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by 
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Microbiologically influenced corrosion (MIC) presents persistent challenges to the maritime, 
offshore renewable, and energy sectors, with biofilm formation playing a crucial role in corrosion 
mechanisms. However, understanding the complex interactions between biofilms and MIC is 
hindered by the lack of reproducible physical models that accurately reflect real-world conditions. 
This research employed a novel dual anaerobic biofilm reactor, using a complex microbial 
consortium derived from marine littoral sediment, and highlights the importance of a 
multidisciplinary approach, utilising multiple lines of evidence to understand the mechanistic 
interactions between biofilms and corrosion. 

DNA extraction and 16S rRNA amplicon sequencing revealed that electroactive bacteria, 
particularly sulphate-reducing and iron-reducing bacteria, were the principal contributors to biofilm 
activity. Desulfovibrio and Shewanella spp., key electroactive and corrosive microorganisms, were 
identified as playing a critical role in extracellular electron transport, a process integral to MIC. The 
biotic condition exhibited significantly greater pit density, depth, and size compared to abiotic 
controls, highlighting the impact of continual biofilm growth on corrosion severity.  

Biocide treatment was also investigated using the dual anaerobic biofilm reactor. Cyclic 
dosing led to an electronegative shift and reduced H₂S concentrations, indicating biofilm 
susceptibility. However, the biocide failed to fully eradicate the mixed-species biofilm, likely due to 
its structural properties acting as a diffusion barrier. These findings underscore the limitations of 
traditional biocide treatments and emphasize the need for improved biofilm management 
strategies. By bridging the gap between laboratory studies and real-world applications, this 
research enhances our understanding of MIC processes and contributes to the development of 
more effective corrosion mitigation techniques for industrial applications. 

This research provides new insights into MIC mechanisms and highlights the need for 
evidence-based approaches to biofilm management and biocide application in industrial 
environments. The findings represent a step toward the development of standardised biofilm 
testing methods, improving MIC prediction and mitigation strategies.  
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Definitions and Abbreviations 

AFM ...................................... Atomic Force Microscopy 

AMPP .................................... Association for Materials Protection and Performance 

APB ....................................... Acid producing bacteria  

AR ......................................... As Received  

ASW ...................................... Artificial seawater 

ATP ....................................... Adenosine triphosphate 

BCNR .................................... Biocatalytic cathodic nitrate reduction 

BCSR ..................................... Biocatalytic cathodic sulphate reduction 

CDC ....................................... Centre for disease control and prevention  

CE ......................................... Counter electrode  

CLSM  ................................... Confocal laser scanning microscopy  

CMIC ..................................... Chemical microbial influenced corrosion  

CPE ....................................... Constant phase element 

CRA ....................................... Corrosion resistant alloys  

CS ......................................... Carbon steel 

DET ....................................... Direct electron transfer 

DLVO .................................... Derjaguin−Landau−Verwey−Overbeek theory  

DNA ...................................... Deoxyribonucleic acid 

ECM ...................................... Equivalent circuit model 

EDS ....................................... Energy dispersive X-ray spectroscopy  

EIS ......................................... Electrochemical impedance spectroscopy  

EMIC ..................................... Electrical microbial influenced corrosion  

EPS ........................................ Extracellular polymeric substance  

GR ......................................... Green rust 

HER ....................................... Hydrogen evolution reaction 
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IOB ....................................... Iron oxidising bacteria  

IRB ........................................ Iron reducing bacteria  

LPR ....................................... Linear polarisation resistance  

MB........................................ ATCC 1249 Modified Baar’s media 

MET ...................................... Mediated electron transfer 

MIC ....................................... Microbiologically influenced corrosion 

MLOE ................................... Multiple lines of evidence 

MMM ................................... Molecular microbiological methods  

MPN ..................................... Most probable number  

NACE .................................... National Association of Corrosion Engineers  

NGS ...................................... Next generation sequencing  

NRB ...................................... Nitrate reducing bacteria  

OCP ...................................... Open circuit potential  

P ........................................... 25 micrometres polished 

PCA ....................................... Principal component analysis 

PW ....................................... Produced water 

qPCR ..................................... Quantitative polymerase chain reaction  

QAC ...................................... Quaternary ammonium compounds 

QS ......................................... Quorum sensing  

QSI ........................................ Quorum sensing inhibitor  

RE ......................................... Reference electrode  

RPS ....................................... Relative pitting severity  

SEM ...................................... Scanning electron microscopy  

SRA ....................................... Sulphate reducing archaea  

SRB ....................................... Sulphate reducing bacteria  

SRM ...................................... Sulphate reducing microorganisms  

SS ......................................... Stainless steel  

UDC ...................................... Under deposit corrosion  
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WE ........................................ Working electrode  

XRD ....................................... X-Ray Diffraction 

Units and Parameters  

Parameter  Unit 
A Sample area cm2 

dATP Dissolved Adenosine triphosphate pg ml–1 

tATP Total Adenosine triphosphate pg cm–2 
βa Anodic Tafel slope mV dec–1 
βc Cathodic Tafel slope mV dec–1 

CR Corrosion rate mm y–1 

D Density g cm–3 

DO Dissolved Oxygen ppm 
Ecorr Corrosion potential or Open Circuit Potential (OCP) V 
jcorr Corrosion current density A cm–2 
PD Pit density pits mm–2 
PR Pit rate mm y–1 
Rp Polarisation resistance kΩ cm–2 

Ra Average mean of roughness profile µm 
Rt Maximum peak to valley height of roughness profile µm 
Rz Mean peak to valley height of roughness profile µm 
Rpeak Maximum peak height of roughness profile µm 
Rv Maximum valley height of roughness profile µm 

Rc 
Mean height of profile irregularities of roughness 
profile 

µm 

Rsm 
Mean spacing of profile irregularities of roughness 
profile 

µm 

Rt/Rz 
Extreme Scratch/Peak value of roughness profile, 
(≥1), higher values represent larger scratches/peaks 

µm 

SULF Aqueous sulphide measurements µmol L–1 
Z Impedance Ω cm–2 
Z’ Real impedance or resistance Ω cm–2 
Z’’ Imaginary impedance or capacitance Ω cm–2 
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Chapter 1 Introduction 

1.1 Statement of the Problem 

Microbiologically influenced corrosion (MIC) or biocorrosion is a major industrial concern, which is 

estimated globally to cost around $2.5 to $4 trillion annually [1].  It is a complex process that poses 

a major threat due to the interactions between biofilms and surfaces.  The challenge in 

understanding and predicting MIC is the lack of robust and reproducible model biofilm systems that 

reflect real-world and operating environments.  Furthermore, there are not nationally or 

internationally recognised standards or test methods with which to evaluate control strategies 

effective against biofilm-mediated corrosion.   

Biofilms are surface-adherent sessile microbial communities that are more tolerant towards 

antimicrobials and biocides than planktonic microorganisms (Figure 1.1).  This is due to the 

presence of extracellular polymeric substances (EPS), which consists of proteins, lipids, 

polysaccharides, and nucleic acids [2, 3].  Microorganisms that attach to surfaces and embed within 

biofilms are termed sessile, whilst those microorganisms that remain within bulk fluid are termed 

planktonic [3, 4].  EPS production by sessile microorganisms’ initiates attachment and surface 

colonisation, which is subsequently followed by the formation of biofilm structures [3, 5].   
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Figure 1.1.  A diagram illustrating biofilm formation cycle. Adapted from “Biofilm Formation Cycle”, by 
BioRender.com (2022). Retrieved from https://app.biorender.com/biorender-templates (accessed on 12 
May 2022). 

The interaction between a surface and a bacterial cell has been shown to follow the principle 

of colloidal physics described by the Derjaguin−Landau−Verwey−Overbeek (DLVO) theory [5].  

There are several ecological advantages associated with the formation of biofilms.  In nature, a 

biofilm will typically comprise of a mixed-species consortium that will form synergistic relationships 

enabling the mixed-species biofilm to be more recalcitrant, compared to single-species biofilms [6].  

Sessile microorganisms are also able to detach from a biofilm to colonise a new surface which can 

exacerbate the threat of MIC [7].  These surfaces can be organic or inorganic, and in distinct 

environmental conditions.  Consequently, biofilms have been found on a wide range of metals and 

alloys across industrial sectors.  This includes carbon steel (CS) [8], stainless steel (SS) [9], aluminium 

[10], copper [11], as well as magnesium [12] and zinc alloys [13].  The distinct environmental 

conditions in combination with the surfaces physical and chemical metallurgical properties greatly 

influences the metabolic activities of biofilms attached, altering the physical and chemical 

properties of these materials, and changing their susceptibility to MIC [14].  It is this process, 

whereby biofilms modify the kinetics of corrosion reactions that is known as MIC [15].  Though, it 

is important to quantify corrosion rate (CR) appropriately, as abiotic conditions can also lead to 

corrosion without the influence of microorganisms.  Biofilms can initiate, accelerate, or facilitate 

corrosion reactions via several mechanisms [16], causing significant damage to equipment and 

infrastructure in many industries including but not limited to the energy sector [17], as well as in 

water systems [18], marine environments [19], nuclear waste storage facilities [20], aviation fuel 

systems [21] and medical devices [22].   
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The exact mechanisms can be difficult to accurately identify within industry as corrosion can 

arise through a variety of different mechanisms, either abiotic or biotic.  Nonetheless, corrosion 

depends on redox reactions which involve the oxidised and reduced forms of a species be it an ion, 

a molecule, or a biological entity at the metal/electrolyte interface [23].  Abiotic types of corrosion 

are those that are not influenced by microorganisms [23].  Whilst biotic MIC can contribute to 

corrosion either directly or indirectly through electrical microbial influenced corrosion (EMIC), and 

chemical microbial influenced corrosion (CMIC) in anaerobic conditions, as well as through a few 

mechanisms under aerobic conditions [6].  Currently, there is a general lack a critical understanding 

of how microorganisms behave in mixed biofilm communities [24].  Moreover, distinguishing the 

degree to which abiotic or biotic conditions lead to corrosion is a major challenge.  In a case study 

from 2012, CS pipe spools from an oil production system on the Otter offshore platform in the 

North Sea were found during inspection to exhibit severe internal corrosion.  At the time of 

commissioning, the major internal corrosion threat was believed to be the high partial pressure of 

carbon dioxide (CO2) in the system that was to be mitigated using corrosion inhibitors.  The 

investigation took into consideration data for microbiology, materials/corrosion products, as well 

as the chemical and physical environment.  It was concluded that, although CO2 was likely 

contributing to general corrosion under the deposits, MIC associated with the high numbers of 

methanogens and sulphate reducing bacteria (SRB) was driving or contributing to high localised CR.  

