2020). Importance of hydrogenotrophic, aceticlastic and methylotrophic methano
genesis for methane production in terrestrial, aquatic and other anoxic environments: A 
mini review. Pedosphere, 30(1), 25�​39.

Conrad, R. (2023). Complexity of temperature dependence in methanogenic microbial envir
onments. Frontiers in Microbiology, 14, 1232946.

Dang, P. N., Dang, T. C., Lai, T. H., & Stan-​Lotter, H. (1996). Desulfovibrio vietnamensis sp. 
nov., a halophilic sulfate-​reducing bacterium from Vietnamese oil �elds. Anaerobe, 2, 
385�​392.

Davidova, I. A., Duncan, K. E., Choi, O. K., & Su�ita, J. M. (2006). Desulfoglaeba alkanexedens 
gen. nov., sp. nov. an n-​alkane-​degrading, sulfate-​reducing bacterium. International 
Journal of Systematic and Evolutionary Microbiology, 56(12), 2737�​2742.

Dopffel, N., Jansen, S., & Gerritse, J. (2021). Microbial side effects of underground hydrogen 
storage �​ knowledge gaps, risks and opportunities for successful implementation. 
International Journal of Hydrogen Energy, 46, 8594�​8606.

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



92 Microbiological Challenges in the Energy Industries

��

Davidova, I. A., Harmsen, H. J. M., Stams, A. J. M., Belyaev, S. S., & Zehnder, A. J. B. 
(1997). Taxonomic description of Methanococcoides euhalobius and its transfer to the 
Methanohalophilus genus. Antonie van Leeuwenhoek, 71(4), 313�​318.

Davydova-​Charakhchyan, I. A., Kuznetsova, V. G., Mityushina, L. L., & Belyaev, S. S. (1992). 
Methane-​forming bacilli from oil �elds of Tataria and western Siberia. Microbiology, 
61, 299�​305.

Enning, D., & Garrelfs, J. (2014). Corrosion of iron by sulfate-​reducing bacteria: New views of 
an old problem. Applied and Environmental Microbiology, 80(4), 1226�​1236.

Feio, M. J., Zinkevich, V., Beech, I. B., Llobet-​Brossa, E., Eaton, P., Schmitt, J., & Guezennec, 
J. (2004). Desulfovibrio alaskensis sp. nov., a sulphate-​reducing bacterium from a soured 
oil reservoir. International Journal of Systematic and Evolutionary Microbiology, 54(5), 
1747�​1752.

Fida, T. T., Chen, C., Okpala, G., & Voordouw, G. (2016). Implications of limited thermophilicity 
of nitrate reduction for control of sul�de production in oil reservoirs. Applied and 
Environmental Microbiology, 82(14), 4190�​4199.

Fowler, S. J., Toth, C. R. A., & Gieg, L. M. (2016). Community structure in methanogenic 
enrichments provides insight into syntrophic interactions in hydrocarbon-​impacted 
environments. Frontiers in Microbiology, 7, 562.

Fowler, S. J., Dong, X., Sensen, C. W., Su�ita, J. M., & Gieg, L. M. (2012). Methanogenic 
toluene metabolism: Community structure and intermediates. Environmental 
Microbiology, 14(3), 754�​764.

Gieg, L. M., Fowler, S. J., & Berdugo-​Clavijo, C. (2014). Syntrophic biodegradation of hydro
carbon contaminants. Current Opinion in Biotechnology, 27, 21�​29.

Gieg, L. M., Jack, T. R., & Foght, J. M. (2011). Biological souring and mitigation in oil 
reservoirs. Applied Microbiology and Biotechnology, 92(2), 263�​282.

Grabowski, A., Nercessian, O., Fayolle, F., Blanchet, D., & Jeanthon, C. (2005). Microbial 
diversity in production waters of a low-​temperature biodegraded oil reservoir. FEMS 
Microbiology Ecology, 54(3), 427�​443.

Gray, N. D., Sherry, A., Grant, R. J., Rowan, A. K., Hubert, C. R. J., Callbeck, C. M., Aitken, 
C. M., Jones, D. M., Adams, J. J., Larter, S. R., & Head, I. M. (2011). The quantitative 
signi�cance of Syntrophaceae and syntrophic partnerships in methanogenic degradation 
of crude oil alkanes. Environmental Microbiology, 13(11), 2957�​2975.

Gray, N. D., Sherry, A., Hubert, C., Dol�ng, J., & Head, I. M. (2010). Methanogenic degrad
ation of petroleum hydrocarbons in subsurface environments: Remediation, heavy oil 
formation, and energy recovery. Advances in Applied Microbiology, 72(C), 137�​161.

Guan, Y., Ngugi, D. K., Vinu, M., Blom, J., Alam, I., Guillot, S., Ferry, J. G., & Stingl, U. 
(2019). Comparative genomics of the genus Methanohalophilus, including a newly 
isolated strain from Kebrit deep in the Red Sea. Frontiers in Microbiology, 10, 839.

Hao, R., & Lu, A. (2009). Biodegradation of heavy oils by halophilic bacterium. Progress in 
Natural Science, 19, 997�​1001.

Head, I. M., Gray, N. D., & Larter, S. R. (2014). Life in the slow lane; biogeochemistry of 
biodegraded petroleum containing reservoirs and implications for energy recovery and 
carbon management. Frontiers in Microbiology, 5, 566.

Head, I. M., Larter, S. R., Gray, N. D., Sherry, A., Adams, J. J., Aitken, C. M., Jones, D. 
M., Rowan, A. K., Huang, H., & Röling, W. F. M. (2010). Hydrocarbon degradation 
in petroleum reservoirs. In K. N. Timmis (Ed.), Handbook of Hydrocarbon and Lipid 
Microbiology (pp. 3097�​3109), Springer: Berlin, Heidelberg.

Head, I. M., Martin Jones, D., & Larter, S. R. (2003). Biological activity in the deep subsurface 
and the origin of heavy oil. Nature, 426, 344�​352.

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



93High-Temperature and High-Salinity Effects

��

Hua, X., Wang, J., Wu, Z., Zhang, H., Li, H., Xing, X., & Liu, Z. (2010). A salt tolerant 
Enterobacter cloacae mutant for bioaugmentation of petroleum-​ and salt-​contaminated 
soil. Biochemical Engineering Journal, 49(2), 201�​206.

JimØnez, N., Richnow, H. H., Vogt, C., Treude, T., & Krüger, M. (2016). Methanogenic hydro
carbon degradation: Evidence from �eld and laboratory studies. Journal of Molecular 
Microbiology and Biotechnology, 26, 227�​242.

Johnson, R. J., Folwell, B. D., Wirekoh, A., Frenzel, M., & Skovhus, T. L. (2017). Reservoir 
souring �​ latest developments for application and mitigation. Journal of Biotechnology, 
256, 57�​67.

Jones, D., Head, I., Gray, N., Adams, J., Rowan, A., Aitken, C., Bennett, B., Huang, H., Sherry, 
A., Bowler, B., Oldenburg, T., Erdmann, M., & Larter, S. R. (2008). Crude-​oil biodeg-
radation via methanogenesis in subsurface petroleum reservoirs. Nature, 451(7175), 
176�​180.

Kim, D. D., O�Farrell, C., Toth, C. R. A., Montoya, O., Gieg, L. M., Kwon, T. H., & Yoon, 
S. (2018). Microbial community analyses of produced waters from high-​temperature 
oil reservoirs reveal unexpected similarity between geographically distant oil reservoirs. 
Microbial Biotechnology, 11(4), 788�​796.

Kheli�, N., Ali, O. A., Roche, P., Grossi, V., Brochier-​Armanet, C., Valette, O., Ollivier, B., 
Dolla, A., & Hirschler-​RØa, A. (2014). Anaerobic oxidation of long-​chain n-​alkanes 
by the hyperthermophilic sulfate-​reducing archaeon, Archaeoglobus fulgidus. ISME 
Journal, 8(11), 2153�​2166.

Knisz, J., Eckert, R., Gieg, L. M., Koerdt, A., Lee, J. S., Silva, E. R., Skovhus, T. L., An 
Stepec, B. A., & Wade, S. A. (2023). Microbiologically in�uenced corrosion-​more than 
just microorganisms. FEMS Microbiology Reviews, 47(5), fuad041.

Li, X. X., Mbadinga, S. M., Liu, J. F., Zhou, L., Yang, S. Z., Gu, J. D., & Mu, B. Z. (2017a). 
Microbiota and their af�liation with physiochemical characteristics of different sub-
surface petroleum reservoirs. International Biodeterioration and Biodegradation, 120, 
170�​185.

Li, X. X., Yang, T., Mbadinga, S. M., Liu, J. F., Yang, S. Z., Gu, J. D., & Mu, B. Z. (2017b). 
Responses of microbial community composition to temperature gradient and carbon 
steel corrosion in production water of petroleum reservoir. Frontiers in Microbiology, 
8, 2379.

Lin, J., Hao, B., Cao, G., Wang, J., Feng, Y., Tan, X., & Wang, W. (2014). A study on the 
microbial community structure in oil reservoirs developed by water �ooding. Journal of 
Petroleum Science and Engineering, 122, 354�​359.

Liu, Y-​F., Galzerani, D. D., Mbadinga, S. M., Zaramela, L. S., Gu, J-​D., Mu, B-​Z., & Zengler, 
K. (2018). Metabolic capability and in situ activity of microorganisms in an oil reservoir. 
Microbiome, 6, 5.

Magot, M., Basso, O., Tardy-​Jacquenod, C., & Caumette, P. (2004). Desulfovibrio bastinii sp. 
nov. and Desulfovibrio gracilis sp. nov., moderately halophilic, sulfate-​reducing bacteria 
isolated from deep subsurface oil�eld water. International Journal of Systematic and 
Evolutionary Microbiology, 54(5), 1693�​1697.

Magot, M., Ollivier, B., & Patel, B. K. (2000). Microbiology of petroleum reservoirs. Antonie 
van Leeuwenhoek, 77(2), 103�​116.

Marietou, A. (2021). Sulfate reducing microorganisms in high temperature oil reservoirs. 
Advances in Applied Microbiology, 116, 99�​131.

Martins, L. F., & Peixoto, R. S. (2012). Biodegradation of petroleum hydrocarbons in 
hypersaline environments. Brazilian Journal of Microbiology, 43(3), 865�​872.

Mayilraj, S., Kaksonen, A. H., Cord-​Ruwisch, R., Schumann, P., Spröer, C., Tindall, B. J., 
& Spring, S. (2009). Desulfonauticus autotrophicus sp. nov., a novel thermophilic 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



94 Microbiological Challenges in the Energy Industries

��

sulfate-​reducing bacterium isolated from oil-​production water and emended description 
of the genus Desulfonauticus. Extremophiles, 13(2), 247�​255.

Mayumi, D., Mochimaru, H., Yoshioka, H., Sakata, S., Maeda, H., Miyagawa, Y., Ikarashi, 
M., Takeuchi, M., & Kamagata, Y. (2011). Evidence for syntrophic acetate oxidation 
coupled to hydrogenotrophic methanogenesis in the high-​temperature petroleum reser-
voir of Yabase oil �eld (Japan). Environmental Microbiology, 13(8), 1995�​2006.

Mbow, F. T., Akbari, A., Dopffel, N., Schneider, K., Mukherjee, S., & Meckenstock, R. U. 
(2024). Insights into the effects of anthropogenic activities on oil reservoir microbiome 
and metabolic potential. New Biotechnology, 79, 30�​38.

MeslØ, M., Dromart, G., & Oger, P. (2013). Microbial methanogenesis in subsurface oil and 
coal. Research in Microbiology, 164(9), 959�​972.

Morris, B. E. L., Henneberger, R., Huber, H., & Moissl-​Eichinger, C. (2013). Microbial 
syntrophy: Interaction for the common good. FEMS Microbiology Reviews 37(3), 
384�​406.

Mouser, P. J., Borton, M., Darrah, T. H., Hartsock, A., & Wrighton, K. C. (2016). Hydraulic 
fracturing offers view of microbial life in the deep terrestrial subsurface. FEMS 
Microbiology Ecology, 92, �w166.

Mu, B. Z., & Nazina, T. N. (2022). Recent advances in petroleum microbiology. Microorganisms, 
10, 91706.

Nazina, T. N., Shestakova, N. M., Grigor�yan, A. A., Mikhailova, E. M., Tourova, T. P., 
Poltaraus, A. B., Feng, C., Ni, F., & Belyaev, S. S. (2006). Phylogenetic diversity and 
activity of anaerobic microorganisms of high-​temperature horizons of the Dagang oil 
�eld (P. R. China). Microbiology, 75(1), 55�​65.

Nazina, T., Sokolova, D., Grouzdev, D., Semenova, E., Babich, T., Bidzhieva, S., Serdukov, 
D., Volkov, D., Bugaev, K., Ershov, A., Khisametdinov, M., & Borzenkov, I. (2020). The 
potential application of microorganisms for sustainable petroleum recovery from heavy 
oil reservoirs. Sustainability (Switzerland), 12, 15.

Ni, S., & Boone, D. R. (1991). Isolation and characterization of a dimethyl sul�de-​degrading 
methanogen, Methanolobus siciliae HI350, from an oil well, characterization of 
M. siciliae T4/​MT, and emendation of M. siciliae. International Journal of Systematic 
Bacteriology, 41(3), 410�​416.

Nikolova, C., & Gutierrez, T. (2020). Use of microorganisms in the recovery of oil from recal
citrant oil reservoirs: Current state of knowledge, technological advances and future 
perspectives. Frontiers in Microbiology, 10, 2996.

Nilsen, R., & Torsvik, T. (1996). Methanococcus thermolithotrophicus isolated from North 
Sea oil �eld reservoir water. Applied and Environmental Microbiology, 62(2), 728�​731.

Okoro, C., Agrawal, A., & Callbeck, C. (2012). Simultaneous biosurfactant production and 
hydrocarbon biodegradation by the resident aerobic �ora of an oil production skimmer 
pit at elevated temperature and saline conditions. Life Science Journal, 9(3), 356�​364.

Okpala, G., Chen, C., Fida, T., & Voordouw, G. (2017). Effect of thermophilic nitrate reduc
tion on sul�de production in high temperature oil reservoir samples. Frontiers in 
Microbiology, 8, 1574.

Ollivier, B., Cayol, J.-​L., Patel, B. K. C., Magot, M., Fardeau, M.-​L., & Garcia, J.-​L. (1997). 
Methanoplanus petrolearius sp. nov., a novel methanogenic bacterium from an oil-​
producing well. FEMS Microbiology Letters, 147(1), 51�​56.

Ollivier, B., Fardeau, M.-​L., Cayol, J.-​L., Magot, M., Patel, B. K. C., Prensiep, G., & Garcia, 
J.-​L. (1998). Methanocalculus halotolerans gen. nov., sp. nov., isolated from an oil-​
producing well. International Journal of Systematic Bacteriology, 43(3), 821�​828.

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



95High-Temperature and High-Salinity Effects

��

Ommedal, H., & Torsvik, T. (2007). Desulfotignum toluenicum sp. nov., a novel toluene-​
degrading, sulphate-​reducing bacterium isolated from an oil-​reservoir model column. 
International Journal of Systematic and Evolutionary Microbiology, 57(12), 2865�​2869.

Oren, A. (2010). Industrial and environmental applications of halophilic microorganisms. 
Environmental Technology, 31(8�​9), 825�​834.

Orphan, V. J., Taylor, L. T., Hafenbradl, D., & Delong, E. F. (2000). Culture-​dependent and 
culture-​independent characterization of microbial assemblages associated with high-​
temperature petroleum reservoirs. Applied and Environmental Microbiology, 66(2), 
700�​711.

Pannekens, M., Kroll, L., Müller, H., Mbow, F. T., & Meckenstock, R. U. (2019). Oil reservoirs, 
an exceptional habitat for microorganisms. New Biotechnology, 49, 1�​9.

Prajapat, G., Jain, S., Rellegadla, S., Tailor, P., & Agrawal, A. (2021). Synergistic approach 
to control reservoir souring in the moderately thermophilic oil �elds of western India. 
Bioresource Technology Reports, 14, 100649.

Rabus, R., Boll, M., Heider, J., Meckenstock, R. U., Buckel, W., Einsle, O., ... & Wilkes, H. 
(2016). Anaerobic microbial degradation of hydrocarbons: From enzymatic reactions to 
the environment. Journal of Molecular Microbiology and Biotechnology, 26(1�​3), 5�​28.

Rachel, N. M., & Gieg, L. M. (2020). Preserving microbial community integrity in oil�eld 
produced water. Frontiers in Microbiology, 11, 581387.

Rajbongshi, A., & Gogoi, S. B. (2021). A review on anaerobic microorganisms isolated from 
oil reservoirs. World Journal of Microbiology and Biotechnology, 37(7), 111.

Rajkumari, J., Bhuyan, B., Das, N., & Pandey, P. (2019). Environmental applications of micro
bial extremophiles in the degradation of petroleum hydrocarbons in extreme environ-
ments. Environmental Sustainability, 2(3), 311�​328.

Rees, G. N., Grassia, S., Sheehy, A. J., Dwivedi, P. P., & Patel, B. K. C. (1995). Desulfacinum 
infernurn gen. nov., sp. nov., a thermophilic sulfate-​reducing bacterium from a petroleum 
reservoir. International Journal of Systematic Bacteriology, 45(1), 85�​89.

Ridley, C. M., & Voordouw, G. (2018). Aerobic microbial taxa dominate deep subsurface cores 
from the Alberta oil sands. FEMS Microbiology Ecology, 94, �y073.

Rozanova, E. P., Turova, T. P., Kolganova, T. V., Lysenko, A. M., Mitiushina, L. L., Lusupov, 
S. K., & Beliaev, S. S. (2001). Desulfacinum subterraneum sp. nov., a new thermophilic 
sulfate-​reducing bacterium isolated from a high temperature oil �eld. Microbiology, 
70(4), 536�​542.

Scheffer, G., Hubert, C. R. J., Enning, D. R., Lahme, S., Mand, J., & de Rezende, J. R. (2021). 
Metagenomic investigation of a low diversity, high salinity offshore oil reservoir. 
Microorganisms, 9, 2266.

Scheffer, G., & Gieg, L. M. (2023). The mystery of piezophiles: Understudied microorganisms 
from the deep, dark subsurface. Microorganisms, 11, 1629.

Shelton, J. L., McIntosh, J. C., Warwick, P. D., & McCray, J. M. (2016). Impacts of formation 
water geochemistry and crude oil biodegradation on microbial methanogenesis. Organic 
Geochemistry, 98, 105�​117.

Sieber, J. R., McInerney, M. J., & Gunsalus, R. P. (2012). Genomic insights into syntrophy: The 
paradigm for anaerobic metabolic cooperation. Annual Review of Microbiology, 66, 
429�​452.

Sindi, M., Zhu, X., Christgen, B., Sherry, A., Gray, N., & Head, I. (2024). Effects of high sal
inity PWRI practice on sul�dogenesis and microbially in�uenced corrosion. Petroleum 
Microbiology, 1, 57�​95.

Sorokin, D. Y., Makarova, K. S., Abbas, B., Ferrer, M., Golyshin, P. N., Galinski, E. A., 
Ciordia, S., Mena, M. C., Merkel, A. Y., Wolf, Y. I., van Loosdrecht, M. C. M., & Koonin, 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



96 Microbiological Challenges in the Energy Industries

��

E. V. (2017). Discovery of extremely halophilic, methyl-​reducing euryarchaea provides 
insights into the evolutionary origin of methanogenesis. Nature Microbiology, 2, 17081.

Tardy-​Jacquenod, C., Magot, M., Laigret, F., Kaghad, M., Patel, B. K. C., Guezennec, J., 
Matheron R., & Caumette, P. (1996). Desulfovibrio gabonensis sp. nov., a new moder-
ately halophilic sulfate-​reducing bacterium isolated from an oil pipeline. International 
Journal of Systematic Bacteriology, 46(3), 710�​715.

Tardy-​Jacquenod, C., Magot, M., Patel, B. K., Matheron, R., & Caumette, P. (1998). 
Desulfotomaculum halophilum sp. nov., a halophilic sulfate-​reducing bacterium isolated 
from oil production facilities. International Journal of Systematic Bacteriology, 48(2), 
333�​338.

Toth, C. R. A., & Gieg, L. M. (2018). Time course-​dependent methanogenic crude oil biodeg
radation: Dynamics of fumarate addition metabolites, biodegradative genes, and micro-
bial community composition. Frontiers in Microbiology, 8, 2610.

Tyne, R. L., Barry, P. H., Lawson, M., Byrne, D. J., Warr, O., Xie, H., Hillegonds, D. J., 
Formolo, M., Summers, Z. M., Skinner, B., Eiler, J. M., & Ballentine, C. J. (2021). 
Rapid microbial methanogenesis during CO2 storage in hydrocarbon reservoirs. Nature, 
600(7890), 670�​674.

Varjani, S. J., & Gnansounou, E. (2017). Microbial dynamics in petroleum oil�elds and their 
relationship with physiological properties of petroleum oil reservoirs. Bioresource 
Technology, 245, 1258�​1265.

Varjani, S. J., & Upasani, V. N. (2017). A new look on factors affecting microbial degradation of 
petroleum hydrocarbon pollutants. International Biodeterioration and Biodegradation, 
120, 71�​83.

Vigneron, A., Alsop, E. B., Lomans, B. P., Kyrpides, N. C., Head, I. M., & Tsesmetzis, N. 
(2017). Succession in the petroleum reservoir microbiome through an oil �eld produc-
tion lifecycle. ISME Journal, 11(9), 2141�​2154.

Voordouw, G., Grigoryan, A. A., Lambo, A., Lin, S., Park, H. S., Jack, T. R., Coombe, D., 
Clay, B., Zhang, F., Ertmoed, R., Miner, K., & Arensdorf, J. J. (2009). Sul�de remedi-
ation by pulsed injection of nitrate into a low temperature Canadian heavy oil reservoir. 
Environmental Science and Technology, 43(24), 9512�​9518.

Voskuhl, L., Akbari, A., Müller, H., Pannekens, M., Brusilova, D., Dyksma, S., Haque, S., 
Graupner, N., Dunthorn, M., Meckenstock, R. U., & Brauer, V. S. (2021). Indigenous 
microbial communities in heavy oil show a threshold response to salinity. FEMS 
Microbiology Ecology, 97(12), �ab157.

Walker, C. B., He, Z., Yang, Z. K., Ringbauer Jr., J. A., He, Q., Zhou, J., ... & Stahl, D. A. 
(2009). The electron transfer system of syntrophically grown Desulfovibrio vulgaris. 
Journal of Bacteriology, 191(18), 5793�​5801.

Wartell, B., Boufadel, M., & Rodriguez-​Freire, L. (2021). An effort to understand and 
improve the anaerobic biodegradation of petroleum hydrocarbons: A literature review. 
International Biodeterioration and Biodegradation, 157, 105156.

Wolicka, D., Borkowski, A., & Dobrzýnski, D. (2010). Interactions between microorganisms, 
crude oil and formation waters. Geomicrobiology Journal, 27(1), 43�​52.

Xiong, S., Li, X., Chen, J., Zhao, L., Zhang, H., & Zhang, X. (2015). Crude oil degradation 
by bacterial consortia under four different redox and temperature conditions. Applied 
Microbiology and Biotechnology, 99(3), 1451�​1461.

Yin, Y., Zhang, Z., Yang, K., Gu, P., Liu, S., Jia, Y., Zhang, Z., Wang, T., Yin, J., & Miao, H. 
(2022). Deeper insight into the effect of salinity on the relationship of enzymatic activity, 
microbial community and key metabolic pathway during the anaerobic digestion of high 
strength organic wastewater. Bioresource Technology, 363, 127978.

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



97High-Temperature and High-Salinity Effects

��

Youssef, N., Elshahed, M. S., & McInerney, M. J. (2009). Microbial processes in oil 
�elds: Culprits, problems, and opportunities. Advances in Applied Microbiology, 66, 
141�​251.

Zhang, T., Li, Y., Li, C., & Sun, S. (2020). Effect of salinity on oil production: Review on low 
salinity water�ooding mechanisms and exploratory study on pipeline scaling. Oil & Gas 
Science and Technology, 75, 50.

Zheng, S., Li, M., Liu, Y., & Liu, F. (2021). Desulfovibrio feeding Methanobacterium with 
electrons in conductive methanogenic aggregates from coastal zones. Water Research, 
202, 117490.

Zhou, J. F., Li, G. Q., Xie, J. J., Cui, X. Y., Dai, X. H., Tian, H. M., Gao, P. K., Wu, M. 
M., & Ma, T. (2016). A novel bioemulsi�er from Geobacillus stearothermophilus A-​2 
and its potential application in microbial enhanced oil recovery. RSC Advances, 6(98), 
96347�​96354.

 

 

 

 

 



��

98
This chapter has been made available under a CC-BY-NC-ND license. 

DOI: 10.1201/9781003469643-7

Microbiologically 
In�uenced Corrosion
An Insight on the Roles 
of Iron-​Oxidizing Bacteria 
(IOB) and Their Corrosive 
Activity in the Oil Industry

Ganshyam Prajapat, Sugandha Mahajan, 
Sandeep Rellegadla, Abhishek Tyagi, and   
Akhil Agrawal

5.1 � INTRODUCTION

Microorganisms are present everywhere in nature and can interact with the 
surroundings in which they thrive. These complex microbial interactions can take 
place on metal surfaces and alter the rates and types of electrochemical reactions. The 
outcome of these interactions can result in different effects, ranging from the induc-
tion of localized corrosion, including pitting, differential aeration, crevice corrosion, 
enhanced erosion, and enhanced galvanic corrosion. Corrosion is a widespread 
problem and has resulted in enormous economic damage in many industrial sectors. 
Globally, corrosion results in a $4 trillion yearly loss in �nancial value, which is the 
total of both the corrosion damages and protective measures (Li et al., 2018).

Corrosion driven by complex biogeochemical processes involving interactions 
between microorganisms and the environments of metals and minerals is known as 
microbiologically in�uenced corrosion (MIC). This process leads to the decay of both 
metals and non-​metals, mediated by the formation of bio�lms. By altering the elec-
trochemical circumstances, ion type and concentration, pH level, and redox poten-
tial of metals, bio�lm growth affects the interaction between the metal surface and 
the environment, leading to the dissolution of metal and the generation of corrosion 
products. MIC is a severe issue, particularly in the oil and gas industry, and is a result 
of both anaerobic and aerobic mixture of microorganisms. MIC is responsible for 
approximately 20% of the pipeline corrosion in the petroleum industry, adding to the 
�nancial losses due to pipeline leakages and facility failures (Li et al., 2018).

MIC is dif�cult to predict as well as recognize because it is impacted by reactions 
occurring within the substrate or at the interface with the electrolyte, posing the 
greatest hazard in the corrosion control sector (Sowards et al., 2014). In a recent report, 
McBeth and Emerson (2016) stated and showed the existence of a succession pattern 
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TABLE 5.1
Different Mechanisms Leading to MIC

Mechanism of MIC Redox Reaction Key Findings Reference

Cathodic depolarization 
theory (Hydrogenase) 
(1934)

Anodic: 4Fe   4Fe2+​ +​ 8e�​

Cathodic: 8H+​ +​ 8e�​   4H2

Oxidation

4Fe +​ SO4
2�​ +​ 4H2O  FeS +​ Fe(OH2)

 
Reduction

Role Played by SRB: Uses [H]‌ produced at cathodic 
reaction, to reduce sulfate to sul�de which 
precipitates giving iron sul�de.

Corrosion rate totally depended on 
hydrogenase activity.

Formation of FeS on metal surface 
can induce a local decrease in pH 
thereby activating corrosion cells 
between steel surface as anode 
and FeS as cathode.

(Bryant et al., 1991)
(Hamilton, 2003)

Iron sul�des
(King Mechanism)
(1971)

After suf�cient formation of FeS the FeS and 
Fe start behaving as galvanic cells. Cathodic 
reaction, H2 evolution occurs on the ferrous 
sul�de produced by reaction of ferrous ion with 
bacterially (anode) produced sul�de ion.

Bacteria                         Fe(II)

H2                             
Fe(II) Sul�de cathode     Fe anode

A sustained high rate of corrosion is 
obtained in bacterial free systems 
only by continual replenishment 
of FeS. Bacterial produced FeS 
corrodes by �rst-​order reaction 
and eventually total corrosion 
is directly proportional to FeS 
concentration.

With increase in Fe(II) concentration 
FeS particles rupture protective 
mackinawite �lm, resulting in 
higher corrosion rates.

(King & Miller, 1971)

A volatile phosphorous 
compound (1983)

If steel coupon was placed in yeast extract agar plus 
benzyl viologen (e� acceptor)

Anodic: Fe  Fe2+​ +​ e�​

Cathodic: 2H+​ +​ 2e�  H2

H2 +​ BV  2BV +​ 2H+​

BV reduced by cells (cathodic reaction)

It was suspected that phosphate 
in yeast extract is reduced in 
the presence of hydrogen by 
the hydrogenase enzyme. This 
produces phosphine, which 
further reacts with ferrous ions to 
produce iron phosphide.

(Iverson & Olson, 1983)

Anodic depolarization 
(1984)

Anodic: 4Fe  4Fe2+​ +​ 8 e�

Cathodic: 8H+​ +​ 8e� 4H2

Oxidation

4Fe +​ SO4
2�​ +​ 4H2O FeS +​ Fe(OH2)

 
Reduction

Dissociation of Hydrogen Sul�de:
H2S  S2�​ +​ 2H+​

Anodic Depolarization:
Fe2+​ +​ S2�​  FeS

When sulfate is reduced to sul�de 
by SRB, H2S released dissociates 
to form H+​ ions which change the 
kinetics involved for producing 
H2. Instead, a new corrosion 
product FeS forms.

Anodic active dissolution is 
accelerated by SRB activity from 
S2�.

(Wang & Liang, 2007)
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TABLE 5.1
Different Mechanisms Leading to MIC

Mechanism of MIC Redox Reaction Key Findings Reference

Cathodic depolarization 
theory (Hydrogenase) 
(1934)

Anodic: 4Fe   4Fe2+​ +​ 8e�​

Cathodic: 8H+​ +​ 8e�​   4H2

Oxidation

4Fe +​ SO4
2�​ +​ 4H2O  FeS +​ Fe(OH2)

 
Reduction

Role Played by SRB: Uses [H]‌ produced at cathodic 
reaction, to reduce sulfate to sul�de which 
precipitates giving iron sul�de.

Corrosion rate totally depended on 
hydrogenase activity.

Formation of FeS on metal surface 
can induce a local decrease in pH 
thereby activating corrosion cells 
between steel surface as anode 
and FeS as cathode.

(Bryant et al., 1991)
(Hamilton, 2003)

Iron sul�des
(King Mechanism)
(1971)

After suf�cient formation of FeS the FeS and 
Fe start behaving as galvanic cells. Cathodic 
reaction, H2 evolution occurs on the ferrous 
sul�de produced by reaction of ferrous ion with 
bacterially (anode) produced sul�de ion.

Bacteria                         Fe(II)

H2                             
Fe(II) Sul�de cathode     Fe anode

A sustained high rate of corrosion is 
obtained in bacterial free systems 
only by continual replenishment 
of FeS. Bacterial produced FeS 
corrodes by �rst-​order reaction 
and eventually total corrosion 
is directly proportional to FeS 
concentration.

With increase in Fe(II) concentration 
FeS particles rupture protective 
mackinawite �lm, resulting in 
higher corrosion rates.

(King & Miller, 1971)

A volatile phosphorous 
compound (1983)

If steel coupon was placed in yeast extract agar plus 
benzyl viologen (e� acceptor)

Anodic: Fe  Fe2+​ +​ e�​

Cathodic: 2H+​ +​ 2e�  H2

H2 +​ BV  2BV +​ 2H+​

BV reduced by cells (cathodic reaction)

It was suspected that phosphate 
in yeast extract is reduced in 
the presence of hydrogen by 
the hydrogenase enzyme. This 
produces phosphine, which 
further reacts with ferrous ions to 
produce iron phosphide.

(Iverson & Olson, 1983)

Anodic depolarization 
(1984)

Anodic: 4Fe  4Fe2+​ +​ 8 e�

Cathodic: 8H+​ +​ 8e� 4H2

Oxidation

4Fe +​ SO4
2�​ +​ 4H2O FeS +​ Fe(OH2)

 
Reduction

Dissociation of Hydrogen Sul�de:
H2S  S2�​ +​ 2H+​

Anodic Depolarization:
Fe2+​ +​ S2�​  FeS

When sulfate is reduced to sul�de 
by SRB, H2S released dissociates 
to form H+​ ions which change the 
kinetics involved for producing 
H2. Instead, a new corrosion 
product FeS forms.

Anodic active dissolution is 
accelerated by SRB activity from 
S2�.

(Wang & Liang, 2007)
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Mechanism of MIC Redox Reaction Key Findings Reference

Fe-​binding exopolymers 
(1995)

Anodic Reaction: Extracellular polymeric substances 
bind metal ions

Extracellular polymeric substances 
produced by SRB have the ability 
to accelerate corrosion by binding 
to metal ions.

The corrosion due to EPS was 
con�rmed without the presence 
of SRB and other bio�lm 
constituents.

(Chan et al., 2002)
(Kakooei et al., 2012)

Three stages mechanism 
(2005)

I Stage: (Beginning of bio�lm formation)
Fe  Fe2+​ +​ 2e�​ (galvanic-​ predominates)

(open circuit potential more �​ve value)

II Stage: (Film and bio�lm stabilization)
FeS2 (C)  FeS2 (O)
(potential reaches to more +​ve value)

III Stage: (Film detachment, localized galvanized 
corrosion)

FeS2 +​ H+​ +​ 2e�  FeS +​ HS�

(potential decreases again very slowly by pH 
decrease which reduces pyrite locally to 
mackinawite)

Initial stage has minimum bacterial 
corrosive activity. Galvanic 
effects predominate between iron 
sul�de products (pyrite, etc.) and 
metal resulting in corrosive holes.

A major occurrence at second stage 
is bacterial corrosion and �lm 
stabilization. An exopolymer 
generated planktonically by 
bacteria is intermixed with pyrite, 
mackinawite, and other FeS 
products.

Detachment of mackinawite layer 
leads to severe localized corrosion 
with subsequent galvanic 
corrosion between metal anode 
and cathodic FeS products during 
�nal stage.

(Fernandez de Romero, 2005)
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cycling of sulfur and carbon, particularly in anaerobic environments such as wetlands, 
sediments, and the deep ocean (Wu et al., 2021). These microbes produce hydrogen 
sul�de because of breaking down organic substances by using sulfate as a terminal 
electron acceptor. This process, called sulfate reduction, affects the accessibility 
of essential nutrients and trace metals and aids in the remineralization of organic 
substances. Furthermore, SRMs have an important role in natural processes such as 
heavy metal detoxi�cation and industrial corrosion mediation, exhibiting both eco-
logical and economic value (Alotaibi et al., 2021).

MIC is corrosion caused by microbial activity. It includes all biological in�uences 
on corrosion, such as microbial or enzymatic effects. In addition, the enormous, 
nutrient-​rich environments for microorganisms are provided by the offshore oil pro-
duction facilities and the vast networks of pipelines that transport gas and oil under 
anoxic conditions (Mahajan et al., 2025). This promotes the development of a vast 
lineage of microbial communities causing MIC directly and indirectly, leading to 
pipeline failure and oil spills in extreme cases (Vigneron et al., 2016). As some 
microorganisms have already been linked to corrosion (Iverson & Olson, 1983; Kip 
& Van Veen, 2015) and formation of corrosive bio�lms, which involve a wide range 
of metabolic activities, the IOB, which exploit the ferrous iron (Fe(II)) released 
from the steel surface as an electron donor for growth, are one group that the micro-
bial community associated with MIC should take into consideration (McBeth et al., 
2011). Currently, there are few reports on IOBs describing their role in corrosion 
and their adverse effects in the oil industry as well. The present chapter reviews the 
signi�cance of MIC, the mechanisms involved, and focuses on the activity of IOB in 
MIC while exploring their role in corrosion in the oil and gas industry.

5.2 � MICROORGANISMS INVOLVED IN MIC

MIC involves the oxidation of metals, and some microorganisms responsible for 
this activity can use metal, organic compounds, or hydrogen as electron donors and 
oxygen or other substances (sulfate, nitrate, etc.) as electron acceptors. While some 
specialized microorganisms, known as metal-​reducing bacteria (e.g., Geobacter and 
Shewanella species), have been reported to use metals like iron or manganese as elec-
tron donors, this is not a universal trait among all microorganisms (Hu et al., 2021). 
Two key players, SRB and IOB, are known to in�uence corrosion both aerobically 
and anaerobically. Other microbial types have also been reported to play a signi�cant 
role in MIC, such as iron-​reducing bacteria (FeRB) and methanogens.