The integration of various types of data was essential for determining that MIC was the 

predominant corrosion mechanism [23].  The different mechanisms make it difficult to correctly 

assess the threat, identify the appropriate mitigation strategy and effectively manage MIC in situ 

[6, 25].  A fundamental understanding of the corrosion mechanisms is essential for selecting 

appropriate measures for mitigating or preventing corrosion.  

Diverse microorganisms can all play a role in MIC.  Therefore, it is essential to be able to 

identify various microorganisms within a mixed-species heterogeneous biofilm to be able to fully 

understand different MIC mechanisms.  Current industrial standards, such as those from the 

Association for Materials Protection and Performance (AMPP) formerly known as the National 

Association of Corrosion Engineers (NACE), emphasize that sessile microorganisms are the most 

crucial biological factor. However, it is acknowledged that methods and procedures for studying 

sessile microorganisms are restricted and can produce inconsistent results [26, 27].  It has been 

reported recently in Alberta, Canada over a three year period, that only 70% of all risk-based 

inspections collected microbial samples for investigation.  From these, <25% took sessile biofilm 

samples [28].  For the same risk-based inspection investigations, >90% analysed materials and 

corrosion products, as well as monitoring physical and chemical environmental conditions [28].  
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Consequently, it is no surprise that misdiagnosis of MIC and ineffective treatment with biocides is 

common.   

This review highlights the different microorganisms that can lead to MIC in industry and 

examines the different corrosion mechanisms that have been described.  Current standard methods 

for assessing the threat of MIC and common mitigation strategies that are used are discussed.  It 

aims to explore recent advances in biofilm testing and MIC research to influence recommendations 

of new standards being drafted by AMPP. 

1.2 Literature Review 

1.2.1 MIC – Problematic Microorganisms 

A wide diversity of microorganisms, including bacteria, archaea, and fungi, have been implicated in 

MIC.  Typically, these grow as biofilms, and it is the interactions within these heterogeneous biofilm 

communities that induce corrosion.  Specifically, it is the activity of electroactive microorganisms, 

within these ‘electromicrobiomes’, which is of particular ecological significance [29].  Electrogenic 

and electrotrophic bacteria, such as Shewanella and Desulfovibrio species, play crucial roles in 

extracellular electron transfer (EET) processes, which are central to microbiologically influenced 

corrosion (MIC).  Shewanella oneidensis utilizes a well-characterised multiheme cytochrome 

system, including MtrA, MtrB, and MtrC, to shuttle electrons across the outer membrane to 

external electron acceptors, such as Fe(III) oxides, or conductive surfaces.  Additionally, Shewanella 

produces conductive pili and outer membrane vesicles that facilitate electron flow over extended 

distances.  Desulfovibrio spp., known for their sulphate-reducing capabilities, contribute to 

corrosion through the production of hydrogen sulphide (H2S) and direct electron uptake 

mechanisms.  These bacteria possess periplasmic hydrogenases, as well as c-type cytochromes such 

as OmcA, which are involved in both electron donation and uptake from metal surfaces.  Some MIC-

associated microorganisms, including Geobacter spp., utilize conductive protein filaments known 

as bacterial nanowires, enabling long-range electron transfer in biofilms.  These adaptations allow 

electrotrophic bacteria to exploit external electron donors (e.g., metallic iron) and drive corrosion 

processes, while electrogenic species facilitate metal reduction and redox cycling in anaerobic 

environments [29]. Understanding these biochemical and physiological traits is crucial for 

mitigating MIC, as these biofilms play a key role in EET.  These bacteria engage in EET strategies, 

such as direct electron transfer (DET) via outer membrane cytochromes like MtrC and OmcA; 

mediated electron transfer (MET), which involves soluble redox mediators such as flavins or 
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hydrogen; and direct interspecies electron transfer (DIET), where conductive pili or cytochrome-

rich nanowires enable electron exchange between microbial partners, facilitating syntrophic 

interactions in biofilms and corrosion environments.  Therefore, identifying the different 

microorganisms involved in corrosion is crucial for accurately determining the specific MIC 

mechanisms at play.   

SRB and sulphate reducing archaea (SRA), collectively termed sulphate reducing 

microorganisms (SRM) are anaerobic microorganisms involved in MIC.  SRB are found in the 

Deltaproteobacteria class, a subclass of Proteobacteria which contains exclusively Gram-negative 

microorganisms.  This class of bacteria comprises a branch of anaerobic genera, which contains 

many known SRB such as Desulfovibrio sp., Desulfobacter sp., and Desulfomonas sp. SRB are 

bacteria that obtain energy by oxidising molecular hydrogen (H2) or a range of organic compounds, 

such as lactate, acetate, pyruvate, and malate to reduce sulphate (SO4
2−), the terminal electron 

acceptor, to biogenic H2S (Figure 1.2).  

 
Figure 1.2.  A diagram illustrating sulphate reducing bacteria metabolic pathway. The process of iron 
oxidation at the anode occurs at the interface of the metal surface and biofilm, whilst the process of 
sulphide reduction at the cathode occurs at surface of the biofilm EPS by BioRender.com (2022). 

Most SRB can also reduce other oxidised inorganic sulphur compounds, such as sulphite 

(SO3
2−), thiosulphate (S2O3

2−) and elemental sulphur amongst others [30].  SRB can also directly 

utilise elemental iron (Fe0) as an electron donor.  As such, SRB are widely studied in MIC literature 

and are generally considered to play an important role in the corrosion of metal surfaces.  SRB are 

aerotolerant anaerobes that will typically grow under anoxic conditions at the bottom of a mixed-

species biofilm, in contact with a metal surface.  Facultative and/or aerobic microorganisms provide 

a locally anaerobic environment in a mixed-species biofilm that supports SRB growth [31, 32].  For 

example, some strains of Desulfovibrio vulgaris and Desulfovibrio desulfuricans, have been shown 
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to develop the ability of aerobic respiration.  However, these strains seem only to get maintenance 

energy without growth when oxygen (O2) is used as the terminal electron acceptor [31, 32, 33].  

Corrosion studies have historically used single-species SRB biofilms to study corrosion mechanisms, 

with Desulfovibrio vulgaris often being used as a model organism.  Desulfovibrio sp. are commonly 

found in aquatic environments and are typically mesophilic (grows best in moderate temperatures, 

optimum growth ranges from 20 - 45 °C) but can survive in extreme environments such as 

oligotrophic (very low levels of nutrients) as well as thermophilic (thrives at relatively high 

temperatures, between 41 and 122 °C) habitats.  Yet, attributing the exact corrosion mechanisms 

can still be complicated due to the production of H2S and iron sulphides such as mackinawite (FeS).  

MIC through the respiration of SRB produces biogenic H2S.  Instead of contributing protons (H+) 

to the bulk fluid, H2S generated by SRB consumes H+ and this increases the pH [34].  Under a high 

concentration of dissolved H2S, FeS can form which will influence the corrosion of the underlying 

metal [35], offering varied degrees of passivation [2, 36].  The biocathode theory, or more 

specifically the biocatalytic cathodic sulphate reduction (BCSR) theory,  is the mechanism that leads 

to biocorrosion in the presence of SRB and biogenic H2S [37, 38, 39].  In contrast, sulphate oxidising 

bacteria (SOB) are a group of microorganisms that oxidises diverse reduced sulphur species (e.g., 

H2S and S2O3
2−) and elemental sulphur to sulphuric acid under more acidic conditions.  A diverse 

range of SOB is involved in metal corrosion, including both aerobic and anaerobic microorganisms 

[40].  Among these, SOB, particularly those belonging to the Sulfuricurvum sp. and Thiomicrospira 

sp., have been extensively researched [41, 42]. 

Nitrate reducing bacteria (NRB) are a diverse group of bacteria that can be found across 

several classes including Gammaproteobacteria, Betaproteobacteria, Bacilli and Clostridia.  

Gammaproteobacteria are comprised of Gram-negative microorganisms and are a phylogenetically 

and physiologically diverse class of Proteobacteria.  Moreover, they are widely distributed and 

abundant in various ecosystems such as soil, freshwater lakes and rivers, oceans, and salt lakes.  

Furthermore, they play a vital role in nutrient cycling in marine and coastal ecosystems.  Similarly, 

Betaproteobacteria are a class of Gram-negative bacteria which are closely related to 

Gammaproteobacteria and represent a broad class of Proteobacteria.  They play a vital role in 

maintaining soil pH and in nutrient cycling.  Bacilli are comprised almost exclusively of Gram-

positive microorganisms and are obligate or facultative aerobes.  Whilst Clostridia are obligate 

anaerobes and O2 is toxic to them.  Clostridia are a highly polyphyletic class of bacteria comprised 

predominately of Gram-positive microorganisms.  Both Bacilli and Clostridia are found in many 

places in the environment, most notably the soil.  NRB are bacteria that metabolise nitrates (NO3
−) 

or nitrites (NO2
−) into nitrogen-containing gases through what is termed the biocatalytic cathodic 
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nitrate reduction (BCNR) theory (Figure 1.3).  The BCNR theory is the mechanism whereby NO3
− or 

NO2
− intermediates are reduced, as the terminal electron acceptors, to oxidise Fe0, the electron 

donor.  These bacteria are grouped according to their use of organic or inorganic electron donors 

and their NO3
− reduction process, whether via nitrogen (N2) or ammonia (NH4) production [43].  

Examples include Pseudomonas sp., Klebsiella sp., and Clostridioides sp. 

 
Figure 1.3.  A diagram illustrating nitrate reducing bacteria metabolic pathway. The process of iron oxidation 
at the anode occurs at the interface of the metal surface and biofilm, whilst the process of nitrate reduction 
at the cathode occurs at surface of the biofilm EPS by BioRender.com (2022). 

In the energy sector, NO3
− has often been injected into oil reservoirs to suppress SRB growth 

with limited efficacy [44].  This mitigation strategy can prevent and remediate souring by 

stimulating the growth and activity of NRB [45, 46, 47, 48, 49].  However, the problem is that all 

subsurface microbiomes are different, and will respond differently to treatment [44].  Though, 

when successful, two different mechanisms for NRB-facilitated souring control have been 

proposed.  Nitrate-sulphate competition is the mechanism whereby NO3
−, a better more 

energetically favourable electron acceptor, is utilised over SO4
2−, and therefore NRB outcompete 

SRB.  Consequently, NO3
− injection suppresses SO4

2− reduction as it is thermodynamically more 

favourable.  Alternatively, NO3
− driven H2S oxidation is the mechanism whereby the H2S produced 

by SRB during souring is re-oxidised with NO3
− as electron acceptor [50, 51].  Again, this mechanism 

has been shown to be thermodynamically more favourable.  However, whilst NRB can mitigate 

souring, Fe0 oxidation coupled with NRB is thermodynamically more favourable compared to Fe0 

oxidation coupled with SRB [52].  Under low organic carbon concentrations or localised 

accumulations of NO2
−, EET between the metal surface and the NRB biofilm occurs.  A localised 

cathodic site is developed due to the NRB activity, with an anodic site at an adjacent uncovered 

surface [53].  Miller et al. demonstrated that under nitrate-reducing conditions, uniform and pitting 

CS corrosion can occur due to NO2
− accumulation.  Moreover, conditions of sustained NO2

− 
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accumulation can lead to more-aggressive corrosion [53].  Thus, NO3
− injection should be managed 

carefully as NRB associated MIC is an equally important risk factor [54]. 

Acid producing bacteria (APB) are another group of microorganisms that are well 

characterised in MIC, which are phylogenetically diverse across the tree of life.  APB are 

fermentative microorganisms prevalent across several classes.  These include Bacilli, Clostridia, and 

Bacteroides. Examples include Ligilactobacillus sp., Ruthenibacterium sp., Anaerotignum sp. and 

Parabacteroides sp.  Unlike Bacilli and Clostridia mentioned previously, Bacteroides are a genus of 

Gram-negative obligate anaerobic bacteria that can be found in the rhizosphere.  They are also 

present in anaerobic environments such as sewage, wastewater treatment plants, marine and 

freshwater sediments, and deep subsurface ecosystems, where they contribute to organic matter 

degradation.  Members of the Bacteroides genus are saccharolytic microorganisms which are 

capable of several metabolic processes.  They can produce succinic, acetic, lactic, and propionic 

acids depending on available nutrients.  Bacteroides species are known to be mutualistic in nature, 

where they play a fundamental role in processing of complex molecules to simpler ones.  APB cause 

MIC due to the production of organic acids in the absence of O2.  For example, acetic acid bacteria 

are a group of Gram-negative bacteria which oxidise sugars or ethanol and produce acetic acid 

during fermentation [55].  Whilst lactic acid bacteria are a group of Gram-positive bacteria which 

produce lactic acid as the major metabolic end-product of carbohydrate fermentation [56].  These 

fermentative microorganisms use the metabolite as the electron acceptor to achieve redox balance 

[38, 57].  The different organic acids produced by these microorganisms, and others, generate an 

acidic environment underneath a biofilm, which in turn leads to the generation of separate anodic 

and cathodic sites.  With a sufficiently low pH, H+ attack is thermodynamically favourable when 

coupled with Fe0 oxidation [58].  Corrosive metabolites accelerate the rate of cathodic reduction 

through the buffering effect theory, which is where undissociated weak acids dissociate near a 

metal surface to provide H+.  For APB associated MIC to be significant, the pH value needs to be 

much lower than 7, for the dissociation of H+ [38].  Both sessile and planktonic cells can contribute 

to corrosion by producing H+ to help maintain an acidic environment [6].  Though, the pH value 

underneath an APB biofilm will be lower than that in the bulk fluid, due to the sessile cell density 

[58].  As such, localised pitting corrosion underneath APB biofilms will be much more severe than 

any general uniform corrosion.  Additionally, an acidic environment also inhibits the formation of 

protective corrosion products or passivation films which can further exacerbate corrosion [59]. 

Iron oxidising bacteria (IOB), are bacteria that derive their energy for growth by oxidising 

dissolved ferrous iron (Fe2+) to ferric iron (Fe3+) and subsequently forming insoluble ferric oxide 
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deposits [60].  Examples of IOB cited as causing MIC can be found in the Betaproteobacteria and 

Gammaproteobacteria classes, including Gallionella sp., Leptothrix sp., Sphaerotilus sp., and 

Crenothrix sp. [61].  These microorganisms are chemolithotrophic (generate energy by the 

oxidation of inorganic molecules for biosynthesis), microaerophilic (requires environments 

containing lower levels of O2) species which can be found in many different types of habitats such 

as freshwater, brackish waters, marine hydrothermal water environments, as well as in soil 

environments.  Conversely, iron reducing bacteria (IRB), including strict anaerobes such as 

Geobacter sp. and facultative anaerobes such as Shewanella sp., utilise Fe3+ as efficient electron 

acceptors that are capable of out-competing electron acceptors of lower potential, such as SO4
2− 

[62, 63].  Again, these can be found in aquatic and soil environments.  Both groups of 

microorganism’s influence corrosion by either forming or dissolving minerals.  Metal oxidising 

microorganisms cause biomineralization that results in mineral deposition on a metal surface which 

can shift the corrosion potential (Ecorr) in either a positive or negative direction, depending on the 

nature of the mineral.  For example, iron oxide formation can initiate a sequence of events that 

results in under deposit corrosion (UDC) of susceptible metals [63, 64].  UDC leads to a large 

increase in electrical potential difference between anodic and cathodic sites [64, 65, 66, 67, 68, 69], 

leading to localised pitting corrosion.  Biomineral dissolution reactions by metal reducing 

microorganisms remove oxide layers or force mineral replacement reactions that lead to further 

dissolution of metals [63].  Metal dissolution is a localised preferential corrosion.  The rate of 

dissolution depends on many aspects and parameters, such as chemical nature of the solvent and 

solute, temperature, and interfacial surface area. 

In recent years, there has been an intensified research focus on the archaeal groups involved 

in microbial corrosion.  Archaea are prokaryotic microorganisms, like bacteria, that do not have 

membrane-bound organelles or nucleus [70].  However, archaea possess several metabolic 

pathways that are more closely related to those of eukaryotes and distinct from bacteria.  

Furthermore, archaea use more energy sources ranging from organic compounds, such as sugars, 

to NH4, metal ions or H2.  Many extremophiles are archaea that can tolerate extreme conditions 

such as very high temperatures, salinity, and pressures [71].  For example, Methanobacterium sp. 

are a group of methanogens which belong to the archaea domain, that produce methane as a 

metabolic by-product in hypoxic environments and have been found in environments such as hot 

springs and submarine hydrothermal vents.  There has been increasing evidence that suggests 

methanogens also contribute to iron corrosion in O2-free environments leading to pitting corrosion 

[72, 73, 74].  Methanogens use H2 as an electron donor during their respiration coupled with CO2 

reduction  [75].  Anaerobic respiration that utilises H2 as an electron donor and CO2 as an electron 

acceptor occurs through the acetyl coenzyme A pathway, also known as the Wood-Ljungdahl 
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pathway [76, 77].  H2 utilisation can cause cathodic depolarisation, thus accelerating corrosion by 

CO2.  Cathodic depolarisation removes the H2 gas surrounding the cathode and speeds up the 

corrosion process [78, 79].  In the context of corrosion, depolarisation through the removal of H2 

prevents polarisation on the metal surface.  Cathodic polarisation is a potential shift in the negative 

direction, whilst anodic polarisation is a shift in the positive direction.  For all metals, cathodic 

polarisation always reduces the CR as current will flow from metals with a lower Ecorr to materials 

with a higher Ecorr.  Ultimately, if the Ecorr is dropping because of cathodic depolarisation, then the 

surface is oxidising, accelerating the rate of corrosion.  Moreover, when the H2 supply is limited, 

methanogenic biofilms may switch to Fe0 as an electron donor thus causing more severe corrosion 

[6].  Similarly, there are also some acetogenic archaea that utilise the Wood-Ljungdahl pathway.  

Examples include Acetobacterium sp. and Sporomusa sp.  Though there is some taxonomic 

ambiguity here. Acetogens, whether bacteria or archaea have diverse metabolic roles, which help 

them thrive in different environments.  These microorganisms generate acetate as an end-product 

of anaerobic respiration or fermentation.  Again, cathodic depolarisation through the consumption 

of chemically generated H2 is the corrosion mechanism, though acetogenic biofilms are also 

capable of using elemental Fe0 as an electron donor [80, 78].  In both instances, cathodic 

depolarisation of the metal surface occurs, where CO2 reacts by consuming electrons at the 

cathode.  The cathodic reaction involves the formation water and methane in the presence of 

methanogens or acetate in the presence of acetogens.  Some archaea are also SO4
2− or NO3

− 

reducers.   

Fungi, such as yeasts and moulds, are another type of microorganism which are poorly 

studied in the literature.  Recent evidence indicates that these fungi are vital in marine food webs 

and are associated with marine corrosion processes [40, 81, 82].  Most fungi are aerobic 

heterotrophs, that are ubiquitous in atmospheric and aquatic environments where they metabolise 

organic material and produce organic acids including oxalic, lactic, formic, acetic, and citric acid 

[83].  Although, fungi have only received limited attention in the MIC literature, they can be a 

dominant factor in warm and humid environments.  Fungi are implicated in MIC of various metals 

including copper, CS, SS, and aluminium [84, 85].  In natural environments, fungal biofilms can 

consume O2 that helps anaerobic microorganisms to thrive [2].  Fungi can also degrade 

hydrocarbons to produce organic acids [2].  These organic acids can either cause corrosion or serve 

as nutrients to some other corrosive microorganisms such as SRB [6].  Additionally, some marine 

fungi produce exogenous enzymes such as proteases and cellulases that exacerbate metal corrosion 

[86, 87].  These enzymes promote the breakdown of organic matter and proteins on the surface of 
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marine facilities, leading to the production of additional acidic substances and accelerating the 

progression of corrosion [40]. 