SRB are associated with anaerobic corrosion, as evident from anoxic sulfate-​rich  
environments in damaged areas with accumulation of the corrosion product iron sul-
�de. SRB corrode the inner and outer metal surface either by forming hydrogen sul-
�de by dissimilatory sulfate reduction (chemical microbially in�uenced corrosion)  
or by withdrawal of electrons by direct metabolic coupling (electrical microbially  
in�uenced corrosion) (Enning & Garrelfs, 2014). SRB mainly contribute to corrosion  
by an electrochemical process during which the metal ion is oxidized to ferrous  
(Fe(II)) and sulfate is reduced to sul�de that forms iron sul�de as a corrosion product  
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that either can be corrosive or can form a protective barrier impeding the electron  
movement to the solution (Figure 5.1).

FeRB are yet another group of microorganisms involved in corrosion, but they 
do not directly in�uence the process. This group may enhance corrosion under some 
circumstances or in�uence others to affect corrosion (Larsen & Hilbert, 2014). FeRB 
obtain energy from the reduction of Fe(III) either by using an electron transport 
chain during anaerobic respiration or by using Fe(III) as an electron sink during fer-
mentation. As described by Lee et al. (2014), FeRB either be strict anaerobes (e.g., 
members of the Geobacteraceae) or can be facultative anaerobes, which can switch 
to using iron as a terminal electron acceptor under anaerobiosis (e.g., members of the 
genus Shewanella).

5.3 � IOB AND THEIR ROLE IN CORROSION

IOB are a broad phylogenetic group (Emerson et al., 2010a) involved in oxidation of 
Fe(II) to Fe(III) under different conditions, such as acidic or neutral pH (Hedrich et al., 
2011), phototrophically (Ehrenreich & Widdel, 1994), aerobically or anaerobically 
(Hedrich et al., 2011), and autotrophically or heterotrophically (Singer et al., 2011). 
Most of the IOBs are micro-​aerophilic in nature and thus require lower concentrations 
of O2 for their growth; besides, these are neutrophilic and are mostly involved in Fe 
oxidation. These are also found in association with other microbial populations or 
at places of reduced iron exposed to an aerobic environment (J. S. Lee et al., 2010).

Iron oxidizers can be found in both the bacterial and archaeal domains. IOB were 
�rst identi�ed in the 19th century by �Ehrenberg and Winogradsky� (Hedrich et al., 
2011), and the majority were later grouped under the Proteobacteria. They were 

FIGURE 5.1  Schematic illustration of electrochemical processes involved in MIC within a 
pipeline, showing �ow-​induced corrosion, external corrosion, and cracking.
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revealing signi�cant discrepancies in its phylogenetic classi�cation (GonzÆlez-​
Rosales et al., 2022; Johnson et al., 2014).

Although only two groups of Acidithiobacillus have been described so far, 
various data from multilocus sequence alignment of 21 strains of iron-​oxidizing 
acidithiobacilli analyzed re�ected a high degree of diversity. This was further 
classi�ed as four different monophyletic groups concerning the genes involved in 
biochemical oxidation of iron and sulfur. Hallberg et al. 2011 fully de�ned the new 
genus and species Acidiferrobacter thiooxydans, a facultative anaerobe with many 
physiological similarities to the type strain of A. ferrooxidans (Hallberg et al., 2011). 
Differences included a requirement for reduced sulfur by A. thiooxydans, and is more 
tolerant of extreme acidity and relatively high temperatures than A. ferrooxidans 
(Nicolle et al., 2009).

The other iron-​oxidizing acidophile, Thiobacillus prosperus, was found to be tol-
erant to salt. As all the acidophilic, IOB are gamma proteobacteria, a great diver-
gence could be drawn from the Ferrovum myxofaciens that have been placed under 
beta proteobacteria (Wakai et al., 2014). Similar to other IOB, F. myxofaciens is an 
extreme acidophile oxidizing iron but is an obligate aerobe.

5.4.2 �N EUTRoPHILIc, AERoBIc IRoN OXIDIZERS

Ehrenberg �rst described the neutrophilic IOB Gallionella ferruginea, in 1838 that 
can grow autotrophically or mixotrophically using Fe(II) as electron donor (Hallbeck 
& Pedersen, 1991). With the advent of new techniques for the cultivation of IOBs 
from different sources, a more rational picture of phylogenetic order has been 
drawn. By far, the aerobic IOB cultivated at circumneutral pH are all placed under 
Proteobacteria, whereas most freshwater IOBs are classi�ed as Betaproteobacteria, 
and isolated marine species as Zetaproteobacteria.

Neutrophilic aerobic iron oxidizers, compared to acidophilic aerobic iron oxidizers, 
do not have a pre-​existing pH gradient. Special biological structures and metabolic 
pathways favor protection and provide ways for IOBs to cope with insoluble products 
formed from Fe(II) oxidation. High insolubility of Fe(III) at circumneutral pH or 
during anoxic conditions leads to the precipitation of Fe(III) during Fe(II) oxidation 
by IOBs. The formation of polysaccharide stalks that nucleate these precipitates and 
oxyhydroxides produced during Fe(II) oxidation prevents cell encrustation. Stalk for-
mation, constituting ferrihydrite-​like precipitates, is characteristic of G. ferruginea, 
having a protective role against free oxygen radicals generated during Fe(II) oxida-
tion (Hallbeck & Pedersen, 1995). In 2007, Wagner et al. reported two clades similar 
to G. ferruginea through 16S rRNA gene sequences occurring in iron and CO2-​rich 
waters (Wagner et al., 2007).

The Leptothrix spp. is yet another known sheath former under which four species 
are classi�ed. Leptothrix discophora, Leptothrix cholodnii, and Leptothrix mobilis 
are obligate heterotrophs, while Leptothrix ochracea is known to derive energy 
autotrophically from iron oxidation. Sphaerotilus natans, studied by Emerson et al., 
(2010a), shared the same physiological property of accumulation of ferric or man
ganese (IV) precipitates by forming a sheath. There are a few sheath non-​formers 
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that rely on Fe(II) oxidation as the sole source of energy and are microaerophilic and 
autotrophic in nature. Ferritrophicum radicicola has been placed under a new order 
of beta-​proteobacteria and shares physiological traits with Sideroxydans spp., which 
are aerobic, neutrophilic iron-​oxidizing betaproteobacteria.

Emerson and Moyer (2002) isolated the most well-​studied marine IOB 
Mariprofundus ferrooxidans that share morphological resemblance to G. ferruginea 
with respect to forming iron oxyhydroxides containing stalks. This bacterium is 
being classi�ed under a new class of proteobacteria, the Zetaproteobacteria. Several 
psychrophilic species related to gamma and alpha-​proteobacteria have been isolated, 
with the closest relative being Marinobacter aquaeolei (Gamma-​proteobacterium). 
Pseudomonas/​Pseudoalteromonas-​like gamma-​proteobacteria isolated from a vol-
canic seamount are thought to be involved in ferrous iron oxidation, contributing to 
the formation of iron mats in the deep oceans (Sudek et al., 2009).

5.4.3 �A NAERoBIc PHoToTRoPHIc FE(II) OXIDIZERS

These are the �rst microorganisms that represent anaerobic iron oxidation for the 
reduction of CO2 before the evolution of oxygenic photosynthesis. It was demonstrated 
by Widdel and co-​workers using a few drops of water from the sediment surface 
from North Sea as inoculum for enrichment culture with FeSO4 as an electron donor 
(Widdel & Rabus, 2001). The isolated species were found to be purple non-​sulfur 
bacterial species such as Rhodomicrobium vannielli, Rhodopseudomonas palustris, 
and Thiodictyon. The control treated with dichlorophenyldimethylurea (inhibits 
photosystem II responsible for light-​dependent oxidation) showed light-​dependent 
oxidation of ferrous iron, hence proving the non-​involvement of photosystem II for 
ferrous iron oxidation and oxygen-​independent biological iron oxidation (Ehrenreich 
& Widdel, 1994).

Further studies undertaken by Kappler and Newman (2004) suggest that only sol
uble forms of ferrous (siderite and ferrous sulfate) can be used by three species of 
photoautotrophic purple non-​sulfur bacteria (Rhodobacter ferrooxidans strain SW2, 
Chlorobium ferrooxidans strain KoFox, and Thiodictyon sp. strain F4), whereas no 
evidence was reported for less soluble Fe(II) minerals (vivianite, magnetite, pyrite) 
(Kappler & Newman, 2004). Similar trends were observed in nitrate reducing Fe(II) 
oxidizing bacteria isolated from the marine environment (Vera et al., 2013).

5.4.4 �A NAERoBIc NITRATE-​REDUcINg FE(II) OXIDIZERS

These types of IOB use nitrate as electron acceptor for anaerobic respiration at neutral 
pH and are found mainly in marine, brackish, fresh water and anaerobic sediments 
(Miot et al., 2009). They can be divided into two types: autotrophic (uses CO2 as a 
carbon source) and heterotrophic (uses organic material as a carbon source).

First evidence of the existence of nitrate-​reducing Fe(II) oxidizers was demonstrated 
by Straub et al. (1996), where three chemotrophic Gram-​negative, (HidR2, BrG1, 
and BrG2) anaerobic Fe(II) oxidizing bacteria showed biological oxidation of Fe(II) 
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with nitrate as the electron acceptor in the presence of an organic substrate (acetate, 
fumarate).

After initial studies, further investigations proceeded to �nd the molecular pro-
cess that is responsible for iron oxidation and formation and collection of the end 
product. It showed a different mechanism of ferric biomineralization, and to demon-
strate this, the experimental study was carried out using �Acidovorax sp. strain Bo 
Fe N1� (Gauger et al., 2016). When the culture of this strain was analyzed by using 
several techniques, it was concluded that most of the end product was present in 
the form of amorphous ferric phosphate. By performing scanning transmission elec-
tron microscopy of the culture at different time intervals, periplasmic encrustation of 
ferric iron was observed that is due to the supersaturation of ferric phosphate phase 
with periplasm. In the case of purple non-​sulfur bacteria (R. ferrooxidans sp. strain 
SW2) formation of iron chelaters and isotope fractionation was presumably respon-
sible for exporting Fe(III) away from cell (Kappler & Newman, 2004).

5.5 � ROLE OF AEROBIC/​ANAEROBIC IOB IN PIPELINE 
CORROSION

5.5.1 �A ERoBIc IRoN OXIDIZERS

Corrosion of pipelines is a major problem faced by various sectors, including 
drinking water distribution systems, water treatment plants, and in the oil industry, 
from injection port to the outlet of production well and in oil transporting pipelines. 
Microorganisms play a wider role in corroding oil pipelines, causing weight loss 
of the pipes and surface pitting that is more destructive than uniform corrosion 
(Chamritski et al., 2004).

Oil pipelines can provide an environment for microbial growth, particularly in 
the presence of water, a carbon source, an electron donor, and an electron acceptor. 
Neutrophilic, aerobic IOBs (Gallionella, Leptothrix, and Siderocapsa) were found 
responsible for corroding steel surfaces in both fresh and marine water environments, 
either by under-​deposited corrosion or by formation of differential aeration zone (J. 
S. Lee et al., 2010). Aerobic neutrophilic Fe(II) oxidation is present in wet sedi
ment, water distribution systems, and also hydrothermal vents. In such environments, 
microbial Fe(II) oxidation processes compete with abiotic Fe(II) oxidation.

In freshwater systems, an oxygenated environment favors microbial activity that 
forms two different zones. The site that excludes oxygen is relatively small and 
behaves as an anode, whereas the other is a larger oxygenated zone that acts as a 
cathode. Metal present at the anode gets dissolved as ions and forms metallic cations. 
Chloride ions in the fresh water systems (drinking water or oxygenated chloride 
containing potable water) reach the anode and react with the cation, thereby forming 
metal chlorides that are highly corrosive in nature (J. S. Lee et al., 2010).

Novel techniques of isolation and identi�cation by Ray et al. (2010) help describe 
localized corrosion in carbon steel pilings by analyzing iron coupons and by 16S 
rRNA analysis. They found the presence of a neutrophilic, aerobic betaproteobacteria, 
�Sideroxydans lithotrophicus� that induces corrosion by the formation of tubercles 
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(amorphous ferric oxides surrounded by magnetite) on surface with an orange rusty 
appearance.

In the marine water environment, Emerson et al. 2002 found the dominance of 
a stalk-​forming neutrophilic IOB, Mariprofundus ferrooxidans, which was isolated 
from iron-​rich microbial mats present at the hydrothermal vents in the sea. Iron-​
encrusted bacteria were present within the tubercles formed on the metal surface and 
were demonstrated by exposing a weld of 316L stainless steel (UNS S30403) with 
sea water (Emerson & Moyer, 2002). In several cases of corroded shipwrecks, forma
tion of �rusticle� (reddish brown layer) had been reported. Studies on the rusticles of 
the Titanic, the famous British passenger liner that sank in 1912, revealed that micro-
bial activity leads to the formation of external corrosion products (lepidocrocite) and 
internal corrosion products (goethite) on the surface of shipwreck remnants (Albahri 
et al., 2019).

Different cases of corrosion have also been observed in different sites in Israel 
chemical and water industries, like heat exchangers, pipelines, tube sheet, and 
connection pipes of oil re�nery plants made up of carbon steel. These sites showed the 
presence of a microaerophilic iron bacteria af�liated with the �Sphaerotilus� genus 
(Benedek et al., 2016). A new species of IOB, Sphaerotilus sp., was isolated from a 
cyclic cooling water system. When steel surfaces were exposed to this culture, a red-​
brown precipitate was observed. The precipitate�s main components were iron and 
oxygen, forming iron oxides on the surface and causing metal corrosion (He et al., 
2023). IOB such as �Sphaerotilus� can increase corrosion in carbon steel but are 
known to cause the formation of Fe2O3 layer on the precorroded steel after exposure 
to NaCl solution; this causes inhibition of mass transfer and hence decreases anodic 
current transfer, which ultimately decreases corrosion (Forbes, 1993).

IOB form anodic and cathodic zones in stainless steel, causing crevices formation, 
whereas in the case of dissolved carbon steel, corrosion is accelerated with  
the activity of SRB and acid-​producing bacteria (APB) (Sachan & Singh, 2019).  
However, it was observed that this zone separation taking place on the carbon steel  
surface is a result of a small anoxic environment below the formation of rust deposits  
by IOB that act as an anode. Due to these rust deposits, inhibitors are further blocked  
from reaching the surface beneath and from preventing corrosion. Erythrobacter was  
only characterized in bio�lms of iron-​based alloys but not on any of the nickel-​based  
alloys. MIC is a major problem in the mild steel used in sea water, when investigation 
was performed using the near-​shore marine environment samples, a new iron-​ 
oxidizing strain GSB2 was identi�ed as Mariprofundus ferrooxidans (within the  
Zetaproteobacteria). It is a lithotroph that uses Fe(II) as an energy source and O2 as  
electron acceptor. It grows on the aqueous iron and it secretes helical stalks of iron  
hydroxide that form a stalk like morphology. Metal steel corrosion was analyzed by  
incubating steel coupons in near shore environment, both with and without IOB (Lv  
et al., 2022). The rate of corrosion was determined by measuring the amount of iron  
released from the coupons incubated. It was found that the release of iron is greater in  
the presence of IOB (Tian et al., 2020). This was attributed to the ability of corrosive  
exopolysaccharides (EPS) to bind to the metal surface and solubilize Fe(aq.). After  
discovering the role of Zetaproteobacteria in corrosion, research has focused on its  
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interaction with FeRB through co-​culturing experiments (Emerson, 2018). Normally,  
the IOB species M. ferrooxidans forms stalks of iron oxide, but co-​culturing it with  
the FeRB showed the removal of these stalks due to the reduction of iron oxides.  
The interaction highlights the iron cycling process between the two bacterial species  
and their combined effect on corrosion (J. S. Lee et al., 2013). Experiments were  
performed by inoculating carbon steel with monocultures of iron-​oxidizing strains of  
species M. ferrooxidans and co-​culturing of these strains with iron-​reducing strains  
(Table 5.2). Co-​culture of FeOB and FeRB enhances the corrosion of carbon steels in  
comparison to monoculture. The corrosive product formed is mainly goethite in the  
presence of IOB, while in the presence of FeRB, it is hematite, magnetite, and lepido-
crocite (Sachan et al., 2020). While in the co-​cultures, stalks observed were short,  
twisted, and denuded, it shows that IOB are major cause of corrosion in carbon steel  
with the presence of sea water while FeRB somehow reduce this corrosion (Miot &  
Etique, 2016).

5.5.2 �A NAERoBIc IRoN OXIDIZERS

The potential role of anaerobic IOB in corrosion has been newly identi�ed (W. S. Lee 
et al., 2022). Anaerobic IOB uses nitrate or another inorganic compound as an elec
tron acceptor instead of oxygen. Anaerobic IOB have been isolated from brackish, 
fresh water, and anaerobic sediment where oxygen-​free environments are present. 
For example, chemolithotrophic nitrate-​reducing bacterial strain HidR2 was isolated 
from Baltic Sea sediments and was shown to grow both anaerobically and aerobic-
ally (Kanaparthi et al., 2013). A list of IOB with their site of isolation is mentioned 
in Table 5.3. Ferrous iron (4 mM) can be (~90%) oxidized by these bacteria, coupled 
with the reduction of nitrate and the presence of acetate (1 mM). In the presence 
of oxygen, ferrous oxidation takes place and forms ferric hydroxide layer in the 
periplasm of the cell (Miot et al., 2009).

Other geographical locations, such as Indian petroleum transporting pipelines,  
have corrosive products that were dominated by Serratia marcescens and Bacillus  
cereus (Tkachuk & Zelena, 2021). Similarly, petroleum product transporting  
pipelines contain several bacteria involved in corrosion either directly or indirectly  
(Bacillus licheniformis, Bacillus cereus, Lysinibacillus sphaericus, Bacillus subtilis,  
Bactericera cockerelli, Pseudomonas aeruginosa, Pseudomonas entomophila,  
Citrobacter sedlakii) (Bairi et al., 2024). These complex bacterial community  

TABLE 5.2
Co-Cultures of Iron-Using Bacteria Leading to Increased Microbial Corrosion

IOB Iron-​Reducing Bacteria

1. Mariprofundus ferrooxidans strain PV-​1 Geothermobacter sp. strain HR-​1 (obligate 
anaerobic, isolated from Loihi)

2. Mariprofundus ferrooxidans strain M34 Shewanella japonica strain ATCC BAA316
3. Mariprofundus ferrooxidans strain DIS-​1 Shewanella frigidimarina (facultative)
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consortia were responsible for pitting corrosion in petroleum transporting pipelines,  
as from the corrosive sites, such microorganisms were isolated (Phan, 2019).

Major IOB isolated are anoxygenic phototrophs, nitrate respiring, perchlorate 
respiring and hyperthermophilic archaea (Hedrich et al., 2011). Anaerobic Fe(II) 
oxidizing bacteria are found in freshwater and marine systems. They play a 
major role in iron biogeochemical cycle. Microbial Fe(II) oxidation couples with 
nitrate, perchlorate, and chlorate reduction. In earlier evolution, anaerobic micro-
bial Fe(II) oxidation likely played a major role for the precipitation of iron oxide 
minerals (Bryce et al., 2018). Redox potential of the Fe(III)/​Fe(II) couple signi�
cantly reduce power for sustaining growth. Anaerobic, photoautotrophic bacteria 
C. ferrooxidans, Rhodovulum robiginosum, Rhodomicrobium vannielii, Thiodictyon 
sp., Rhodopseudomonas palustris, and Rhodovulum spp. can anaerobically oxidize 
the Fe(II)aqueous completely to Fe(III), while Rhodomicrobium vannielii incompletely 
oxidize Fe(II) into Fe(III) oxide (Waikhom et al., 2023). Other than these bacteria, 
Dechlorosoma suillum strain PS was isolated from swine waste lagoon, and has the 
ability to oxidize the Fe(II) coupled reduction of nitrate and chlorate in strict anaer-
obic conditions (Lack et al., 2002).

By further studies and experiments, a new strain was isolated, Dechlorosoma 
suillum, from swine waste lagoon, petroleum-​contaminated soil, river sediment, 

TABLE 5.3
Iron Oxidizing Bacteria with Their Site of Isolation

IOB Site of Isolation Reference

Gallionella, Leptothrix, and Siderocapsa Fresh�​marine water (J. S. Lee et al., 2010)
Sideroxydans lithotrophicus ES-​1 and 

strain ES-​2
Ground water (Emerson et al., 2010b)

Mariprofundus ferrooxidans Hydrothermal vents (Emerson & Floyd, 
2005)

Mariprofundus ferrooxidans strain PV-​1 Iron mats (Singer et al., 2011)
Mariprofundus ferrooxidans strain M34 Spillway site (McAllister et al., 2011)
Mariprofundus ferrooxidans strain DIS-​1 Marine water (Lee et al., 2010)
Sphaerotilus Corroded surface (Starosvetsky et al., 

2001)
Acidovorax sp. BrG1 Freshwater and 

U-​contaminated 
sediment

(Fabisch et al., 2013)

Strain HidR2 Fresh water (Straub et al., 1996)
Dechlorosoma suillum Swine waste lagoon, 

petroleum-​
contaminated soil

(Lack et al., 2002)

Thiobacillus denitri�cans U-​contaminated Sites (Beller, 2005)
C. ferrooxidans, Rhodovulum robiginosum, 

Rhodomicrobium vannielii, Thiodictyon 
sp., Rhodopseudomonas palustris

Various sites (Weber et al., 2006)

 

 

 

 

 

 

 

 

 

 

 

 



���

112 Microbiological Challenges in the Energy Industries

and Antarctic soil. Such perchlorate-​reducing bacteria have a c-​type cytochrome 
involved in the bio-​oxidation of Fe(II). cyc2 and resB genes are present in 
D. duillum, and these genes are involved in the oxidation of Fe(II) (Lack et al., 
2002). Previously, it was determined that many organisms are capable of Fe oxida
tion by using nitrate as a sole electron acceptor, but in a few organisms, additional 
carbon co-​substrate is also required for Fe oxidation (D. suillum). The end product 
of iron oxidation by D. suillum is mixed Fe(II)�​Fe(III) gray/​green precipitate, c/​
a green rust that changes into magnetite (Weber et al., 2006). In some neutral pH 
environments, it was seen that ferrous oxidation is coupled with the reduction 
of nitrate into ammonia in a culture containing Geobacter and Dechloromonas 
spp. Nitrate-​dependent biological ferrous oxidation was �rst observed by Straub 
et al. (1996) who �rst recognized autotrophic neutrophilic nitrate-​reducing bac
teria (Straub et al., 1996).

5.6 � CONCLUSIONS AND FUTURE WORK

In conclusion, the study of IOB has advanced our understanding of their role in 
both natural biogeochemical cycles and in MIC. The study of anaerobic IOB, like 
Dechlorosoma suillum, shows that they may survive in oxygen-​de�cient conditions by 
using different electron acceptors, like nitrate, perchlorate, and chlorate (Amarakoon 
et al., 2022). These bacteria, which may be found in a number of environments, 
including industrial pipelines and marine deposits, show the diversity of microbial 
iron oxidation methods. The diversity of metabolic processes carried out by IOB and 
the way they interact with different microbial communities in different environments 
are still not well understood. In addition, more study is required to understand the 
molecular mechanisms behind Fe(II) oxidation, especially the function of particular 
genes like cyc2 and resB (Carlson et al., 2013; Lack et al., 2002). More research is 
also required into the competitive dynamics of microbial and abiotic iron oxidation 
activities under different environmental conditions.

Future studies should focus on identifying the metabolic potential of novel IOB 
strains under various conditions while giving signi�cance to their isolation and char-
acterization from unknown environments. Understanding their roles in the environ-
ment and the factors in�uencing their activity could provide signi�cant insights about 
how they contribute to iron cycling and MIC (Wu et al., 2019). These studies can 
also aid the development of novel approaches for corrosion mitigation and potential 
industrial applications. Advancing our understanding of IOB, especially their evo-
lutionary and functional signi�cance, will help in addressing both theoretical and 
applied problems in microbiological and environmental sciences.
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6.1 � INTRODUCTION

Petroleum, or crude oil, is a fossil fuel formed from organic matter over millions of 
years, found in reservoirs worldwide. It is a mixture of hydrocarbons (HCs), which 
serve as primary raw materials for numerous industries, including pharmaceuticals, 
agriculture, chemicals, and plastics. However, its extraction, transportation, or 
improper disposal can accidentally release HCs into soils, freshwater, and marine 
ecosystems, thereby posing signi�cant environmental risks (Patowary et al., 2016; 
Srivastava et al., 2019) and threaten biodiversity, water quality, and human health 
(Truskewycz et al., 2019; Xu et al., 2018). Industrial activities further exacerbate 
pollution by introducing persistent organic pollutants (POPs) such as polycyclic  
aromatic HCs (PAHs), polychlorinated biphenyls (PCBs), and dioxins (Srivastava 
et al., 2019). PAHs, naturally present in crude oil and also produced during the 
incomplete combustion of organic materials, are recalcitrant toxic compounds with 
mutagenic and carcinogenic properties that accumulate in sediments (Honda & 
Suzuki, 2020).

HCs and POPs hinder oxygen exchange, alter pH levels, disrupt plant photosyn-
thesis, and reduce soil productivity by restricting nutrient uptake (Qian et al., 2011; 
X. Wang et al., 2016). These pollutants often enter water bodies through surface 
runoff and industrial ef�uents, ultimately feeding into rivers, lakes, and marine envir-
onments. PCBs, used as �ame retardants and lubricants, degrade slowly and remain 
toxic in sediments for decades (Risso et al., 2016; Storelli et al., 2003; Ulbrich & 
Stahlmann, 2004). Dioxins, known for their extreme persistence, resist biological 
and chemical breakdown, making them some of the most enduring pollutants in the 
environment. Accumulation of these substances and petroleum residues on coastlines 
and seabeds causes long‑term habitat degradation and delayed recovery through per-
sistent contaminated sediments and the settling of oil‑laden particles (Wilson et al., 
2021; Gregson et al., 2021; Rahsepar et al., 2022). Furthermore, these pollutants 
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often bioaccumulate in the food chain, with toxins ingested by plants and animals 
ultimately affecting human health and higher trophic levels (Ramachandran et al., 
2004; Wu et al., 2024).

An example of the activities that increase HC pollution is the bituminous oil sands  
in northern Alberta, Canada. Bitumen, often linked to persistent organic acids such as  
naphthenic acids, accumulates in river and wetland sediments, a situation worsened  
by oil sands mining (Whitby, 2022). The extraction of bitumen generates large quan
tities of contaminated water, which pollutes surrounding ecosystems when stored in  
sedimentation basins. While natural seeps are the largest source of oil input into the  
sea (National Research Council & Committee on Oil in the Sea Inputs Fates and  
Effects National Research Council, 2003), medium to large (>7 tons) accidental spills  
can cause signi�cant damage to marine ecosystems and the economies that depend  
on them. There are wide and varied sources for the entry of oil into the sea, but off-
shore oil extraction, production, and transportation are major anthropogenic sources,  
with oil rig disasters and tanker spills typically releasing high quantities over shorter  
timescales (Figure 6.1). For instance, the Deepwater Horizon oil spill that occurred  
in the Gulf of Mexico in 2010 resulted in the release of over 7000 tonnes per day  
of Louisiana Sweet crude oil over a period of 87 days, while the Sanchi oil spill  

FIGURE 6.1  The fate of oil spillage in the ocean. (A) Natural oil seeps: A major source of 
oil in the ocean. Currents disperse and dilute the oil. Researchers sometimes collect sediment 
near oil seeps and extract whole-​community DNA to study HC-​degrading microbes. (B) Oil 
spills: Another major source of oil entry to the ocean. Some HCs evaporate and degrade due to 
exposure to sunlight. (C) Surface biodegradation: Aerobic microbes consume dispersed spilled 
oil or that is associated with MS and which may eventually sink to the seabed. (D) Marine 
sediment: MS and heavy oil compounds accumulate. Once buried within millimeters, anaerobic 
microbes use some of the oil as a carbon and energy source. Non-​degraded/​mineralized oil 
accumulates and is buried. (E) Coastal impact: Wind and waves transport oil towards coasts. 
(F) Coastal zones can accumulate oil, which can signi�cantly damage sensitive ecosystems 
and affect the livelihoods and local economies that depend on these, all whilst HC-​degraders 
continue the biodegradation process.
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that occurred in the south China sea in 2018 released 140,000 tonnes in just 1 week  
(Deepwater Horizon, 2020; Villela et al., 2019). Comparatively, natural oil seeps (i.e.,  
natural leaks of crude oil and/​or gas from the seabed or terrestrial sites along a coastal  
region) are a continued, long-​term source of chronic oil pollution into the sea.

Upon entry of oil into a marine environment, it undergoes various physical, 
chemical, and biological processes that determine its fate and effects on the envir-
onment (Figure 6.1). If released on the sea surface, or from a subsurface source, 
the oil will spread and some will disperse into the water column, and the propor-
tion that does will be dependent on various factors such as waves and currents. 
Volatile components evaporate quickly into the atmosphere, while others degrade 
due to the effects of ultraviolet (UV) irradiation from sunlight and the activities of 
HC-​degrading microorganisms (Head et al., 2006; Xue et al., 2015). Microbial bio
degradation processes can occur within minutes and continue for weeks, months, 
or even years, depending on the type of oil, environmental conditions, and the 
native microbial populations present. In the ocean, and as a stress response, some 
microorganisms secrete gels that trap oil droplets and organic matter, forming 
marine snow (MS) that sinks to the seabed (Gregson et al., 2021; Rahsepar et al., 
2022). Heavier components and MS, carried by sea currents, settle in marine 
sediments far from the spill site. The action of wind and waves can transport oil 
toward coastal ecosystems, especially vulnerable due to their productivity and eco-
logical importance.

Bacteria and archaea are capable of degrading HCs (Laczi et al., 2020; R. C. Prince 
et al., 2010; Wegener et al., 2022) (Ru et al., 2023). These studies have uncovered 
metabolic pathways and highlighted the diversity of microbial communities involved 
in degradation. However, much remains unknown about microbial diversity in natural 
environments (Baker et al., 2021; Q. Chen et al., 2020; Hug et al., 2016). Sophisticated 
molecular biology techniques, such as DNA/​RNA-​based stable isotope probing 
(DNA/​RNA-​SIP) (Gutierrez & Kleindienst, 2020) and advances in high-​throughput 
sequencing and bioinformatics, are now helping to identify new microbial players 
and previously unknown HC degradation pathways, enriching our understanding of 
bioremediation in marine settings. The application of these techniques, alone or in 
tandem, offers the opportunity to enrich what little we currently know about the diver-
sity and function of these microorganisms, especially in natural oil and gas seeps 
where these organisms have existed and thrived for millennia.

This chapter provides an in-​depth review of HC biodegradation, with a special 
focus on the microbial processes contributing to this in marine oil-​impacted envir-
onments. Section 6.2 explores the diverse microbial communities involved and their 
metabolic pathways. Section 6.3 reviews tools to assess HC degraders and compiles 
global case studies revealing dominant marine taxa and the core genes and pathways 
mediating HC degradation. Section 6.4 describes how these microbes actively 
degrade HCs in marine environments, detailing practical bioremediation strategies. 
Finally, Section 6.5 highlights emerging technologies and knowledge gaps, offering a 
forward-​looking view on future directions in microbial bioremediation of petroleum 
pollutants.
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6.2 � DIVERSITY OF HC DEGRADERS AND THEIR HC METABOLIC 
PORTFOLIO: INSIGHTS FROM GENOMICS AND OTHER 
SOPHISTICATED MICROBIAL AND MOLECULAR METHODS

Microorganisms that degrade HCs are found ubiquitously throughout the world�s 
seas and oceans, in environments where there is petrochemical contamination, as 
well as where there is no obvious contamination (Gutierrez, 2018). Their ubiquity 
boils down to the fact that the global ocean is a conveyor belt which, via the action 
of wind, subsurface currents, upwelling events, and other physical processes, effect-
ively results in the transportation of microbial populations (akin to mass microbial 
migrations) at great distances (vertically and horizontally). HC degraders have, for 
millions of years, evolved enzymes for the degradation of any one or more chem-
ical species of HC (Pandolfo et al., 2023), and they can share this metabolic cap
ability with other microorganisms through processes such as horizontal gene transfer 
(HGT) (French et al., 2020; C. Zhang & Anderson, 2012; Zhao et al., 2017). Studies 
show that after accidental HC releases, the proportion of indigenous HC-​degrading 
microbes rises signi�cantly, aiding in bioremediation by ef�ciently breaking down 
HCs under the prevailing conditions (Cappello et al., 2007; Hazen et al., 2010). 
Although contaminated sites contain higher concentrations of these microorganisms, 
their natural abundance is relatively quite low (<1% of total community abundance) 
in marine environments (Head et al., 2006).

6.2.1 �D IVERSITY oF HC-​DEgRADINg MIcRooRgANISMS IN MARINE 
ENVIRoNMENTS

In the event of an oil spill, HC degraders, especially the obligate hydrocarbonoclastic 
bacteria (OHCB), become strongly enriched and primarily carry out the natural clean-​
up process (Yakimov et al., 2022). Several hydrocarbonoclastic bacteria, including 
species from the genera Alcanivorax, Marinobacter, Oceanobacter, Cycloclasticus, 
and Thalassolituus possess enzymes that enhance their ef�ciency in degrading HCs 
compared to microbes from cleaner environments. Additionally, certain fungi such 
as those from the genera Aspergillus, Fusarium, and Lasiodiplodia, and microalgae 
such as Selenastrum, Scenedesmus, and Chlorella can also participate in the biodeg-
radation of oil fractions. These HC-​degrading microorganisms present a promising 
solution for bioremediation of oil spills, offering a natural approach to environmental 
HC remediation.

6.2.2 �H C DEgRADATIoN PATHwAYS

The biodegradation of HCs mainly depends on the type of HC species, principally 
their molecular size and complexity. Simpler compounds, such as n-​alkanes, are 
easier to degrade, whereas complex HCs like PAHs require specialized microbes or 
microbial consortia for ef�cient degradation (Grosskopf & Soyer, 2014; Karkaria 
et al., 2021; Kong et al., 2018; Rojas-​Vargas et al., 2022). Microbes access short-​
chain alkanes, which contain fewer than nine carbons, by directly incorporating them 
into their cells (Moreno & Rojo, 2017; W. Wang & Shao, 2013), whereas for longer 
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alkanes, the cells are required to adhere directly to the surface of oil droplets. Certain 
species, such as Acinetobacter, use �mbriae or biosurfactants to enhance contact 
with oil through improving HC bioavailability via emulsi�cation (Baldi et al., 1999). 
Many bacteria produce biosurfactants, including lipoproteins and rhamnolipids, 
which reduce oil�​water interfacial tension and promote HC degradation in aerobic 
and anaerobic conditions.

While HCs are generally non-​reactive compounds, they can serve as carbon 
and energy sources for microorganisms capable of activating them. Aerobic 
microorganisms initiate HC degradation by incorporating oxygen, while anaerobic 
microorganisms use alternative methods, such as succinate addition (Widdel* & 
Musat, 2010). Enzymes like oxygenases, hydroxylases, and dehydrogenases are cru
cial in aerobic and anaerobic degradation pathways. Although simple alkanes degrade 
more readily, complex structures like PAHs resist microbial degradation.

6.2.3 �A ERoBIc BIoDEgRADATIoN PATHwAYS

Aerobic degradation is a process whereby microorganisms activate HCs through 
the insertion of oxygen into the molecules, especially in alkanes, which are major 
components of crude oil. In marine environments, this aerobic process is present in 
shallow surface waters and in the uppermost layer of sediments, if oxygen is still 
available. There are four major pathways involved in the degradation of alkanes by 
aerobic microorganisms, including terminal, biterminal, and subterminal oxidation, 
all of which convert alkanes to alcohols, and the Finnerty pathway through which 
they are converted into n-​alkyl hydroperoxide (Figure 6.2a) (Ji et al., 2013; Moreno 
& Rojo, 2017; Wentzel et al., 2007). Key proteins of these pathways are the alkane 
monooxygenase AlkB and cytochromes CYP153 and CYP450, which oxidize n-​
alkanes to the corresponding primary alcohol via a terminal pathway. The Finnerty 
pathway requires, for instance, terminal alkane-​hydroxylase AlkM. Other substrate-​
speci�c monooxygenases attack smaller alkanes like methane, propane, and butane. 
Alkenes are degraded by their conversion to epoxides via alkene monooxygenases 
prior to entering central metabolic pathways (Figure 6.2b). Aromatic HCs con
tain benzene rings and are more persistent, requiring ring-​cleaving enzymes such 
as intradiol and extradiol dioxygenases to form intermediates such as catechol or 
protocatechuate (Figure 6.2c). The genes encoding these pathways are often plasmid-​ 
or chromosome-​encoded and provide the key enzymatic steps that shunt metabolites 
into central metabolic cycles.