1.2.2 Corrosion Mechanisms 

Once the threat has been correctly assessed, we can begin to hypothesise specific corrosion 

mechanisms that are likely occurring.  However, distinguishing between abiotic and biotic corrosion 

mechanisms is vitally important to ensure an effective mitigation strategy.  

Abiotic corrosion is caused by physical and non-biological factors.  This includes acid gas, O2, 

galvanic, flow assisted, and UDC [23].  In acid gas corrosion, dissolved gases such H2S or CO2 can 

be highly corrosive.  The severity of corrosion by acid gases is dependent on various parameters 

such as type of materials, temperature, partial pressure, flow rate, chemical environment, and 

headspace volume.  Depending on the microstructure of the metal, acid gas corrosion can lead to 

highly localised pitting or stress cracking in the presence of H2S, which is also referred to as sour 

corrosion due to the presence of a highly acidic environment.  Equally, sweet corrosion can occur 

in the presence of CO2 without high levels of H2S and lead to mesa corrosion [88].  Mesa corrosion 

is where exposure to wet CO2 at elevated temperatures leads to the formation of iron carbonate 

or siderite (FeCO3) on metal surfaces.  Though, acid gases not only promote abiotic corrosion, but 

can also be associated with MIC.  It is therefore important to distinguish between abiotic acid gas 

corrosion and biotic MIC.  The mechanism for abiotic H2S corrosion involves the dissociation and 

release of H+ (Eqn. 1.1) which can contribute to an increase in the rate of cathodic reduction 

through increased H+ reduction as illustrated in Figure 1.4 [89].   

2H2S + 2e− → H2 + 2HS−                                                                                                            … … (1.1) 

  

Fe + H2S → FeS + H2                                                                                                                     … … (1.2) 
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Figure 1.4.  Illustration of abiotic H2S corrosion. The process of iron dissolution occurs at the interface of 
the metal surface and iron sulphide by BioRender.com (2022). 

The bulk fluid phase has a greater concentration of dissolved H2S, the electron donor, 

compared to the metal surface, the electron acceptor, which corresponds to an acidic pH.  Under a 

high concentration of dissolved H2S, FeS can form (Eqn. 1.2).  FeS act as a better catalyst of H2 

compared to bare steel.  Thus, FeS facilitates electron transfer between steel and SRB cells. 

In comparison, biotic MIC through the respiration of SRB produces biogenic H2S.  SO4
2− 

reduction does not produce H2S directly, it first produces HS− (Eqn. 1.4) which can combine with 

a H+ to form H2S (Eqn. 1.5).  The electron donor in this instance is Fe0 (Eqn. 1.3) with SO4
2− as the 

terminal electron acceptor [6].  The oxidation state of sulphur in microbial systems is highly pH-

dependent, as demonstrated in the Schikorr reaction [91, 92, 93].  SO4
2− can be reduced to H2S 

under acidic conditions or remain as HS− or S2− at higher pH, influencing redox equilibria, microbial 

metabolic pathways, and corrosion mechanisms.  Simply, the presence of microorganisms catalyses 

the cathodic reaction thereby accelerating cathodic reduction where electrons are consumed.  

Conversely, electrons are released by the anodic reaction where anodic oxidation occurs.  The key 

distinction between abiotic H2S corrosion and biotic MIC are the electron donor and electron 

acceptor.  It is important to model acid gas CRs and compare against observed CRs to diagnose the 

cause of corrosion correctly.  CRs within a system that are higher than probable abiotic CRs, along 

with the existence of a MIC threat, may reveal MIC as the corrosion mechanism and not acid gas 

corrosion [23].  
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Fe → Fe2+ + 2e−                                                                                                                            … … (1.3) 

SO4
2− + 9H+ + 8e− → HS− + 4H2O                                                                                         … … (1.4) 

HS− + H+ ⇌ H2S                                                                                                                           … … (1.5) 

O2 corrosion is the degradation of metals caused by dissolved oxygen (DO) illustrated in Figure 

1.5.  The DO concentration that can be held by the bulk fluid depends on the temperature, salinity, 

and pressure.  Gas solubility increases with decreasing temperature, and decreasing salinity, and 

decreases as pressure decreases.   

 
Figure 1.5.  Illustration of oxygen corrosion. The process of iron dissolution occurs at the interface of the 
metal surface and bulk fluid by BioRender.com (2022). 

H2 → 2H+ + 2e−                                                                                                                            … … (1.6) 

O2 + 4H+ + 4e− → 2H2O                                                                                                           … … (1.7) 

The abiotic O2 corrosion mechanism involves the cathodic depolarisation of the metal surface, 

where O2 reacts by consuming electrons at the cathode.  Depolarisation removes the H2 

surrounding the cathode (Eqn. 1.6) and speeds up the corrosion process [80].  The anodic reaction 

involves the formation water (H2O) molecules in acidic solutions (Eqn. 1.7) or hydroxide anion 

(OH−) ions in basic solutions (Eqn. 1.8).  

This is not to be confused with the O2 concentration cell theory, where aerobic biofilms create 

an environment underneath the biofilm that excludes O2.  This creates anodic sites with low O2 

concentrations and leads to localised O2 corrosion.  Areas with higher O2 concentrations serve as 

cathodic sites for O2 reduction.  The metal surface is the electron donor (Eqn. 1.3) and O2 the 

terminal electron acceptor (Eqn. 1.8) that forms OH− ions [90].   
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O2 + 2H2O + 4e− →  4OH−                                                                                                           … … (1.8) 

 

 
Figure 1.6.  Illustration of pitting corrosion due to the creation of an oxygen concentration cell. The process 
of iron dissolution occurs at the interface of the metal surface and biofilm by BioRender.com (2022). Figure 
adapted from Jia et al., 2019. 

Galvanic corrosion is the process in which one metal corrodes preferentially when it is in 

electrical contact with another, in the presence of an electrolyte.  The more noble metal acts as the 

cathode, whilst the more active metal acts as the anode.  The anode metal corrodes more quickly 

than it otherwise would, while the cathode metal corrodes more slowly and, in some cases, may 

not corrode at all [91, 92, 93].  Due to the proliferation of new metallurgy, corrosion resistant alloys 

(CRA), and greater complexity of equipment, the opportunities for galvanic corrosion have 

increased in the energy sector [94, 95].   Microorganisms can change the reaction kinetics of both 

anodic and cathodic components in a galvanic couple, thus changing the galvanic performance 

when compared to sterile/abiotic conditions. 

UDC is a type of localised corrosion in which deposits or a collection of material form on a metal 

surface.  The Schikorr reaction is an example of this phenomenon.  This refers to the chemical 

transformation of ferrous hydroxide (Fe(OH)2) into magnetite (γ − Fe2O3/Fe3O4) under 

anaerobic conditions, accompanied by the release of H2 [91, 98, 99].  UDC occurs around or under 

an irregular deposit on metals.  In the energy sector there are several reactive components mainly 
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CO2 and H2S, which react with the pipeline steel to give FeCO3 and FeS products respectively, 

along with oxides [97].  The mechanism for UDC is not fully understood and is dependent upon the 

environmental conditions.  Though, studies have observed a large increase in electrical potential 

difference that occurs between anodic and cathodic sites [63, 64, 65, 66, 67, 68, 98].  The area with 

the lower potential becomes the anode, while the area with the higher potential becomes the 

cathode.  Current will flow from metals with a lower Ecorr to materials with a higher Ecorr, causing 

corrosion at the anode.  Therefore, a material with a naturally high Ecorr is likely to be the cathode.  

The system will rather take up electrons than lose electrons, so a reduction is more likely.  If the 

Ecorr is dropping, it means that the sample is oxidising, and negative charges are accumulating in it 

[99]. 

 

 
Figure 1.7.  Illustration of extracellular electron transfer in microbiologically influenced corrosion, through 
both direct and mediated electron transfer by BioRender.com (2022). Figure adapted from Jia et al., 2019. 

Biotic corrosion or MIC involves the deterioration of a surface because of the metabolic activity 

of various microorganisms.  This corrosion is directly or indirectly influenced by microorganisms, 

typically chemoautotrophs.  This includes corrosion through EMIC and CMIC in anaerobic 

conditions, as well as through a few mechanisms under aerobic conditions [6, 25]. 

In EMIC (Figure 1.7) sessile cells in a biofilm use metal as an electron donor, and a non-O2 

oxidant such as SO4
2− or NO3

− as the terminal electron acceptor [6].  EET for electron transfer 

between a metal surface and the cell wall has two possible routes.  DET, where sessile cells have 

direct contact with a metal surface; MET, where soluble electron transfer mediators shuttle 

electrons from a metal surface and release them to the cell wall [100, 101, 102].  This is because 

the reduction of the terminal electron acceptors occurs inside a cell’s cytoplasm, whilst the 

oxidation of the electron donor occurs extracellularly.  As such, the extracellular electrons must be 

transported to the cytoplasm for the reduction reaction.  Xu and Gu [103] have previously 

demonstrated that under carbon source starvation, elemental Fe0 is used by SRB as an electron 
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donor, corresponding to more weight loss against CS.  Similarly, Jia et al. [104] demonstrated that 

starvation of pre-grown mature NO3
− reducing P. aeruginosa biofilms on CS was shown to trigger 

more aggressive weight loss, supporting this theory. 

Conversely, CMIC is caused by the production of corrosive metabolites.  For example, sulphide 

formation occurs when (SRB) reduce SO4
2− to H2S, which reacts with metal surfaces to form metal 

sulphides, leading to localized corrosion through de-passivation, acidification, and the formation of 

cathodic and anodic sites that accelerate metal dissolution [26].  Additionally, fermentative 

microorganisms such as APB and fungi can produce corrosive metabolites when an exogenous 

oxidant is not present.  Fermentative microorganisms use the metabolite as the electron acceptor 

to achieve redox balance [38, 56].  Different organic acids produced by these microorganisms 

generate an acidic environment underneath a biofilm, which in turn leads to the generation of 

separate anodic and cathodic sites.  Depending on the environment and the metal, different anodic 

and cathodic reactions may be identified [35, 104].  However, in general, corrosive metabolites 

accelerate the rate of cathodic reduction through the buffering effect theory, as mentioned earlier.  

Similarly, to other mechanisms, the source of organic acid can be both abiotic and/or biotic.  