6.2.4 �A NAERoBIc BIoDEgRADATIoN PATHwAYS

Recently, much interest has focused on anaerobic degradation of HCs with an  
emphasis on the highly sophisticated biochemical strategies that microorganisms  
employ to degrade HCs in the absence of oxygen. In environments such as deep-​ 
sea sediments and oxygen-​depleted marine sediments, anaerobic microorganisms  
utilize a diverse set of enzymatic reactions to activate the C�​H bonds. These reactions  
include hydroxylation with water, fumarate addition, carboxylation, hydration of  
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for assessing biodegradation (Guhl & Steber, 2006). These methods are a tiered 
approach based on test stringency, and they evaluate the biodegradability of chemicals 
in the presence of a diverse range of microbial communities (activated sludge, river 
water, seawater, soil). This test series includes the OECD 306 test �​ speci�cally, the 
Biodegradability in Seawater test (OECD, 1992) �​ which is relevant to assess the 
biodegradability of HCs in the marine environment. Brie�y, the test involves adding 
a chemical compound to seawater in a closed bottle (without headspace). The degrad-
ation of the chemical is monitored by measuring the oxygen consumed in the closed 
bottle, and its biodegradation is calculated based on the theoretical oxygen demand 
(ThOD) or amount of oxygen required for complete degradation of the chemical. 
An example of the application of the OECD 306 test in biodegradation of HCs is the 
work on the HC base �uid GTL Saraline 185V (Brown et al., 2020). In this study, 
complete biodegradation of GTL Saraline 185V was demonstrated within 28 days 
using the OED 306 method, and the result was reproducible in tests conducted in 
three different countries (US, UK, and Singapore), using three different batches of 
seawater. The OECD biodegradation test was designed from an ecological point of 
view, simulating relevant environmental conditions for degradation of chemicals. As 
such, the test does not provide information on which microorganisms, or which meta-
bolic pathways, are involved in the degradation process. Considering that molecular 
tools are nowadays affordable, it would be interesting to combine omics techniques 
and OECD biodegradation tests to study and understand in depth the degradation of 
HCs in different environments.

6.3.2 � CULTURE-​DEPENDENT AND METAgENoMIcS APPRoAcHES

To identify and assess the abundance of HC-​degrading microorganisms in different 
environments (soils, water, sediments, oil reservoirs), researchers employ both trad-
itional culture-​dependent methods and advanced molecular tools. Culture-​dependent 
methods allow the growth of speci�c microbial strains, while molecular approaches, 
like polymerase chain reaction (PCR), can identify non-​culturable organisms and 
provide a comprehensive view of microbial communities. Techniques such as 16S 
rRNA sequencing, metagenomics, transcriptomics, denaturing gradient gel electro-
phoresis (DGGE), and oligonucleotide hybridization arrays have uncovered HC-​
degrading microbes across ecosystems (Kovac et al., 2022; Pereira et al., 2015; Silva 
et al., 2022).

Marine environments harbor vast microbial diversity in seawater and sediments, 
offering promising opportunities to discover new HC-​degrading microbes. 
Metagenomics, which analyzes microbial communities without the need for culture 
techniques, enables researchers to explore the genetic potential of these microbes. By 
examining the complete genetic material in environmental samples, metagenomics 
not only helps con�rm the presence of enzymes and identify the metabolic pathways 
of organisms that presumably are HC degraders or abundant in oil spills (Dombrowski 
et al., 2016) but also facilitates the discovery of novel enzymes and previously 
uncharacterized metabolic routes. This approach allows researchers to reconstruct 
individual genomes, analyze metabolic processes, and make functional predictions 
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about ecosystem dynamics. The genomes obtained, known as Metagenome-​
Assembled Genomes (MAGs), have revealed new microbial lineages and metabolic 
pathways, including potential novel enzymes (De Anda et al., 2021; Gong et al., 2022; 
VÆzquez Rosas Landa et al., 2023). For example, VÆzquez Rosas Landa et al. (2023) 
utilized DNA-​SIP experiments by labeling a hexadecane molecule in an enrichment 
culture. They were able to recover 42 MAGs with HC degradation pathways and 
new enzymes potentially involved in HC degradation, particularly from lineages of 
Alphaproteobacteria. SIP experiments allow us to selectively enrich the fraction of 
the community that utilizes a speci�c compound, avoiding the need for metagenomic 
analysis of the entire microbial community. Additionally, techniques like BONCAT, 
which enable the identi�cation of active microbial communities, provide further 
insight into the dynamics of these populations and allow for the detailed mapping of 
their active metabolic pathways (Schweitzer et al., 2022).

6.3.3 � GLoBAL STUDIES AND CASE EXAMPLES oF HC-​DEgRADINg MIcRoBIAL 
CoMMUNITIES

The metagenomic approaches unraveled several microbial genera which effectively 
degrade HCs in marine environments. Some of the effective genera of the aerobic HC 
degraders, as revealed earlier (Liu et al., 2024), include the following: Oceanospirillum, 
Bermanella, Colwellia, Thalassolituus, and Alcanivorax. MAGs were used to iden-
tify certain monooxygenases, for example, AlkB and AlkM, responsible for aerobic 
HC breakdown, and dioxygenases, for example, XylM and TodC1, responsible for 
aromatic HC oxidation. Similarly, another study (Hidalgo et al., 2020) on microbial 
diversity in tropical seas, such as the Campos Basin, identi�ed critical HC-​degrading 
microorganisms and associated genes. After collecting samples from contaminated 
and non-​contaminated sites, researchers observed HC-​degrading microbes like 
Pseudomonas, Acinetobacter, Alcanivorax, Marinobacter, Rhodococcus, and Dietzia, 
as well as key genes, including phdCI, assA, and bssA, which facilitate HC biodeg-
radation in extreme environments.

In another study (Appolinario et al., 2019), collaborators collected samples from 
the Campos Basin at various depths, where they evaluated HC degradation poten-
tial (Appolinario et al., 2019). After supplementing seawater samples with crude oil, 
they observed an increase in metagenomic sequences associated with oil-​degrading 
archaea, fungi, and bacteria, including Marinobacter, Pseudomonas, Flavobacterium, 
Colwellia, and Cycloclasticus. Moreover, they identi�ed an increase in the abun-
dance of the Nitrosopumilaceae archaeal family after incubation with oil. For fungi, 
the Ascomycota phylum increased in all samples incubated with oil. Both groups 
(archaea and fungi) have been reported in previous studies as having the capability 
to metabolize alkanes, BTEX (benzene, toluene, ethylbenzene, xylene), and PAHs. 
Related to microbial functions and metabolism, the authors also detected genes 
responsible for the metabolism of aromatic compounds. Speci�cally, they observed 
an increase in the relative abundance of genes involved in benzene degradation 
and alkane monooxygenases, like the alkB and the alkM genes (Appolinario et al., 
2019). These �ndings highlight the diversity of bacteria, archaea, and fungi capable 
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of breaking down HC compounds, including n-​alkanes, aromatic compounds, and 
PAHs. Expanding sequencing efforts across global oceans could help identify novel 
strains for bioremediation applications.

6.4 � BIOREMEDIATION AND HOW TO ENHANCE IT

Various methods of remediation exist following an oil spill to help minimize 
its impact and prevent oil from reaching the coastal area. The general methods 
include mechanical methods using skimmers, booms, and absorbent materials as 
a means of containment and recovery, and the use of water jets for dispersion 
(Dhaka & Chattopadhyay, 2021). Other major approaches include in situ burning 
and application of chemical dispersants in the �rst hours after a spill (Transport 
Canada, 2023; Sharma et al., 2024). However, these methods also have their own 
challenges: burnings emit toxic fumes, chemical dispersants may be toxic to 
marine life, and they usually are not effective on heavy oils (Sharma et al., 2024). 
These disadvantages were fully displayed during the Deepwater Horizon, wherein 
26% of the spilled oil crossed the US coastline despite remediation efforts (Wilson 
et al., 2021). Once oil reaches the shoreline, the cleaning of sand and gravel is 
done off-​site, and vegetation that is badly damaged is removed.

Bioremediation strategies, particularly those that leverage microbial consortia, play a 
crucial role in breaking down these HCs and accelerating natural degradation processes 
(Valizadeh et al., 2024). By harnessing microorganisms capable of metabolizing oil-​
derived compounds, we can effectively target and reduce the impact of oil spills (Tedesco 
et al., 2024). Currently, the main bioremediation strategies include bio-​augmentation, 
bio-​stimulation, and the introduction of surfactants or biosurfactants (Figure 6.3).

One of the bioremediation methods is bio-​augmentation, which is inoculation 
with specialized microorganisms with the aim of enhancing the degradation of HCs. 
In the removal of HC pollutants, bio-​augmentation can be directly carried out in 
contaminated environments through the introduction of HC-​degrading organisms, 
from genetically modi�ed strains to single microbial species or consortia of either 
native or non-​native microorganisms (Ebadi et al., 2017; Nikolopoulou et al., 2013; 
Nur Zaida & Piakong, 2018; Nwankwegu et al., 2022). It is generally recommended 
to use native microorganisms, as they are already adapted to the speci�c environ-
mental conditions of the contaminated site. Researchers are exploring a variety of 
bacterial species, such as Rhodococcus erythropolis, and Corynebacterium variabile 
HRJ4, for bio-​augmentation applications, each with unique capabilities for breaking 
down HCs (Naeem & Qazi, 2020). Bio-​augmentation, however, is considered to be 
effective based on factors such as compatibility between the strains introduced and 
the native microbial population and contaminants present (Lawniczak et al., 2020).

Despite its potential, bio-​augmentation is less used because most of the  
HC-​degrading microorganisms are widely distributed in nature. Besides, many non-​
native microorganisms experience disadvantages while competing against naturally 
adapted microbes and have to undergo a long adaptation period for HCs to serve as 
a sole source of energy and carbon for them (Nwankwegu et al., 2022) (Table 6.1). 
Although quite effective, the long-​term impacts related to the introduction of non-​
native microorganisms into natural ecosystems are largely not known.
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FIGURE 6.3  Bioremediation strategies.

TABLE 6.1
Examples of Bioaugmentation and HC-Degrading Bioremediation Processes

Microorganism Remarks Reference

Effective in Laboratory
Bacteria
Pseudomonas 

aeruginosa
This bacterium has been shown to effectively 

degrade crude oil and is utilized in various 
bioremediation studies. It achieved a 
degradation rate of 50.94% for crude oil in 
marine environments when applied as a bio-​
augmenting agent.

(Gao et al., 2023)

Achromobacter 
xylosoxidans BP1

This bacterium has demonstrated potential in 
effectively degrading PAHs.

(B. Zhang et al., 
2023)

Acinetobacter 
radioresistens

Investigated as a candidate to enhance the 
ef�cacy of Alcanivorax borkumensis by 
prolonging its exponential growth phase during 
bioremediation.

(Poorsoleiman 
et al., 2020)

Fungi
Phanerochaete 

chrysosporium
A white-​rot fungus known for its ligninolytic 

enzymes, it can degrade complex organic 
pollutants, including HCs.

(W. Chen et al., 
2023)
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Microorganism Remarks Reference

Fusarium spp. Certain strains have shown potential in degrading 
petroleum products and enhancing microbial 
activity in contaminated soils

(W. Chen et al., 
2023)

Microalgae and cyanobacteria
Chlorella vulgaris While primarily recognized for its nutritional 

value, it has potential for bioremediation by 
absorbing and degrading pollutants such as 
HCs.

(W. Chen et al., 
2023)

Spirulina spp. Known for absorbing heavy metals, Spirulina may 
assist in the degradation of certain pollutants 
when combined with bacteria or fungi.

(W. Chen et al., 
2023)

Currently Used in Bioremediation
Bacteria
Alcanivorax 

borkumensis
Recognized for its ability to preferentially 

degrade alkanes in crude oil, this marine 
bacterium is often used in bioremediation 
efforts following oil spills.

(Deng et al., 2024)

Marinobacter This genus is dominant in oil-​contaminated 
marine environments and plays a signi�cant 
role in HC degradation.

(Gao et al., 2023)

Halomonas Known for its capability to degrade diesel fuel 
and other petroleum products, Halomonas is 
often employed in saline environments.

(Gao et al., 2023)

Sphingomonas This genus is effective in degrading complex 
polycyclic aromatic HCs (PAHs) and is utilized 
in bio-​augmentation strategies

(W. Chen et al., 
2023)

Rhodococcus A versatile bacterium capable of degrading a 
variety of HCs, including complex aromatic 
compounds, Rhodococcus is frequently used in 
bio-​augmentation.

(W. Chen et al., 
2023)

Mycobacterium Known for its effectiveness in degrading long-​
chain alkanes and PAHs, Mycobacterium 
species are important in bioremediation.

(W. Chen et al., 
2023)

Bacillus subtilis Utilized for its biosurfactant production 
capabilities, Bacillus subtilis enhances HC 
degradation through bio-​augmentation.

(Safdari et al., 
2017)

Fungi
Aspergillus niger This fungus has shown the ability to degrade 

various HCs and is often included in bio-​
augmentation strategies for petroleum-​
contaminated sites.

(W. Chen et al., 
2023)

(continued)
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One of the most renowned examples of bioremediation applied to oil spills is the 
case of the Exxon Valdez spill. On March 24, 1989, after the grounding of the oil 
tanker Exxon Valdez, around 42 million liters of oil were spilled over the shores of 
Prince William Sound, AK (10.1021/​es00062a712). Due to the nature of the spill and 
its dif�culty to remove it with traditional techniques, two biofertilizers (Inipol EAP22 
and Customblem 28-​8-​0) were used for bio-​stimulation (Bragg et al., 1994; Pritchard 
& Costa, 1991). Before the treatment, the population of native oil-​degrading bacteria 
represented below the 10% of the total heterotrophic bacterial population, and by 
the end of 1989 (during treatment), the oil-​degrading bacterial population rose up to 
40% (1×105 cells/​mL of seawater) (Pritchard & Costa, 1991). A survey done in 1992 
showed that only 1.3% of the contaminated shoreline was still oiled (Bragg et al., 
1994). The case of the Exxon Valdez represents the largest use of bioremediation 
treatments ever undertaken.

Bio-​stimulation is the enhancement of the activity of indigenous microorganisms 
through the improvement of their environment, achieved by the addition of nutrients, 
oxygen, or other additives, which increases the biodegradation capability of  
indigenous HC-​degrading microorganisms (Kebede et al., 2021). Bio-​stimulation 
is generally more effective than bio-​augmentation in several ways: the indigenous 
microorganisms are already adapted to the local environmental conditions and could 
compete more successfully with the introduced strains; bio-​stimulation is generally 
less expensive and easier to apply than bio-​augmentation (�awniczak et al., 2020).

Surfactants have a dual role as a treatment in response to oil spills at sea, on the one 
hand these chemical dispersants improve the bioavailability of HCs, which are hydro-
phobic and pose a challenge for microorganisms to access and degrade them, and on 
the other hand they enhance the microbial degradation of HCs. Synthetic surfactants 
and biosurfactants enhance the solubility of HCs, making microbial uptake and deg-
radation more ef�cient (Das & Chandran, 2011; Kebede et al., 2021) (Figure 6.4). 
It is still debated in the literature whether the use of synthetic surfactants, such as 
Tween 80 and Span 80, against oil spills is an appropriate strategy, as there are studies 

Microorganism Remarks Reference

Penicillium 
chrysogenum

Effective in degrading PAHs and complex HCs, 
this fungus contributes to bioremediation 
efforts.

(W. Chen et al., 
2023)

Trichoderma spp. Some species within this genus are effective at 
enhancing the biodegradation of petroleum 
HCs through their enzymatic activities.

(W. Chen et al., 
2023)

Microalgae and Cyanobacteria
Scenedesmus 

obliquus
Capable of utilizing HCs as a carbon source, it 

contributes to bioremediation efforts alongside 
other microorganisms.

(W. Chen et al., 
2023)
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reporting positive effects promoting oil-​degrading bacteria (Techtmann et al., 2017) 
and others indicating that the use of chemical dispersants inhibit microorganisms 
or that their use has a negative effect in the environment (Prince, R. C., 2023). In 
the case of biosurfactants, the addition of rhamnolipids, a type of biosurfactant 
produced by Pseudomonas aeruginosa, has been shown to increase the desorption 
and solubilization of PAHs in contaminated soils, boosting biodegradation by indi-
genous microorganisms (Kadri et al., 2017; Roger C. Prince & Lessard, 2004). In a 
recent study, rhamnolipids were shown to perform better than chemical dispersants, 
such as Corexit 9500 and Slickgone NS, in promoting the growth of oil-​degrading 
microorganisms (Oleispera and Colwellia) from the North Sea (Lu et al., 2023). The 
synthetic chemical dispersant Finasol OSR52, which is stockpiled worldwide for use 
in oil-​spill response, has been shown to inhibit key OHCB, such as Cycloclasticus, 
in simulated oil-​spill experiments, whereas biosurfactants such as rhamnolipids 
did not have this effect (Nikolova et al., 2021). Other biosurfactants such as 
sophorolipids from Starmerella bombicola, surfactin from Bacillus subtilis, emulsan 
from Acinetobacter calcoaceticus, and mannosylerythritol lipids from Pseudozyma 
yeasts have also demonstrated ef�cacy in oil spill bioremediation and HC degrad-
ation (Makkar & Cameotra, 2002). Compared to synthetic chemical surfactants/​

FIGURE 6.4  Structure of surfactants.
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dispersants, biosurfactants are particularly advantageous due to their lower toxicity 
and higher biodegradability (Gutierrez, 2017).

6.5 � CONCLUSION AND PERSPECTIVES

Petroleum HC spills from industrial activities severely harm global ecosystems, 
damaging soil, groundwater, and sensitive marine environments. Bioremediation is 
a promising, cost-​effective, and environmentally friendly solution that harnesses the 
innate potential of microbial communities to degrade hazardous HC compounds.

Research on HC degradation has illustrated that HCs serve as electron donors 
and carbon sources for a number of bacteria; however, several HCs are often found 
as recalcitrant compounds in the environment due to unfavorable conditions and 
poor availability to HC-​degrading microorganisms. Further research should focus on 
understanding how the environment in�uences HC biodegradation to optimize the 
application of HC-​degrading microorganisms in bioremediation approaches.

Despite some successful bioremediation cases where microorganisms were able 
to readily degrade HC contaminants, predicting the most appropriate bioremediation 
approach is challenging. The composition of crude oil is complex, and this compos-
ition varies depending on the source and re�nery (processing) conditions (Aitani, 
2004). Hence, researchers consider crude oil as an archetypal example of so-​called 
�Unknown or Variable composition, Complex reaction products or Biological� 
materials substances (Walters, 2020). The components of crude oils include linear, 
branched, naphthenic (aliphatic cyclic), and aromatic components of various carbon 
chain lengths. Therefore, variability among biodegradation results or bioremedi-
ation strategies is not surprising. Understanding the biodegradation of the individual 
constituents of crude oil is critical to identifying the bottlenecks for its complete deg-
radation by microorganisms. To achieve this end, the combination of screening the 
biodegradability of individual crude oil components and characterizing the microbial 
communities that carry out their degradation will shed light on the understanding of 
crude oil biodegradation.

Recent advances in arti�cial intelligence (AI) have enabled researchers to tackle 
many scienti�c problems in different ways. Machine learning (ML), a subset of AI, 
aims to learn from data sets to identify features or reduce complexity. Some ML 
models have been created to predict the biodegradability of chemicals. In the case 
of crude oil HCs, recent advances in the development of Quantitative Structure�​
Property Relationship (QSPR) ML models are addressing the challenge of predicting 
degradation of HCs in aquatic systems (Davis et al., 2022). As expected, data from 
HC studies are variable due to factors such as environmental conditions. Therefore, it 
should be emphasized that it is a major effort that the ML models attempt to integrate 
the chemical structure of HCs, the variation in biodegradation studies and the context 
of environmental conditions that result in different rates of biodegradation (Davis 
et al., 2022; J. Wang et al., 2024).

The frontier of microbial bioremediation in marine settings lies in the discovery 
of new enzymes and microbial species capable of effectively degrading various HC 
compounds. Microorganisms can effectively break down HCs, so their introduction 
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7.1 � INTRODUCTION

7.1.1 �B AcKgRoUND AND DRIVINg FoRcES

Amidst the global surge in energy demand and climate change mitigation efforts, the 
oil and gas industry is confronted with a multitude of challenges. As the reserves of 
low-​sulfur, light crude oils are being depleted at a faster rate, heavy oils with high 
sulfur content are becoming the primary target for production. These high-​sulfur, 
heavy oils are also becoming the main feedstock for re�neries. For example, the 
sulfur content of crude oil feed to re�neries in USA was 0.91% in 1985, peaked at 
1.46% in 2008, and then reached 1.33% by 2023 (EIA, 2024). Since 2017, the US 
Environmental Protection Agency�s Tier 3 emissions program toughened the sulfur 
content of gasoline to a maximum of 10 ppm of sulfur on a per-​year average and 80 
ppm on a per-​gallon basis, which is similar to standards in Europe, Japan, Korea, and 
several other regions (USEPA, 2014). Local regulators have also instituted environ
mental regulation guidelines related to sulfur emissions from oil, gas, and chemical 
processing facilities (Wong et al., 2016). Sulfur emissions are generally expressed in 
the amount of sulfur dioxide (SO2) resulting from burning of sulfur-​containing feed 
at the affected facility minus the amount of sulfur recovered or retained in re�ned 
products (Smith et al., 2011). For example, petroleum facilities in Ontario in Canada, 
currently have speci�c limits of 225 kg/​day for their SO2 emissions (MECP, 2022). 
In the USA, affected facilities with a sulfur production rate of at least 5 long tons 
per day have to reduce SO2 emissions by 99.9% (USEPA, 2024). The �quarter grain 
gas� speci�cation has been traditionally considered for pipelines in the USA, which 
limited the hydrogen sul�de and total sulfur compounds to about 4 ppmv (0.5 grain 
per 100 standard cubic feet (scf)) and 85 ppmv (5 grains per 100 scf), respectively  

7
 

 

 

 

 

 

 

 

 

 

 



144 Microbiological Challenges in the Energy Industries

���

(Murthy, 1974). Hydrogen sul�de was not discussed in recent de�nitions of the pol
icies that distinguish a pipeline natural gas where the total sulfur content has not 
exceeded 0.5 grain per 100 scf based on annual average, and natural gas, which may 
have as much as 20 grains of total sulfur per 100 scf (USEPA, 2009).

Total sulfur content in oil ranges from 0.03 to 5.3 wt% (Robinson & Hsu, 2017). 
Sulfur is present in crude oil and petroleum products in the form of various compounds: 
mercaptans, thiophenes, sul�des (acyclic and cyclic), polysul�des (disul�des, 
trisul�des, etc.) sulfoxides, sulfones, hydrogen sul�de (H2S) and elemental sulfur 
(Shi & Wu, 2021). The latter two substances can be dissolved in oil as a result of the 
thermal decomposition of sulfur-​containing constituents of the fossil organic matter, 
thermochemical sulfate reduction, volcanic gas emanations, and microbial sulfate 
reduction (Marriott et al., 2016). Generated H2S is partitioned between oil, gas, and 
water depending on the pH, pressure, temperature, and ionic strength, as well as the 
ratio of the produced phases (Burger et al., 2013). According to the internationally 
recognized Association for Materials Protection and Performance (AMPP) standard 
MR0175, the facilities handling oil with >0.345 kPa H2S, which can be translated 
into 10 mg/​L H2S at ambient pressure in a low salinity aqueous phase, require a 
sour service, because sulfur species make crudes corrosive (ANSI/​NACE, 2021; 
Caldwell et al., 2021). The use of sour service metallurgy increases the costs of pro
ducing wells, trunklines, and other topside facilities, resulting in a signi�cant rise in 
added costs to an entire project (Vance & Thrasher, 2005). The New York Mercantile 
Exchange considers domestic sale of crude oil as �sweet� when the total sulfur con-
tent is <0.42% (CME, 2009), and �sour� when it contains higher levels of sulfur. At 
the same time, the commercial value of sour oil is lower when compared to its sweet 
counterparts.

Reduction of sulfates to sul�de by bacteria and archaea due to oxidation of avail-
able organics can be a signi�cant source of H2S in oil reservoirs with temperature 
<80°C in situ (Cai et al., 2022). Furthermore, there are multiple indications of the 
potential sulfate-​reducing activity in deep-​sea and geological systems at temperatures 
>80°C (Beulig et al., 2022; Jłrgensen et al., 1992; Rozanova et al., 2001; Stetter 
et al., 1993). Accumulation of H2S due to the activity of sulfate-​reducing prokaryotes 
(SRP) is known as microbial souring and can result in soured crude oil and gas in 
the reservoir and surface processing facilities including oil�​water separation units, 
water storage tanks for produced water, and �owlines (Basafa & Hawboldt, 2019). As 
described above, microbial souring, which eventually accounts for increased sulfur 
content in produced hydrocarbons, may present serious concerns to petroleum pro-
ducers. Examples include elevated corrosion risks, high health and environmental 
threats, operational challenges during transportation and re�ning, as well as eco-
nomic loss due to loss of economic value.

Current engineering practices include routine chemical and microbiological 
surveillance of oil�eld topside facilities to proactively detect and diagnose micro-
bial souring before it leads to costly complications. Field surveillance can rely on 
the quantitative assessment of the system�s contamination by general bacteria 
(bioburden) and SRP using several standard analytical protocols, including adenosine 
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triphosphate (ATP) bioluminescence assay, most probable number (MPN), and quan-
titative polymerase chain reaction (qPCR). New high-​throughput, gene-​based identi-
�cation methods, such as 16S rRNA gene �ngerprinting of microbial communities, 
can provide additional insights into diversity and metabolic potential of bacteria and 
archaea of concern. Each of the approaches has its implications that can interfere 
with data interpretation (Grigoryan, 2023). Using a combination of different analyt
ical methods in tandem, along with a sophisticated evaluation of the analytical data, 
helps avoid drawing misleading conclusions. Here we present key �ndings from a 
microbiological assessment of water samples collected from the surface facilities at 
a Central Arabian oil�eld. Additionally, we brie�y explore potential implications of 
microbial souring for upstream and downstream operations. The chapter concludes 
with a discussion on possible strategies to control and mitigate microbial reservoir 
souring.

7.2 � MATERIALS AND METHODS

7.2.1 �S oURcES oF SAMPLES

The Central Arabian oil�eld produces light oil (48�​52 API gravity) from the late 
Carboniferous�​Permian sandstone reservoir at an approximate depth of 1260 m with 
moderate in situ temperatures (65�​68°C). The oil�eld was commissioned in the early 
1990s with water injection as the primary drive mechanism. Historically, water from 
different sources has been used for injection; however, currently, the �eld is exploited 
via produced-​water reinjection (PWRI). For this purpose, the produced water subse-
quently separated from the crude in the high pressure-​production trap (HPPT), low 
pressure-​production trap (LPPT), and water�​oil separator (WOSEP) at the gas�​oil 
separation plant (GOSP), is distributed via two remote injection stations (ISs; S-​
A and S-​D) toward multiple injection wells (IWs) located throughout the oil�eld 
(Figure 7.1).

In October 2019, a total of 16 water samples were taken from different locations 
in the �eld, including produced water at GOSP, injection water from ISs and IWs, 
as well as several producing wells (Table 7.1). Water samples were collected in the 
pre-​rinsed polyethylene terephthalate (PET) bottles, sealed with screw caps and 
transported at ambient temperature to the laboratory, where they were proceeded for 
further analyses.

7.2.2 � CHEMIcAL ANALYSIS

Major chemical characteristics of examined water samples were performed by the 
Saudi Aramco analytical laboratories in accordance with recognized international 
(i.e., ASTM) or internal protocols.

7.2.3 �E NUMERATIoN oF MIcRooRgANISMS

Several different complementary methods (e.g., ATP, MPN, and qPCR) were used to 
assess the total and viable bacteria in the oil�eld water samples.
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The amount of cellular adenosine triphosphate (cATP) was used as an indicator of  
total living microorganisms in water samples. Concentration of cATP was measured  
using QuenchGone21� Industrial Test Kit (LuminUltra, Canada) in accordance with  
manufacturer�s recommendations. Microbial equivalents (MEs) were calculated as  
described elsewhere (De Paula et al., 2012).

TABLE 7.1
Water Samples Collected at the Central Arabian Oil�eld and 
Analyzed in the Study

Sample ID Location/​Description of Sampling Points

HDR Upstream HPPT at GOSP
WOS-​U Between LPPT and WOSEP at GOSP
WOS-​D Downstream WOSEP at GOSP
S-​A Remote injection station A
S-​D Remote injection station D
I-​135 Injector, received water from S-A
I-​123 Injector, received water from S-A
I-​134 Injector, received water from S-A
I-​42 Injector, received water from S-A
I-​112 Injector, received water from S-D
I-​107 Injector, received water from S-D
I-​131 Injector, received water from S-D
I-​120 Injector, received water from S-D
P-​001 Producer
P-​41 Producer
P-​62 Producer

FIGURE 7.1  Schematics of produced water streamlines and sampling locations at the Central 
Arabian oil�eld. Arrows indicate �ow direction. Collate (triangular hourglass) symbols depict 
sampling locations. See explanation in the text. LPPT vessel is not shown.
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Cultivable sulfate-​reducing bacteria (SRB) and acid-​producing bacteria (APB)  
were enumerated by means of the MPN approach in accordance with the AMPP test  
method TM0194-​94-​2014 using commercially available (Biotechnology Solutions,  
TX) modi�ed Postgate�s B medium with 3% salinity and Phenol Red Dextrose Broth  
with 3% salinity.

Presence of total bacteria, total archaea, and SRP was also assayed using qPCR. For 
this purpose, 100 mL aliquots of water samples were �ltered through 47 mm diameter 
0.45 �m MicroFunnel� Filter Funnel units (Pall Laboratories, NY), and the harvested 
biomass was subjected to DNA extraction using the DNeasy� PowerWater� Kit 
(Qiagen, Netherlands) according to the manufacturer�s recommendations. Recovered 
DNA was subsequently subjected to the qPCR analysis to enumerate microbial groups 
of interest. Table 7.2 summarizes primer sets used in the study. The method attests 
to the total number of bacteria of concern, although it does not distinguish between 
active and inactive microorganisms.

7.2.4 �M IcRoBIAL RISK ASSESSMENT

Suf�ciency of the bacterial loads to trigger biofouling and souring in the Central 
Arabian pipeline network was assessed based upon results of ATP, MPN, and qPCR 
tests (Table 7.3) as discussed elsewhere (Grigoryan, 2023).

7.2.5 � 16S RRNA GENE LIBRARY PREPARATIoN AND SEQUENcINg

Multiplexed amplicon libraries were prepared using NEXT�ex� 16S V4 Amplicon-​
Seq Kit 2.0 (PerkinElmer, TX) and subsequently sequenced by the Bioscience Core 
Lab, King Abdullah University of Science and Technology (Tuwail, Saudi Arabia) 
on an Illumina MiSeq sequencer (Illumina Inc., CA) using a MiSeq Reagent Kit V3 
(Illumina Inc., CA) in accordance with the manufacturer�s speci�cations.

TABLE 7.2
Primer Pairs Used for qPCR Assay in the Study

Targeted Group Targeted Gene Primer Name Reference

Total bacteria rrs, 16S rRNA Bac341F Muyzer et al. (1993)
907R Muyzer et al. (1995)
Bac8Fa Loy et al. (2002)
EUB338a Amann et al. (1990)

Total archaea rrs, 16S rRNA Arch806F DeLong (1992)
Arch958R DeLong (1992)
Arch20Fa DeLong (1992)
Univ1517R (rP2)a Weisburg et al. (1991)

Sulfate-​reducing 
prokaryotes

dsr, dissimilatory 
sul�te reductase

DSRp2060F Geets et al. (2006)

DSR4R Wagner et al. (1998)

a  Used for generation of standard curves.

 

  

 

 

 

 

 

 

 

 

 

 

 



���

148
M

icrobiological C
hallenges in the Energy Industries

TABLE 7.3
Microbial Risk Criteria Inferred from Bacterial Loads in Water Samples

Bioburden-​ATP
MIC-​
MPN Bioburden-​qPCR

Sour-​
qPCR Status

Level and Color 
Sign log10 (ME/​mL)

SRB+​APB, log10 (MPN/​
mL)

16S rRNA Bact+​Arch,
log10 (#/​mL) SRP, log10 (#/​mL)

Acceptable <5 <2 <5 <3 Good control,
keep monitoring frequencies

Moderate �5�​6> �2�​3> �5�​6> �3�​4> Warning, increase 
monitoring frequency

High �6 �3 �6 �4 Corrective action needed
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TABLE 7.5
Average Microbiological Characteristics of Water Samples from Central Arabian Oil�eld

ATP,
log10 (ME/​mL)

MPN, log10 (MPN/​mL) qPCR, log10 (#/​mL)

SRB APB BA Arch SRP

Producers 3.18 – 0.02a BDLb BDL 2.33 – 1.7 BDL 1 – 1.41
Plantc 4.8 – 0.24 3 – 0.82 0.67 – 0.47 4.67 – 0.47 3 – 0 2.33 – 0.47
Stations 5.03 – 0.16 3 – 1 1.5 – 0.5 5.5 – 0.5 2 – 1 3.5 – 0.5
Injectors 5.2 – 0.48 2 – 1.53 0.13 – 0.37 4.75 – 0.69 2.88 – 1 3.25 – 0.47

a  Mean – SD
b  Below detection limit.
c  HDR, WOS-​U, and WOS-​D.
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were found less abundant if compared to bacterial population in GOSP samples  
(Figure 7.3b).

Further redundancy analysis of OTUs better described the observed variation of  
taxonomic diversity in different water samples from the Central Arabian oil�eld. For  

FIGURE 7.3  Phylum (a) and family (b) level composition of the Central Arabian oil�eld 
bacterial communities.
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FIGURE 7.4  PCoA from Bray�​Curtis dissimilarity indices: samples and bacterial families 
ordination based on the analysis of the bacterial 16S rRNA gene libraries.

FIGURE 7.5  CAP from Bray�​Curtis dissimilarity indices: environmental factors and samples 
ordination based on the analysis of the bacterial 16S rRNA gene libraries. Arrows show vector 
�tting of the constrained environmental variables.
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instance, the principal coordinates analysis (PCoA) based on Bray�​Curtis distances  
showed 74% of the total variance between bacterial populations in samples collected  
from different locations. PW samples harbored distinct microbial communities from  
GOSPs, IS and IW, with P-​001 and P-​41 sharing relatively more similarities with  
each other. PCoA was unable to differentiate the samples collected from GOSPs, IS  
and IW indicating intra-​variability between the samples (Figure 7.4). Constrained  
analysis of principal coordinates (CAP) relied on Bray�​Curtis indices also grouped  
microbial communities from GOSPs, IS and IW samples together, while PW samples  
were plotted distinctly (Figure 7.5). A subsequent permutational multivariate ANOVA  
(PERMANOVA) suggested that community variations were primarily associated with  
sulfate concentrations (P < 0.001) and temperature (P < 0.005). UPGMA unweighted  
UniFrac analysis also clustered bacterial OTUs discovered in PW samples separately  
from OTUs of GOSPs, IS and IW samples (Figure 7.6).