Moreover, both aerobic and anaerobic microorganisms can produce enough organic acids to cause 

MIC.  Thus, it is important to distinguish between the source of the corrosion to mitigate effectively.  

Additionally, biofilms can secrete enzymes which can degrade organic matter, such as plasticisers 

or polymers, to obtain small organic molecules as nutrients.  Both aerobic and anaerobic 

microorganisms can cause MIC depending on the type of biodegradation.  Though, this type of 

corrosion does not concern metallic corrosion.  Consequently, it is not a focus area for MIC 

researchers in the energy sector [108].  

1.2.3 Mitigation Strategies 

Several strategies are available to mitigate MIC related threats in the energy sector.  These include 

chemical treatment, mechanical cleaning/pigging, adjustment of operational parameters, asset 

design alterations, and appropriate materials selection.  However, the effectiveness of any 

mitigation strategy should be evaluated and adjusted based on regular monitoring by investigating 

the microbiology, materials, and corrosion products, as well as the physical and chemical 

environment of any system in which MIC is a threat. 

 Biocides, corrosion inhibitors, surfactants, O2/H2S scavengers, scale inhibitors, and quorum 

sensing inhibitors (QSI) are few of the possible chemical mitigation alternatives to support MIC 

management.  Though, compatibility is an important consideration when selecting a mitigation 
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strategy, particularly when it comes to chemical treatment, as undesirable or unintended 

interactions may arise which neutralise their effectiveness or even promote microbial growth 

through facilitating certain metabolic pathways. 

 Biocides are commonly used in several industries and can be either synthetic or natural.  They 

act to control harmful microorganisms through both chemical and biological means by inhibiting 

the growth and reproduction of microorganisms in a variety of ways.  Some alter the permeability 

of the cell walls, thereby interfering with the vital life processes of the microorganism.  Others 

penetrate the cell into the cytoplasm and destroy the protein or complex with other compounds to 

kill the cell.  Whilst some damage the cell through affecting its differential permeability, disrupting 

the normal flow of nutrients into the cell and the discharge of wastes from the cell.  In the energy 

sector both oxidising and non-oxidising biocides are used.  Chlorine-yielding chemicals and ozone 

are oxidising biocides that have been used historically.  However, oxidising biocides may corrode 

equipment.  Furthermore, other limitations include ineffectiveness at high pH, inactivation by 

sunlight and aeration [109].  Due to the limitations of chlorine and other oxidising biocides, non-

oxidising biocides are becoming more widely used as a primary microorganism control treatment 

[110].  Tetrakis hydroxymethyl phosphonium sulphate (THPS) and glutaraldehyde are two non-

oxidising biocides commonly used due to their broad-spectrum efficacy, biodegradability, safety, 

and cost effectiveness [111, 112].  Glutaraldehyde is known to crosslink amino groups in the cell 

wall of microorganisms thereby altering the permeability of the cell walls and ultimately interfering 

with the vital life processes of the microorganism [113].  The most widely used type of non-oxidising 

biocide are quaternary ammonium salts.  Quaternary ammonium compounds (QACs) are a type of 

lytic biocide which damage cell membranes [114] and may also act as corrosion inhibitors and 

cationic surfactants.  Other non-oxidising biocides include isothiazolones, organobromines, 

oxazolidines and triazines amongst others [115, 116, 117]. In the energy sector, a cyclic biocide 

treatment is required.  Though, repeated treatments using the same biocide may promote those 

species that are more tolerant to the biocide, causing biocide dosage escalation over time [118].  

Thus, it is often appropriate to enhance the biocide with adjunctive strategies.  Surfactants or 

chelating agents are commonly employed to enhance the efficacy of biocide treatments.  

 A surfactant is a chemical that acts to reduce the surface tension on a material’s surface.  

Surface tension is the force that causes the molecules on the surface of a liquid to be pushed 

together and form a layer or film.  Chelating agents such as ethylenediaminetetraacetic acid (EDTA) 

and ethylenediaminedisuccinate (EDDS) inhibit the formation of biofilms [119, 120].  The key vital 

action of corrosion inhibition is the adsorption of the surfactant's functional group onto the 

material's surface.  Conversely, surfactant absorption is generally related to aggregation and 

increased surface tension is attributed to pitting corrosion.  Wen et al. demonstrated that a 
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trisodium salt of EDDS at 2000 ppm enhanced 30 ppm glutaraldehyde in the treatment of a SO4
2− 

reducing D. desulfuricans biofilm on CS [121].  Though, due to the abundance of ions in the bulk 

fluid, the concentration and type of surfactant used needs to be carefully considered and the impact 

on the environment monitored [6]. 

 A corrosion inhibitor is a substance which, when added to an environment effectively reduces 

the CR of a metal exposed to that environment by decreasing the anodic process rate.  There are 

three types of corrosion inhibitors, anodic, cathodic, and mixed inhibitors.  Similarly, there are three 

mechanisms which generally result in corrosion inhibition.  First, the inhibitor molecule is adsorbed 

on the metal surface by the process of chemisorption, forming a thin protective film either by itself 

or in conjunction with metallic ions.  Second, the inhibitor causes a metal to form its own protective 

film of metal oxides, thereby increasing its resistance.  Third, the inhibitor reacts with a potentially 

corrosive substance in the water.  Anodic inhibitors form a protective layer of oxide film on the 

surface of metals at anodic sites.  When present in low concentrations the inhibitor blocks weak 

anodes.  As the concentration increases, inhibitors react with the strong anodes, forming a passive 

layer and leading to reduction in CR.  Examples of anodic inhibitors include but are not limited to 

chromate, molybdate, and NO2
−.  Conversely, cathodic inhibitors slow the reaction at the cathode 

or precipitate cathodic areas to increase the impedance on the surface.  Impedance is the measure 

of the opposition that a circuit presents to a current when a voltage is applied.  Examples of cathodic 

precipitates include zinc, calcium, and magnesium.  They are precipitated on the surface of the 

metal to form a protective layer [122, 123]. 

 O2 scavengers are a type of cathodic inhibitor, which react with DO.  An O2 scavenger is a 

chemical substance that is used to reduce or completely remove O2 in fluids to prevent O2-induced 

corrosion.  An O2 scavenger is a corrosion-inhibiting substance that is added to an environment 

that is prone to O2-based corrosion.  Its cathodic nature enables it to combine with O2 and form 

harmless compounds/salts.  It is this process which reduces the CR in the system  [124, 125, 126].  

H2S scavengers are a specialised chemical which selectively reacts with and removes H2S from a 

system.  As discussed, H2S corrosion can cause damage through both abiotic and biotic 

mechanisms, either by reacting directly with steel to create an FeS corrosion film, or by increasing 

the acidity of the bulk fluid in the system.  Thus, depending on the nature of the H2S problem being 

addressed the application of H2S scavengers to mitigate corrosion is important [127]. 

 QSI are another type of chemical treatment that can interrupt quorum sensing (QS).  QS is a 

mechanism of communication among microorganisms.  Studies in bacteria have shown how QS is 

utilised to coordinate their behaviour.  For example, some common phenotypes include biofilm 
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formation, virulence factor expression, and motility [128, 129, 130, 131, 132].  There are several 

different strategies for inhibition.  First, QSI may inhibit or reduce the activity of the gene controlling 

the synthesis QS signal molecules.  Second, QSI can degrade the signal molecule.  Third, QSI may 

modulate the binding of the signal to receptor sites.  Fourth, QSI can block receptor sites with 

antagonistic signal analogues [133, 134, 135].  Many natural and chemically synthesised inhibitors 

have been reported to disrupt QS mechanisms. For example, vanillin, quinones, and alkaloids [136, 

137].  However, most of the natural QSI are produced in very small quantities and may have 

associated toxicity.  Moreover, in industrial microbial systems, microbial species are diverse.  Their 

population structures will adapt to QSI with surviving species not responsive to the QSI.  Whilst 

quorum quenching may be an attractive strategy for preventing QS by disrupting signalling, studies 

typically focus on single-species biofilms which are not representative of mixed-species consortia 

found in natural environments.  Thus, multiple QSI will likely be needed for mixed-species industrial 

biofilms. 

 A scale inhibitor can be a chemical or mechanical treatment used to prevent the precipitation 

and aggregation of slightly insoluble compound formation.  The formation of scales depends on the 

pressure, temperature and the chemical composition or properties of the bulk fluid.  Some common 

deposits include calcium carbonate (calcite), calcium sulphate dehydrate (gypsum), zinc sulphide, 

and magnesium carbonate.  Chemical scale inhibition involves the chelation of carbonate and 

sulphate scales using phosphorous and inorganic compounds.  Though, scaling can be remedied by 

using mechanical methods like milling, drilling, and jetting.  Scale inhibitors help to improve flow 

rate within a system by not allowing certain corrosive materials to settle and adhere to the surface 

[138, 139].  

 Pigging, mechanical cleaning, flushing and sand jetting are common mitigation methods used 

in the energy sector to control MIC.  These methods act to physically remove any trapped debris or 

biofilm on the internal surface of pipes.  The pigging process removes built-up debris, which 

ultimately helps to protect from degradation of the pipe wall over time.  The removal of the biofilm 

layer is an effective method to control MIC.  Though, it may be appropriate to use physical cleaning 

coupled with chemical treatment with solvents and/or surfactants to penetrate some deposits such 

as oily hydrocarbons like paraffin [140].  

 Operational controls within a system can also be employed as a mitigation strategy.  Common 

examples of operational controls used to minimise the threat of MIC include controlling fluid 

velocity, improvement of fluid quality process parameters, or adding preservative fluids such as 

corrosion or scale inhibitors.  Maintaining a minimum velocity within a system helps to keep water 

and solids entrained thereby preventing accumulation.  Though, it may sometimes be appropriate 
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to increase velocity within a system to effectively flush/sweep pipelines or dead legs occasionally 

to remove water.  An example of a fluid quality process parameter improvement is reducing oil in 

water concentration in produced water (PW) to lower organic carbon levels [141].  

 Other mitigation strategies that asset holders can consider include design-based controls.  

Design based controls involve both appropriate material selection and asset design to reduce 

features that lead to water accumulation which may ultimately provide a threat of MIC, such as 

dead legs.  Materials that possess resistance to corrosion may have also have a beneficial effect in 

reducing MIC.  For example, CRAs and SS show greater resistance when compared to CS due to 

greater stability and protective layer formation on surfaces.  The addition of chromium, nickel or 

molybdenum have been shown to increase SS and CRA resistance against MIC.  CS are often 

selected due to lower capital cost, but often require regular corrosion mitigation, which increases 

its life cycle operating costs.  CRAs typically do not require continuous mitigation, but have a higher 

capital cost as compared to CS.  While CRAs have higher resistance to general corrosion, they can 

also be susceptible to localised corrosion under certain conditions, which may lead to the need for 

additional mitigation [142, 143, 144]. 

1.2.4 Threat Assessment – Current Standards 

In the energy sector, it is becoming more widely understood that any investigation of MIC requires 

a multidisciplinary focus on multiple lines of evidence (MLOE) [145].  Yet, when industries today are 

attempting to understand the impact of MIC on their assets, many do not have experts from 

multiple disciplines on hand.  The expertise to guide sampling, testing, and data integration to help 

solve complex MIC issues is critical [145].  While there are numerous standards available to guide 

specific types of testing, there are none that identify a truly unified multidisciplinary approach for 

combining MLOE.  An international standard on biocide testing is still required that importantly 

includes the integration of biofilm testing.  A new AMPP standard test method TM21495 is in the 

works by subcommittee 22, biodeterioration, for the laboratory evaluation of the effect of biocides 

on biofilms [146].   

Current existing standards in industry provide some helpful guidance when it comes to the 

detection, testing and evaluation of MIC due to either external or internal corrosion.  For example, 

NACE TM0212 [26] for internal MIC and NACE TM0106  [147] for external MIC of pipelines provide 

information about sampling and test methods that can be used to support corrosion investigations.  

ASTM G161-00 [148] also provides some helpful guidance for the corrosion failure analysis process.  

The framework for failure analysis is a three-step process.  The first step is to collect appropriate 
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data from the location of failure [23].  Microbiological analysis plays a vital role in investigating the 

cause of failures and subsequently attributing the failures to MIC.  Information on microbial 

abundance, composition of the microbial community, or microbial activity are vital for correctly 

diagnosing MIC.  However, the microbial communities present in a system also interact with the 

materials and corrosion products in the environment to either initiate or accelerate corrosion 

reactions.  Thus, it is also important to examine the materials and corrosion products associated 

with a failure to interpret the corrosion mechanisms.  Moreover, information on the chemical 

environment near the failure location is important to establish the likelihood of MIC as a failure 

mechanism.  Similarly, information on the physical environment of the system such as temperature, 

and use of physical cleaning methods, such as pigging, near the failure location are important to 

investigate the existence of a MIC threat [23]. 

Sampling can be performed to provide material to characterise the liquid phase, layers of 

deposits and biofilm on the metal surface, and the corroded metal surface itself.  It is helpful to 

collect samples from corroded and uncorroded locations on the same sample, and from multiple 

locations for comparison.  Sampling and preservation of biofilms from inside an operating pipeline 

is difficult, but those samples that are handled and preserved properly will provide reliable, 

accurate analytical results [149, 150].  In general, sampling and testing programmes should be 

designed to collect MLOE.  Information about operating conditions such as pressure, temperature, 

flow rate, treatment chemical injection rates and pigging frequency, along with CR data from probes 

or routine inspections, microbiological conditions, as well as chemical composition data from the 

gas, liquid and solid samples should all be evaluated [26].   

 

 

 

Table 1.1. Industry Standards for the energy sector. 
Document Title 

AMPP TM21465-2024 [146] Molecular Microbiological Methods— Sample Handling and Laboratory Processing 

ASTM G1-03 [151] Standard Practice for Preparing, Cleaning, and Evaluating Corrosion Test Specimens 

ASTM G161-00 [148] Standard Guide for Corrosion- Related Failure Analysis 

ASTM G46-21 [152]  Standard Guide for Examination and Evaluation of Pitting Corrosion 

ASTM G48-11 [153] Standard Test Methods for Pitting and Crevice Corrosion Resistance of Stainless Steels 
and Related Alloys by Use of Ferric Chloride Solution 

ASTM D8412-21 [154] qPCR Quantification of Microbial Contamination in Liquid Fuels and Fuel Associated 
Water by Quantitative Polymerase Chain Reaction (qPCR) 

DNV GL-RP-F116 [155] Integrity management of submarine pipeline systems 

DNV GL-RP-G101 [156] Risk-based inspection of offshore topsides static mechanical equipment 
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Energy Institute [157] Guidance on the use of Biocides in the Oil Industry 

Energy Institute [158] Guidelines on Managing Microbiologically Influenced Corrosion (MIC) in Water Injection 
Systems 

Energy Institute [159] Selection, applicability and use of molecular microbiological methods (MMM) in the 
Upstream and Downstream oil industry 

Energy Institute [160] Guidance for Corrosion Management in Oil and Gas Production and Processing 

ISO 31000 [161] Risk Management, Principles and Guidelines 

ISO 55002 [162] Asset management — Management systems — Guidelines for the application of ISO 
55001 

ISO 17776 [163] Petroleum and natural gas industries — Offshore production installations — Major 
Accident hazard management during the design of new installations 

ISO 21457 [164] Petroleum, petrochemical and natural gas industries - Materials selection and corrosion 
control for oil and gas production systems 

ISO 9712 [165] Non-destructive testing - Qualification and certification of NDT personnel 

NACE 31205 [166] Application and Evaluation of Biocides in the Oil and Gas Industry 

NACE 3T199 [167] 

 

Techniques for Monitoring Corrosion and Related Parameters in Field Applications 

NACE SP0169 [168] Control of External Corrosion on Underground or Submerged Metallic Piping Systems 

NACE SP0499 [169] Standard Practice Corrosion Control and Monitoring in Seawater Injection Systems 

NACE SP0775 [170] Preparation, Installation, Analysis, and Interpretation of Corrosion Coupons in Oilfield 
Operations 

NACE TM0106 [147] Detection, Testing, and Evaluation of Microbiologically Influenced Corrosion on External 
Surfaces of Buried Pipelines 

NACE TM0194 [27] 

 

Field Monitoring of Bacterial Growth in Oil and Gas Systems 

NACE TM0212 [26] Detection, Testing, and Evaluation of Microbiologically Influenced Corrosion on Internal 
Surfaces of Pipelines 

NACE SP0106 [171] Control of Internal Corrosion in Steel Pipelines and Piping Systems 

NACE TR 46107 [172] Control of Corrosion, Deposition, and Microbiological Growth in Recirculating Water 
Systems in Buildings 

NACE TR 11206 [173] Biocide Monitoring and Control in Cooling Towers 

NACE 1F192 [174] Use of Corrosion-Resistant Alloys in Oilfield Environments 

NACE SP21430 [175] Standard Framework for Establishing Corrosion Management Systems 

To determine the existence or significance of MIC, it is crucial to analyse the microbiology, 

physical and chemical conditions, and materials and corrosion products of the environment to 

determine if MIC is the actual cause of the failure [23].  Sampling data collection and analysis should 

be directed toward distinguishing the contributing effects of both abiotic and biotic factors on the 

likelihood, severity, location, and cause of corrosion [26].  Critically, existing standards recognise 

the importance of sessile microorganisms [26].  Though, sampling of sessile microorganisms can be 

difficult.  Use of inconsistent sample collection and assay methods along with contamination of 

samples are common threats to attaining meaningful trends in sessile microorganism data.   
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It is recognised that current techniques and procedures for studying sessile microorganisms are 

limited and can produce variable results [26, 27, 147].  Conversely, samples of bulk fluids containing 

planktonic microorganisms are much easier to acquire and allow for the quantification and 

identification of planktonic microorganisms.  However, collection and testing of bulk samples for 

MIC assessment should always be accompanied with other data collected concurrently.  Changes 

in detectable numbers and types of microorganisms can occur rapidly after removal of samples 

from the environment.  Thus, preservation and transport requirements are an important 

consideration wherever field testing is not practical or available for both sessile and planktonic 

samples [26].  

The most commonly used microbiological techniques in the energy sector include culture-based 

testing, enzyme and immunological assays, microscopy-based methods, and molecular 

microbiological methods (MMM).  Each of these methods reveal different types of microbiological 

information.  Culture-based methods such as serial dilution tests and most probable number (MPN) 

tests, DNA-based methods such as quantitative polymerase chain reaction (qPCR) and DNA 

sequencing, and enzyme-based methods such as adenosine triphosphate (ATP) tests and enzyme 

tests for SO4
2− reducers are the commonly used methods in MIC-related investigations.  These 

methods provide information on microbial abundance, composition of the microbial community, 

or microbial activity.  The quality of microbiological information obtained from the failure depends 

on the sample type and method used.  DNA-based methods such as qPCR and DNA sequencing 

provide the most reliable information on the microbial abundance and composition [23].  The major 

challenge in transporting samples for microbiological testing is to ensure that microorganisms 

remain alive and active without multiplication.  Sample collection may expose microorganisms to 

changes in pressure, temperature, salinity, dissolved gases, and light, causing changes in the 

number and type of microorganisms in the original sample.  Moreover, sample exposure may lead 

to the oxidation or degradation of many chemical species associated with microbial metabolism 

[26].  

In addition to characterising the microbiology of an environment in which corrosion has 

occurred, the chemistry of the environment, both on the surface and in the bulk fluids, should also 

be determined to gain a holistic understanding of potential MIC mechanisms.  MIC cannot be 

diagnosed solely with microbiological data.  NACE SP0775 [170] and ASTM G46 [152] provide some 

helpful guidance regarding the use of coupon monitoring and analytical procedures, along with the 

selection of procedures that can be used in the identification and examination of pits.  The 

elemental and mineral composition of the corrosion products and surface deposits are important 

to determine whether MIC is a likely failure mechanism.  Various analytical methods, such as energy 

dispersive X-ray spectroscopy (EDS) and X-ray diffraction (XRD), are available to analyse the 
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composition of deposits and corrosion products.  The comparison of the corrosion products and 

deposits between the failure location and the non-corroded location can provide meaningful 

insights on the uniqueness of the corrosion threat and the mechanism of failure [23].  