7.3.3.2  Archaeal Diversity
The number of archaeal clones in PW from wellhead samples was in the range of 
4�​16% of total clone libraries, while in water from GOSP and injectors number 
of archaeal clones made up to 2.0% and 3.3% of microbial 16S rRNA gene clone 
libraries (data not shown). Sequences of phylum Euryarchaeota dominated archaeal 
clone libraries, although they covered about 98% reads (plus 1% of Crenarchaeota) 
in PW community, their contribution reduced to 87% and 61% of archaeal population 
in GOSP and IW samples respectively, in addition to Nanoarchaeaeota sequences, 
which percentage grew from 10% in GOSP to 37% in IW samples (Figure 7.7a). 
Reads belonging to families Archaeoglobaceae (38%) and Thermococcaceae (58%), 
represented by thermophilic archaea capable of sulfate reduction and fermentation, 
respectively (Table 7.6), were found predominant in PW from producer�s wellheads 
(Figure 7.7b). Percentage of Archaeoglobaceae and Thermococcaceae in the archaeal 
population from GOSP�s waters gradually reduced to 24% and 32%, respectively, in 
addition to sequences of methanogen�s family Methanomicrobiaceae (22%) and class 

FIGURE 7.6  UPGMA unweighted UniFrac clustering of bacterial 16S rRNA gene library 
retrieved from Central Arabia oil�eld samples.
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TABLE 7.6
Some Characteristics of Microorganisms Observed in Water Samples from Central Arabian Oil�eld

Locationsa Family Tempb Sporesc Metabolismd
Inorganic 
Acceptors

Donors or 
Fermentation 
Substratese References Resolved Genera

StIW Anaerolineaceae M, T N Ferm �​ Carb, PC, AA 
(some)

Yamada and 
Sekiguchi 
(2018)

PW, Plant, 
StIW

Desulfurisporaceae   
(formerly   
Peptococcaceae)

M, T Y ANR, Ferm SO4, SO3, S2O3 
and S

OA, FA, ALC Watanabe et al. 
(2020)

SCADC1-​2-​3

PW, Plant, 
StIW

Thermoanaerobacteraceae T Y/​N Ferm, some 
ANR

SO3, S2O3 and 
S, Fe (III)

Carb. 
Some: CO, 
H2

Stackebrandt 
(2014)

Thermoanaerobacter

StIW Desulfobacteraceae M N ANR, Ferm SO4, SO3, S2O3 OA, H2, FA, 
Alc

Galushko and 
Kuever 
(2020b)

Desulfococcus

Plant, StIW Desulfomicrobiaceae M, T N ANR, Ferm SO4, SO3, S2O3 OA, H2, Alc Galushko and 
Kuever 
(2020a)

Desulfomicrobium

Plant, StIW Syntrophobacteraceae M, T N ANR, Ferm SO4, S2O3 and 
SO3 (some)

OA, H2, FA, 
Alc

Galushko and 
Kuever 
(2020c)

Desulfacinum, 
Desulfoglaeba

PW, plant, 
StIW

Synergistaceae M, T N Ferm S2O3 (some) 
and S 
(some)

AA and/​or 
pyridinediols, 
OA (some)

Allison et al. 
(2015)

Thermovirga

Plant, StIW Petrotogaceae T N Ferm S2O3 (some) 
and S 
(some)

AA (some), PC 
(some)

Bhandari 
and Gupta 
(2014)

Petrotoga

Plant, StIW Fervidobacteriaceae T N Ferm S AA, PC, carb 
(some)

Farrell et al. 
(2021)

Thermosipho

PW, plant, 
StIW

Thermotogaceae T N Ferm, ANR 
(some)

S2O3 and S 
(some), Fe 
(III)

AA, PC, carb, 
methanol 
(some)

Zhaxybayeva 
et al. (2019)

Pseudothermotoga

Plant, StIW Methanomethyliaceae T N Met 
(predicted), 
Ferm 
(predicted)

Methyl 
compounds

Vanwonterghem 
et al. (2016)

Methanomethylicus

PW, plant, 
StIW

Archaeoglobaceae T N ANR, Ferm SO4, SO3, and 
S2O3, some 
NO3 (some)

Fe(II) (some), 
H2S (some) 
or H2 (some)

Brileya and 
Reysenbach 
(2014)

Archaeoglobus

Plant, StIW Methanomicrobiaceae M, T N Met CO2 H2, formate 
(some), alc 
(some)

Garcia et al. 
(2006)

Methanoculleus

Plant, StIW Methanosaetaceae M, T N Met Acetate Whitman et al. 
(2006)

Methanosaeta

Plant, StIW Methanosarcinaceae M, T N Met CO2, methanol H2 (some), 
acetate 
(some), 
and methyl 
compounds

Whitman et al. 
(2006)

Methanomethylovorans

StIW �Methanofastidiosaceae� (M) N Met Methyl thiol 
(predicted)

Nobu et al. 
(2016)

�Methanofastidiosum�

PW, plant, 
StIW

Thermococcaceae T N Ferm S AA (some), 
PC, carb 
(some)

Bertoldo and 
Antranikian 
(2006)

Thermococcus

a  Locations: producers (PW), HDR, WOS-​U, and WOS-​D (Plant), stations and injectors (StIW).
b  Temperature requirements: mesophiles with optimal growth temperatures <40°C (M) or with optimal growth temperatures >50°C (T).
c  Spore formation: yes (Y) or no (N).
d  Metabolism: anaerobic respiration (ANR), fermentation (Ferm) or methanogenesis (Met).
e � Donors and substrates for fermentation: carbohydrates (carb), proteinaceous compounds (PC), amino acids (AA), organic acids (OA), short and long fatty acids (FA), 

alcohols (Alc).

 



���

157
Survey Indicates Potential M

icrobial Risks in Topside Facilities

TABLE 7.6
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Plant, StIW Fervidobacteriaceae T N Ferm S AA, PC, carb 
(some)

Farrell et al. 
(2021)

Thermosipho

PW, plant, 
StIW

Thermotogaceae T N Ferm, ANR 
(some)

S2O3 and S 
(some), Fe 
(III)

AA, PC, carb, 
methanol 
(some)

Zhaxybayeva 
et al. (2019)

Pseudothermotoga

Plant, StIW Methanomethyliaceae T N Met 
(predicted), 
Ferm 
(predicted)

Methyl 
compounds

Vanwonterghem 
et al. (2016)

Methanomethylicus

PW, plant, 
StIW

Archaeoglobaceae T N ANR, Ferm SO4, SO3, and 
S2O3, some 
NO3 (some)

Fe(II) (some), 
H2S (some) 
or H2 (some)

Brileya and 
Reysenbach 
(2014)

Archaeoglobus

Plant, StIW Methanomicrobiaceae M, T N Met CO2 H2, formate 
(some), alc 
(some)

Garcia et al. 
(2006)

Methanoculleus

Plant, StIW Methanosaetaceae M, T N Met Acetate Whitman et al. 
(2006)

Methanosaeta

Plant, StIW Methanosarcinaceae M, T N Met CO2, methanol H2 (some), 
acetate 
(some), 
and methyl 
compounds

Whitman et al. 
(2006)

Methanomethylovorans

StIW �Methanofastidiosaceae� (M) N Met Methyl thiol 
(predicted)

Nobu et al. 
(2016)

�Methanofastidiosum�

PW, plant, 
StIW

Thermococcaceae T N Ferm S AA (some), 
PC, carb 
(some)

Bertoldo and 
Antranikian 
(2006)

Thermococcus

a  Locations: producers (PW), HDR, WOS-​U, and WOS-​D (Plant), stations and injectors (StIW).
b  Temperature requirements: mesophiles with optimal growth temperatures <40°C (M) or with optimal growth temperatures >50°C (T).
c  Spore formation: yes (Y) or no (N).
d  Metabolism: anaerobic respiration (ANR), fermentation (Ferm) or methanogenesis (Met).
e � Donors and substrates for fermentation: carbohydrates (carb), proteinaceous compounds (PC), amino acids (AA), organic acids (OA), short and long fatty acids (FA), 

alcohols (Alc).
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Woesearchaeia (10%) (Figure 7.7b). Sequences belonged to the Methanosarcinaceae 
(30%) �​ a different family of methanogens, and Woesearchaeia (36%) predominated 
archaeal libraries retrieved from the injector�s samples (Figure 7.7b). Notably, the 
sequences associated with different families of methanogens, on average, made 

FIGURE 7.7  Phylum (a) and family (b) level composition of the Central Arabian oil�eld 
archaeal communities.
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up to 42% of the archaeal community in injection water samples. Contribution of 
Archaeoglobaceae and Thermococcaceae to the archaeal community of the water 
from injectors was, on average, 5% and 11% respectively (Figure 7.7b).

The phylogenetic analysis of clone libraries constructed in the current study by 
means of NEXT�ex� 16S V4 Amplicon-​Seq Kit could offer, for the most part, a 
reliable family-​level taxonomic resolution. Table 7.6 summarizes ecophysiological 
characteristics of the key bacterial and archaeal families along with closely related 
genera identi�ed in water samples.

7.4 � DISCUSSION

7.4.1 � CASE STUDY INTERPRETATIoN AND INFERENcES

In the oil�elds like the studied Central Arabian oil�eld, which are operated via a 
produced water reinjection, the water circulating from producers, trunklines, GOSP 
through the water injection network toward reservoirs is originated primarily from 
formation water inheriting its chemical analytes, and secondary from wash-​water 
that is discharged at GOSP after oil cleaning and desalting. Such hydro-​chemical 
factors as salinity, temperature, pH, availability nutrients to support microbial growth 
(e.g., electron acceptors and donors, carbon, nitrogen, and phosphorus), largely shape 
abundance and diversity of microbial communities (Youssef et al., 2009). Chemistry 
of produced waters at the Central Arabian oil�eld was not expected to limit growth 
of either general prokaryotes nor SRP as it had a slightly alkaline pH (~7.8), brackish 
water mineralization (~11,000 ppmv) and 430 ppmv of sulfate, which had the poten-
tial to be reduced by SRP to hydrogen sul�de. Residual water-​soluble hydrocarbons 
and volatile fatty acids (e.g., acetate, propionate, and butyrate), which are often 
present in produced water, may fuel biological sulfate-​reduction in such a system 
(Grigoryan & Voordouw, 2008). Elevated temperature (>70°C) in the Central Arabian 
reservoir is likely a factor (Figure 7.6) holding the microbial population low within 
acceptable levels in samples from producing wells (Figure 7.8). Considering the 
family-​level taxonomic �ngerprinting (Figures 7.3b and 7.7b) and metabolic features 
of closely related representative genera (Table 7.6), it can be suggested that PW 
samples were primarily inhabited by a thermophilic bacterial-​archaeal community 
capable to couple syntrophic oxidation of oil organics to the reduction of sulfate and 
other sulfur species.

Predominance of sequences associated with SRP (e.g., Desulfurisporaceae (=​
Peptococcaceae), Syntrophobacteraceae, and Archaeoglobaceae) in PW samples can 
be explained that sulfate is thermodynamically a more favorable electron acceptor 
than substrates for methanogenesis. Fermenting bacteria of Desulfurisporaceae, 
Syntrophobacteraceae, Thermoanaerobacteraceae, Thermotogaceae, and 
Synergistaceae support fermentation of oil and provide electron donors for sulfate 
reduction. However, considering the scarce microbial community in PW samples 
resembles an indigenous oil�eld population (Grigoryan & Voordouw, 2008), forma
tion waters in the Central Arabian oil�eld are likely also under good control.

Microbial populations in trunklines, GOSPs, and injection pipelines are likely 
derived from formation water, though they became more abundant and diverse, which 
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Conditions of microbial risk assessment are summarized in Table 7.3.
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can be explained by the lowering of temperature in the surface network becoming 
more favorable for microbial growth. The population appeared to change toward 
mesophilic, non-​spore-​forming taxa that functionally still rely on sulfate-​dependent 
syntrophic oxidation of soluble oil organics. The shift initiated in trunklines and 
GOSPs vessels with the enrichment of species belonging to families:

1.	 Syntrophobacteraceae capable of both reducing sulfate and growing 
synthrophically on complex organics;

2.	 Desulfomicrobiaceae that are sulfate-​reducers, oxidizing hydrogen and simple 
organic molecules (incompletely);

3.	 Petrotogaceae that are known as fermenters of proteinaceous compounds.

In addition to sulfate-​reducing species of Syntrophobacteraceae, Desulfomicrobiaceae, 
and Desulfurisporaceae, bacteria of Thermoanaerobacteracea, Synergistaceae, 
Petrotogaceae, and Fervidobacteriaceae, which together with SRB make up 82% 
of the bacterial population in the GOSP�s water, can potentially produce sul�de via 
reduction of certain sulfur compounds (e.g., SO3, S2O3 or S), but not from sulfates 
(Figure 7.3b, Table 7.6). Overall, these sul�dogenic bacteria prevail throughout 
GOSP waters exceeding acceptable levels and contaminating IWs (Figure 7.8). In 
addition to the sul�dogenic bacterial population received from GOSP, microbial 
community in the injection water network was enriched by sulfate-​reducing species 
of Desulfobacteraceae and �lamentous fermenters of family Anaerolineaceae, 
hypothesized to contribute to the syntrophic decomposition of complex organic 
matter (Nobu et al., 2020). Thus, various sul�dogenic bacteria dominate microbial 
population in injection water pipelines similarly to GOSP (Figure 7.8). Non-​abundant 
archaeal populations (con�rmed by qPCR assays and comparative analysis of 16S 
rRNA clone libraries) were likely insigni�cant contributors to sul�de production 
in the injection water network, as archaea were largely represented by families of 
methanogens (Methanomicrobiaceae, Methanomethyliaceae, Methanosaetaceae, 
Methanosarcinaceae) and fermenters (Thermococcaceae), whereas thermophilic 
sulfate-​reducing archaea of the family Archaeoglobaceae have likely been eliminated 
by relatively low temperatures in the aboveground pipelines.

In summary, 11 out of 13 (~84%) samples collected from surface facilities (GOSP, 
IS, and IW) at the Central Arabian oil�eld did not meet criteria neither for bioburden 
nor souring (Figure 7.8) indicating that, even if the reservoir is in good control, 
the aboveground infrastructure might potentially face biofouling, MIC and souring 
challenges. Furthermore, due to the current PWRI practice, the sul�dogens (and pos-
sibly sul�de) are being enriched in the injection water network and introduced under-
ground. With a cold-​water injection, the reservoir conditions, particularly in the near 
injection wellbore region, turn out to be more hospitable for bacteria, while the indi-
genous microbial population in the oil�eld becomes augmented with prokaryotes less 
susceptible to environments in situ, therefore posing a greater reservoir souring risk.

Microbial control measures have to be revisited and upgraded at the subject oil-
�eld to protect the water handling facilities and reservoir from exacerbation of micro-
bial souring and corrosion.

 

 





163Survey Indicates Potential Microbial Risks in Topside Facilities

���

Entering a highly regulated midstream sector, which handles most of the pro-
cessing, storage and transportation, as well as marketing of raw oil and gas, sour 
hydrocarbons should meet certain quality requirements that may consider special 
storage or sulfur-​removal capacities for sour and gas to sweeten them to acceptable 
levels. An oil, which is produced from an intrinsically �sweet� reservoir but does 
not comply with sulfur-​content speci�cations for sweet oil, can be unanticipatedly 
routed to a facility con�gurated for re�ning of sour oils into lower grade products 
instead of to sweet oil re�neries that produce premium fuels. All these deviations 
from operational designs may result in increased expenses, whereas the sale price 
for the sour oil and gas will be discounted due to quality challenges and other 
complications.

One common method for sul�de removal in downstream facilities is absorption 
using amine solutions (El-​Gendy & Nassar, 2018). In this process, the hydrocarbon 
stream containing H2S is passed through an absorber column where it comes into con-
tact with an amine solvent. The H2S in the gas phase reacts with the amine, forming 
a complex that is soluble in the solvent. The treated hydrocarbon stream with now 
signi�cantly reduced H2S concentration, exits the top of the absorber. The rich amine 
solution containing H2S is then routed to a stripper column where heat is applied to 
regenerate the amine by releasing the H2S. The stripped H2S gas can then be sent 
for further processing or treatment, while the regenerated amine solution is recycled 
back to the absorber. General sulfur removal uses hydrodesulfurization, in which the 
hydrocarbon feedstock is mixed with hydrogen gas and passed over a catalyst bed 
typically composed of metals such as molybdenum or nickel. Under high temperature 
and pressure conditions, sulfur compounds in the feedstock react with hydrogen to 
form H2S and smaller hydrocarbon molecules. The H2S is then removed by scrubbing 
with amine solutions or physical solvents, while the treated hydrocarbons exit with 
reduced sulfur content.

It is important to consider that the removal of H2S from hydrocarbons has signi�-
cant implications for the carbon footprint of the downstream operations. Regardless 
of the technique, these processes require energy, often in the form of natural gas or 
electricity, to power pumps, compressors, and heating elements necessary for the sep-
aration and treatment of the gas. Furthermore, these chemical processes can generate 
byproducts or waste streams that require treatment or disposal, further impacting 
the carbon footprint. For instance, spent solvents or chemicals used in scrubbing 
processes may need to be regenerated or disposed of properly, which often involves 
additional energy input or emissions. Finally, the ef�ciency of the sulfur removal 
technologies may play a critical role in determining environmental impact. Older or 
less ef�cient technologies may require more energy input per unit of H2S removed, 
leading to higher emissions.

Ongoing research and development advancements in material science and new 
technologies for hydrocarbon transmission, processing, storage, and re�ning are 
focusing on improving ef�ciency and reducing energy consumption. Midstream and 
downstream advancements (e.g., optimizing re�nery con�gurations, use of renew-
able electricity in re�ning, lessening long-​distance transport of re�ned products) are 
mitigating greenhouse emissions and are expected to largely expedite the net-​zero 
goals by oil producers (Gordon et al., 2022). Overall, the technological resilience of 
the petroleum industry enables it to adapt to the growing prevalence of sour crudes, 
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although the higher sulfur content still presents operational risks that have to be care-
fully managed.

7.4.3 �R EcoMMENDATIoNS oN THE FUTURE MoNIToRINg PRogRAM FoR THE 
CASE STUDY

7.4.3.1  Biocide Treatment Programs
The large volume of water associated with hydrocarbon production provides an 
environment in which microorganisms, including detrimental SRP, could prolif-
erate, impacting the quality and quantity of involved processes, asset integrity and the 
overall safety of operations (Santos et al., 2020). Several types of biocides, including 
oxidizing and nonoxidizing chemistries, are available to mitigate microbial growth 
and its potential deleterious impacts on oil and gas systems and their features have 
been reviewed elsewhere (Morris & van der Kraan, 2017). Upstream, midstream, and 
downstream processes in oil and gas operations have varying conditions requiring 
different performance considerations, including temperature, salinity, water turnover 
rate, and desired duration of control. A successful biocide program should account 
for these parameters and provide a broad-​spectrum microbial and bio�lm inhibition, 
while minimizing negative environmental impacts. Thus, an optimized biocide, appli-
cation rate, and injection point must be selected to achieve the expected output.

7.4.3.2  What Area Should Be Treated?
There are essentially three different unique zones in oil and gas operations that need 
to be considered for an optimized microbial control program. They include preparing 
the water and treating topside, decontaminating the well, and protecting the reservoir:

	� Topside Protection: Topside water that is used for reservoir pressure support 
can be sourced from natural resources such as oceans, rivers, and aquifers or 
recycled from other oil and gas operations. Regardless, these waters often 
contain thousands of microbial cells per milliliter that are typically treated 
with quick-​kill biocides (react in minutes) to knock down the initial micro-
bial load and enhance biocide performance used in later stages of the process. 
Biocides commonly used to perform these tasks include oxidizers (bleach, 
ClO2, peroxides), and 2,2-​dibromo-​3-​nitrilopropionamide (DBNPA) (Pereira 
et al., 2021).

	� Decontaminating the Wells: Biocides are also necessary during the well decon-
tamination phase to control organisms introduced during drilling and comple-
tion activities along with those which have been penetrated through secondary 
recovery water-​�ooding. Microbial contamination in the wells is associated 
with bio�lms that can persist on the pipes or the near-​wellbore geological 
formation. Resultantly, biocides that have intermediate performances (react 
in hours), such as glutaraldehyde and tetrakis(hydroxymethyl)phosphonium 
sulfate (THPS), are commonly used, with glutaraldehyde formulated with 
quaternary amines or other surfactants to provide enhanced bio�lm (Enzien 
& Yin, 2011).
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	� Protecting the Reservoir: For protection of the reservoir, biocides must 
remain effective for long periods and under extreme heat and salinity 
conditions. Biocide formulations that survive these conditions while slowly 
releasing their active component have been developed in other industries 
and adapted to oil and gas applications including dimethyl oxazolidine 
(DMO) and tris hydroxymethyl nitromethane (THNM). These chemistries 
can delay or reduce reservoir souring by months and have also been suc-
cessfully applied in long pipelines where extended performance is also 
required (Silva et al., 2023).

7.4.3.3  Should Oil or Water Be Treated?
Microorganisms grow and proliferate only in the presence of water, and thus, the 
focus of microbial control programs has always been toward controlling the microbial 
attributes of the water cycle. The major argument has been that microorganisms cannot 
proliferate in the hydrocarbon phase, but it is impractical and dif�cult to remove all 
the water from a handling hydrocarbon, either oil or re�ned product, volume. These 
are often stored in contact with water and all fuel contains some water, with even 
small amounts (<0.5%) being enough to support microbial growth. Even though fuel 
tanks contain both oil and aqueous phases, microorganisms are concentrated toward 
the oil�​water interface leading to various complications (Robbins & Levy, 2005). 
Thus, the water/water-fuel interface has also been treated with appropriate biocides 
to protect the products and assets, especially in long-​term storage. The presence of 
high microbial counts at GOSP should be addressed in this perspective. Even though 
the �ow of both crude oil and produced water is dynamic, the microbial popula-
tion is not within the limits and should be addressed with appropriate biocides like 
glutaraldehyde.

7.4.3.4  What Are the Biocide Options?
The oil and gas industry has been �ooded with many options for controlling 
microorganisms. Typically, a chemical treatment, particularly the use of biocides, 
is the preferred choice. Among the biocides, non-​oxidizing biocides are the most 
accepted choice considering the corrosive nature of the others. Reactive proper-
ties of the nonoxidizing chemistries should be considered when choosing the right 
active chemical for the system and application. For example, isothiazolinones are 
slow acting, which makes them suitable as long-​term preservatives. DBNPA is a 
fast-​acting compound that can be applied in systems like desalination and produced 
water treatment, where quick reduction in cells is desired. Aldehydes, especially 
glutaraldehyde, belong to the class of electrophilic active agents that have been used 
in oil and gas applications for over 40 years. Glutaraldehyde can be used during water 
�ooding, in produced water or drilling mud, in completion and packer �uids, and 
frequently in the water treatment industry. THPS has also been used widely in these 
applications. For fuel preservation, biocides such as Kathon FP 1.5, which contains 
active ingredients such as isothiazolinones, are used to combat microbial contamin-
ation effectively. These biocides are broad-​spectrum, targeting bacteria, fungi, and 
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algae, and are particularly useful in preventing issues like sludge formation, �lter 
blockage, and corrosion. They are soluble in both water and hydrocarbon phases, 
ensuring comprehensive protection of fuel systems and storage tanks. Biocides with 
active compounds, such as isothiazolinones, provide rapid microbial inhibition, typ-
ically killing cells within hours, and maintain long-​term fuel quality by preventing 
microbial growth. Regular monitoring and proper dosing are essential for maintaining 
their effectiveness and protecting oil�eld assets from microbial-​induced damage. 
Actives such as Bronopol, quaternary ammonium and phosphonium compounds, and 
nitro alkanes also have been used in microbial control applications (Morris & van der 
Kraan, 2017).

7.4.3.5  Batch or Continuous Chemistry Application?
For biocides to be ef�cacious, they must interact with a microbial cell at a concentra-
tion above the minimum inhibitory concentration (MIC). Any exposure exposure of 
the microorganism to the biocide below the MIC may result in the cell being stressed 
or damaged but not killed. Continuous dosing at low concentrations can lead to the 
dilution of the biocide in the system below MIC thresholds, especially when the bio-
cide application point and target microorganism/​bio�lm is distant from one another, 
for instance, in a piping system. Resultantly, batch dosing with antimicrobials, when a 
high concentration of biocide is added for a short period of time, ensuring the micro-
bial cell exposure remains consistently above the MIC throughout the entire pipeline, 
is highly preferred compared to a continuous treatment approach. This batch-​dose 
method can result in smoother operations and the potential for increased oil�eld pro-
duction ef�ciency (McIlwaine, 2005).

7.4.3.6  Single Formulation or Alternating Actives?
There are two different strategies in the application of biocides by using a single 
formulation or alternating different actives. A common approach is to use biocides 
with different modes of action alternatively (Johnson, 2017). This strategy can lead 
to more effective programs to control biofouling, prevention of resistance develop-
ment, and synergistic reactions among biocides with different mechanisms of action 
to increase ef�cacy and reduce cost (Wiencek & Chapman, 1999). However, storing 
two different biocides and logistically switching their injection every month can 
be complicated and in some dif�cult to access locations, operationally unfeasible. 
A second strategy is implementing one biocide product that is formulated with two 
different actives. A dual-​active formulation offers the same bene�t as alternating 
actives without the logistical constraints of switching products every month. However, 
because of inherent incompatibilities of some biocide actives, only a limited amount 
of dual-​product formulations exist, with variations of glutaraldehyde and quaternary 
amines being the most common on the market (Silva et al., 2023).

7.4.3.7  Compatibility with Other Chemical Packages
Hydrocarbon production involves many additives that can interfere with the activity 
of some biocides as well as biocides interfering with the activity of other production 
chemistries. It is critical to understand potential incompatibilities and other properties 
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of biocides that could negatively affect operations. For example, most biocides react 
with bisul�te chemistries that are used to scavenge oxygen. Oxygen scavengers are 
typically dosed continuously, but if combined with a batch biocide dose, they will 
reduce the ef�cacy of the biocide program (McIlwaine, 2005). Because of this incom
patibility, oxygen scavengers are typically turned off during batch biocide dosing. 
Another example of incompatible chemical packages is the interaction between cat-
ionic biocides such as THPS and anionic hydrolyzed polyacrylamides (HPAM) that 
are used as friction/​drag reducers and in polymer �oods. Application of THPS and 
HPAM simultaneously will result in the deactivation of both chemistries and the 
wasted cost in operations (Mittal et al., 2018).

7.4.3.8  Combination with Physical Treatments
Biocide treatment is often coupled with physical treatments including two or three 
pigs, depending on the nature of the pipeline. Pigs are launched before and after the 
injection of biocide solution to minimize the �spread out� and to obtain a compact 
�slug.� The purpose of �rst pig (lead pig) is to remove �uids and scales ahead of the 
biocide solution at the time of the cleaning run. Biocide/​water mixture is pumped into 
the line after launching the lead pig. Typically, 0.1% of the biocide is used in water 
or other compatible solvents, depending on the microbial nature of the system. After 
the cleaning solution is added, the second pig is immediately launched to push the 
biocide solution down the line. Aggressive brushes should be used. The steel body 
of this pig will provide additional weight to help scrape the bottom quadrant of the 
pipe and help keep the cleaning solution in a compact slug. After the launch of the 
second pig, a tight-​�tting, bi-​directional disk pig is launched to move the leakage 
slurry from the second pig out of the line. At the pig receiver end of the line, cleaning 
�uid is collected to determine the solids and bacterial counts. When an acceptable 
amount of solids is in the solution and bacterial counts are below the threshold, the 
biociding process is to be ceased (API, 2013). If pigging is unsuitable for pipelines of 
concern, options with chemical cleaning capable of disrupting and killing bio�lms on 
the internal surface of the pipes are desirable.

7.5 � CONCLUDING REMARKS

Mesothermic production waters with readily available sulfate and organics in the 
surface infrastructure at the studied Central Arabian oil�eld are prone to spreading 
of H2S-​producing microorganisms that can cause intensive souring if kept unman-
aged. However, a low abundance of microorganisms, including SRP, was observed in 
the thermally produced water from producers of similar chemical composition when 
compared to the topside samples, suggesting that the high temperature provided good 
microbial control in the reservoir. To mitigate the intrusion of sul�des into the pro-
ducing reservoirs at the Central Arabian oil�eld, appropriate monitoring and biocide 
treatment programs should be deployed. The surveillance should consider regular 
monitoring of chemical (i.e., partitioned H2S in gas, oil, water, and dissolved organics) 
and microbiological characteristics. Cleaning and antibacterial procedures are to be 
implemented if indicators of high bacterial activity are persistently detected.

 

 

 

 

 



168 Microbiological Challenges in the Energy Industries

���

ACKNOWLEDGEMENTS

The authors would like to acknowledge Saudi Aramco and the Lanxess AG for 
granting permission to publish this study. We also want to thank Abdullah Al-​Wadei, 
Ghassan Al-​Humaid, and Mohammed Alotaibi for their outstanding contributions 
during the �eld trip.

REFERENCES
Allison, M. J., MacGregor, B. J., & Stahl, D. A. (2015). Synergistes. In Whitman, W. B. 

(Supervising Editor), Bergey�s Manual of Systematics of Archaea and Bacteria (pp. 1�​3). 
Wiley. https://​doi.org/​10.1002/​978111​8960​608.gbm01​250

Amann, R. I., Binder, B. J., Olson, R. J., Chisholm, S. W., Devereux, R., & Stahl, D. A. (1990). 
Combination of 16S rRNA-​targeted oligonucleotide probes with �ow cytometry for ana-
lyzing mixed microbial populations. Applied and Environmental Microbiology, 56(6), 
1919�​1925. https://​doi.org/​10.1128/​aem.56.6.1919-​1925.1990

ANSI/​NACE. (2021). Petroleum and natural gas industries�​Materials for use in H2S-​
containing environments in oil and gas production ANSI/​NACE MR0175-​2021/​ISO 
15156:2020. In NACE �​ International. NACE �​ International.

API. (2013). API STD 1163: In-​line Inspection Systems Quali�cation Standard. American 
Petroleum Institute.

Basafa, M., & Hawboldt, K. (2019). Reservoir souring: Sulfur chemistry in offshore oil and 
gas reservoir �uids. Journal of Petroleum Exploration and Production Technology, 9(2), 
1105�​1118. https://​doi.org/​10.1007/​s13​202-​018-​0528-​2

Bertoldo, C., & Antranikian, G. (2006). The order thermococcales. In Dworkin, M., Falkow, S., 
Rosenberg, E., Schleifer, K. H., & Stackebrandt, E. (Eds.), The Prokaryotes (pp. 69�​81). 
Springer New York. https://​doi.org/​10.1007/​0-​387-​30743-​5_​5

Beulig, F., Schubert, F., Adhikari, R. R., Glombitza, C., Heuer, V. B., Hinrichs, K.-​U., Homola, 
K. L., Inagaki, F., Jłrgensen, B. B., Kallmeyer, J., Krause, S. J. E., Morono, Y., Sauvage, 
J., Spivack, A. J., & Treude, T. (2022). Rapid metabolism fosters microbial survival in 
the deep, hot subsea�oor biosphere. Nature Communications, 13(1), 312. https://​doi.org/​
10.1038/​s41​467-​021-​27802-​7

Bhandari, V., & Gupta, R. S. (2014). The phylum thermotogae. In Rosenberg, E., DeLong, E. 
F., Lory, S., Stackebrandt, E., & Thompson, F. (Eds.), The Prokaryotes: Other Major 
Lineages of Bacteria and The Archaea (Vol. 9783642389542). https://​doi.org/​10.1007/​
978-​3-​642-​38954-​2_​118

Brileya, K., & Reysenbach, A.-​L. (2014). The class archaeoglobi. In Rosenberg, E., DeLong, 
E. F., Lory, S., Stackebrandt, E., & Thompson, F. (Eds.), The Prokaryotes (pp. 15�​23). 
Springer Berlin Heidelberg. https://​doi.org/​10.1007/​978-​3-​642-​38954-​2_​323

Burger, E. D., Jenneman, G. E., & Carroll, J. J. (2013, April 8). On the partitioning of hydrogen 
sul�de in oil�eld systems. SPE-​164067-​MS. SPE International Symposium on Oil�eld 
Chemistry. https://​doi.org/​10.2118/​164​067-​MS

Cai, C., Li, H., Li, K., & Wang, D. (2022). Thermochemical sulfate reduction in sedimentary 
basins and beyond: A review. Chemical Geology, 607, 121018. https://​doi.org/​10.1016/​
j.chem​geo.2022.121​018

Caldwell, E., Chambers, B., & Kane, R. (2021, April). Sour or not sour? That is the question: A 
review of the NACE �Sour limit� �​ Evolution and implications for modern oil & gas pro-
duction, NACE-​2021-​16626. NACE �​ International Corrosion Conference Series.

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



169Survey Indicates Potential Microbial Risks in Topside Facilities

���

CME. (2009). NYMEX Rulebook: Chapter 200 Light Sweet Crude Oil Futures. CME Group. 
www.cmegr​oup.com/​cont​ent/​dam/​cmegr​oup/​ruleb​ook/​NYMEX/​2/​200.pdf

De Paula, R. M., Keasler, V., Bennett, B., Keller, C., Adams, R. C., Vaksman, Z., & Kaplan, H. 
(2012). Optimization of a microbial control program in an aging Gulf of Mexico asset to 
minimize the risk of corrosion. Paper Number: NACE-​2012-​1195. NACE �​ International 
Corrosion Conference Series, 2.

DeLong, E. F. (1992). Archaea in coastal marine environments. Proceedings of the National 
Academy of Sciences, 89(12), 5685�​5689. https://​doi.org/​10.1073/​pnas.89.12.5685

EIA. (2024, June 17). U.S. Sulfur Content (Weighted Average) of Crude Oil Input to Re�neries. 
U.S. Energy Information Administration.

El-​Gendy, N. S., & Nassar, H. M. N. (2018). Desulfurization technologies. In Biodesulfurization 
in Petroleum Re�ning (pp. 39�​158). Wiley. https://​doi.org/​10.1002/​978111​9224​075.ch2

Enzien, M. V., & Yin, B. (2011, May 2). New biocide formulations for oil and gas injection 
waters with improved environmental footprint. OTC-​21794-​MS. Offshore Technology 
Conference. https://​doi.org/​10.4043/​21794-​MS

Farrell, A. A., Nesbł, C. L., Zhaxybayeva, O., & L�Haridon, S. (2021). Fervidobacteriaceae. 
In A. Reysenbach (Ed.), Bergey�s Manual of Systematics of Archaea and Bacteria (pp. 
1�​6). Wiley. https://​doi.org/​10.1002/​978111​8960​608.fbm00​360

Fischer, D., Canalizo-​Hernandez, M., & Kumar, A. (2017). Effects of reservoir souring on 
materials performance. In T. L. Skovhus, D. Enning, & J. Lee. (Eds.), Microbiologically 
In�uenced Corrosion in the Upstream Oil and Gas Industry (pp. 111�​137). CRC Press. 
https://​doi.org/​10.1201/​978131​5157​818-​6

Galushko, A., & Kuever, J. (2020a). Desulfobacteraceae. In W. B. Whitman (Ed.), Bergey�s 
Manual of Systematics of Archaea and Bacteria (pp. 1�​6). Wiley. https://​doi.org/​10.1002/​
978111​8960​608.fbm00​193.pub2

Galushko, A., & Kuever, J. (2020b). Desulfomicrobiaceae. In W. B. Whitman (Ed.), Bergey�s 
Manual of Systematics of Archaea and Bacteria (pp. 1�​4). Wiley. https://​doi.org/​10.1002/​
978111​8960​608.fbm00​197.pub2

Galushko, A., & Kuever, J. (2020c). Syntrophobacteraceae. In W. B. Whitman (Ed.), Bergey�s 
Manual of Systematics of Archaea and Bacteria (pp. 1�​4). Wiley. https://​doi.org/​10.1002/​
978111​8960​608.fbm00​336

Garcia, J.-​L., Ollivier, B., & Whitman, W. B. (2006). The order methanomicrobiales. In 
M. Dworkin, S. Falkow, E. Rosenberg, K.-​H. Schleifer, & E. Stackebrandt (Eds.)The 
Prokaryotes (pp. 208�​230). Springer New York. https://​doi.org/​10.1007/​0-​387-​
30743-​5_​10

Geets, J., Borremans, B., Diels, L., Springael, D., Vangronsveld, J., van der Lelie, D., & 
Vanbroekhoven, K. (2006). DsrB gene-​based DGGE for community and diversity 
surveys of sulfate-​reducing bacteria. Journal of Microbiological Methods, 66(2), 194�​
205. https://​doi.org/​10.1016/​j.mimet.2005.11.002

Gordon, D., Koomey, J., Brandt, A., & Bergerson, J. (2022). Know Your Oil and Gas: Generating 
Climate Intelligence to Cut Petroleum Industry Emissions. RMI.

Grigoryan, A. (2023, November). Challenges in microbial monitoring of an oil-​water separ
ation facility. AMPP-​MECC-​2023-​20123. AMPP Middle East Corrosion Conference 
and Exhibition.