Investigating the chemical environment near the failure location is also important to establish 

the likelihood of MIC as a failure mechanism, as the chemical environment will be affected by the 

composition of the operating fluid and by the influence of microorganisms, which may deplete 

and/or add chemical compounds due to their metabolic activity.  Some corrosion products can be 

formed by both biotic and abiotic driven mechanisms.  Thus, to distinguish MIC from abiotic 

corrosion, analytical methods such as liquid chromatography mass spectrometry (LC-MS) and high-

performance liquid chromatography (HPLC) are available to analyse the chemical composition of 

fluids. It is important to characterise the pH, total alkalinity, and dissolved gases of liquid samples 

immediately after sample collection as these parameters can change quickly.  Likewise, organic 

acids can quickly degrade, so preservation of samples may be appropriate.  Overall, the chemical 

environment is characterised by the presence of dissolved gases, organic acids, the presence of 

electron acceptors/donors, availability of carbon sources, pH, and the presence of production 

chemicals in the system [23].  As discussed earlier, dissolved gases such as CO2, H2S, and O2 not 

only promote abiotic corrosion, but can also be associated with MIC.  Similarly, organic acids such 

as acetic acid, and lactic acid can be generated as products of microbial metabolism and can 

indirectly promote corrosion. The source of these organic acid can be both abiotic and/or biotic.  

The presence of different electron acceptors or electron donors will greatly influence the 

mechanisms causing corrosion.  For example, SO4
2− or NO3

− will promote the metabolism of SRB 

and NRB in the presence of Fe0 as the electron donor, increasing the likelihood of MIC.  Equally, 

other electron donors such as acetate, lactate, and H2 can be associated with the metabolism of 

MIC causing microorganisms like methanogens or acetogens.  Moreover, the availability of a carbon 

source is a crucial determining factor for microbial metabolism.  Hydrocarbons and production 

chemicals present in the system can provide a source of carbon.  In some cases, these production 

chemicals can be utilised by microorganisms as organic carbon sources or electron acceptors or 

donors to facilitate their metabolism.  The inappropriate application of a biocide could have the 

opposite effect, by facilitating the growth of certain microorganism and exacerbating the threat of 

MIC.  The pH of the system can also offer some useful insights into the cause of corrosion.  A pH 

closer to neutral offers an ideal environment for microbial growth, which may indicate that MIC is 

the likely mechanism.  Whilst, abiotic acid gas corrosion is typically associated with a low pH, due 

to increased H+ dissociation.  All these parameters that are characteristic to the chemical 

environment impact microbial metabolism and their interactions with the corroding metal and 
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corrosion products, subsequently resulting in MIC.  Examining the chemical environment between 

the failure location and non-corroded locations, along with historical changes to these chemical 

parameters, can reveal valuable information to interpret the cause of failure [23].  

Finally, evaluating the physical environment of the system can also provide some useful 

insights.  Monitoring the temperature and use of any physical cleaning methods such as pigging 

near the failure location are important to investigate the existence of a MIC threat.  The 

temperature of a system in the range of 25°C to 45°C provides an ideal environment for 

microbiological growth.  However, MIC has frequently been reported in environments with 

temperatures outside of this range.  As mentioned previously, many extremophiles like archaea can 

tolerate extreme conditions such as very high temperatures, salinity, and pressures [71], and 

methanogens have been shown to contribute to biocorrosion [72, 73, 74].  Water is a fundamental 

factor required for corrosion in general. Hence, the possibility of water wetting and duration of 

water wetting near the failure location is essential to investigate the cause of failure.  Further, the 

absence of flow in the system will promote water settlement, subsequently increasing the 

likelihood of corrosion.  All these parameters that are characteristic to the physical environment 

impact the microbiology and corrosion products, along with their interactions with the chemical 

environment, and subsequently can lead to MIC.  Comparing the physical environment between 

the failure location and non-corroded locations in the system along with historical changes to the 

physical environment can reveal valuable information to interpret the cause of failure [23]. 

The second step in the failure analysis framework is to integrate all the data collected from the 

failure location and non-corroded locations.  Once all this data is integrated, the last and the most 

important step is to determine the corrosion mechanism and to interpret the cause for the failure.  

Based on the available data, all the possible abiotic corrosion mechanisms should be considered 

and weighted against MIC and finally, the cause of failure should be assessed.  This step requires 

careful consideration along with comprehensive examination of all information available.  Abiotic 

and biotic threats in the system should be considered based on the historical corrosion 

susceptibilities of the system and the data collected at the time of failure.  As stated earlier, the 

evidence for MIC in the system should not be determined solely based on high microbial abundance 

or high microbial activity or presence of usual suspects of MIC like SRB, APB, and methanogens.  

Rather, the evidence for MIC should be ascertained using MLOE by investigating whether 

microbiology, materials and corrosion products, physical and chemical environment highlight the 

existence of a MIC threat.  Once MIC has been identified as a possible failure mechanism, all the 

threats in the system should be weighed against each other based on the data collected at the time 

of failure to determine the corrosion mechanisms.   
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There is currently a lack of recommendations or best practices at the time of writing.  It is vital 

to be able to identify various microorganisms from a system, and subsequently have a reproducible 

model biofilm system that is representative of operating conditions that can cultivate mixed-species 

consortia whilst also utilising the most appropriate analytical methods to be able to fully 

understand different MIC mechanisms. 

1.3 Methods for Assessing Biocorrosion 

Historically, in the energy sector MIC has primarily been a concern when it comes to 

traditional oil and gas systems.  As a significant number of pipeline failures, due to either external 

or internal corrosion, have resulted from MIC.  However, corrosion represents one of the largest 

challenges when it comes to renewable energy too.  Most renewable energy fit within the brackets 

of wind, marine, solar, hydro, geothermal, and bioenergy [176], with hydropower, wind, and solar 

being the three largest sources of renewable energy generation.  In marine environments, 

structures can be exposed to a range of conditions with microorganisms forming damaging biofilms.  

The nature of the marine environment also makes maintenance and repair of structures more 

difficult and often expensive and not feasible.  Because of this, corrosion proves to be an expensive 

challenge for the maritime, offshore renewables, and energy industries [177].  In recent years, it 

has become apparent that MIC poses a larger challenge to the offshore wind farm industry than 

initially estimated due to the discovery that the environment is considerably different to that which 

was assumed in the original design specifications for many offshore wind turbines [178].  The initial 

design specifications worked under several assumptions that predicted low rates of corrosion.  

However, these assumptions have proven to be wrong, as the development of anaerobic biofilms 

have caused accelerated rates of localised corrosion [179].  Current predictive measures are 

insufficient at adequately determining the threat to marine infrastructure.  Thus, research into the 

development of biofilms, on metallic surfaces in different media, such as seawater is critical [180].  

This should empower asset owners to improve sustainability and produce better designs and 

improve future maintenance techniques.  The operating history of offshore wind farms is only 

recent, so the full scale of the problems brought about by MIC, as well as the costs associated with 

it, are yet to be fully understood.   

1.3.1 How to establish and test biofilms in the lab 

There are a range of test methods that can be used for the detection, testing and evaluation of MIC.  

Though, different testing companies or laboratories will use different analyses techniques to 



Chapter 1 

46 

investigate a failure, as there will be different expertise and access restrictions when it comes to 

specific methods/techniques.  However, the hardest challenge first comes from how to establish 

and test a mixed-species biofilm in the laboratory.  

There are several key considerations when it comes to how to establish and test mixed-

species biofilms in a laboratory.  The reactor system, chemical composition of the fluids/media 

including any dissolved gases, the microbial inoculum, test conditions, experimental design, and 

biocide treatment regime.  There are several different experimental reactor systems available such 

as batch reactors, flow through reactors, recirculating reactors, and operational side stream 

devices.  Here, we focus on one device, the CDC (Centre for Disease Control and Prevention) biofilm 

reactor, which is a recirculating reactor.   

 
 
Figure 1.8. CBR 90-3 Anaerobic CDC Biofilm Reactor® (key dimensions: 22 cm reactor height and 12 cm 

internal diameter; 21 cm coupon holder rod; 1.27 cm coupon diameter) Includes seals around each rod and 

between lid and vessel. The anaerobic CBR includes coupon holder rods, polycarbonate coupons, coupon 

removal tool, coupon manipulation tool, and glass flow breaks [181]. 

The CDC reactor, illustrated in Figure 2.1, is uniquely positioned as it has previously been 

optimised and validated for Pseudomonas aeruginosa or Staphylococcus aureus biofilm growth.  

ASTM E2871-21 [182] is the ‘Standard Test Method for Determining Disinfectant Efficacy Against 

Biofilm Grown in the CDC Biofilm Reactor Using the Single Tube Method’.  Thus, there is precedence 

for cultivating single-species biofilms in the CDC reactor and testing disinfectant efficacy.  The 

important distinction here is cultivating a reproducible mixed-species biofilm, one that closely 
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resembles real-world and operating environments and testing biocide efficacy.  If available, 

environmental/field samples from the field are preferable rather than a single strain, as a mixed-

species consortium taken from the field will be more representative.  Similarly, PW or fluid samples 

taken from the field will always be more representative than any synthetic media.  Though it may 

be appropriate to filter out hydrocarbons if growth is inhibited in the reactor system or even 

supplement the bulk fluid.  Any synthetic media selected, or supplement added may preferentially 

favour the growth of certain microorganisms, which may not be the dominant species found in the 

operating environment.  The experimental parameters will need to be optimised and validated for 

each different inoculum.  Another advantage of using the CDC reactor, is the ability of using 

different surface substrates such as SS or CS amongst others.  It is possible to tailor the surface 

substrate to match that of the operating environment.  Moreover, a single reactor allows up to 24 

coupon samples for replicates.  An abiotic reactor can be run in tandem with experimental biotic 

reactors, where the test conditions or parameters can be changed to test certain hypothesis; test 

conditions such as the temperature, flow rate, pressure, and anaerobic conditions.  The gas mixture 

that comprises the anaerobic conditions in the reactor could also impact the community dynamics.  