Grigoryan, A., & Voordouw, G. (2008). Microbiology to help solve our energy 
needs: Methanogenesis from oil and the impact of nitrate on the oil-​�eld sulfur cycle. 
Annals of the New York Academy of Sciences, 1125, 345�​352. https://​doi.org/​10.1196/​
ann​als.1419.004

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 





171Survey Indicates Potential Microbial Risks in Topside Facilities

���

Nobu, M. K., Narihiro, T., Mei, R., Kamagata, Y., Lee, P. K. H., Lee, P.-​H., McInerney, M. J., 
& Liu, W.-​T. (2020). Catabolism and interactions of uncultured organisms shaped by 
eco-​thermodynamics in methanogenic bioprocesses. Microbiome, 8(1), 111. https://​doi.
org/​10.1186/​s40​168-​020-​00885-​y

Oksanen, J., Blanchet, G., Kindt, R., Legendre, P., Minchin, P. R., O�Hara, R. B., Simpson, L. 
G. L., Solymos, P., Stevens, M. H. H., & Wagner, H. (2015). Vegan: Community Ecology 
Package. R Package Version. https://​cran.r-​proj​ect.org/​web/​packa​ges/​vegan/​index.html

Pereira, G. F., Pilz-​Junior, H. L., & Corção, G. (2021). The impact of bacterial diversity on 
resistance to biocides in oil�elds. Scienti�c Reports, 11(1), 23027. https://​doi.org/​
10.1038/​s41​598-​021-​02494-​7

Quast, C., Pruesse, E., Yilmaz, P., Gerken, J., Schweer, T., Yarza, P., Peplies, J., & Glöckner, 
F. O. (2012). The SILVA ribosomal RNA gene database project: improved data pro-
cessing and web-​based tools. Nucleic Acids Research, 41(D1), D590�​D596. https://​doi.
org/​10.1093/​nar/​gks1​219

Robbins, J. A., & Levy, R. (2005). A review of the microbiological degradation of fuel. In W. 
Paulus (Ed.), Directory of Microbicides for the Protection of Materials (pp. 177�​201). 
Springer Netherlands. https://​doi.org/​10.1007/​1-​4020-​2818-​0_​11

Robinson, P. R., & Hsu, C. S. (2017). Petroleum and its products. In J. A. Kent (Ed.), Handbook 
of Industrial Chemistry and Biotechnology (pp. 13�​106). Springer International 
Publishing. https://​doi.org/​10.1007/​978-​3-​319-​52287-​6_​2

Rozanova, E. P., Borzenkov, I. A., Tarasov, A. L., Suntsova, L. A., Dong, Ch. L., Belyaev, S. 
S., & Ivanov, M. V. (2001). Microbiological processes in a high-​temperature oil �eld. 
Microbiology, 70(1), 102�​110. https://​doi.org/​10.1023/​A:100480​9308​305

Santos, J. C. dos, Lopes, D. R. G., Da Silva, J. D., De Oliveira, M. D., Dias, R. S., Lima, H. 
S., De Sousa, M. P., De Paula, S. O., & Silva, C. C. da. (2020). Diversity of sulfate-​
reducing prokaryotes in petroleum production water and oil samples. International 
Biodeterioration & Biodegradation, 151, 104966. https://​doi.org/​10.1016/​
j.ibiod.2020.104​966

Schloss, P. D., Westcott, S. L., Ryabin, T., Hall, J. R., Hartmann, M., Hollister, E. B., Lesniewski, 
R. A., Oakley, B. B., Parks, D. H., Robinson, C. J., Sahl, J. W., Stres, B., Thallinger, G. 
G., Van Horn, D. J., & Weber, C. F. (2009). Introducing mothur: Open-​source, platform-​
independent, community-​supported software for describing and comparing microbial 
communities. Applied and Environmental Microbiology, 75(23), 7537�​7541. https://​doi.
org/​10.1128/​AEM.01541-​09.

Shi, Q., & Wu, J. (2021). Review on sulfur compounds in petroleum and its products: State-​of-​
the-​art and perspectives. Energy & Fuels, 35(18), 14445�​14461. https://​doi.org/​10.1021/​
acs.ener​gyfu​els.1c02​229

Silva, V., Wunch, K., Solomon, E., & Maun, P. (2023, June 21). Extended �eld study tracking 
the performance of the preservative biocides, THNM and DMO, in unconventional 
wells. SPE-​213862-​MS. SPE International Conference on Oil�eld Chemistry. https://​
doi.org/​10.2118/​213​862-​MS

Smith, S. J., van Aardenne, J., Klimont, Z., Andres, R. J., Volke, A., & Delgado Arias, S. 
(2011). Anthropogenic sulfur dioxide emissions: 1850�​2005. Atmospheric Chemistry 
and Physics, 11(3), 1101�​1116. https://​doi.org/​10.5194/​acp-​11-​1101-​2011

Stackebrandt, E. (2014). The family thermoanaerobacteraceae. In E. Rosenberg, E. F. DeLong, 
S. Lory, E. Stackebrandt, & F. Thompson (Eds.), The Prokaryotes (pp. 413�​419). 
Springer Berlin Heidelberg. https://​doi.org/​10.1007/​978-​3-​642-​30120-​9_​367

Stetter, K. O., Huber, R., Blöchl, E., Kurr, M., Eden, R. D., Fielder, M., Cash, H., & Vance, 
I. (1993). Hyperthermophilic archaea are thriving in deep North Sea and Alaskan oil 
reservoirs. Nature, 365(6448), 743�​745. https://​doi.org/​10.1038/​36574​3a0

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



172 Microbiological Challenges in the Energy Industries

���

USEPA. (1993, October). Report to Congress on hydrogen sul�de air emissions associated 
with the extraction of and natural gas (EPA-​453/​R-​93-​045). Of�ce of Air Quality 
Planning and Standards. https://​nepis.epa.gov/​Exe/​ZyP​URL.cgi?Doc​key=​00002​
WG3.TXT

USEPA. (2009). Plain English Guide to the Part 75 Rule. Of�ce of Air and Radiation, Clean 
Markets Division.

USEPA. (2014). Control of Air Pollution from Motor Vehicles: Tier 3 Motor Vehicle Emission 
and Fuel Standards. Final Rule. Federal Register 7981) (April 28): 23414�​23949. www.
epa.gov/​regu​lati​ons-​emissi​ons-​vehic​les-​and-​engi​nes/​�nal-​rule-​cont​rol-​air-​pollut​ion-​
motor-​vehic​les-​tier-​3

USEPA. (2024, March 8). Standards of Performance for New, Reconstructed, and Modi�ed 
Sources and Emissions Guidelines for Existing Sources: Oil and Natural Gas Sector 
Climate Review; Final rule (40 CFR Part 60). Federal Register, 89(47), 16820�​17227. 
www.govi​nfo.gov/​cont​ent/​pkg/​FR-​2024-​03-​08/​pdf/​2024-​00366.pdf

Vance, I., & Thrasher, D. R. (2005). Reservoir souring: Mechanisms and prevention. In B. R. 
Ollivier & M. Magot (Eds.), Petroleum Microbiology (pp. 123�​142). ASM Press. https://​
doi.org/​10.1128/​978155​5817​589.ch7

Vanwonterghem, I., Evans, P. N., Parks, D. H., Jensen, P. D., Woodcroft, B. J., Hugenholtz, 
P., & Tyson, G. W. (2016). Methylotrophic methanogenesis discovered in the archaeal 
phylum Verstraetearchaeota. Nature Microbiology, 1(12), 16170. https://​doi.org/​10.1038/​
nmi​crob​iol.2016.170

Wagner, M., Roger, A. J., Flax, J. L., Brusseau, G. A., & Stahl, D. A. (1998). Phylogeny of 
dissimilatory sul�te reductases supports an early origin of sulfate respiration. Journal of 
Bacteriology, 180(11), 2975�​2982. https://​doi.org/​10.1128/​JB.180.11.2975-​2982.1998

Watanabe, M., Fukui, M., & Kuever, J. (2020). Desulfurisporaceae fam. nov. In W. B. Whitman 
(Ed.), Bergey�s Manual of Systematics of Archaea and Bacteria (pp. 1�​2). Wiley. https://​
doi.org/​10.1002/​978111​8960​608.fbm00​347

Weisburg, W. G., Barns, S. M., Pelletier, D. A., & Lane, D. J. (1991). 16S ribosomal DNA amp
li�cation for phylogenetic study. Journal of Bacteriology, 173(2), 697�​703. https://​doi.
org/​10.1128/​jb.173.2.697-​703.1991

Whitman, W. B., Bowen, T. L., & Boone, D. R. (2006). The methanogenic bacteria. In M. 
Dworkin, S. Falkow, E. Rosenberg, K.-​H. Schleifer, & E. Stackebrandt (Eds.), The 
Prokaryotes (pp. 165�​207). Springer New York. https://​doi.org/​10.1007/​0-​387-​
30743-​5_​9

Wiencek, M., & Chapman, S. J. (1999, April). Water treatment biocides: How do they work and 
why should you care? NACE-​99308. CORROSION 99.

Wong, V. W., Sanchez, A. E., Flowers, J., Chow, T. K., Sikorski, D., & Roussakis, N. (2016). 
Key design features for a successful SRU operation implemented with oxygen enrich-
ment technology. In Brimstone STS Limited (Ed.), Proceedings �​ Brimstone Sulfur 
Recovery Symposium.

Yamada, T., & Sekiguchi, Y. (2018). Anaerolineaceae. In W. B. Whitman (Ed.), Bergey�s 
Manual of Systematics of Archaea and Bacteria (pp. 1�​5). Wiley. https://​doi.org/​10.1002/​
978111​8960​608.fbm00​301

Youssef, N., Elshahed, M. S., & McInerney, M. J. (2009). Microbial processes in oil �elds. In T. 
J. McGenity, K. N. Timmis, & B. Singh (Eds.), Advances in Applied Microbiology (Vol. 
66, pp. 141�​251). Academic Press. https://​doi.org/​10.1016/​S0065-​2164(08)00806-​X

Zhaxybayeva, O., Nesbł, C. L., Farrell, A. A., & L�Haridon, S. (2019). Thermotogaceae. In W. 
B. Whitman (Ed.), Bergey�s Manual of Systematics of Archaea and Bacteria (pp. 1�​7). 
Wiley. https://​doi.org/​10.1002/​978111​8960​608.fbm00​253.pub2

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



���

173
This chapter has been made available under a CC-BY-NC-ND license. 
DOI: 10.1201/9781003469643-11

Microbial and 
Compositional Analyses 
of Oil and Sludge 
from Crude Pipelines
Aisha S. Alwuhaib, Husam S. Khanfar,   
Husin Sitepu, Walaa Algozeeb, and   
Abdullah H. Alwadei

8.1 � INTRODUCTION

The Research and Analytical Services Department (RASD) at Saudi Aramco plays a 
pivotal role in supporting a diverse array of research initiatives within the Research 
and Development Center (R&DC) (Khanfar et al., 2023). These initiatives encompass 
critical areas such as scale mitigation, oil-​to-​hydrogen conversion, pipeline integ-
rity, and catalyst development for re�nery and gas plant operations. Additionally, 
RASD is heavily involved in studying MIC, with a particular focus on solid and 
sludge deposits that can negatively impact pipeline systems (Khanfar & Sitepu, 
2021; Kannan et al., 2018). Through its comprehensive research efforts, RASD 
offers a range of advanced analytical services, utilizing sophisticated techniques like 
ESEM-​EDS and ICP-​OES. In addition, RASD employs XRD techniques, in con-
junction with the Rietveld method, to conduct quantitative phase analysis of crystal-
line materials, ensuring precise identi�cation (ICDD, 2018) and detailed assessment 
of material compositions (Sitepu, 2020) that directly affect the integrity of pipeline 
systems and equipment.

MIC is a complex form of corrosion primarily caused by microbial consortia, 
rather than by a single species or mechanism (Wagner et al., 1998). In natural envir
onments, MIC typically requires the presence of water, even in minimal amounts, 
to develop (Takahashi et al., 2014). In the oil and gas industry, MIC poses signi�
cant risks to material integrity, leading to accelerated corrosion, metal surface deg-
radation, and localized pitting corrosion (Takahashi et al., 2014). Microbial activity 
in pipelines produces exopolymeric substances (EPSs) and corrosive by-​products 
such as organic acids and hydrogen sul�de (H2S), which further enhance corrosion 
processes. These aggressive metabolites alter the surface chemistry of metals, con-
tributing to a faster deterioration of materials. Despite the absence of a universal MIC 
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mitigation technique, practices such as mechanical cleaning and chemical treatment 
using biocides are commonly employed to control MIC in pipeline systems (Khanfar 
& Sitepu, 2021). RASD conducts a thorough analysis to evaluate the contribution of 
MIC to pipeline corrosion and to determine effective mitigation strategies (Khanfar 
et al., 2023).

Additionally, RASD applies XRD as an essential tool for identifying and charac-
terizing the crystalline phases of solid or sludge deposits found in re�nery and gas 
plant systems. Using software such as High Score Plus (Degen et al., 2014) and the 
International Powder Diffraction Data (ICDD) database (ICDD, 2018), RASD identi
�es speci�c crystalline forms of compounds such as calcium carbonate (CaCO3) and 
iron sul�des. This detailed phase identi�cation is critical because different forms of 
these compounds exhibit distinct properties and behaviors. For instance, iron sul�des 
like pyrite and marcasite can pose safety risks due to their pyrophoric nature. XRD 
also provides valuable insights into the hydration state of compounds like gypsum 
and anhydrite, which can affect material stability. The Rietveld method, a robust 
technique for quantitative phase analysis, enhances the accuracy and precision of 
these assessments by calculating the weight percentages (wt%) of the identi�ed 
phases (Hill & Howard, 1987). This method offers superior results over traditional 
techniques (O’Connor et al., 1991), ensuring reliable data (O’Connor et al., 1992) 
that contributes to a better understanding of material integrity and the prevention of 
corrosion in pipeline systems.

8.2 � OBJECTIVES

The objectives of this study are to:

	� Assess the possible contribution of MIC to the internal corrosion of the pipe-
line systems.

	� Identify and assess corrosive species using XRD and the Rietveld method.
	� Apply this data in the operations to help engineers at the re�nery and gas 

plants to address corrosion issues by applying the appropriate procedures to 
minimize the formation of these speci�c deposits.

To achieve the above objectives, the following analytical techniques will be employed:

	� Quantitative Polymerase Chain Reaction (qPCR): This technique will be 
utilized to assess the presence and impact of MIC in the 25 oil and sludge 
samples.

	� Spectroscopy Techniques: These will be used for:
	o Evaluating the morphology and elemental composition of two sludge 

samples via ESEM-​EDS.
	o Analyzing the geochemical composition of the water fraction separated 

from the sludge using ICP-​OES.
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	� Diffraction Technique: High-​resolution XRD data, coupled with the Rietveld 
method, will be employed to conduct a quantitative phase analysis of the crys-
talline materials in three sludge deposits.

8.3 � EXPERIMENTAL WORK

In this study, the as-​received samples from different scraped pipeline systems 
in Saudi Aramco operations were analyzed as depicted in Table 8.1. It can be 
highlighted that:

	� The solid samples were processed for microbiological investigation using  
qPCR.

	� The morphology and elemental composition of two sludge samples (i.e., 
Sample-​19 (RTDB-​2) and Sample-​22 (UJNGL-​1)) were determined by using 
ESEM-​EDS analysis.

	� The crystalline materials portion of the three sludge deposits (i.e., Sample-​
19 (RTDB-​2), Sample-​10 (TNBGT), and Sample-​22 (UJNGL-​1)) were 
measured by a high-​resolution X-​ray powder diffractometer, and the X-​ray 
powder diffraction data of the crystalline materials were measured by using 
the Rietveld method.

	� The hydrocarbon sludge samples were subjected to microbiological 
investigations and water chemistry analysis if they contained an adequate 
water fraction.

8.4 � MICROBIOLOGICALLY INFLUENCED CORROSION

The detection and quanti�cation of microbes on the surface of the as-​received 
samples from different scraped pipeline systems in Saudi Aramco operations were 
conducted using qPCR\ (Rotor-​Gene Q from Qiagen). Primers targeting regions of 
16S rRNA genes (taxonomic) and functional genes of different microbial groups 
within the domains bacteria and archaea, including BA for total bacteria, SRB 
for sulfate-​reducing bacteria, MET for methanogens, and IOB for iron-​oxidizing 
bacteria.

The DNA extraction from oil, sludge deposits, and water samples used the DNeasy 
PowerSoil Pro Kit (Cat. No. 47016-​250), with automation on the QIAcube (SN: 48070) 
for an automated sample preparation instrument, QIAgility (SN: 016193) for an 
automated pipetting platform, and Rotor-​Gene SN: (R0822158) for qPCR detection. 
This automated method allows for ef�cient DNA extraction and qPCR setup, minim-
izing contamination and enhancing reproducibility for microbial DNA detection in 
complex environmental samples.

The samples for this study were collected from various points along an oil pipeline  
system to represent a broad range of conditions. Sampling was conducted over sev-
eral months, with water, oil, and sludge samples collected at designated intervals to  
ensure a representative cross-​section of the pipeline’s operational environment during  
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The sludge samples were processed by weighing 0.25 g of sludge deposits. The oil 
samples consisted of 600 mL of oil and 200 mL of extraction buffer (e.g., phosphate 
buffered saline, tris buffer, citrate buffer), which were thoroughly blended to ensure 
uniformity. The mixture was incubated at 60°C for 24 hours to promote enhanced 
microbial recovery. After incubation, the buffer was separated and collected for �l-
tration, followed by DNA extraction. For the water samples, 200 mL was �ltered 
for DNA extraction. Following the initial preparation, all samples underwent further 
homogenization using a mechanical homogenizer to ensure complete and consistent 
mixing of the components. This process ensured that the samples were adequately 
prepared for subsequent analysis (Takahashi et al., 2014).

The DNA extraction process was carried out using the DNeasy PowerSoil Pro 
Kit, with the QIAcube automated system facilitating the procedure (Takahashi 
et al., 2014). Reagents from the DNeasy PowerSoil Pro Kit were loaded into the 
QIAcube following the instrument�s setup protocol, ensuring the correct placement 
of each reagent as per the provided prompts. The prepared oil, sludge, and water 
samples were then placed into their designated positions within the QIAcube. The 
extraction process was initiated by selecting the Inhibitor Removal Technology 
(IRT) program, which is speci�cally designed for the DNeasy PowerSoil Pro Kit. 
This automated program ef�ciently handles the cell lysis, DNA binding to the spin 
column, washing, and elution steps. Upon completion, the eluted DNA was collected 
in clean microcentrifuge tubes for further analysis. The DNA yield and quality were 
subsequently assessed (Takahashi et al., 2014).

The qPCR reagents, including primers, Taqman Probe, SYBR Green, and 
nuclease-​free water, were loaded into the QI Agility system following the software’s 
instructions. A master mix for qPCR was then prepared according to the detec-
tion target, such as BA, SRB, MET, and IOB, based on the relevant protocol. The 
QIAgility was programmed to dispense the master mix into qPCR tubes or plates, 
ensuring that the sample DNA and controls were added in triplicate. The instrument 
was programmed to perform all pipetting steps to minimize cross contamination and 
enhance consistency. After dispensing, the qPCR plates or tubes were capped and 
sealed for further processing (Takahashi et al., 2014).

Once the qPCR plate was prepared, it was inserted into the Rotor-​Gene Q instru-
ment. The qPCR protocol was con�gured, including initial denaturation, denatur-
ation, and annealing/​extension steps, which were optimized according to the 
validated protocol. Negative template controls (NTC) and known positive controls 
were included to ensure quality assurance for each protocol The program was then 
run to detect the DNA targets, and the resulting data were analyzed based on the 
threshold cycle (Ct) values of the target DNA (Takahashi et al., 2014). Finally, the 
gene copy number obtained from the Rotor-​Gene Q was converted into cell numbers 
using an internally designed sheet, as shown

8.5 � ESEM-​EDS

ESEM samples were prepared from different scraped pipeline systems in Saudi 
Aramco operations, mounted on ample holders, and then inserted into the ESEM 
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A majority of crude oil samples showed the presence of total bacteria and corrosion-​
related microbes (Table 8.1). The number of total bacteria in the crude oil samples 
ranged from 103 to 109 cells /​L, and the corrosive bacteria (SRB +​ MET +​ IOB) 
ranged from below the detection limit to 108 cells/​L. The water sample from Sample-​
7 (SJGT-​1) contained moderate numbers of total bacteria (105/​mL) with tested cor-
rosive bacteria below the detection limit. Eight scraped sludge samples were found 
to contain 102�​106/​g of total bacteria (BA), and 103�​105 cells/​g of corrosive bacteria 
(SRB+​MET+​IOB).

Two sludge deposits (i.e., Sample-​19 (RTDB-​2) and Sample-​22 (UJNGL-​1)) 
were subjected to ESEM-​EDS analysis to determine the elemental composition. 
Sample-​19 (RTDB-​2) was comprised mainly of carbon (C), oxygen (O), and iron 
(Fe) as the major XRF elements with small additional amounts of Na, Mg, Si, S, 
Ci, Ca, and Mn (Figure 8.1). This may indicate the presence of Fe-​based products 
(corrosion-​based compounds) along with traces of some minerals. However, the type 
of corrosion products and the additional compounds can only be identi�ed by XRD 
techniques (see Sections 8.3.2.4 and 8.3.3.4). Additionally, Sample-​22 (UJNGL-​1) 
was comprised mainly of C, O, S, and Fe as the major elements with small amounts 
of Ca (Figure 8.2). The geochemical water analysis of the water fraction separated 
from Sample-​7 (SJGT-​1) is shown in Table 8.2.

8.9 � X-​RAY POWDER DIFFRACTION RESULTS

The XRD data sets of the crystalline portion of the sludge deposits were identi�ed 
by using the combined High Score Plus software and the International Centre for 
Diffraction Data (ICDD) of the powder diffraction data (PDF), ICDD PDF-​4+​ data-
base to determine the phase identi�cation of the crystalline materials portion of the 
three sludge deposits (i.e., Sample-​19 (RTDB-​2), Sample-​10 (TNBGT), and Sample-​
22 (UJNGL-​1)).

The results are given in Figure 8.3 for Sample-​19 (RTDB-​2), Figure 8.4 for 
Sample-​10 (TNBGT), and Figure 8.5 for Sample-​22 (UJNGL-​1). Subsequently, 
the quantitative phase analysis (phase composition, wt%) for each of the iden-
ti�ed phases of the XRD data of the crystalline portion of the sludge deposits is 
given in Table 8.3 for Sample-​19 (RTDB-​2), Sample-​10 (TNBGT), and Sample-​22 
(UJNGL-​1).

It can be seen from Table 8.3 that the crystalline portion of the sludge deposits 
from Sample-​19 (RTDB-​2) consists of iron oxide corrosion products in the forms 
of 71.0 wt% of magnetite (Fe3O4), 8 wt% of goethite (FeO(OH)), and 1.0 wt% of 
lepidocrocite (FeO(OH)). Additionally, Sample-​22 (UJNGL-​1) consists of iron oxide 
corrosion products in the form of 100.0 wt% of magnetite-​Fe3O4, and subsequently, 
Sample-​10 (TNBGT) consists of iron sul�de corrosion products, 100.0 wt% of pyr-
rhotite (FeS).

The quantitative analysis results obtained from the Rietveld method serve to  
guide the �eld engineers at the re�nery and gas plant to identify problems and  
develop mitigating procedures. For example, for iron oxide corrosion products,  
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Sitepu, AlYami, and Al-​Zahrani (2024) described that at a high temperature, mag
netite (Fe3O4) will coat the iron/​steel to prevent oxygen from reaching the underlying 
metal. Also, at low temperature, lepidocrocite (FeO(OH)) will be formed and  
eventually transformed into stable goethite. Additionally, Sitepu, AlYami, and Al-​ 
Zahrani (2025) indicated that for iron sul�de corrosion products, pyrophoric iron  
sul�de (pyrrhotite�​FeS) results from the corrosive action of sulfur compounds (H2S)  
and moisture on the iron (steel).

FIGURE 8.1  The �gure presents two backscattered electron microscopy (BSE) images along 
with an energy dispersive X-​ray spectroscopy (EDS) spectrum of solid deposits from Sample-​
19 (RTDB-​2). The BSE images reveal dense, irregularly shaped particles with varying contrast, 
indicative of compositional heterogeneity. The EDS spectrum, acquired in total area analysis 
mode, displays dominant peaks corresponding to: oxygen (O), iron (Fe) is the most prominent 
peak, magnesium (Mg), silicon (Si), calcium (Ca), chlorine (Cl), minor elements include 
aluminum (Al) and sodium (Na). These results con�rm that the solid deposits primarily consist 
of iron-​rich phases, consistent with magnetite and goethite as identi�ed in the quantitative 
XRD analysis. The presence of other elements suggests additional mineral phases or entrapped 
matrix material.
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8.10 � DISCUSSION

8.10.1 �MI C EVIDENcE IN THE CRUDE PIPELINE

MIC is a signi�cant challenge in crude oil pipelines, where microorganisms, such as  
SRB and acid-​producing bacteria, form bio�lms on pipeline surfaces. These bio�lms  
create localized environments conducive to corrosion by producing corrosive metabolic  

FIGURE 8.2  Shows backscattered electron images and the corresponding EDS spectrum 
of solid deposits from Sample-​22 (UJNG-​1), acquired in total area analysis mode. The EDS 
spectrum displays major peaks for: carbon (C) �​ the highest intensity peak, oxygen (O), sulfur 
(S), iron (Fe) �​ prominent peak con�rming iron-​rich composition and minor peaks for sodium 
(Na), calcium (Ca), and silicon (Si). The micrographs reveal densely packed granular particles 
consistent with corrosion product morphology. The elemental pro�le supports the presence of 
magnetite with traces of associated compounds.
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byproducts, including hydrogen sul�de and organic acids. These by-​products contribute  
to pitting and crevice corrosion, causing substantial damage to the pipeline structure.

Identifying MIC involves several analytical methods, such as microbial testing, 
DNA-​based assays, and the analysis of corrosion products. Microbial counts and 
DNA sequencing can reveal the speci�c bacteria involved in corrosion processes 
while chemical analysis of corrosion products, like sul�des, can indicate SRB activity. 
Advanced techniques like SEM and EDS provide detailed insights into the morph-
ology and composition of corrosion products, thereby linking microbial activity dir-
ectly to corrosion sites.

Internal corrosion of pipelines is the largest cause of pipeline failure in the oil and 
gas industry. MIC has been shown to be one of the major contributors to the internal 
corrosion of diverse systems including water, hydrocarbon, and gas pipelines. MIC in 
metal pipelines is the result of speci�c metal /​ microbe /​ electrolyte /​ stream compos-
ition /​ operating condition interactions, making it impossible to totalize. In accordance 
with NACE standard (TM-​0106 �​ Testing and Evaluation of Microbiologically 
In�uenced Corrosion on External Surfaces of Buried Pipelines), the presence of MIC, 
causing microbes alone without any other MIC characteristics, does not necessarily 
mean MIC is occurring.

TABLE 8.2
Geochemical Composition of the Water Fraction from Sample-​7 
(SJGT-​1)

Compound Concentration Unit

Bicarbonate 1657 mg/​L
Calcium 321 mg/​L
Chloride 802 mg/​L
Conductivity @ 25°C >10,000 µmhos/​cm
Total dissolved solids (TDSs) 3477 mg/​L
Magnesium 130 mg/​L
pH@25”C 5.9
Potassium 22 mg/​L
Sodium 567 mg/​L
Speci�c gravity @ 60°F 1.0120

Notes: � It lists the concentrations of major ions and parameters in appropriate units: bicar-
bonate: 1657 mg/​L; calcium: 321 mg/​L; chloride: 802 mg/​L; conductivity @ 
25 °C: >10,000 µmhos/​cm; TDSs: 3477 mg/​L, magnesium: 130 mg/​L; pH 
@ 25°C: 5.9, potassium: 22 mg/​L, sodium: 567 mg/​L and speci�c gravity @ 
60°F: 1.0120. This table indicates high ionic strength and salinity with elevated 
TDS and conductivity, as well as slightly acidic pH, re�ecting the geochemical 
pro�le of the water fraction isolated from pipeline-​associated material.
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8.10.1.1 � Key Observations of the Correlation between the XRD Findings 
and qPCR Results

The presence of pyrrhotite (FeS) in Sample 10 strongly suggests SRB activity, as these 
bacteria reduce sulfate to sul�de, which leads to the formation of iron sul�de minerals 
like pyrrhotite. This observation aligns with the qPCR results, which detected SRB in 
several samples, including Sample 10. In contrast, Sample 19 (RTDB-​2) is dominated 
by iron oxide corrosion products, including magnetite, goethite, and lepidocrocite, 
suggesting the activity of IOB, which can oxidize iron minerals, resulting in the for-
mation of iron oxides. This is supported by the qPCR results, which detected IOB in 
some samples.

The qPCR results reveal the abundance of various microbial groups in the samples. 
Bacteria (BA) were the most abundant group in most samples, with some samples 
exhibiting extremely high counts, such as JTG-​2 and BRT-​2. SRB were present in 
many samples, but at generally lower levels than BA. MET was detected in several 
samples, although often at low levels or below detection limits (BDL). IOE was pre-
sent in some samples, though also at low levels or BDL.

XRD analysis provides important insights into the mineral composition of the 
samples. For example, the presence of pyrite (FeS2) suggests the activity of SRB, and 
minerals such as calcite, dolomite, and clays can reveal information about the geo-
chemical environment. Sample 19 (RTDB-​2) was primarily composed of iron oxide 
minerals, including magnetite, goethite, and lepidocrocite, while Sample 10 (INBGT) 
contained iron sul�de minerals like pyrrhotite. These �ndings indicate microbial 
involvement in corrosion processes, as certain bacteria are associated with the forma-
tion of these minerals.

8.10.1.2  Key Observations of ESEM Analysis Interpretation
ESEM and EDS provide valuable information about the morphology and elemental 
composition of the samples. ESEM images of Sample 19 (RTDB-​2) and Sample 22 
(UJNGL-​1) showed heterogeneous surfaces, suggesting the presence of different 
mineral phases. EDS spectra revealed the presence of iron (Fe), oxygen (O), and 
silicon (Si) in these samples, consistent with the XRD �ndings. The heterogeneous 
surface textures suggest microbial in�uence on mineral precipitation, possibly due to 
bio�lm formation or other microbial interactions.

8.10.2 � CoRRELATIoN BETwEEN QPCR, XRD, AND ESEM

The correlation between the qPCR, XRD, and ESEM �ndings further supports the 
role of microorganisms in corrosion. The detection of SRB in the qPCR results cor-
responds with the presence of pyrite in the XRD data and microbial structures in the 
ESEM images. The presence of iron oxide minerals in both XRD and EDS analysis 
is consistent with the activity of iron-​oxidizing bacteria, as observed in the qPCR 
results. The morphology of microbial structures observed in ESEM provides add-
itional context for understanding microbial roles in mineral formation and corrosion.
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8.10.3 �L IMITATIoNS AND CoNSIDERATIoNS

While the combination of qPCR, XRD, and ESEM provides valuable insights, there 
are some limitations to consider. Detection limits and primer speci�city can in�uence 
qPCR results, and XRD analysis may miss amorphous materials, as it only detects 
crystalline phases. ESEM, with its limited depth of �eld, may be affected by sample 
preparation. Additionally, the correlation between microbial activity and mineral for-
mation does not imply causation, and further analysis is needed to establish de�ni-
tive links.

8.10.4 �F URTHER ANALYSIS AND REcoMMENDATIoNS

To enhance understanding, further analysis should include statistical methods to iden-
tify signi�cant correlations between microbial activity, mineral formation, and envir-
onmental conditions. Microbial community pro�ling through techniques like 16S 
rRNA gene sequencing can provide a more detailed view of the microbial populations 
involved. Geochemical analysis should also be conducted to assess the environmental 
factors in�uencing microbial activity, while measurements of microbial activity can 
help quantify metabolic rates and their impact on corrosion.

8.11 � CONCLUSIONS

Based on the experimental results, it can be concluded that microbial communi-
ties in the crude oil or sludge deposits contain moderate to high levels of total bac-
teria, including corrosive microbes such as SRB, IOB, and MET. These microbes 
were detected at concentrations suggesting that regular monitoring of microbial 
activity is essential for maintaining pipeline integrity. The phase composition ana-
lysis revealed that crystalline deposits mainly consist of iron oxide and iron sul�de 
corrosion products, such as magnetite, goethite, lepidocrocite, and pyrrhotite, which 
can guide re�nery and gas plant engineers in developing appropriate corrosion miti-
gation procedures.

Subsequently, to better understand the contribution of MIC to deposit formation 
for future work, it is recommended that quarterly sampling and analysis of water, 
oil, and solid samples be conducted from upstream locations. On-​site microbial 
analysis should also be performed to monitor microbial activities, identify root 
causes, and develop appropriate procedures to prevent further accumulation of 
deposits. This proactive approach will help mitigate the effects of MIC on the 
affected pipelines.
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9.1 � INTRODUCTION: BACKGROUND AND DRIVING FORCES

Static oil reservoirs have been inhabited by indigenous microorganisms for millions 
of years (Wang, et al., 2019). Reservoir souring induced by sulphate-​reducing 
prokaryotes (SRP) is a global issue in oil reservoirs impacting operational safety, 
metallurgy, capital, and operational expenses (Johnson, et al., 2017). The uniqueness 
of oil reservoir habitats is manifested in the presence of substantial amounts of elec-
tron donors, high salinity, and high pressure (Pannekens, et al., 2019). In an unex
plored reservoir, the indigenous reservoir microbial communities would be fuelled by 
sulphate-​reduction, fermentation, and methanogenesis (Head, et al., 2014; Marietou, 
et al., 2020). These metabolisms are essential to sustain microbial life in the deep 
biosphere (Colman, et al., 2017; Payler, et al., 2019). The implementation of sea
water injection (ISW) and/​or produced water reinjection (PWRI) practices would 
have the following bene�ts: (1) maintain reservoir pressure (Carageorgos, et al., 
2009); (b) displace crude oil into the producing wells (Hu, et al., 2017); (c) min
imise the transport and utilisation of water from external sources (Lutz, et al., 2013; 
Shaffer, et al., 2013); and (d) avoid the discharge of toxic by-​products to the environ
ment (Ghafoori, et al., 2022). Consequently, the static reservoir environment would 
change into an advection-​driven environment in a phenomenon referred to as �Mass 
Transfer� (Vigneron, et al., 2017). Oxygen, sulphate, and nitrate electron acceptors 
would be introduced (Gieg, et al., 2011). Injecting nitrate into reservoirs is a common 
method used to reduce souring caused by SRP (Skovhus, et al., 2018). This process 
promotes the growth of nitrate-​reducing bacteria (NRB), which compete with SRP 
for sulphate, thereby inhibiting SRP growth (Gieg, et al., 2011; Fida, et al., 2016). 
Consequently, the production of hydrogen sulphide (H2S) by SRP is diminished 
(Voordouw, 2011). Additionally, the process of iron oxidation coupled with nitrate 
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and gas industry practices (Gray, et al., 2011). The enrichments of microorganisms 
encountered under oil and gas reservoirs, such as sulphate-​reducers (Bell, et al., 2020) 
and methanogens (Blake, et al., 2020), were reported previously from the River Tyne 
Estuarine sediments. We set up synthetic ISW:PW anoxic microcosm mixes to mimic 
the following parameters:

1.	 PWRI generated thermal gradient (30�​60°C).
2.	 PWRI generated salinity gradient (42�​150 g/​L TDS).
3.	 Electron donor (VFAs) supplemented in a 25 mM mixture of acetate, butyrate, 

and propionate.
4.	 Sulphate as an electron acceptor (0.6�​21 mM).
5.	 River Tyne Estuarine Sediments as microbial inoculum, and a source for the 

complex organic matter usually encountered as biopolymers in aquatic marine 
sediments (Seeley, et al., 2020).

The investigation in this chapter will be focused on developing an understanding 
of the in�uence of the salinity and temperature gradients of PWRI practices on 
sulphidogenesis, sulphate-​reduction, volatile fatty acids (VFAs) metabolisms, and 
microbial community shifts. Although other choices for carbon sources, such as 
benzene, toluene, ethylbenzene, and xylene isomers, ortho-​, meta-​, and para-​xylene 
(BTEX), exist with many microorganisms capable of degrading such compounds 
(Claro, et al., 2018), such degradations would require an enhanced enzymatic 
machinery, and an abundance of electron acceptor presence (Claro, et al., 2018). 
Such an enhanced enzymatic machinery for BTEX biodegradation is not found in 
all living microorganisms, and shows no clear stoichiometric reactions with sul-
phate under anaerobic environments (Claro, et al., 2018). Therefore, VFAs were 
chosen as carbon sources in this study for their known stoichiometric conversions 
with sulphate under anaerobic sulphate-​reducing environments for both pure SRP 
strains, and within a mixed community inoculum (Chen, et al., 2017); (Widdle & 
Bak, 1992).

The objective of the current study is to establish the effects of salinity and tem-
perature boundary conditions on microbial communities with souring potential. The 
boundary conditions will be corroborated with plausible operational scenarios for 
electron donors and acceptors (sulphate, acetate, butyrate, and propionate). This 
will allow a better understanding of the roles of microorganisms in reservoir souring 
under the various operational conditions (salinity and temperatures). Ultimately, 
these �ndings will aid in the data-​driven decision-​making process for �eld operations.

The following conditions were used in the investigation: two PWRI temperatures 
(30oC and 60oC), �ve salinities (42, 64, 107, 127, and 150 g/​L TDS), and �ve sul-
phate concentrations (1, 5, 8, 17, and 21 mM). The sulphate gradient also represents 
operational scenarios where wastewater or seawater sulphate removal unit (SRU) is 
bypassed due to a variety of reasons such as maintenance, equipment failure, and/​
or for management of certain operational conditions (Tchobanoglous, et al., 2014). 
Twenty-​eight millimolar represents the highest sulphate concentration in seawater, and 
21 mM is the highest concentration in the current study (Tchobanoglous, et al., 2014).
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method using column Dionex Ion PacTM ICE-​AS1, Dionex AS-​AP autosampler, and 
hepta�uorobutyric acid (48 mM) as the eluent. Aqueous sulphide was measured spec-
trophotometrically at 480 nm following the reaction of aqueous sulphide with 5 mM 
CuSO4 in 50 mM HCl solution to produce a brown CuS precipitate (Cord-​Ruwisch, 
1985). Sulphate reduction, VFAs consumption/​production, sulphide production, and 
sulphide production rates were compared statistically by one-​way analysis of vari-
ance (ANOVA) (Minitab 17, Minitab Ltd., Coventry, UK).

9.2.3 �DNA  SEQUENcINg AND BIoINFoRMATIcS

Time-​series samples were collected for DNA extraction. For 30oC incubations, the 
samples were collected at 0, 744, 1320, 1800, and 5400 hours; for 60oC incubations, 
0, 408, and 1800 hours; and for 100% ISW HK control, 0, 1320, and 1800 hours. 
Different time durations and timepoints for different temperature incubations were 
selected due to the challenges faced in DNA extractions from high-​salinity samples. 
As such the DNA extraction procedures using FastDNA Spin Kit for Soil (Q-​BIOgene, 
California, USA) were modi�ed to increase the DNA yields from the high-​salinity 
samples: (1) concentrate the sample 20-​folds by centrifugation, (2) increase the settling 
time from 3 to 5 min to improve the DNA binding to the silica matrix, (3) use two silica 
matrices per sample and pool the eluted DNA, and (4) Reduce the DNA elution buffer 
from 50 to 20 µL. Additionally, the formaldehyde-​treated �Killed� controls were not 
sequenced due to formaldehyde interacting with organic matter, leading to dif�cul-
ties experienced in DNA extraction. DNA sequencing was carried out at Northumbria 
University (NU-​OMICS) on the MiSeq Illumina platform. The 16S rRNA sequence 
libraries were analysed using QIIME2 and STAMP software packages (STAMP v2.1.3) 
(Parks, et al., 2014), to determine the overall species level amplicon sequence variants 
(ASVs) clustering patterns using principal component analysis (PCA) and generate 
time-​series family level heat-​maps across the salinity and temperature gradients.

9.3 � RESULTS AND DISCUSSION

9.3.1 �A NALYTIcAL CHALLENgES IN HIgH-​SALINITY SAMPLES

In this section, a summary of the main challenges with analysing high-​salinity 
waters will be discussed. Analytical challenges encountered in the high-​salinity 
ISW:PW incubations included: (1) effect of salting-​out phenomenon on colorimetric 
measurements of aqueous sulphide; (2) biotic and abiotic interactions with aqueous 
sulphide; (3) sulphate and nitrate IC co-​elution; and (4) effect of high chloride ion 
concentration on VFA analysis using IC.

9.3.1.1 � Effect of Salting-​Out Phenomenon on Colorimetric Measurements 
of Aqueous Sulphide

Aqueous sulphide was measured spectrophotometrically following the reaction of 
copper sulphate (CuSO4) with aqueous sulphide (H2S), producing copper sulphide 
(CuS), a brown coloured precipitate which is measured at 480 nm (Cord-​Ruwisch, 
1985). Equation 9.1 (Cord-​Ruwisch, 1985) given below illustrates the chemical 
reaction:
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Table 9.3 shows comparisons between expected and measured sulphide  
concentrations. With increasing salinities of the water mix, both underestimation  
and overestimation values for aqueous sulphide were observed, while sulphide  
concentrations were underestimated in ddH2O. The observed underestimation pattern  
of sulphide is caused by the instability of Na2S salt when exposed to air. Overall,  
although the salting-​out phenomenon was observed in the three standard sets of A, B,  
and C; R2 values of 0.9934, 0.9898, 0.9929, and 0.9928 showed no evident effect of  
the salting-​out phenomenon on measured sulphide concentrations (Table 9.3), and the  
expected and measured sulphide concentrations were found to be accurate.

9.3.1.2 � Biotic/​Abiotic Interactions with Aqueous Sulphide
Marine sediment plays a fundamental role in the transformation of sulphur (S) within 
aquatic ecosystems (Wazmund, et al., 2017). The sulphur transformation processes 
within marine sediment are associated with a variety of microbial and chemical 
reactions, contributing to shifts in the forms and oxidation states of sulphur compounds 
(Jłrgensen, et al., 2019). In this section, the biotic and abiotic interactions in these 
ISW:PW incubations are studied to assess if the anoxic microcosm environments 
would serve as a sink or a source of sulphide. Figure 9.2 shows the �ndings.

Under higher salinity mixes in 20:80 ISW:PW (NS) and (AG), the anoxic micro-
cosm environment served as a sink of sulphide, where an initial 1 mM sulphide was  
dropped by 0.93 – 0.08 mM (NS) and 0.91 – 0.03 mM (AG). In contrast, sulphide  

FIGURE 9.1  Schematic illustration for the salting-​out phenomenon encountered in sulphide 
standards prepared under the following salinities: (a) 100% ISW (42 g/​L TDS); (b) 20:80 
ISW:PW (NS) (127 g/​L TDS); and (c) 20:80 ISW:PW (AG) (212 g/​L TDS).
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chloride (4.87 min), nitrite (5.8 min), and sulphate (11.84 min) peaks was observed.  
This allowed for accurate quanti�cation of sulphate anion from chromatogram peak  
response (µS).

9.3.1.4 � Baseline Establishment for VFA�s Chromatograms
Finally, effect of high chloride ion concentration on VFA analysis using IC is explored. 
To establish data quality in response to ISW:PW salinity and temperature gradients, 
the individual replicated chromatogram peak responses in �S over three selected 
incubation times (0, 254, and 792 hours) were stacked. The retention time for acetate, 
butyrate, and propionate was 15.5, 21.96, and 17.93 min, respectively. Figure 9.5 
illustrates an example from one of the ISW:PW treatment conditions (100% ISW, 
60oC), showing the shifts in microbial VFAs metabolism.

Figure 9.5 illustrates the staggered VFAs chromatogram peaks for 100% ISW  
(60oC) treatment condition. Although a different IC column type (Dionex Ion  
PacTM ICE-​AS1) was utilised for VFAs analysis, compared to IC anions detection 
column (AS14A) (Figures 9.3�​9.4), the pitfalls from not removing the initial  
Cl�​/​ NO2�​ Co-​elution peak (Figure 9.3) will also result in underestimation of down
stream VFA peaks. Therefore, again here, a 1:10 sample dilution combined with the  
use of Dionex on Guard II (AgCl) cartridges was utilised in sample processing for  
accurate quanti�cations of VFAs (Figure 9.5). However, slight variations in baseline 
VFA concentrations were observed �​ Acetate 8.43 – 0.17 mM vs. expected 10  
mM, Propionate 11.52 – 0.24 mM vs. expected 10 mM, and butyrate 4.6 – 0.24 mM  
vs. expected 5 mM. These variations could have been attributed to the cumulative  

FIGURE 9.4  Anionic chromatogram peaks for 20:80 ISW:PW (NS) sample (re-​formatted for 
illustration purpose). Sample was diluted 1:10, and Dionex OnGuard II (AgCl) Cartridge was 
used for Cl�​ removal.

 

 

 



202 Microbiological Challenges in the Energy Industries

���

but individually minute effects of the following: (1) salting-​out phenomenon on  
VFA measurement (Figure 9.1), (2) biotic/​abiotic (sediment/​coupon) interactions  
(Figure 9.2), and (3) Dilution and passing ISW:PW solution through AgCl columns.  
Drilling-​down on staggered treatment condition peaks also allowed for the evaluation 
of whether the reported VFAs concentration shifts (black and gey arrows) �rstly  
align overall with the known anaerobic SRP VFAs metabolism pro�les reported in  
Equations 9.2�​9.4, and secondly if the microbial metabolism of VFAs under the  
tested salinity and temperature gradients would follow half-​oxidation reactions (i.e.,  
breakdown of butyrate and propionate into acetate) (Equations 9.2�​9.3), and/​or a  
complete breakdown of all added VFAs including acetate into bicarbonate (Equation  
9.4). From the provided 100% ISW (60oC) example therefore, it became clear  
that the mixed microbial communities followed half-​oxidation reactions of VFAs  
(Figure 9.5, Equations 9.2�​9.3).

9.3.2 �E FFEcTS oF SALINITY AND TEMPERATURE GRADIENTS oN SULPHIDE 
PRoDUcTIoN

Sulphate reduction coupled with an appropriate electron donor leads to H2S produc-
tion (Kakasonen & Puhakka, 2007; Lens, et al., 2002). Typically, under sulphate-​
reducing environments, the longer chain VFAs (i.e., butyrate and propionate) are 
oxidised to acetate, coupled to sulphate reduction (Equations 9.2�​9.3; Chen, et al., 

FIGURE 9.5  Stacked VFAs chromatogram peaks for 100% ISW (60oC) treatment condition 
(re-​formatted for illustration purpose). Black arrows indicate baseline (0 hour) conductivity 
(µS) and the corresponding VFA concentrations. Grey arrows indicate the observed shifts in 
conductivity and VFA concentrations in response to microbial metabolism of VFAs at the 
selected incubation times.

 

 

  

 





204 Microbiological Challenges in the Energy Industries

���

At 60°C incubation, a similar relation of sulphide production and salinity was 
observed (Figure 9.6b). However, the �nal sulphide production in the high tempera
ture were lower than those reported for the 30°C incubations, whilst the sulphide 
production pro�le was much steeper and earlier (Figure 9.6b). This suggested that the 
vegetative mesophiles inducing sulphidogenesis at 30°C were killed at the elevated 
temperature of 60°C. Due to the growth stimulation of thermophilic endospore forming 
SRPs, an exponential sulphide production phase was evident for 100% ISW (42 g/​
L TDS) microcosm (Figure 9.6b), as opposed to the gradually increasing sulphide 
production pro�le of the mesophilic SRP reported at 30°C incubation (Figure 9.6a). 
This is also consistent with the Smeerenburgfjorden sediment�s temperature-​gradient 
incubations. Hubert, et al. (2009) reported that sulphate-​reduction rates (SRR) for 
psychrophilic SRP incubations was approximately 20%, compared to 60% induced 
by the thermophilic endospore-​forming SRP at 60°C. The �nal sulphide production 
decreased with increasing salinity, that is, 16.07 – 1.35 mM and 4.97 – 0.79 mM 
at 42 and 64 g/​L TDS, respectively. At 107, 127, and 150 g/​L TDS, only negligible 
sulphide was produced, 0.029 – 0.01, 0.051 – 0.01, and 0.1 – 0.01 mM, respectively 
(Figure 9.6b).

For all ISW:PW mixing ratios at 30°C and 60°C, control microcosms treated with 
2% formaldehyde showed minimal sulphide production (Figure 9.6a and 9.6b). In 
control ISW:PW microcosms containing 2% formaldehyde, sulphide production was 
negligible, averaging 0.24 – 0.003 mM throughout the incubation period (Figure 9.6a). 
This implied the effectiveness of the surface acting, membrane porins damaging, and 
proteins and nucleic acids cross-​linking capabilities of formaldehyde, resulting in 
curtailing the activity of SRPs (Xue & Voordouw, 2015; Bartlett & Kramer, 2011; 
McGinley & van der Kraan, 2012; Cloete, et al., 1998; Barnes & Eagon, 1986) across 
the tested PWRI salinity gradient (Figure 9.6a). The effectiveness of the 2% formal
dehyde treatment in inhibiting the activity of SRPs is also supported by negligible 
sulphate removal (Figures 9.7a and 9.7b) and acetate accumulation from the break
down of butyrate and propionate (Figures 9.8a and 9.8b).

The salinity and temperature thresholds for the growth and activity of SRPs were 
reported to be 80 g/​L TDS and up to 100°C (Gieg, et al., 2011). In the current study, 
the sulphidogenesis at 60°C ceased at salinities above 64 g/​L TDS (Figure 9.6b), but at 
30°C, the sulphidogenesis proceeded up to 107 g/​L TDS (Figure 9.6a). This revealed 
an interaction between salinity and temperature, corroborating the thermodynamical 
limitations of microbiological life in the deep biosphere (Oren, 1999, 2001, 2011).

9.3.3 �E FFEcTS oF SALINITY AND TEMPERATURE GRADIENTS oN SULPHATE 
REDUcTIoN

Mixing of ISW and PW changes not only the salinity but also the available sulphate 
within the anoxic microcosm environments. The mixing ratios presented in Table 9.1 
aimed to replicate the geochemical compositions observed during the blending of 
ISW and PW in real-​world scenarios. Sulphate removal was monitored in parallel with 
the sulphide production. Figures 9.7 and 9.9 illustrate the sulphate removal pro�les 
expressed as sulphate reduction in mM and in % at 30°C and 60°C incubations.
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The diminishing sulphate removal corresponded with increasing salinities. At 30°C  
incubation, 17.42 – 0.63 mM or 97.7 – 3.55% (Figures 9.7a and 9.8a) of sulphate was  
removed from initial concentrations in 100% ISW microcosms (42 g/​L TDS). When  
the salinity increased to 64 and 107 g/​L, the sulphate removal was reduced to 5.97 –  
0.63 mM (82.37 – 8.67%) and 3.39 – 0.33 mM (77.24 – 7.48%), respectively. At 127  
and 150 g/​L TDS, the sulphate removal further decreased to 1.82 – 0.25 mM (66.83  
– 9.18%) and 0.17 – 0.03 mM (28.33 – 5.0%), respectively. This was consistent with  

FIGURE 9.8  Salinity effect of PWRI on acetate accumulation/​consumption at 30°C (a) and 
60°C (b). Error bars represent 1× SE.

FIGURE 9.7  Salinity effect of PWRI on sulphate removal (mM) at 30°C (a) and 60°C (b). 
Error bars represent 1× SE.
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the negligible sulphate removal for the 2% formaldehyde-​treated controls. One-​way  
ANOVA with Tukey�s post-​hoc testing on Minitab revealed that the sulphate removal  
pro�les for 100% ISW (42 g/​L TDS) and 80:20 ISW:PW (64 g/​L) were statistically  
different from that of higher salinities (107�​150 g/​L). The heat-​kill was not completely  
effective in curtailing the activity of SRP that exhibited a sulphate removal of  
6.40 – 1.96 mM (38.90 – 11.92%) (Figures 9.7a and 9.8a), being statistically signi�
cant from the rest of ISW:PW incubations (P =​ 0.004).

By contrast, microcosms at 60°C incubation exhibited much lower levels of sul-
phate removal. In 100% ISW microcosms (42 g/​L TDS), sulphate removal was 10.54 
– 0.71 mM (68.23 – 4.60%) (Figures 9.7b and 9.8b). When the salinity increased 
to 64 g/​L, the sulphate removal was reduced to 5.94 – 0.96 mM (77.26 – 7.31%). 
Furthermore, at the salinity of 107, 127, and 150 g/​L TDS, only negligible sul-
phate removal occurred at 0.15 – 0.07 mM (5.32 – 0.59%), 0.21 – 0.03 mM (7.23 – 
0.60%), and 0.22 – 0.07 mM (36.67 – 11.67%), respectively (Figures 9.7b and 9.8b). 
Similar to 30°C incubations, the sulphate removal at 60°C and lower salinity (42�​64 
g/​L TDS) were statistically different from the higher salinity (107�​150 g/​L TDS) 
incubations. The 2% formaldehyde-​treated controls also showed negligible sulphate 
removal (Figure 9.7b).

9.3.4 �E FFEcTS oF SALINITY AND TEMPERATURE GRADIENTS oN VFA METABoLISM

The effects of salinity and temperature gradients on VFAs metabolism are viewed 
as a function of acetate accumulation from butyrate and propionate breakdown, 
and the subsequent consumption of accumulated acetate (Figure 9.5, Equations 
9.2�​9.4).

FIGURE 9.9  Salinity effect of PWRI on sulphate removal (%) at 30°C (a) and 60°C (b). 
Lighter shades depict sulphate removal (%) in lower salinity ISW:PW mixes. Error bars 
represent 1× SE.
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Clear salinity and temperature gradients effects on acetate accumulation from 
the consumption of butyrate and propionate are shown in Figures 9.9. At 30°C, the 
highest acetate accumulation was reported in 100% ISW (42 g/​L TDS) at 15.59 – 
1.12 mM at 19 days incubation (Figure 9.8a). This was followed by a rapid con
sumption of 14.09 – 2.77 mM accumulated acetate between 19 and 75 days. At 
60°C, however, the same salinity microcosm showed lower acetate accumulation 
(9.38 – 1.21 mM) at 33 days incubation, followed by a minimal acetate consumption 
of 3.36 – 0.80 mM at 75 days (Figure 9.8b). At higher salinity, however, acetate was 
produced from the breakdown of the longer chain VFAs (butyrate and propionate), 
but the produced acetate was not consumed (Figures 9.9a and 9.9b). At the salinity 
of 64 g/​L TDS, accumulated acetate concentration was 10.68 – 1.98 and 5.80 – 
0.98 mM at 30°C and 60°C, respectively, at 19 days of incubation. At 107 g/​L TDS, 
the acetate accumulation dropped to 8.54 – 0.73 mM and 0.001 mM at 75 days at 
30°C and 60°C incubation. The 75-​day accumulated acetate at 127 g/​L TDS was 
5.38 – 0.25 and 1.08 – 0.54 mM, when incubated at 30°C and 60°C, respectively. 
Minimal acetate production was reported under 150 g/​L salinity, 0.70 – 0.11 mM at 
30°C and no acetate produced at 60°C at 75 days (Figures 9.9a and 9.9b). Treatment 
conditions showing acetate production were statistically signi�cant across the sal-
inity gradients (p-​value < 0.05).

9.3.5 � CoMMUNITY ANALYSIS

The microbial communities under ISW:PW mixing ratio of 100:0, 80:20, 40:60, 
20:80, and 0:100 at 30°C and 60°C incubations were analysed by 16S rRNA gene-​
based analysis. The corresponding salinities for the ISW:PW mixes were 42, 64, 107, 
127, and 150 g/​L TDS. Community analysis was conducted utilising Bray�​Curtis 
similarities of 16S rRNA gene pro�les, based upon classi�ed sequences at the species/​
genus level.

9.3.5.1 � Microbial Diversity
The microbial populations in the ISW:PW anoxic microcosms responsible for the 
observed sulphidogenesis, sulphate reduction, and VFAs metabolism were identi-
�ed via 16S rRNA gene amplicon libraries sequencing. Sequencing was executed 
on the triplicate microcosm samples, representing the selected salinity and tempera-
ture gradients (Table 9.1) and across the selected incubation timeframes. A total of 
8,480,122 raw sequencing reads (ASVs) were obtained, with 30°C and 60°C micro-
cosm samples ranging from 25,777 to 148,267 and 13,018 to 178,268 sequence reads 
per amplicon library, respectively. The ISW:PW microcosms species diversity across 
the salinity and temperature gradients was compared utilising the Shannon indices 
based on the 75-​day datapoint. A clear salinity effect on species diversity was evident. 
Shannon indices decreased with the ascension of salinity �​ 4.18 – 0.10 (42 g/​L, 30°C), 
4.21 – 0.07 (42 g/​L, 60°C), 3.63 – 0.24 (64 g/​L, 30°C), 3.50 – 0.46 (64 g/​L, 60°C), 
3.46 – 0.10 (107 g/​L, 30°C), 3.22 – 0.44 (107 g/​L, 60°C), 3.76 – 0.3 (150 g/​L, 30°C), 
4.34 – 0.03 (150 g/​L, 60°C). However, much lower species diversity was reported 
in the HK control samples (2.68 – 0.39), that exhibited a delayed sulphidogenesis 
pro�le (Figure 9.6a). The latter corroborated the notion that substantial numbers 
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of microorganisms were killed in the heat treatment, thereby reducing the diversity 
Shannon indices.

9.3.5.2 � ASVs from Controls
ASVs from DNA extraction procedural blanks at both 30°C and 60°C incubations 
revealed that the strains enriched were associated with DNA extraction kit 
contaminations. The top two most abundant microbial species detected in the pro-
cedural blanks were Burkholderia sp. and Pelomonas sp. Both species were detected 
in procedural blanks 2�​5 at 4.86%, 1.95%, 14.9%, and 10.8%, and 3.93%, 5.15%, 
22.10%, and 6.85%, respectively. Burkholderia sp. was found to be a commonly 
encountered contaminant in DNA extraction kits (Salter, et al., 2014). Pelomonas 
sp., was found to be a commonly present microbiome reagents contaminant (Salter, 
et al., 2014; Glassing, et al., 2016), and in ultrapure water (Kulakov, et al., 2002, 
Gomila, et al., 2005). Figure 9.10 illustrates the detected ASVs in 100% ISW (30°C) 
(HK Controls), which exhibited a delayed sulphidogenesis pro�le (1000 hours) 
(Figure 9.6a).

As elicited, the detected ASVs implied an initial shift in microbial communities 
from family of Nocardiaceae (Rhodococcus sp.) (97.70% – 0.58) at 0 hours  
(Figure 9.10a) to SRP family of Desulfobacteraceae, 34.83% – 1.63 at 1320 hours,  
and 38.58% – 0.94 at 1800 hours (Figure 9.10b), which included the novel family  
member Desulfatitalea tepidiphila, initially isolated from tidal �at sediments from  
Tokyo bay (Higashioka, et al., 2013). This Desulfatitalea sp. was enriched under  
optimum growth temperature of 34�​42°C, optimum pH of 6.8�​7.3, utilised acetate,  
propionate, and butyrate as electron donors, and sulphate/​thiosulphate but not  
nitrate as electron acceptors (Higashioka, et al., 2013). Similarly, the SRP family  

FIGURE 9.10  Species level relative abundance (RA %) for top 4 ASVs detected in 100% 
ISW (30°C) heat-​killed controls. Error bars represent 1× SE.
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of Desulfobulbaceae (Desulfobulbus sp.) exhibited the increased RA with the  
progression of incubation time, with maximum RA 17.98 % – 2.4 at 1800 hours  
(Figure 9.10c). The non-​sulphate-​reducing Izemaplasmataceae showed the maximum  
RA 25.59% – 1.2 at 1320 hours (Figure 9.10d). Surprisingly, members belonging to  
the Peptococcaceae spore-​forming SRP family, such as Desulfomatoculum sp. were  
not detected amongst the four topmost abundant ASVs in 100% ISW (HK Controls).

9.3.5.3 � Microbial Community Dynamics at 30oC and 60oC Incubations
To deduce the speci�c clustering patterns of ASVs at the species/​genus levels, the 
data from PCA were plotted separately for the microcosms incubated at 30°C and 
60°C. Figures 9.11 and 9.12 illustrate the microbial community dynamics for 30°C 
and 60°C microcosms at different salinities.

Three distinct PCA clusters were generated by the machine learning algorithms  
for 30°C microcosms (Figure 9.11). A central cluster harbours all time zero and  
100% PW samples; a lower-​middle salinity cluster harbouring 100% ISW and 80:20  
mixing samples; �nally, a higher salinity cluster harboured 40:60 and 20:80 mixing  
samples (Figure 9.11). The �rst principal component (PC1) accounted for 34% of the  
variations in the dataset, with PC2 accounting for 17.3% of the variation (Figure 9.11).  
Similarly, the 60°C incubations PCA revealed a tri-​mega clustering pattern. A central 
cluster includes all 0 hours and higher-​highest salinities (107�​150 g/​L); a lower  
salinity mega cluster harbouring 100% ISW and 80:20 ISW:PW at 408�​1800 hours;  
and �nally, a mid-​salinity range cluster harbouring 40:60 ISW:PW (107 g/​L) at 1800  
hours incubation (Figure 9.12). The PC1 accounted for 58% of the variations in the  
dataset, and PC2 9.2% (Figure 9.12).

FIGURE 9.11  PCA of species/​genus levels 16S rRNA gene pro�les from 30°C incubations at 
the different salinities (42�​150 g/​L) and incubation timeframes (0�​5400 hours).
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Three eccentric ASV clusters from 30°C microcosms (107 g/​L, 1800 hours; 150  
g/​L, 744 hours; 64 g/​L, 5400 hours) did not cluster within the tri-​mega clusters  
(Figure 9.11). The bottom eccentric cluster (64 g/​L, 5400 hours) harboured a spe
ci�c microbial enrichment for the microbial family of Burkholderiaceae, indicating 
a DNA extraction kit reagents contamination (Mohammadi, et al., 2005;  
Salter, et al., 2014). The reported DNA extraction contamination, therefore, would  
potentially impact sequence-​based microbiome analysis. Based on family-​level  
relative abundance (RA) analysis, two different Burkholderia sp. strains were  
enriched in the bottom eccentric cluster, contributing to 10.31% and 4.14% RA,  
respectively (Figure 9.11, Black Triangle) (Sindi, et al., 2023). However, the  
results in middle eccentric cluster (150 g/​L, 744 hours) indicated a shift in micro-
bial family enrichments from Sulfurovacaea, Woeseiaceae, Gammaproteobacteria  
at 744 hours to Flavobacteriaceae at 1320�​5400 hours, as well as Burkholderia  
sp. contamination in one of the replicates (Figure 9.11, Grey eccentric square).  
The upper eccentric ASV cluster (107 g/​L, 1800 hours) showed the enrichment of  
Peptostreptococcaceae family (Figure 9.11, Dark grey diamond). It should be noted  
that the eccentric clusters represented the late incubation data points (i.e., 744�​ 
5400 hours). The detected DNA contamination of Burkholderiaceae family is often  
observed when levels of DNA in a sample being analysed are low (Salter, et al.,  
2014). It is possible that the samples taken after prolonged incubation had particu
larly low levels of DNA. These samples also yielded a low number of reads (7403)  
compared to the average read number per sample (103,045). This also suggests  
that the sequence data from these samples are less reliable. Similarly, for 60°C  
incubations, the lower ASV cluster (150 g/​L, 408 hours) showed Burkholderiaceae  
family DNA contamination (Figure 9.12).

FIGURE 9.12  PCA of species/​genus levels 16S rRNA gene pro�les from 60°C incubations at 
the different salinities (42�​150 g/​L) and incubation timeframes (0�​1800 hours).
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9.3.5.4 � Microbial Successions at Lower Salinity-​Lower Incubating 
Temperatures

Heatmaps based on the top 25 most abundant microbial families for the lower salinity  
(100% ISW, 42 g/​L TDS), lower incubating temperature (30°C) are illustrated in  
Figure 9.13. Heatmaps exhibited clear changes in RA of different taxa enrichments over  
time. Strong selection for sulphate-​reducing bacteria from family Desulfobulbaceae  
and Desulfobacteraceae was observed. RA for family Desulfobulbaceae increased  
from 0% (0 hours) to 34.48% – 2.15 (744 hours), 35.22% – 2.49 (1320 hours), and  
28.83% – 3.51 (1800 hours). Family Desulfobacteraceae also increased in RA over  
time, but to a lesser extent than members of the Desulfobulbaceae, increasing from 0%  
(0 hours) to 9.73% – 0.69 (744 hours), 21.07% – 2.71 (1320 hours), and 16.35% – 3.13  
(1800 hours). Samples taken at 5400 hours showed a decrease in Desulfobulbaceae to  
10.84% – 2.03 and Desulfobacteraceae to 2.49% – 0.28. In contrast, the acetoclastic  
methanogenic archaeal from the family Methanoseataceae exhibited an increase to  
24.28% – 2.13 RA at 5400 hours. Family Desulfobacteraceae includes Desulfobacter  
sp., which utilise acetate as a sole electron donor (Brandt & Ingvorsen, 1997; Lien &  
Beeder, 1997). These Desulfobacter sp. were succeeded by an acetoclastic methano
genic archaeal family of Methanosaetaceae (Methanosarcina sp.) at 5400 hours, after  
all sulfate as the terminal electron acceptor was completely reduced at 1104 hours  

FIGURE 9.13  Heatmaps representing the RA (%) of the top 25 bacterial families (vertical 
axis) within microcosm of 100% ISW (42 g/​L TDS) at 30°C incubations.
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incubation (97.7% – 3.55 removal of all available sulphate) (Figure 9.8a). It took an  
additional 700 hours for Desulfobacteraceae family to be completely abolished, after  
all the sulphate was utilised by 1104 hours. After 1800 hours, Desulfobacteraceae  
microbial family ASVs were succeeded by Methanosaetaceae (Methanosarcina sp.),  
thus utilising the accumulated acetate from butyrate and propionate breakdown as  
their terminal electron acceptor. Acetate was the only available electron acceptor after  
1800 hours for Methanosaetaceae (Methanosarcina sp.) enrichment.

Understanding the salinity and temperature boundary conditions for microorganisms 
implicated in reservoir souring is of paramount importance. The observed acetoclastic 
SRPs (Desulfobacteraceae family) to acetoclastic (Methanosaetaceae family) souring 
microbial community successions reported under (100% ISW at 30°C) incubations 
(Figure 9.13), appeared to be occurring at the higher salinity boundary condition for 
mesophilic acetoclastic methanogens (�50 g/​L NaCl) (Blake, et al., 2020). However, 
it would require further investigations on such acetoclastic SRPs-​methanogens 
souring microbial successions at lower salinity and temperature boundary conditions. 
Furthermore, such souring microbial successions could be further interrogated under 
different electron donor/​acceptor de�cient environments that re�ect plausible �eld 
operational conditions. For example, barite in the organic polymers used in drilling 
�uids can serve as a bioavailable source for sulphate (Struchtemeyer, et al., 2011), 
and guar-​gum microbial degradation can also yield in additional acetate (Liang, 
et al., 2016).

9.3.5.5 � Microbial Community Dynamics at Species/​Genus Levels
Certain microbial families were enriched across the tested salinity and temperature 
gradients (Figures 9.11 and 9.12). The speci�c microbial species enriched within the 
observed ASV clusters are illustrated in Figures 9.14 and 9.15.

9.3.5.5.1 � SRP Consortium
The SRP consortium (Desulfobulbus sp., Desulfotignum sp., and Desulfobacter sp.) 
was strongly selected under 100% ISW (42 g/​L TDS) and 80:20 ISW/​PW mix (64 
g/​L TDS) under 30°C incubation (Figure 9.14). Three Desulfobulbus species were 
observed with maximum RA 18.62% – 2.30 for 100% ISW condition at 1320 hours 
(Figure 9.14a); two Desulfobacter species with maximum RA 10.82% – 0.67% for 
80:20 mix at 1800 hours (Figure 9.14b); and one Desulfotignum species with maximum 
RA 8.17% – 0.86 for 80:20 mix at 1800 hours (Figure 9.14c). Desulfobacter sp2 for 
100% ISW (42 g/​L) was succeeded by an acetoclastic methanogenic sp. enrichment of 
Methanosarcina, with maximum RA 11.91% – 0.67 at 5400 hours (Figures 9.13 and 
9.14b). This indicated a shift in the terminal electron accepting process from sulphate-​
reduction (when it was completely depleted by 5400 hours) into methanogenesis. 
Some Desulfobacter sp. (Desulfobacter halotolerans and Desulfobacter vibrioformis) 
have utilised acetate as the only electron donor (Brandt & Ingvorsen, 1997; Lien & 
Beeder, 1997). Acetoclastic methanogenic archaeal enrichment was also in line with 
the previously reported salinity toleration thresholds (�50 g/​L NaCl) for acetoclastic 
methanogens (Blake, et al., 2020; Sorokin, et al., 2015), and therefore explains the 
observed SRP to acetoclastic methanogenic community successions. Literature 
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FIGURE 9.14  A comparative illustration for the diversity of the enriched SRP consortium 
(Desulfobulbus sp., Desulfobacter sp., and Desulfotignum sp.) under 30°C incubations. Error 
bars represent 1× SE.

FIGURE 9.15  A comparative illustration for the diversity of the enriched Peptococcaceae 
(a) and Halanaerobiaceae (b) families under 30°C incubations. Error bars represent 1× SE.

survey revealed that Desulfobulbus sp. utilised propionate as the sole carbon source 
and electron donor. The optimum growth conditions for Desulfobulbus propionicus 
sp. is 1.5% NaCl and 39°C (Widdle and Pfenning, 1982); Desulfobulbus aggregans 
sp. 3% NaCl and 35°C (Kharrat, et al., 2017); Desulfobulbus oligotrophicus sp. 1.7% 
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NaCl and 33°C (El Houari, et al., 2017); Desulfobulbus alkaliphilus sp. 1.7% NaCl 
and 33°C (Sorokin, et al., 2012); Desulfobulbus rhabdoformis sp. 2% NaCl and 31°C 
(Lien, et al., 1998); and Desulfobulbus Mediterranean sp. 2% NaCl and 25°C (Saas, 
2002) (Figure 9.14a). Desulfotignum sp. reported in the literature could utilise all 
acetate, butyrate, and propionate as carbon sources and electron donors at 11% NaCl 
and 32°C (Kuever, et al., 2001) (Figure 9.14c). However, at the elevated salinities 
of 40:60 mix (107 g/​L TDS), 20:80 mix (127 g/​L TDS), and 100% PW (150 g/​L 
TDS), sequences of SRP species consortia were not detected in 30°C microcosms 
(Figures 9.11 and 9.14).

9.3.5.5.2 � Halanaerobium and Peptococcaceae
The Peptococcaceae and Halanaerobiaceae family consortia were enriched in the 
highest ASV salinity cluster (107�​150 g/​L TDS) at 30°C incubations (Figure 9.11). 
Figure 9.15 illustrates the enrichment of Peptococcaceae and Halanaerobiaceae family 
members under 30°C incubations. The members related Peptococcaceae family were 
absent from the highest salinity incubations (100% PW, 150 g/​L TDS), and lower 
salinity incubations (100% ISW, 42 g/​L TDS; 80:20 64 g/​L TDS) (Figure 9.15a). 
However, consistent selection of Halanaerobium species in Halanaerobiaceae family 
was evident only at higher salinity microcosms (107�​150 g/​L TDS) (Figure 9.15b). 
The diversity and RA of the enriched Halanaerobium species also increased with 
increase in salinity. At 127 g/​L TDS, the RA for Halanaerobium sp1 and sp2 was 
4.93% – 0.21 and 4.46% – 0.17, respectively, while at 150 g/​L TDS Halanaerobium 
sp2 had RA of 14.32% – 0.76. (Figure 9.15b). SRPs inhibition at the higher salinity 
range (107�​150 g/​L) (Figures 9.14) elucidated the ability of Halanaerobium sp. to 
outcompete SRP members on the available VFAs energy sources, channelling the 
latter for cellular respiration, fermentation, and maintenance, that is, via the produc-
tion of osmoprotectant compounds such as Betanin-​glycine (Booker, et al., 2017; 
Oren, 2011). Halanaerobium sp. was initially found to be an integral component of 
the Permian basin Microbiome with 110�​107 g/​L of TDS in PW (Tinker, et al., 2022), 
similar to our 40:60 ISW:PW mix. NGS for the Permian basin PW microbiome revealed 
a strong selective enrichment of the Halanaerobium sp. (RA 33.58%) (Tinker, et al., 
2022). Similarly, in our 40:60 ISW:PW microcosm, Halanaerobium sp. enrichments 
at 30°C were detected, with RA ranging from 0.09% – 0.03 (0 hours) to 4.76% – 
0.09 (5400 hours) (Figure 9.15b). However, the highest RA for Halanaerobium sp. 
enrichments was detected in 100% PW microcosm (14.32% – 0.76) (Figure 9.15b).

9.3.5.5.3 � Pelotomaculum and Desulfomatoculum
Figure 9.16 illustrates the species-​level ASVs of Peptococcaceae family, Pelotomaculum  
sp., and Desulfomatoculum sp. under 60°C incubations. The sequences for members  
of the Peptococcaceae family, Pelotomaculum sp., and Desulfomatoculum sp. were  
detected under lower salinity (42�​64 g/​L TDS) incubations. The maximum RA for  
Peptococcaceae sp.3 and Pelotomaculum sp. was 4.83% – 0.79 and 11.21% – 1.35,  
respectively, in 100% ISW at 1800 hours incubation (Figure 9.16a and 9.16b). The  
maximum RA for Desulfomatoculum sp. was 11.07% – 0.78 for an 80:20 mix (64  
g/​L TDS) at 1800 hours (Figure 9.16c). However, Peptococcaceae, Pelotomaculum,  
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and Desulfomatoculum sequences were not detected under all other intermediate to  
high-​salinity incubations. The salinity impact (i.e., >64 g/​L TDS) at the elevated incu-
bating temperature (60°C) for PWRI microcosms revealed no noticeable microbial  
enrichments, mimicking the �Palaeopickling� effect (i.e., Reservoir Sterilisation)  
(Head, et al., 2014) (Figure 9.12, central ASVs cluster). Based on family-​level  
microbial diversity analysis conducted for the same dataset (Sindi, et al., 2023),  
other microbial families were found constantly present (mainly Woeseiaceae,  
Flavobacteraceae, and Flavobacteraceae), enriched, and/​or diminished under the  
numerous PWRI conditions. For example, the Woeseiaceae microbial family was  
present under most of the salinity and temperature gradients, but diminished with the  
progression of incubations (Sindi, et al., 2023). The Woeseiaceae microbial family is  
a member of the global marine sediment microbiomes (Zhang, et al., 2021; Verdu,  
et al., 2022), and has been found to be implicated in �Dead Microbes� organic matter  
biodegradation (Houffman, et al., 2020). Flavobacteraceae family was implicated for  
their in situ biodegradation role of the partially hydrolysed polyacrylamide (HPAM),  
a widely used high molecular weight compound for enhancing oil recovery (Liu,  
et al., 2012, 2016). The microbial family of Sulfuravaceae include members such as  
Sulfurovum sp. implicated in sulphur-​oxidation (Mori, et al., 2018), cryptic S-​species  
cycles (Holmkvist, et al., 2011), and specially under the 40:60 ISW:PW (30°C)  
treatment condition, whereby the shift from SRP consortium (i.e., Desulfobacter sp.,  
Desulfobulbus sp., and Desulfotignum sp.) into the Halanaerobium sp. consortium  
was evident (Figures 9.14 and 9.15b) when compared with lower salinity (42�​64 g/​ 
LTDS) PWRI microcosms (Figures 9.13 and 9.14).

The microbial families of Iziplasmataceae and Prolixibacteraceae were only enriched 
under 100% ISW PWRI incubations at 30°C (Sindi, et al., 2023), and include members 
implicated in sulphide removal from aqueous solutions (Ni, et al., 2019), aerobic deg
radation of Salt March sediments� microplastics (Seeley, et al., 2020), nitrogen �xation 

FIGURE 9.16  A comparative illustration for the diversity of the enriched Peptoccocaceae 
family, Pelotomaculum sp., and Desulfomatoculum sp. under 60°C incubations representing 
the (NS) PWRI systems. Error bars represent 1× SE.
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(Huang, et al., 2014), and MIC (Lino, et al., 2015). The Peptococcaceae SRM family 
includes members such as Pelatomaculum sp. and Desulfomatoculum sp., the latter 
being a typical spore-​forming sulphate-​reducer enriched under Tyne River sediment 
incubations (Bell, 2016), and Baltic Sea core sediments (0�​650 cm), hypothesising its 
origination from hot petroleum reservoirs (de Rezende, et al., 2013). Pelotomaculum 
propionicicum sp. is a Peptococcaceae SRM family member which was isolated from 
an anaerobic sludge bioreactor with optimum growth temperature 37°C, optimum sal-
inity 0�​5 g/​L, and propionate as the electron donor (Imachi, et al., 2007).

9.3.6 �I MPLIcATIoNS oF SRP CoNSoRTIUM AND HALANAERoBIUM SP. IN  
MIC –​ CASE STUDIES

A study was conducted by Labena, et al. (2020) to characterise and identify micro
bial populations from one produced water sample of high salinity (110 g/​L NaCl), 
collected from an Egyptian oil�eld. The produced water was sequenced based 
on the long-​read DNA sequencing on the Applied Biosystems 3130×l Genetic 
Analyzer. Sequencing revealed the detection of a halotolerant SRP consortium of 
Desulfomicrobium sp., Desulforhopalus sp., and Desulfobulbus sp. The produced 
water sample has a similar salinity to this experiment�s 40:60 ISW:PW incubations 
(107 g/​L TDS), but with different enrichments of Halotolerant SRP consortium. 
The calculated corrosion rates from the study were 0.42 mm/​year (Labena, 
et al., 2020), exceeding the general corrosion rates in unpolluted natural seawater 
(Johnsen, 2007). Surface characterisation of steel coupons revealed the detection 
of both rod and oval-​shaped SRP bacterial cells with varying lengths and sizes 
(Labena, et al., 2020), and that siderite (FeCO3) formation on the coupon surface 
was supported by energy dispersive X-​ray analysis (EDX). The higher salinity 
(110 g/​L NaCl) could be considered as one of the factors contributing to dissol-
ution of corrosion products, raising the conductivity of electrolyte layer on metal 
surface, and therefore destroying the passive �lm layer and inducing pitting and 
crevices corrosion (Javaherdashti R, 2017; Skolink, et al., 2000).

In addition to salinity and temperature, boundary conditions for numerous factors 
such as pressure (Dopffel, et al., 2021), pH (Thaysen, et al., 2021), nutrient replen
ishment (Ranchou-​Peyruse, et al., 2017), minerology (Kögler, et al., 2021), surface 
area, dissolved gasses (Thaysen, et al., 2021), naturally occurring inhibitors, and 
microbial competitions on electron donor, acceptor, and carbon source (Aüllo, et al., 
2013) implications for MIC and reservoir souring will require further investigations. 
Knowledge gained in this research is expected to impact feasibility studies for micro-
biological impacts in current and future energy infrastructure, and therefore such 
knowledge will be incorporated as best practices, standards, and guidance documents 
for the energy industry.

9.4 � CONCLUSIONS

Anoxic microcosm experiments with various mixing ratios of ISW:PW were 
conducted to understand the effects of temperature gradient (30°C and 60°C) and 
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salinity gradient (42�​150 g/​L TDS) on sulphate reduction, sulphide production, and 
VFAs metabolism. The objective of the study was to establish the effects of salinity 
and temperature boundary conditions on microbial communities with souring poten-
tial. The boundary conditions are corroborated with plausible operational scenarios 
for electron donors and acceptors (sulphate, acetate, butyrate, and propionate), thereby 
allowing better understanding of the roles of microorganisms in reservoir souring. 
The experimental design aimed at mimicking produced water re-​injection practices, 
where produced water is mixed with treated seawater at different ratios for downhole 
injection (Al-​Jaroudi, et al., 2011). The �ndings were summarised as follows:

	� Salinity had a major impact on microbial sulphate reduction: sulphate reduc-
tion was observed at salinities up to 127 and 64 g/​L TDS at 30°C and 60°C 
ISW:PW incubations, respectively.

	� Microbiological community shifts were observed with salinity and tempera-
ture gradients, with a strong selection of SRPs consortium at 30° and 42�​64 
g/​L TDS. These microbial families of SRPs were implicated in real-​�eld res-
ervoir souring cases.

	� Microbiological community shifts showed a strong selection of Halanaerobium 
sp. at 30°C and 107�​150 g/​L TDS, and spore-​forming SRP family member of 
Desulfomatoculum sp. at 60°C and 42�​64 g/​L TDS. Both Halanaerobium sp. 
and Desulfomatoculum sp. have been implicated in reservoir souring cases.

	   The succession from acetoclastic Desulfobacter sp. to acetoclastic 
Methanosarcina sp. was observed at 30°C and 42 g/​L TDS, after sulphate was 
completely depleted.

Understanding salinity and temperature threshold values for anaerobic SRP growth 
and activity within mixed community culture, the change in electron acceptor and 
donor, and the implications of the enriched microbial communities are all important 
considerations for prevention, control, and modelling of microbiological threats in oil 
reservoir souring.
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Weld Microstructure and 
Microbial Corrosion
Vitor Liduino and Eliana Flávia C. Sérvulo

10.1 � INTRODUCTION: A SHORT REVIEW

The constant occurrence of metal corrosion in our daily lives causes substantial 
socio-​economic damage, leading to severe consequences and high costs for many 
industrial sectors. Statistical data indicate that around one-​third of the annual gen-
eration of metal scrap in the world is attributed to the adverse effects of metallic 
materials corrosion (Hou et al., 2018). On balance, microbiologically in�uenced 
corrosion (MIC) is responsible for about 20% of global corrosion damage, costing 
from numerous billions to four trillion dollars annually (Blackwood, 2018; Little 
et al., 2020; Lou et al., 2021; Pal and Lavanya, 2022; Tuck et al., 2022). However, 
the impact of corrosion extends beyond economic implications to encompass envir-
onmental concerns, including jeopardizing public health, contamination, and the 
release of hazardous substances (Shokri, 2020). The wide-​ranging environmental 
implications emphasize the pressing need for a global effort to address this issue.

It is widely acknowledged that particular microorganisms can initiate or enhance 
the electrochemical process of metal corrosion (Beech and Gaylarde, 1999; Little 
et al., 2020). Microorganisms are ubiquitous, and metabolic activities and metabolites 
can directly or indirectly cause metal dissolution or interfere with inhibitor action, 
exposing the metal surface to environmental factors (Dou et al., 2021; Liu et al., 2022). 
This phenomenon, also called microbially induced corrosion, microbial corrosion, 
biocorrosion, and nowadays microbiologically in�uenced corrosion (Knisz et al., 
2023), involves well-​documented dynamic stages. The initial step is the adhesion 
of microorganisms to solid surfaces, followed by their colonization, ultimately 
developing a complex bio�lm (GuzmÆn-​Soto et al., 2021; Sharma et al., 2023). Under 
bio�lm structures, MIC typically leads to localized pitting, which is particularly dan-
gerous because it is dif�cult to detect and predict. It is only possible to observe when 
the structure has been severely damaged (Liu et al., 2017; Anusha and Mulky, 2023).

Corrosion is a major concern for welded metal structures used in various indus-
trial sectors, particularly long-​distance pipelines. From a metallurgical point of view, 
welding is a manufacturing process that permanently joins two or more similar or 
dissimilar materials, forming a coalescence with or without applying heat, �ller 
material, or external pressure. In practice, most welding processes involve a rapid 
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heating to a speci�c peak temperature (Tp) and subsequent cooling to room tempera-
ture. However, fusion welding by thermal cycles has several drawbacks, including 
developing internal stresses, distortions, microstructural changes, intermetallic com-
pound formation, and exposure to harmful effects such as �ashlights, ultraviolet radi-
ation, high temperatures, and fumes. Differences in corrosion behavior in welded 
joints arise from changes in steel microstructure across different zones as each one 
has different corrosion potentials (Ibars et al., 1988; Tokita et al., 2020; Hassanzadeh 
and Rahmani, 2021; Dao et al., 2021; Wang et al., 2022). These differences can lead to 
galvanic corrosion due to contact with the same electrolyte. Though there is minimal 
difference in chemical composition between the heat-​affected zone (HAZ) and base 
metal (BM), differences in corrosion resistance primarily depend on the microstruc-
ture pro�le, including grain size, grain orientation, and grain boundary characteristics 
(Ibars et al., 1992; Javed et al., 2024). The most common microstructures are ferrite, 
cementite, austenite, martensite, pearlite, and bainite. A microstructure can consist of 
two or more phases, which are distinct components of the system that are separated 
by boundary surfaces. The microstructural phases present in an alloy are identi�ed 
based on the composition and are affected by processing conditions; they play a cru-
cial role in determining the physical (thermal), mechanical, and corrosion properties 
of steels. A thermal pro�le and a three-​dimensional model of a cross-​section during 
a welding procedure are shown in Figure 10.1. The areas of weld metal (WM), HAZ, 
and BM are in�uenced and metallurgically changed by the amount of heat going into 
the material.

Although high corrosion severity may occur in the HAZ, this area is not metallur-
gically uniform (Lan and Shao, 2020). The HAZ comprises several heterogeneous  
subzones due to the temperature gradient formed on steel during welding, occurring  
at several Tp (Dornelas et al., 2021). As HAZ subzones are too narrow to get available  

FIGURE 10.1  Thermal pro�le and 3D model virtually simulated for SMAW of the API 5L 
X65 steel.
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test coupons, analyzing the MIC effect on a speci�c HAZ subzone using a real  
weldment is challenging.

As previously mentioned, grain size and boundary characteristics can substan-
tially affect metals and alloys� mechanical and corrosion properties. Computational 
welding simulations, such as JMatPro and Sysweld commercial software, are com-
monly employed to predict the welding thermal cycles and microstructures of the 
WM and HAZ subzones. Furthermore, thermo-​mechanical simulators, such as the 
Gleeble machine, have been widely utilized to improve the design and performance 
of welded structures. A small sample of the metallic material is used in the thermal�​
mechanical simulation. The material follows the same thermal and mechanical pro�le 
that it would in the full-​scale fabrication process or end use of the material. These 
simulations are essential to reduce the time and resources required to prepare large 
working coupons with a uniform microstructure equivalent to a real HAZ subzone. 
Moreover, computational and thermo-​mechanical simulations allow to obtain many 
identical test coupons to perform �eld and laboratory experiments. Figure 10.2 
illustrates test coupons and highlights the large uniform microstructure (one subzone) 
provided by the Gleeble thermo-​mechanical simulation.

Premature deterioration of welded joints due to MIC �​ initiated from the section in 
contact with an aqueous solution (allowing microbial activity) �​ often occurs by per-
foration due to extremely localized corrosion at the HAZ. The �rst case that refers to 
weld MIC mentioned a correlation between sensitization of a stainless steel and bac-
terial attachment, showing a micrograph (obtained in scanning electron microscopy) 
of pitting produced in the HAZ, where an intergranular attack can be seen (Soracco 
et al.,1988). Franklin et al. (2000) indicated that microbial activity is crucial in ini
tiating and propagating corrosion pits on carbon steel surfaces. Similarly, Dao et al. 
(2021) identi�ed the presence of microorganisms as the primary cause of perforation 
failure of weldments in a water pipe.

The welded infrastructures, as well as the non-​welded ones, are susceptible to  
localized pitting corrosion when exposed to natural or industrial environments such as  

FIGURE 10.2  Metallic samples recovered from the Gleeble thermal�​mechanical simulation. 
Test 1�​6 coupon and Test 7�​11 coupon were subjected to to 1000oC and 1350oC, respectively, 
providing different microstructure pro�les.
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soil, sewage, water utilities, oil and gas industry, marine, and �uid systems due to the  
presence, abundance, diversity, and activity of indigenous microorganisms. (Videla  
et al., 1991; Mele et al., 1991; Balasubramanian et al., 2019; Little et al., 2020). As  
previously mentioned, formation of bio�lms is greatly in�uenced by the microstruc-
tural characteristics of the metal surface. These characteristics, such as microstructural 
phases, grain sizes/​grain boundaries, residual stresses, surface chemistry, and  
the presence of alloying elements, in turn, affect the MIC progress. For example, Liu  
et al. (2023) investigated the effects of grain size and crystallographic orientation on  
MIC of carbon steel exposed to arti�cial seawater containing Desulfopila corrodens,  
a sulfate-​reducing bacteria (SRB) species. The researchers found that low-​carbon  
steel AH36, with a coarsened grain structure, facilitated a higher rate of attachment  
of SRB cells on the metallic surface, resulting in more �aggressive� bio�lms and a  
signi�cantly higher MIC rate.

Also, longer-​term studies (at least 12 months) on MIC show consistent correlations 
between the grain size of tested carbon steel and the extent of corrosion. For instance, 
a study on MIC with two commonly used carbon steel types in pipelines, API X52 and 
API X70, revealed a more pronounced attack on API X70 (Almahamedh et al., 2011). 
The authors attributed the results to differences in grain size, as API X52 steel has a 
relatively larger grain microstructure than API X70. It is crucial to consider that both 
types of steel differ in chemical composition, which poses a challenge in attributing the 
observed difference in MIC attack solely to microstructural variations. Moreover, the  
relatively higher surface energy of grain boundaries compared to grains, caused by 
the high atomic mismatch in the grain boundary region, results in preferential micro-
bial attachment on grain boundary regions compared to the grains (Javed et al., 2024). 
In a previous study, these authors examined the relationship between initial sulfate-​
reducing bacterial attachment and the microstructure of 1010 carbon steel in modi�ed 
Baar�s medium (Javed et al., 2015). The correlation was investigated after 60 minutes 
of immersion by overlaying images of bacterial attachment onto the underlying metal 
microstructure at the exact location. The study revealed that approximately 75% of 
the initial bacterial attachment occurred on the grain boundaries of the steel substrate.

There is a consensus on bio�lm formation and heterogeneous microbial adhesion 
on metal surfaces in most natural and industrial environments. However, a complete 
understanding of the MIC phenomenon and its mechanisms is still required. Since 
the 19th century, scientists have been trying to explain the role of microorganisms in 
corrosion (Gaines, 1910; Jia et al., 2017; Marciales et al., 2018; Wang et al., 2020; 
Liduino et al., 2021; Lekbach et al., 2021). MIC is primarily driven by two main 
mechanisms: extracellular electron transfer-​MIC (EET-​MIC) and metabolite-​MIC 
(M-​MIC) (Gu et al., 2021). In the case of M-​MIC, corrosion can occur directly or 
indirectly due to metabolites such as protons, organic acids, and sul�des released by 
microorganisms in aerobic or anaerobic conditions. For example, steel can undergo 
MIC due to acetic acid secreted from acid-​producing bacteria and hydrogen sul�de 
(H2S) excreted by SRB(Williamson et al., 2015; Little et al., 2020).

Nonetheless, the EET-​MIC process involves a series of bioelectrochemical 
reactions in which electrons are transferred in or out of the cell wall, between extracel-
lular substrates, metallic surfaces, and microorganisms. This mechanism includes: (1) 
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TABLE 10.1
Examples of Current Studies Correlating Weldments and Microbiologically In�uenced Corrosion

Material Weldment Main HAZ Microstructure Medium Microorganism
Exposure 
Time Reference

AISI 304 
stainless steel 
pipe

Tungsten inert gas 
(TIG) welding

Not informed Drinking water Indigenous (in 
particular, 
the genera 
Sphingomonas and 
Pseudomonas)

6 months Ress et al., 
2020.

UNS S32750 
stainless steel

Multi-​pass gas 
tungsten arc 
(GTA), gas metal 
arc (GMA), and 
�ux-​cored arc 
(FCA) welding 
processes

Various forms of austenite 
(grain boundary austenite, 
intragranular austenite, 
secondary austenite), and 
ferrite

Bacteriological 
medium �​ Zobell 
broth

Marine bacterium 
(Macrococcus 
equipercicus)

2 months Arun et al., 
2020.

Commercial 
duplex 
stainless 
steels

Electric resistance 
welding

(ERW) without �ller 
metal

Large ferrite and austenite 
grains

Bacteriological 
medium �​ API 
RP-​38

Sulfate-​reducing 
bacteria

25 days Shi et al., 
2020.

ASTM A312-​
TP316L 
stainless steel 
pipe

Gas tungsten arc 
welding (GTAW)

Ferrite dendrite structures Potable water Indigenous (in 
particular, sulfate-​
reducing bacteria 
and Chlorella 
vulgaris)

12 months Dao et al., 
2021.

API 5L X80 
steel pipe

Not informed Coarse ferrite with the clear 
grain boundary of the coarse 
austenite

Bacteriological 
medium �​ ATCC 
1249 broth

Desulfovibrio vulgaris 7 days Wang et al., 
2022.

Stainless Steel 
316L

Gas tungsten arc 
welding (GTAW)

Not informed Speci�c culture 
medium for 
each bacterial 
population

Desulfovibrio sp. 
Acidithiobacillus sp. 
and A. ferrooxidans

3 months Ababaf and 
Jafari, 
2023

API 5L X80 
steel pipe

Argon arc welding Large polygonal ferrite, a small 
amount of bainite and some 
segregated cementite

Soil solution Desulfovibrio 
desulfuricans

14 days Yan et al., 
2023.

Copper-​nickel 
(Cu-​Ni) alloy 
pipe

Tungsten inert gas 
(TIG) welding

Heterogeneous grains: dense 
dendritic or needle-​like 
structures

Bacteriological 
medium �​ ATCC 
1249 broth

Desulfovibrio vulgaris 14 days Pu et al., 
2024.
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TABLE 10.1
Examples of Current Studies Correlating Weldments and Microbiologically In�uenced Corrosion

Material Weldment Main HAZ Microstructure Medium Microorganism
Exposure 
Time Reference

AISI 304 
stainless steel 
pipe

Tungsten inert gas 
(TIG) welding

Not informed Drinking water Indigenous (in 
particular, 
the genera 
Sphingomonas and 
Pseudomonas)

6 months Ress et al., 
2020.

UNS S32750 
stainless steel

Multi-​pass gas 
tungsten arc 
(GTA), gas metal 
arc (GMA), and 
�ux-​cored arc 
(FCA) welding 
processes

Various forms of austenite 
(grain boundary austenite, 
intragranular austenite, 
secondary austenite), and 
ferrite

Bacteriological 
medium �​ Zobell 
broth

Marine bacterium 
(Macrococcus 
equipercicus)

2 months Arun et al., 
2020.

Commercial 
duplex 
stainless 
steels

Electric resistance 
welding

(ERW) without �ller 
metal

Large ferrite and austenite 
grains

Bacteriological 
medium �​ API 
RP-​38

Sulfate-​reducing 
bacteria

25 days Shi et al., 
2020.

ASTM A312-​
TP316L 
stainless steel 
pipe

Gas tungsten arc 
welding (GTAW)

Ferrite dendrite structures Potable water Indigenous (in 
particular, sulfate-​
reducing bacteria 
and Chlorella 
vulgaris)

12 months Dao et al., 
2021.

API 5L X80 
steel pipe

Not informed Coarse ferrite with the clear 
grain boundary of the coarse 
austenite

Bacteriological 
medium �​ ATCC 
1249 broth

Desulfovibrio vulgaris 7 days Wang et al., 
2022.

Stainless Steel 
316L

Gas tungsten arc 
welding (GTAW)

Not informed Speci�c culture 
medium for 
each bacterial 
population

Desulfovibrio sp. 
Acidithiobacillus sp. 
and A. ferrooxidans

3 months Ababaf and 
Jafari, 
2023

API 5L X80 
steel pipe

Argon arc welding Large polygonal ferrite, a small 
amount of bainite and some 
segregated cementite

Soil solution Desulfovibrio 
desulfuricans

14 days Yan et al., 
2023.

Copper-​nickel 
(Cu-​Ni) alloy 
pipe

Tungsten inert gas 
(TIG) welding

Heterogeneous grains: dense 
dendritic or needle-​like 
structures

Bacteriological 
medium �​ ATCC 
1249 broth

Desulfovibrio vulgaris 14 days Pu et al., 
2024.
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USA). The primers 515 forward and 928 reverse were used to amplify the V4 and V5  
regions of the 16S rRNA gene (Quince et al., 2011; Parada et al., 2016). The open-​ 
source software Quantitative Insights Into Microbial Ecology (QIIME 2) was used  
for sequence read analysis. High-​quality sequences were processed to generate oper-
ational taxonomic units (OTUs) at a 97% sequence similarity threshold.

The working coupons were rectangular API plate pieces measuring 10 mm 
× 10 mm × 85 mm. These pieces were individually heated using a Gleeble 3800 
thermal�​mechanical simulator to produce different microstructures of HAZ. 
Computational simulations were conducted using the JMatProfi software to simu-
late a SMAW process and provide a better understanding of the thermal pro�le. The 
samples were heated to Tp of 700°C, 860°C, 1000°C, and 1350°C. Subsequently, the 
samples underwent polishing and metallographic examination under a scanning elec-
tron microscope (SEM) (Tescan VEJA 3) to identify their microstructure. The base 
metal microstructure of API X65 was used as a control coupon without undergoing 
thermal�​mechanical simulation. The chemical compositions of the base metal and 
HAZ subzones were measured using atomic emission spectrometry and the average 
of �ve sparks was calculated (Table 10.3).

All coupons were degreased by acetone immersion and then sterilized by spraying 
with 75% ethanol and exposing them to germicidal ultraviolet light using the XL-​
1500 Series UV Crosslinker from SPECTRONICS (New York, USA) for 30 minutes. 
Afterward, the coupons were placed in the experimental microcosms for 14 days at 
28 – 3°C. On the 7th day, 100 mL of fresh seawater was added to each microcosm 
to maintain consistent water volume and preserve nutrients and oxygen levels, which 
are evaporation-​dependent. Each microcosm was run in three separate experiments 
to ensure reproducibility. Each microcosm was used in three separate experiments to 
ensure reproducibility.

At the end of the trial period, some coupons were withdrawn for bio�lm observations 
using SEM, while others were pre-​treated with an acid solution consisting of 1000 
mL hydrochloric acid, 20 g of antimony trioxide, and 50 g of stannous chloride for 

TABLE 10.2
Main Chemical Parameters of the Guanabara Bay 
Seawater

Parameter Value

pH 6.8 – 0.1
Salinity (NaCl) 33200 – 20 mg/​L
Conductivity 56.2 – 0.05 mS/​cm
Total sulfate 2961 – 105 mg/​L
Total sul�te 2.61 – 0.4 mg/​L
Dissolved oxygen 7.9 – 0.2 mg/​L
Biochemical oxygen demand 10.4 – 1.7 mg/​L
Total suspended solids 320 – 52 mg/​L
Redox potential 198 – 5 mV
Total hardness (CaCo3) 5630 – 125 mg/​L
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TABLE 10.3
Nominal Chemical Composition of the Base Metal and HAZ Subzones (wt.%)

C Si Mn Cu Ni Mo Nb Cr

Base metal API X65 0.080 0.301 1.515 0.034 0.014 0.003 0.044 0.157
700°C HAZ 0.078 0.200 1.450 0.018 0.011 0.003 0.044 0.155
860°C HAZ 0.071 0.203 1.515 0.023 0.009 0.003 0.041 0.145
1000°C HAZ 0.078 0.198 1.515 0.019 0.010 0.002 0.043 0.158
1350°C HAZ 0.077 0.201 1.513 0.018 0.011 0.003 0.039 0.157
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surface examinations. The corrosion morphology was investigated using a three-​
dimensional measurement system with a super depth of �eld (Zeiss Smartzoom 5 
microscope) to simulate pit pro�les. Ten random pits on each coupon were analyzed 
to determine the maximum localized corrosion penetration depth and then localized 
corrosion rates based on ASTM G46-​94 (2013).

10.2.2 �R ESULTS AND DIScUSSIoN

10.2.2.1  Microbial Community of the Seawater
Sequences of the 16S rDNA gene by the Illumina platform produced 1515 good-​
quality OTUs. In Figure 10.3, the microbial community structure of Guanabara 
Bay water is shown at the genus level. The analysis of the representatives indicates 
that the Proteobacteria phylum is dominant, representing 62% of all identi-
�ed OTUs. (Desulfovibrio, Marinobacterium, Thioclava, Vibrio, Marinomonas, 
Pseudoalteromonas, and Pseudovibrio).

Desulfovibrio was the most prevalent genus, accounting for 20.4% of the rela-
tive abundance. Species within this genus, especially D. desulfuricans, are widely 
acknowledged as model organisms for SRB, the main culprits of MIC in marine 
environments due to the high sulfate content in seawater.

SRB are a diverse group of anaerobic microorganisms that preferentially utilize  
sulfate as the terminal electron acceptor, a metabolism called dissimilatory sulfate  
reduction. These bacteria are commonly found in natural environments, particularly  
in industrial settings where they can thrive under favorable metabolic conditions  
(Tripathi et al., 2021). The sulfate-​reducing metabolism of SRBs produces hydrogen  
sul�de (H2S), a highly corrosive byproduct capable of causing localized corrosion  

FIGURE 10.3  Microbial diversity assessed by metagenomic analysis of the Guanabara Bay 
water (Rio de Janeiro, Brazil).
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in various steel structures (Javed et al., 2017; Wang et al., 2021; Wang et al., 2022).  
Additionally, some SRBs can directly use metallic iron as an electron donor.

For instance, Desulfovibrio ferrophilus strain IS5, is a lithotrophic organism isolated 
from marine sediment (Chatterjee et al., 2021). Desulfovibrio vulgaris also accelerated 
corrosion via extracellular electron transfer (EET) in the presence of electron mediators, 
including ribo�avin and �avin adenine dinucleotide (Zhang et al., 2015); however, 
there has been no direct evidence of natural secretion of electron mediators by SRB.

Thioclava (15%) is shown to be the second most abundant genus in the Guanabara 
Bay water. Members of this genus are sulfur-​oxidizing microorganisms and do not 
seem to produce any known corrosive metabolite. However, a report by Karbelkar 
et al. (2019) highlighted the role of the marine strain Thioclava electrotropha ElOx9 
in MIC. Electrochemical analysis showed that this strain can take up electrons from 
solid-​state surfaces and use this ability for nitrate respiration. Unlike D. ferrophilus, 
which performs outward EET, T. electrotropha ElOx9 may corrode steels through 
the inward EET mechanism. Overall, the pathways of EET can be outward, with 
a �ow of electrons toward an electrode (from a �microbial bioanode�), or inward, 
harvesting electrons from an electrode (to a �microbial biocathode�) (Kumar et al., 
2017).

Clostridium sensu stricto 9 was the third most abundant in the seawater sample, 
comprising 13% of the microbial population. Within this genus, sensu stricto 
7 accounted for 8%, and sensu stricto for 3%. These data highlight the diverse 
phylogenetic nature of Clostridium members. These three genera were the sole 
representatives of the Firmicutes phylum in the seawater sample. Previous studies 
have identi�ed members of this genus in environmentally corrosive bio�lms (Monroy 
et al., 2011; Liduino et al., 2019b). Monroy et al. (2011) studied the corrosion caused 
by Clostridium celerecrescens and found lower rates than those for SRB, but C. 
celerecrescens did promote localized corrosion on API XL 53 steel. Light et al. 
(2018) suggest that Clostridium spp. also secrete enzymes and other small molecules 
to facilitate electron uptake from external sources, pointing to their potential role in 
metal dissolution.

Pseudoalteromonas, Marinobacterium, and Marinomonas represented 5%, 
4%, and 0.5% of all identi�ed OTUs, respectively. These bacterial genera are 
commonly found in marine environments, and new insights explain the multiple 
effects of microorganisms on corrosion in aquatic environments (Hirano et al., 
2003; Salerno et al., 2018; Guo et al., 2021). Guo et al. (2021) described that 
Pseudoalteromonas piscicida can accelerate localized corrosion due to the secre-
tion of pyomelanin, a bacterial pigment that may act as an electron acceptor or medi-
ator. Hirano et al. (2003) �rst reported that �avins secreted by Marinobacterium 
sp. strain DMS-​S1 were photosensitizers to help the cells assimilate oceanic 
organic sulfur compounds. Nowadays, it is well known that �avins also work as 
an electron shuttle in MIC (Kumar et al., 2017). Mugge et al. (2021) corroborate 
that Marinomonas species are typically found in marine bio�lms. They analyzed 
bio�lms grown over C1020 steel coupons within different marine microcosms and 
proposed that Marinomonas are associated with hydrocarbon degradation and EPS 
synthesis for bio�lm formation.
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Other genera, including Vibrio (1.5%) and Pseudovibrio (0.6%), were found in  
Guanabara Bay�s water. Vibrio is commonly found in biofouling studies on metal alloys in  
stagnant or �owless seawater conditions. According to Cai et al. (2021), Vibrio sp. acting  
synergistically with other microbial species within bio�lms may increase the corrosion  
current densities in carbon steels. On the other hand, Pseudovibrio has not been widely  
studied in terms of MIC. Conversely, Pseudovibrio has not yet been reported in MIC  
studies. The species of this genus have garnered attention for being part of the microbiome  
of healthy marine sponges, as they secrete biologically active secondary metabolites with  
antimicrobial properties (Fróes et al., 2018). As planktonic Pseudovibrio species are  
often found in seawater, further studies should investigate whether these metabolites also  
function as active electron shuttles in marine corrosion processes.

FIGURE 10.4  Representative SEM images of a weld zone after 14 days of immersion in the 
seawater from Guanabara Bay (Rio de Janeiro, Brazil). Yellow arrows indicate bacteria cells. 
(a) 1.000×; (b) 4.000×.
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In sum, the Illumina sequencing analysis revealed that the seawater in Guanabara 
Bay contains a diverse microbial community comprising multiple groups of 
microorganisms. These microbial groups can promote both M-​MIC and EET-​MIC 
independently or in cooperation. After 14 days of immersion in this seawater, SEM 
analysis of the coupon surfaces identi�ed microbial cells and corrosion products 
embedded in bio�lms that had formed. Figure 10.4 shows representative SEM images 
of this microbial colonization, demonstrating similarities across HAZ subzones 
heated at varying temperatures (700°C, 860°C, 1000°C, or 1350°C).

10.2.2.2  Surface Morphology and Corrosion Rate of the HAZ Subzones
The microstructures of the BM and the prevalent HAZ subzones of the API 5L X65 
steel, obtained through thermal�​mechanical simulation, are illustrated in Figure 10.5. 
As expected, the microstructure of the BM mainly consisted of cementite (Fe3C) 
grains, also known as iron carbide, which has a complex orthorhombic crystal struc-
ture formed from iron and carbon. It is a wear-​resistant, extremely hard, and brittle 
phase of steel, making it an important component of high-​strength steels. After 
Gleeble simulation, BM microstructure was transformed into various microstructures 
based on the applied speci�c Tp.

Four Tp values were simulated using the Gleeble simulator to represent the preva-
lent HAZ subzones in the SMAW process. The Tp of 700°C resulted in a subcrit-
ical heat-​affected zone (SC-​HAZ), characterized by a partial transformation of the 
BM microstructure and a slight reduction in the number of cementite grains. The 
Tp of 860°C generated an intercritical heat-​affected zone (IC-​HAZ), characterized 
by changing the BM microstructure to austenite and martensite grains. Austenite is 
a face-​centered cubic crystal structure formed when steel is heated above its crit-
ical temperature (typically 912°C), which can vary depending on the carbon con-
tent. Austenite is a high-​temperature phase of steel, and it is characterized by high 
ductility, softness, and toughness. It is commonly found in high-​carbon and alloy 
steels as the API X65. It is important to note that at temperatures below the critical 
temperature, austenite transforms into other phases, such as a nonequilibrium mar-
tensite (body-​centered tetragonal crystal structure), which has distinct mechanical 
and corrosion properties. Martensite formation also involves a diffusionless trans-
formation that leads to a high concentration of carbon and the presence of residual 
stresses. This phase is characterized by high hardness, strength, and brittleness. The 
Tp values of 1000°C and 1350°C led to the formation of austenite grains of varying 
sizes. At 1000°C, the HAZ subzone was identi�ed as a supercritical heat-​affected 
zone with �ne grains (FG-​HAZ), while at 1350°C, a supercritical heat-​affected zone 
with coarse grains (CG-​HAZ) was formed.

After being immersed in seawater for 14 days, the surfaces of the tested coupons  
were examined to identify any corrosion and determine the impact of microbial colon-
ization on them. Figure 10.5 illustrates the maximum pit depths, which are important  
indicators for MIC. Comparatively, the BM coupon showed a smooth surface with a  
few relatively shallow pits, with the most profound value of 22.3 �m (Figure 10.5a).  
In contrast, HAZ subzone coupons displayed more prominent and deeper pits, regard-
less of the simulated temperature Tp. In these cases, the maximum pit depth was  
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slightly higher on the 700°C HAZ coupon (Figure 10.5b), possibly due to minimal  
changes in the microstructure.

Both the 860°C HAZ (Figure 10.5c) and the 1000°C HAZ (Figure 10.5d) coupons  
exhibited microstructures that differed from those observed for the BM. As a result,  
the maximum pit penetration depths were nearly 2.5 times larger. Thus, austenite and  

FIGURE 10.5  Microstructure arising all working coupons before the assay and maximum 
localized corrosion penetration depth on the base metal surface (a), 700oC HAZ (b), 860oC 
HAZ (c), 1000oC HAZ (d), and 1350oC HAZ (e) after 14 days of immersion in the seawater 
with indigenous microorganisms.
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martensite grains may be less resistant to localized corrosion compared to cementite  
grains. The size of the grains may also affect their susceptibility to corrosion.  
Furthermore, even though the 1000°C HAZ (Figure 10.5d) and the 1350°C HAZ  
(Figure 10.5e) coupons consisted only of austenite grains in their microstructures, the  
HAZ subzone with �ne grains (1000°C) showed 18.5% deeper localized corrosion  
than the HAZ subzone with coarse grains (1350°C). It is important to highlight that  
there was no signi�cant variation in the chemical composition of the HAZ subzones  
(Table 10.3).

These �ndings suggest that the microstructural changes of API 5L X65 
microalloyed steel caused susceptibility of all HAZ subzones to pitting corrosion, 
which the presence of microorganisms may have aggravated. The discussion before 
is corroborated by the corrosion rates shown in Table 10.4. As pitting corrosion 
does not cause signi�cant mass loss, the corrosion rates for BM and HAZ subzones 
were measured based on pitting damage (maximum pit depth value). The rates in 
HAZ subzones almost doubled compared to those in BM. It is also important to 
highlight that the presence of chloride ions in the seawater might have intensi�ed 
the localized oxidative dissolution, which can generate a pitting propagation rate 
up to 4 times faster than demineralized water (Song et al., 2017; Liu et al., 2018; 
Guo et al., 2018).

10.3 � CONCLUSIONS

Our current study supports previous studies showing that the HAZ subzones are 
more likely to experience localized corrosion compared to areas farther from welds. 
However, we found a connection between the extent of corrosion in the HAZ subzones 
and temperature by analyzing the surface microstructure. We observed that the HAZ 
subzone exposed to a peak temperature of 860°C exhibited the lowest corrosion 
resistance in the welded joint, with a pit penetration depth 2.3 times greater than that 
in the BM. This behavior can be attributed to the dominance of �ne grains of austenite 
and martensite in the microstructure of this speci�c HAZ subzone, while the BM only 
contained cementite grains. Furthermore, our results demonstrate that higher heat 
input during welding (1000°C and 1350°C) does not make HAZ subzones more sus-
ceptible to corrosion in API X65 steel.

TABLE 10.4
Analysis of Pitting Corrosion Rates

Corrosion Rate (mm/​year)

Base metal API X65 0.581
700°C HAZ 0.842
860°C HAZ 1.340
1000°C HAZ 1.251
1350°C HAZ 1.019
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10.4 � PERSPECTIVES

MIC studies are generally limited to microbiological and chemical aspects, paying 
little or no attention to metallurgical factors. However, MIC involves multiple dis-
ciplines encompassing microbiology, chemistry, and metallurgy, which affect the 
susceptibility of steel to MIC. Future research should establish how metallurgical 
factors, environmental conditions, and diverse microbial species can interact with 
MIC to de�ne a detailed understanding of the role of metallurgical and microstruc-
tural design. In this context, computational and thermo-​mechanical simulations are 
required to obtain test coupons and examine their integrity in several environmental 
conditions before manufacturing large metallic structures. This kind of research could 
pave the way for the development of new varieties of steels speci�cally engineered 
to be more resistant to MIC and even better suited for undergoing welding processes 
without sacri�cing corrosion resistance.
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11.1 � INTRODUCTION

Corrosion is a recurring and signi�cant issue affecting the oil and gas industry, as well 
as other sectors. It is responsible for many occurrences of leaks and spills, leading to 
an estimated annual cost of 3.4% of the global gross national product (1), amounting 
to US$3.5 trillion in 2022, of which at least 20% were caused by microbially 
in�uenced corrosion (MIC) (2). The high cost of corrosion has also driven the market 
for corrosion inhibitors and prevention services, with the market for chemicals for 
corrosion prevention estimated to be US$7.5 billion in 2019 (2).

There are several methods of preventing MIC that are employed by the oil and gas 
industry. First, a device with bristles all around it, called a pig, is inserted and run 
through the entire pipeline. The mechanical action of the pig scrubs the interior of the 
pipe to remove deposits, which is then �ushed out. Next is the use of biocides to kill 
microbes that cause biofouling. The biocides tetrakis(hydroxymethyl)phosphonium 
sulfate (THPS) and glutaraldehyde are widely used to control bio�lm growth in the oil 
and gas industry (3,4), and green biocides or additives are on the rise in recent years 
(5�​7). Other methods, such as nitrate injection to control electron acceptors, have 
had limited success (8�​11), while using bio�lms to protect surfaces from corrosion 
has not been demonstrated outside of the laboratory (10,12�​14). Pigging and biocide 
application are often used in combination for a more effective corrosion prevention.

THPS is a widely used biocide in the oil and gas industry (15). As shown in 
Figure 11.1a, hydrolysis of THPS in aqueous solutions releases trihydroxymethyl 
phosphine (THP, the main biocidal agent) and formaldehyde. THP works by cleaving 
the disul�de bonds of amino acids in the microbial cell wall, thus destroying the cell 
wall integrity and leading to cell death (4,16) (Figure 11.1b). Formaldehyde, also 
a product of THPS hydrolysis, has biocidal properties, though to a lesser extent. It 
reacts with a wide array of amino and nucleic acids, causing cross-​linkages that make 
them un�t for their supposed functions (4). Additionally, sublethal concentrations of 
formaldehyde also inhibit the syntheses of cytoplasmic material and nucleic acids, 
which are critical for the functioning of the microbial cell (17). This biocide works 
well against various types of organisms, including higher-​level organisms, such as 
fungi (16).

11
 

 

 

 

 

  

  

  

   

 

 

 

 



247A Tale of Two Bugs: Can MIC Bio�lms Develop Biocide Tolerance?

���

Glutaraldehyde, on the other hand, is also widely used as a biocide in oil and gas  
systems, sometimes together with THPS (4). It is thought to work similarly to formal
dehyde, by reacting with the free amines of amine-​containing amino acids (i.e., lysine  
and arginine) to form a reactive dihydropyridine intermediate. This, in turn, sets off  
a series of reactions with nearby nucleophilic amino acids, which also results in the  
cross-​linking of amino acids, especially those attached to cell walls (Figure 11.1c).  
The proteins would lose their ability to change their tertiary structures, disrupting  
their normal functioning and eventually leads to cell death (4).

Biocide studies typically focus on the minimum concentration of a biocide to kill 
microbes, as it is an integral component of running a plant ef�ciently (5,18�​21). Some 
studies have explored the microbial ecology of bio�lms, that is, the community struc-
ture and diversity, as a response to biocide application (22�​24). Some reports have 
suggested that the likelihood of developing resistance to THPS is low due to its mul-
tiple modes of action, which would require several concurrent layers of molecular, 
physiological, and genomic adaptations (3). However, resistance to biocides and 
disinfectants is becoming an increasing problem in various �elds, such as healthcare 
and food safety, mainly because biocide resistance is often poorly characterized 
compared to antibiotic resistance (25�​29). Only one study speci�cally mentioning 

FIGURE 11.1  Mode of action of the two biocides used in this study. (a) Hydrolysis of THPS 
to mainly THP and formaldehyde. (b) THP cleaves the sulfur�​sulfur bonds in amino acids, 
including those on the cell wall, leading to the loss of integrity of the cell wall. Drawing of 
THPS were adapted from various sources (4,68�​70). (c) Glutaraldehyde reacts with primary 
amines to form a reactive dihydropyridine intermediate, which initiates the cross-​linking of 
amine groups and leads to cell death. Drawing of Glutaraldehyde were adapted from various 
sources (4,17). Molecular drawings were created using Ketcher version 2.25.0 (https://​mold​
raw.com/​).

 

  

  

  

  

 



248 Microbiological Challenges in the Energy Industries

���

the oil and gas industry has investigated the response of microbes toward the biocide 
THPS; this considered changes in three functional genetic groups only dictating a 
broad category of metabolic functions, but not their molecular details (30).

In this study, we analyzed the changes in the genetic repertoire of microbes 
following biocide application. Using long-​read sequencing technologies and genetic 
analysis, we examined corrosive bio�lms treated with biocides and compared them to 
untreated controls. Our �ndings suggest that variations in the metabolic potential of 
key members of the MIC community may contribute to the development of biocide-​
tolerant communities.

11.2 � MATERIALS AND METHODS

11.2.1 � GENERATIoN oF BIoFILMS

Samples were acquired from a previous study as described in Enning et al. (22). 
Brie�y, two sediment samples (unceremoniously named Sediment A and Sediment 
C) were obtained from Galveston Beach (TX, USA). They were then inoculated 
into Arti�cial Seawater Media-​containing continuous �ow loops with attached X52 
carbon steel metal coupons. After pre-​growing bio�lm for 5 weeks, some of the �ow 
loops were treated weekly with one of two commonly used biocides in the oil and 
gas industry, THPS and glutaraldehyde (reagent grade, �nal concentration of biocides 
shown in Table 11.1). After another 5 weeks of biocide treatment, the bio�lms were 
harvested from the metal coupons, and their extracted DNA was stored at �​80°C until 
further analysis. The metal coupons were cleaned and tested for mass loss and pit 
depth to determine their corrosion rate as previously described (22). Data relevant to 
the current study are shown in Table 11.1.

DNA samples were received in our facility in Singapore and immediately stored at 
�​20°C. Quanti�cation of DNA was done upon their receipt in the facility in Singapore.

11.2.2 �S HoTgUN METAgENoMIcS SEQUENcINg, SEQUENcINg READ PRocESSINg, 
AND METAgENoME-​ASSEMBLED GENoMES ABUNDANcE ANALYSIS

Long-​read sequencing libraries were prepared using the Oxford Nanopore 
Technologies Rapid PCR Barcoding kit (RPB004) according to the manufacturer�s 
protocol, but with 20 polymerase chain reaction (PCR) cycles instead of 14 to account 
for the low amount of DNA. Minion FLO-​MIN106D �owcells (R9.4.1 chemistry) 
were used to sequence the libraries, where at least six gigabases were recovered per 
sample. Seven DNA samples were successfully sequenced. These samples are shown 
in Table 11.1.

Raw reads in the fast �ve format were base-​called and demultiplexed using Guppy 
v5.0.7 bioinformatics toolkit (available from the Nanopore community site) using the 
�sup� algorithm. For each sample, Raven assembler v1.8.1 (31) was used to produce 
contigs and to polish them in three rounds using Racon (32). Contigs were then 
corrected using Medaka (https://​git​hub.com/​nanop​oret​ech/​med​aka). Raw sequencing 
reads were then mapped to the contigs using minimap2 v2.24 (33). Four unsupervised 
binning tools (i.e., MetaBAT2 v2.15 (34), concoct v1.1.0 (35), MaxBin2 v2.2.7 (36), 
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TABLE 11.1
Sample Details, Inoculum, and Treatment

Sample 
No.

Sediment 
Innoculum Biocide Treatment

Corrosion Rate 
(mm/​year)

Shannon |   
Simpson 
Diversity 
Indices

Bio�lm ATP 
(pg/​cm2)

Cells 
(counts/​
cm2)

DC-​A Cells 
(counts/​cm2)

DC-​C Cells 
(counts/​
cm2)

1 Sediment A 300 ppm THPS 0.14 – 0.18 2.777 | 0.921 3.91E+​03 3.91E+​06 52,682 10,938
2 Sediment A 300 ppm THPS 0.11 – 0.04 2.639 | 0.902 9.59E+​03 9.59E+​06 636,159 31,304
3 Sediment A 300 ppm glutaraldehyde 0.25 – 0.15 2.511 | 0.876 3.73E+​03 3.73E+​06 215,341 6007
4 Sediment A 300 ppm glutaraldehyde 0.15 – 0.13 2.742 | 0.915 2.72E+​03 2.72E+​06 376,619 14,283
5 Sediment A None (corrosive control) 2.78 – 0.34 0.605 | 0.241 5.49E+​04 5.49E+​07 47,668,912 83,156
6 Sediment C None (corrosive control) 3.70 – 0.87 1.278 | 0.587 5.00E+​04 5.00E+​07 30,614,842 4,282,419
7 Sediment C 100 ppm THPS 0.36 –0.15 2.135 | 0.780 1.08E+​04 1.08E+​07 51,597 394,780

Notes: � Samples number 1 and 2 are technical duplicates, and so are samples number 3 and 4. Corrosion rates are in millimeters per year (mm/​year) (1 mm =​ 0.03937 inches). 
Shannon and Simpson diversity indices show the alpha-​diversity of each sample�​the higher the number, the more diverse it is. 1 pg of ATP contains approximately 
1000 cells (48). ATP and corrosion data from Enning et al. (22).
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and BinSanity v0.5.4 (37)) and the bin-​re�ner DAS Tool v1.1.3 (38) were employed 
to extract metagenome-​assembled genomes (MAGs) from the contigs. To further 
re�ne the bins from mis-​assembly, each MAG was trimmed of contigs that did not 
have any single-​copy marker genes as predicted by CheckM (39) using a customized 
script.

Afterwards, all trimmed MAGs from all samples were compiled and dereplicated 
using dRep v3.4.2 (40) to remove MAGs that had an average nucleotide identity 
(ANI) of more than 95% to each other. Taxonomy of this �nal collection of MAGs 
was assigned using GTDB-​tk v2.3.2 (41) to the GTDB database release 207 while bin 
quality was assessed using CheckM v1.2.2 (39). Prodigal v2.6.3 (42) was used to pre
dict the coding sequences in the genomes, and functional annotation was performed 
using eggNOG-​mapper (version emapper-​2.1.10) (43) based on eggNOG orthology 
data v5.0.2 (44), while sequence searches were performed using DIAMOND 
v2.1.6 (45).

To obtain the relative abundances of each MAG in each sample, raw sequencing 
reads were mapped again to the trimmed MAGs using minimap2 (33). The resulting 
bam �les were parsed and converted into each MAG�s relative abundance using 
CoverM v0.6.1 (https://​git​hub.com/​wwood/​Cov​erM). These numbers were then 
visualized using ggplot2 (46) in the R statistical environment (47).

The relative abundance of each MAG was converted to absolute cell numbers 
using the ATP measurements of biomass, previously published (18). First, ATP values 
were converted to absolute cell counts, based on the assumption that 1 picogram of 
ATP corresponds to approximately 1000 cells (48). Subsequently, the total values 
were multiplied by the fraction of each MAG in each sample to determine the abso-
lute cell numbers of each MAG.

Two Desulfocapsa strains identi�ed in the MAGs were compared with each 
other: one that is numerically dominant in the bio�lm of the untreated control (strain 
DC-​A), and the other that is present in all samples, including the biocide-​treated ones 
(strain DC-​C). OrthoFinder v2.5.5 (49, 50) was used to place the two Desulfocapsa 
strains on a phylogenetic tree, as well as to �nd orthologs between these Desulfocapsa 
strains and the type strains of other sulfate-​reducing bacteria (SRBs) whose genomes 
were acquired from NCBI RefSeq (51). Genes without an ortholog, that is ,unique 
genes from the two Desulfocapsa strains, are extracted and analyzed further. The 
Cluster of Orthologous Groups (COG) Categories of each of these genes were 
extracted from the eggNOG functional annotation, then each category�s abundances 
differentially analyzed by bootstrapping as per Rodriguez-​Brito 2006 (ref. (52)) using 
a custom script.

11.3 � RESULTS AND DISCUSSION

As the samples used in this research were obtained from a previous study (22), we will 
begin by reviewing the relevant results from that paper. Without biocide treatment, 
general corrosion rates averaged at 2.86 – 0.34 mm/​year, while both biocide treatments 
had successfully reduced these rates by more than 10-​fold. Additionally, localized 
corrosion (i.e., pitting) in samples without biocide treatment was observed to occur 
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at a linearly extrapolated rate of 4.83 mm/​year, while no pitting in biocide-​treated 
samples was observed. This �nding is attributed to the lower number of microbes 
found in biocide-​treated bio�lms compared to those that did not receive treatment. 
ATP measurements in Table 11.1 showed a 10-​fold decrease in bio�lms that were 
treated with biocide, at around 5.00 E+​04 pg/​cm2 for untreated samples to 2.72 E+​
03 pg/​cm2 at its lowest for biocide-​treated samples. Without corrosion mitigation 
measures, this corrosive bio�lm would lead to the mechanical failure of a standard 
pipeline with a 2 cm wall thickness in less than 5 years after installation (22).

11.3.1 �S EQUENcINg RESULTS

A total of 69,087,066,403 base pairs were recovered from seven samples. Twenty 
high quality (>90% completion, <5% contamination) MAGs and 12 medium-​quality 
(>70% completion, <10% contamination) MAGs were recovered.

The community structure between the control, that is, corrosive bio�lms and the 
biocide-​treated bio�lms was remarkably different. As seen in Figure 11.2, the corro
sive bio�lm was dominated by one strain of Desulfocapsa (subsequently called Strain 
DC-​A), an SRB. SRBs are often implicated in MIC (53�​55). The biocide-​treated 
bio�lms, however, were much more diverse than those that remained untreated, 
in terms of both richness and evenness. Other SRBs were present in the biocide-​
treated bio�lms, such as those of the genus Desulfobacter, Desulfobulbus, and 
Pseudodesulfovibrio, as well as other species of bacteria and archaea, such as those 
of the genera Halarcobacter, Sulfurimonas, Syntrophotalea, and Maridesulfovibrio. 
While it is possible that this DNA originated from dead cells, this is unlikely as both 
biocides induce DNA damage through oxidative stress (56). Oxidative stress causes 
DNA damage that ranges from base modi�cations, such as adducts, to the generation 
of abasic sites and even strand breakages (57,58). All these types of DNA damage 
hinder progression of polymerases during PCR ampli�cation (59,60). Therefore, 
residual DNA would likely not have been ampli�ed, sequenced, and recovered as 
MAGs, especially when there are no cell mechanisms to repair the damaged DNA.

11.3.2 �E coTYPIc SPEcIALIZATIoN oF DESULFocAPSA SPP.

The MAG analysis showed the decreased effect of biocides on a different strain of 
Desulfocapsa (subsequently called Strain DC-​C). We compared absolute cell counts 
between untreated and biocide-​treated samples, that is, Sample 5 with Samples 1, 2, 3, 
and 4 for inoculum A; and Sample 6 with Sample 7 for inoculum C. The comparisons 
show an average of 99.44% decrease in absolute abundance of DC-​A after treatment 
with biocide, while there is only an average of 83.13% decrease in DC-​C after bio-
cide treatment. This suggests that Strain DC-​C survived biocide treatment better than 
DC-​A, albeit not proliferating to the same bio�lm thickness as the no-​biocide con-
trol (22).

Both DC-​A and DC-​C are most closely related to Desulfocapsa sulfexigens but  
have more than 5% ANI difference with each other and with D. sulfexigens. The  
phylogenetic relationship between DC-​A, DC-​C, the type strain of D. sulfexigens and  
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FIGURE 11.2  Average relative abundance presented in a packed circle plot of the two sample types, (a) biocide-​treated and (b) untreated 
control. The biocide-​treated samples are more diverse and even than the samples without any biocide treatment, which are dominated by 
Desulfocapsa (Strain DC-​A).
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other related taxa is shown in Figure 11.3. The over-​ and under-​representation of spe
ci�c gene groups between DC-​A and DC-​C was identi�ed through COG Category  
analysis, as illustrated in Figure 11.4.

11.3.2.1 � Metal-​Stressed DC-​A Survives High Metal Concentrations
Strain DC-​A, which was numerically dominant in the corrosive samples, had more 
unique genes in categories that relate to cell cycle control and transportation; D (cell 
cycle control and cell division), U (intracellular traf�cking, secretion, and vesicular 
transport), H (co-​enzyme transport and metabolism), I (lipid transport and metab-
olism), Q (secondary metabolites biosynthesis, transport, and catabolism). Present in 
these categories are genes whose putative functions were as universal stress proteins, 
polyketide synthesis, acid phosphatase, heavy metal exporters, and many more.

The biggest stressor/​disturbance in the environment in which DC-​A is abundant 
is the presence of metals. Metals are essential for the sustenance of microbial life 
as they have various fundamental structural and catalytic functions (61); iron, espe
cially in cytochromes, as part of the electron transport chain for respiration (62�​64). 
However, metals in excess can be toxic to microbes. In the case of iron, too much of 
the redox-​active metal catalyzes the formation of free radicals, damaging important 
molecules such as DNA and proteins, thus causing cell death (61,64). In the �ow 
loops, and similarly in a pipeline, iron is released from the metal surface through the 
MIC process (54,55), resulting in a high concentration of iron within and below the 

FIGURE 11.3  Phylogenetic tree of various SRBs and our two strains of Desulfocapsa. Both 
strains are pictured: DC-​A (corrosive, no-​biocide) and DC-​C (biocide-​treated). Phylogenetic 
tree was created using ortho�nder�s default settings and visualized using http://​ete​tool​kit.org/​
treev​iew/​
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FIGURE 11.4  COG comparison between DC-​A (corrosive, no biocide) and DC-​C (biocide treated). DC-​A has more genes related to cell 
cycle control and transportation (COGs D, U, H, I, Q), while DC-​C has more genes related to signaling, repair, and metabolism (COGs L, 
T, E, P). Con�dence values were acquired via bootstrapping following Rodriguez�​Britto 2006 (ref. (52)). * > 90% ** > 99% *** > 99.9%.
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bio�lm matrix. We posit that the aforementioned abundant genes are related to cell 
cycle control and transport, helping DC-​A cope with the excess of iron when growing 
on the iron-​rich carbon steel surface. Universal stress proteins may also enhance the 
growth and survival of DC-​A in response to metal exposure, through various non-​
speci�c mechanisms. Finally, genes involved in polyketide synthesis may encode 
for siderophores, which, alongside heavy metal exporters and other transport genes, 
maintain metal homeostasis within bacterial cells, at concentrations suf�cient for sur-
vival but not inhibitory or lethal.

Another important aspect to consider is that MIC monitoring in recent years has 
relied on quantitative PCR (qPCR) of the dsrAB gene, a marker gene for sulfate-​
reducing microbes (65,66). However, such an assay would effectively enumerate all 
SRB microbes without differentiating between active and dormant populations or 
between corrosive and non-​corrosive SRBs. This could result in inaccurate corrosion 
risk assessments and potentially misguided response actions, as not all SRBs cause 
industrially relevant MIC. Molecular studies like this one may help to identify spe-
ci�c gene subsets that can serve as markers for actively corroding microbes, allowing 
for more precise corrosion monitoring and risk assessment.

11.3.2.2 � Elevated Repair Potential for Biocide-​Induced Damage in DC-​C
The biggest stressor in the biocide-​impacted samples is the biocide itself. Both 
glutaraldehyde and THPS exert oxidative stress on the microorganisms: disrupting 
membranes, DNA molecules, amino acids, and thus the processes inside the cell as 
well (4,17,56,67).

In comparison to DC-​A, the genome of Desulfocapsa strain DC-​C was enriched 
in gene categories related to signaling, repair, and metabolism: L (replication, recom-
bination, and repair), T (signal transduction mechanisms), E (amino acid transport 
and metabolism), and P (inorganic ion transport and metabolism). Genes with puta-
tive functions were also present to create molecular chaperones and proteases. These 
molecular chaperones can guide essential molecules to safety away from the biocides, 
while proteases recycle amino acids disrupted by the biocides.

The application of biocides not only kills microbes that are susceptible to it, but 
also may select for populations with genomic traits that can withstand the biocide 
(25�​29). While biocide treatment could decrease corrosion rates 10-​fold, this experi
ment suggests a strong potential for selection of THPS/​Glutaraldehyde-​tolerant genes 
in Desulfocapsa strain DC-​C. Industry practitioners must therefore carefully consider 
the potential consequences of repeated biocide use, such as the unintentional selec-
tion of tolerant microbes. This may lead to a need for progressively higher biocide 
concentrations and the emergence of corrosive, biocide-​tolerant microbes through 
both selection and horizontal gene transfer.

11.4 � CONCLUSION

This study reveals that while biocides are effective in reducing overall corrosion rates, 
they may also exert selective pressures that can lead to the emergence of biocide-​
tolerant microbial strains, with signi�cant implications for the oil and gas industry. The 
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indiscriminate use of biocides, although initially reducing corrosion rates, may lead 
to the necessity for higher concentrations over time due to the development of tolerant 
microbial communities. This escalation not only increases costs but also complicates 
long-​term corrosion management strategies. Our study also highlights the need for 
more precise corrosion monitoring techniques that can differentiate between active 
and dormant populations as well as corrosive and non-​corrosive microbes, thereby 
improving corrosion management strategies and ef�ciency of biocide use.

Future studies should focus on developing more targeted corrosion monitoring 
strategies and exploring alternative methods to mitigate corrosion without promoting 
tolerance. This would enhance the effectiveness of corrosion prevention measures 
and ensure more sustainable management practices in the industry.

Furthermore, it would be interesting to see the responses of microbial commu-
nities to different types of biocides. Comparisons with our data would not be stat-
istically signi�cant, as we only have two THPS-​impacted samples (samples 1 and 
2) and two glutaraldehyde-​impacted samples (samples 3 and 4) that are comparable 
with each other. Elucidating the microbial community responses to different types of 
biocides would also be bene�cial for industry practitioners, for better management of 
pipeline biofouling and corrosion prevention.

11.5 � DATA AVAILABILITY

Raw sequencing data have been deposited to SRA under the Bioproject number 
PRJNA895961. Processed data and scripts are available on https://​git​hub.com/​winan​
onan​ona/​2024-​desul​foca​psa-​�owl​oop.
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12.1 � INTRODUCTION

The presence of impurities in oil and gas biocides is a critical concern due to their 
potential impact on both the ef�cacy of the biocide and the environment. These impur-
ities can arise during the manufacturing process from incomplete reactions, the use of 
inferior quality reactants, or the bypassing of critical steps in the reaction, leading to a 
range of unwanted byproducts and contaminants. These impurities can interfere with 
the primary action of the biocide, reducing its effectiveness in controlling microbial 
populations and leading to increased dosages or more frequent applications, which in 
turn raises operational costs (Videla & Herrera, 2005).

Moreover, impurities can pose signi�cant environmental and health risks. For 
example, the manufacturing of 2,2-​dibromo-​3-​nitrilopropionamide (DBNPA) can 
result in impurities such as 2,2-​dibromoacetonitrile, 2-​bromoacetonitrile, and 2,2,2-​
tribromoethanol, which are known to pose signi�cant environmental and health 
hazards (ECHA, 2018). These impurities can be toxic or carcinogenic, posing threats 
to aquatic life and potentially entering the human food chain through bioaccumula-
tion. Additionally, they can contribute to the formation of secondary pollutants during 
biocide degradation, exacerbating environmental contamination issues (Richardson, 
2003; Tezel & Pavlostathis, 2011). In regulatory contexts, the presence of impurities 
can complicate compliance with environmental standards and lead to potential legal 
liabilities.

Therefore, it is crucial for the oil and gas industry to demand high levels of trans-
parency and quality assurance (QA) from biocide suppliers. Detailed qualitative 
and quantitative information on impurity pro�les enables more informed decisions 
regarding biocide selection and use. This ensures that products not only meet ef�cacy 
requirements, but also align with environmental and safety standards by providing 
insights into the speci�c types and concentrations of impurities present. Also, this 
approach supports sustainable practices and mitigates the hidden environmental costs 
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associated with production chemistry adulteration in oil and gas operations (ECHA, 
2018; UNEP, 2019).

12.1.1 �B IocIDE REgULATIoNS

The European Union (EU) Biocidal Products Regulation (BPR), the US 
Environmental Protection Agency (EPA), Federal Insecticide, Fungicide, and 
Rodenticide Act (FIFRA), and the Canadian Pest Management Regulatory Agency 
(PMRA) frameworks are crucial for ensuring the safe and effective use of biocides 
in industries like oil and gas. These regulations focus on rigorous testing, registra-
tion, and monitoring of biocides to protect human health and the environment. These 
regulations play a signi�cant role in managing the risks associated with production 
chemistry adulteration, where improper formulation can lead to unintended and 
harmful byproducts. This regulatory oversight helps mitigate environmental pollution 
and occupational health risks, ensuring safer industrial practices (EPA, 2020; FIFRA, 
2023; PMRA, 2023).

12.1.1.1 � EU BPR
The EU BPR profoundly shapes biocide use strategies within the oil and gas industry. 
It establishes a strict authorization process for biocidal products, focusing on their 
ef�cacy, human and environmental safety, and intended applications. The BPR�s 
complexity creates several speci�c challenges for the sector (BPR, 2012), such as:

	� Restricted Access: Biocides may have varying authorization statuses 
across EU member states or be approved for one use but not another. This 
necessitates meticulous compliance monitoring and may limit options, espe-
cially considering the speci�c scope of product type (PT)12 (slimicides and 
preservatives for products used during the exploration, extraction, or pro-
cessing of mineral oil or gas).

	� Resource Demands: The registration process under the BPR is costly and 
time-​consuming, particularly for niche applications like microbial control for 
hydrogen storage in salt caverns. This in�uences biocide availability and cost 
factors.

	� Changing Landscape: The BPR is regularly updated, potentially restricting 
previously used biocides. This requires proactive strategies from the industry 
to stay ahead of regulatory shifts.

12.1.1.2 � US EPA and FIFRA
The EPA regulates biocides in the USA under FIFRA, which mandates rigorous 
testing and registration of pesticides to ensure they do not pose unreasonable risks to 
human health or the environment (FIFRA, 2023). This regulatory framework includes 
several key requirements:

	� Rigorous Testing: Biocides must undergo extensive toxicity and environ-
mental persistence testing.
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	� Labelling Requirements: Registered biocides must have detailed labels speci-
fying their approved uses and safety precautions.

	� Periodic Review: The EPA periodically reviews registered biocides, which 
can lead to changes in usage regulations or the revocation of registrations 
(EPA Summary of FIFRA; EPA Pesticide Registration).

By adhering to these requirements, the EPA ensures that biocides used in the oil 
and gas industry are both effective and safe, aligning with environmental and safety 
standards.

12.1.1.3 � Canada PMRA
The PMRA regulates biocides under the Pest Control Products Act (PCPA) to ensure 
their safety and effectiveness (PMRA, 2023). This involves:

	� Comprehensive Evaluation: Requires extensive scienti�c data on health and 
environmental impacts.

	� Risk Management: Implements measures to mitigate identi�ed risks.
	� Ongoing Monitoring and Re-​Evaluation: Continuously monitors biocide use 

and re-​evaluates products as new information becomes available, ensuring 
ongoing safety and ef�cacy.

These practices ensure that biocides used in various industries, including oil and 
gas, are both effective and safe, aligning with environmental and safety standards.

12.1.2 �B YPRoDUcTS oF BIocIDE DEgRADATIoN

Chloromethylisothiazolinone/​methylisothiazolinone (CMIT/​MIT), DBNPA, 
tetrakis(hydroxymethyl)phosphonium sulfate (THPS), glutaraldehyde, and alkyl 
dimethyl benzyl ammonium chloride (ADBAC) are commonly used biocides in oil 
and gas applications. However, these products can harbor impurities if good manu-
facturing practices (GMP) are not meticulously maintained during their produc-
tion. Impurities in these biocides can signi�cantly impact their ef�cacy and safety, 
leading to potential operational inef�ciencies, environmental contamination, and 
health risks (Richardson, 2003; Videla & Herrera, 2005). Ensuring strict adher
ence to GMP is critical to minimize the presence of such impurities and main-
tain the integrity and performance of biocidal treatments in the industry (ECHA, 
2018).To ensure the production of high-​quality biocides, it is crucial to conduct 
regular audits of GMP. For instance, impurities can be introduced through raw 
material contamination, cross-​contamination from inadequate equipment cleaning, 
improper handling and storage conditions, insuf�cient personnel training, and 
de�cient quality control measures. By understanding and addressing these poten-
tial sources of impurities, manufacturers can ensure the production of effective and 
safe biocides.
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12.1.2.1 � DBNPA
DBNPA is a commonly used quick-​kill biocide in the oil and gas industry due to 
its effective antimicrobial properties. It helps prevent biofouling and microbially 
in�uenced corrosion (MIC) by rapidly eliminating bacteria, fungi, and algae. 
Improper manufacturing can include inadequate puri�cation processes, insuf�cient 
control of reaction conditions (such as temperature and pH), and contamination 
with other chemicals or raw materials. These lapses can result in the formation of 
various toxic byproducts, including nitrosamines, which are known for their carcino-
genic properties (Campa, et al., 2019). The presence of these hazardous byproducts 
underscores the importance of stringent quality control in DBNPA production and 
the need for safer alternatives or mitigation strategies to reduce its environmental and 
health impacts (Luiz, et al., 2022).

Recent regulatory pressures from the European Union�s Biocidal Products 
Regulation (BPR) have intensi�ed scrutiny on the use of DBNPA. It has been 
classi�ed as an endocrine disruptor and is listed as a candidate for substitution. This 
classi�cation indicates that DBNPA can interfere with hormone systems, leading to 
adverse effects on both human health and the environment. Consequently, indus-
tries using DBNPA must now explore safer alternatives or justify its continued use 
by demonstrating that no viable substitutes exist and that the bene�ts outweigh the 
risks. This regulatory pressure emphasizes the need for stringent quality control and 
innovative approaches to biocide application, ensuring that environmental and health 
impacts are minimized (ECHA, 2018).

The increased regulatory scrutiny on DBNPA also highlights broader concerns 
about production chemistry adulteration, where improper formulation can result in 
unintended and hazardous byproducts. The identi�cation of DBNPA as an endocrine 
disruptor under the BPR framework necessitates more rigorous monitoring and con-
trol measures within the industry to prevent environmental contamination and protect 
worker safety. As DBNPA is a candidate for substitution, companies are encouraged 
to invest in research and development of alternative biocides that offer similar ef�-
cacy without the associated risks of endocrine disruption (ECHA, 2018).

12.1.2.2 � THPS
THPS is a widely used biocide in the oil and gas industry, particularly effective in 
controlling SRB that can cause MIC and reservoir souring. THPS degrades relatively 
fast under aerobic conditions, leading to the formation of complex byproducts such as 
trihydroxymethyl phosphine oxide (THPO) and bishydroxymethyl phosphonic acid 
(BMPA). Under anaerobic conditions, it releases the biocidal active phosphine (PH3), 
sulfate, which can exacerbate hydrogen sul�de (H2S) production issues and  formal-
dehyde, a known carcinogen (Downward, Talbot, & Haack, 1997).

The complexity and variability stemming from THPS purity levels highlight the 
importance of responsible biocide selection, considering potential byproduct gen-
eration alongside the core active ingredient. The long-​term impacts of THPS and 
its byproducts have driven tighter BPR, speci�cally in use scenarios. For example, 
the Norwegian Environment Agency explicitly classi�es THPS use as �not advisable 
(Ikke tilrådelig)� for offshore oil and gas operations due to the risks associated with 
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its degradation products. These risks include nephrotoxicity concerns and increased 
environmental hazards, necessitating stringent quality control and adherence to best 
practices to minimize these adverse effects (WHO, 2000).

12.1.3 � CMIT/​MIT

Chloromethylisothiazolinone (CMIT) and methylisothiazolinone (MIT) are 
biocides commonly used in industrial applications, including the oil and gas 
industry, due to their effective microbial control properties. However, their usage 
faces signi�cant regulatory restrictions and growing negative perceptions due to 
several concerns. Primarily, CMIT/​MIT mixtures are classi�ed as potent skin 
sensitizers, posing considerable occupational health risks for workers handling 
them. Additionally, environmental agencies have raised concerns about their rela-
tively poor biodegradability and the potential toxicity of the resulting byproducts. 
Degradation byproducts such as N-​methylmalonamic acid (NMMA) and 
halogenated thiazolinones can persist in aquatic environments, raising ecotoxicity 
concerns (Dong-​UK, et al., 2020).This has led to strict limits or outright bans 
on the use of CMIT/​MIT in various industries, including personal care products 
within the EU. In oil and gas applications, while CMIT/​MIT offers effective 
microbial control, use of CMIT/​MIT necessitates careful consideration of their 
environmental fate. This often requires specialized handling equipment and may 
favor switching to alternative biocides with more predictable degradation pro�les 
where feasible (Dong-​UK, et al., 2020).

12.1.4 �ADBA C

ADBAC, a quaternary ammonium compound (QAC), is extensively used as a biocide 
in the oil and gas industry due to its potent antimicrobial properties. ADBAC effect-
ively controls a broad spectrum of microorganisms, including bacteria, fungi, and 
algae, thereby preventing biofouling and microbially in�uenced corrosion in water 
systems, pipelines, and storage tanks. However, improper formulation and manufac-
turing of ADBAC can lead to the generation of unintended byproducts and impur-
ities, signi�cantly increasing its environmental impact. These impurities can include 
unreacted starting materials and degradation products such as benzyl alcohol, ben-
zaldehyde, and benzyl chloride, some of which are more toxic and persistent in the 
environment (Min Li & Rustum, 2010; Ivankovic & Hrenovic, 2010). Benzyl chloride 
is a known irritant and potential carcinogen (EPA, 2008). These byproducts can bio
accumulate in the food chain, posing signi�cant risks to aquatic organisms. The per-
sistence and toxicity of ADBAC highlight the necessity of stringent quality control 
during its production to prevent environmental contamination (Dave, et al., 2022).

Regulatory scrutiny from entities like the BPR and US EPA has increased the 
focus on the safety and environmental impact of ADBAC. The BPR mandates 
rigorous testing to evaluate the potential for bioaccumulation, persistence, and tox-
icity to non-​target organisms, ensuring that biocidal products meet stringent safety 
standards for human health and the environment (ECHA, 2018). Similarly, the EPA, 
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