Careful consideration needs to be made regarding the ratio of N2, CO2, and H2 gases.  Again, it is 

possible to change the test conditions to closely mimic the operating environment from which the 

initial biofilm inoculum was collected.  The length of test and frequency of data collection need to 

also be considered.  The biofilms need to be mature and ready for testing.  Each different microbial 

community will need to be optimised and validated prior to biocide treatment.  The reproducibility 

of different technical and biological repeats using the same initial microbial consortium is also 

critical.  If it is possible, it is recommended to run all repeats in tandem at the same time to minimise 

changes between reactor systems.  However, if this is not possible it is important to first establish 

frozen stocks (-80°C glycerol stocks) of the source microbial consortium, or alternatively to use 

samples from the same location. Only once all these parameters have been validated can the 

biocide treatment regime be considered.  A batch or continuous application of biocide can be 

employed.  Though, the frequency and concentration of biocide should simulate field treatment 

conditions.  Following the establishment of biofilms in the lab the analytical methods and 

information to collect need to be carefully chosen. 

1.3.2 Analytical methods and information to collect 

There is a lack of recommendations or best practices when it comes to what specific analytical 

methods and information to collect.  Here, a special focus was placed on integrating MLOE [145] 
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and adopting a multi-disciplinary strategy, that accounts for materials and corrosion products, 

microbiology, and both the chemical and physical environment. 

Microbiological assays/molecular microbiological methods.  Microbiological assays have been 

commonly used in the energy sector for the isolation, cultivation, identification, and quantification 

of microorganisms present at corroded areas and other locations without corrosion. Culture-based 

testing, by the MPN method is a common method used for the quantification of microorganisms.  

MPN is used to approximate the size of the variable microorganism population in a solid or liquid 

sample using semi-quantitative estimates.  It is important to note, that the type of medium selected 

to culture the inoculum largely determines the numbers and types of microbial species.  No artificial 

culture medium can approximate the complexity of a natural environment.  Under ideal 

circumstances, liquid culture provides favourable growth conditions for 1 to 10% of the natural 

population [26].  Consequently, the MPN method is not very accurate and lacks precision.  Culture 

methods cannot provide sufficient information about the metabolic activity of microorganisms. 

The most advanced and reliable method to characterise microbiological samples are MMM.  

MMM are a suite of technologies that are used to characterise the activity, diversity and abundance 

of microorganisms using enzymatic or genomics-based approaches.  MMM are culture-

independent approaches that provide direct analysis of samples without the bias introduced by the 

growth process during culturing.  Enzyme and immunological assays are helpful tools for detecting 

and quantifying microorganisms associated with MIC.  Biochemical methods such as ATP 

bioluminescence assays, aim to investigate the activity of microorganism populations.  ATP is 

present in all living cells and the quantity of ATP in samples is approximately proportional to the 

number of living microorganisms in any given sample.  This may give an indication of the viable 

biomass present in a microbial consortium.  Detection of adenosine monophosphate (AMP) can 

provide further information about metabolic activity.  Generally, metabolically more active cells 

have a higher content of ATP compared to AMP.  ATP assays are extremely sensitive and provide 

an accurate measure of total cellular activity from samples.  ATP assays quantify all active 

microorganisms present in a sample, irrespective of their functionality or metabolic pathway [26].  

Metabolites can also be used to quantify growth activities.  For example, gas chromatography (GC) 

is a sensitive method to measure biogenic H2S levels. Ion chromatography is a high resolution, but 

more expensive method [6].  Similarly, microsensors can be used for studying H2S production and 

oxidation concurrently.  Determination of metabolic activity of samples will be helpful in the 

assessment of the effectiveness of MIC control measures, as microorganisms must be active for 

MIC to occur [26].   
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Next generation sequencing (NGS) is a qualitative, DNA-based method that characterises the 

diversity of the microorganisms found in each sample, as a relative proportion of each taxonomic 

group.  This test is run after DNA amplification, then microbiological taxonomic groups are 

identified by comparing their 16S rRNA genes to sequences in available databases.  NGS is a 

laboratory-based method that can be used to identify the diversity of MIC-causing microorganisms 

in a sample.  qPCR is a DNA-based method that quantifies the number of specific microorganisms 

per unit sample/microbiological abundance.  Very small amounts of sample be that planktonic or 

sessile, with or without live bacteria, are needed.  DNA-based methods such as qPCR and DNA 

sequencing provide the most reliable information on the microbial abundance and composition of 

the microbial community and hence are recommended as compared to serial dilution tests for 

obtaining information on microbial presence, abundance, and composition.  qPCR measures living, 

inactive and dead microorganisms or a specific genus/species of microorganisms.  The qPCR 

method does not underestimate organisms that do not grow in culture.  Reverse transcriptase (RT)-

qPCR can be performed as a way of enumerating only those metabolically active microorganisms in 

a sample.  DNA sequencing involves the extraction of DNA from all microorganisms in sample. Most 

commonly, the 16S rRNA gene, a gene present in all bacteria and archaea, is amplified.  Sequencing 

of 16S rRNA genes provides a full inventory of all microorganisms that are present as well as 

indications of their relative abundances. Such information can be used to identify the presence of 

microorganisms implicated in MIC [26].   

MMM are vital in investigating the cause of failures and subsequently attributing the failures 

to MIC.  Each of these methods reveal different types of microbiological information.  These 

methods provide information on microbial abundance, composition of the microbial community, 

or microbial activity. 

Image analyses.  Microscopy-based methods are also commonly employed to determine the 

overall numbers of microorganisms present without regard to their viability or species.  

Epifluorescent microscopy is a useful tool that can help to distinguish microorganisms from debris 

or may be used to examine specific cellular structures.  Fluorescent in situ hybridisation (FISH) is an 

example, in which only living and active cells are stained with a fluorescent dye. The quantitative 

FISH method differentiates active/live microorganisms from dead microorganisms.  Moreover, FISH 

probes may be designed to attach only to selected groups of microorganisms, such as SRB.  

Conversely, the DAPI method quantifies all intact microorganisms, both living and inactive cells, 

containing DNA.  DAPI can be used in combination with FISH analysis to help distinguish the total 

cell count from the number of cells that are labelled using the FISH probe.   
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Scanning electron microscopy (SEM) is a method for the observation of biofilm morphologies 

and corrosion products which provides high-resolution images that can distinguish different cell 

shapes in a mixed-species biofilm consortium [183, 184].  In combination with an energy dispersive 

X-ray spectroscopy (EDS) accessory, the chemical composition of biofilms and corrosion products 

can be characterised.  Moreover, biofilm treatment efficacy can be assessed through identifying 

any detachment from the coupon surface.  Though, there are some limitations that arise through 

the preparation of biofilm samples.  Images are obtained from a dehydrated sample under high 

vacuum.  Samples are dehydrated using alcohol followed by drying using supercritical CO2 [185].  

This process may result in a cracked film due to drying, rather than a fractured film produced by the 

corrosion process [35].  Potentially giving a false positive or misleading information regarding the 

MIC mechanism.  

Confocal laser scanning microscopy (CLSM) is an epifluorescence microscopy technique that 

allows the three-dimensional (3D) visualisation and analysis of biofilm samples.  In combination 

with appropriate fluorescent stains, a more comprehensive analysis of the entire biofilm is possible 

[26].  CLSM can be used to measure a biofilm's thickness.  CLSM can also reveal whether dead cells 

are only in the top layer of a biofilm or also in deeper places [186].  This is particularly important in 

biofilms, as the EPS can limit the penetration and effectiveness of antimicrobial agents or biocides 

as well as offering protection from physical disturbances [3].  

Other methods are also available for coupon surface analyses.  XRD can be applied to identify 

the crystal structure and chemical composition of corrosion products [187].  XRD may be limited 

however as the technique may not be able to penetrate to the bottom of a thick film [188].  

Transmission electron microscopy (TEM) can provide very high-resolution images in the analysis of 

biofilm structures and element distributions [88, 189].  Profilometers such as Infinite focus 

microscopy (IFM) and Atomic force microscopy (AFM) use a microprobe that detects the surface 

topography of a biofilm [10, 190] and can also be used to measure pit depth information.  3D surface 

profilometry can provide valuable information regarding surface roughness measurements and any 

resulting corrosion because of MIC.  Biocide efficacy can be assessed through identifying the 

changes in biocorrosion compared to a control.  Raman spectroscopy and infrared spectroscopy 

can also be used to study biofilm formation and to identify different microorganisms [10, 191].  Both 

Raman spectroscopy and infrared spectroscopy can be applied to wet samples, which removes 

some of the limitations of other imaging techniques [6].   

Imaging analysis can provide valuable information concerning biofilm structure, overall 

numbers of microorganisms present and in combination with epifluorescence is a useful tool that 

can help to distinguish microorganisms from debris.  Biofilm treatment efficacy can be assessed 
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through identifying any detachment from the coupon surface and identifying whether dead cells 

are only in the top layer of a biofilm. 

Corrosion tests.  Weight loss is a simple and dependable test for measuring corrosion in MIC 

studies which can be directly converted into a uniform CR.  In combination with pitting analysis, a 

metric for relative pitting severity (RPS) can be calculated [192].  Weight loss offers direct evidence 

for corrosion. Though, some materials are far less prone to MIC and do not show detectable weight 

loss in short term tests [6].  Profilometers can be used in these instances to provide pit depth 

information.  Typically, the concept of averaged maximum pit depth is used to reduce error.  By 

averaging several of the largest pit depth values, the average maximum pit depth can be calculated 

[193].  Both weight loss and maximum pit depth are useful in quantifying MIC threats.   

                         𝑅𝑅𝑅𝑅𝑅𝑅 =
maximum pit growth rate

uniform corrosion rate based on specific weight loss
                      … … (2.1) 

 
Using RPS, maximum pit depth can be estimated from specific weight loss (mg cm–2) during the 

same corrosion period and metal density (mg cm–3) [6, 194]. 

                                 Maximum pit depth =
specific weight loss × 𝑅𝑅𝑅𝑅𝑅𝑅

metal density
                                 … … (2.2) 

 
Weight loss and pit depth analysis require at least several days to become measurable.  They 

are done in a one-shot manner, meaning coupons can no longer be put back to continue testing 

due to biofilm removal [6].  

Electrochemical measurements.  Electrochemical measurements, such as open-circuit 

potential (OCP) or Ecorr, linear polarisation resistance (LPR), electrochemical impedance 

spectroscopy (EIS), and potentiodynamic polarisation can be monitored in-situ and provide 

transient corrosion information over the entire test duration.  These techniques can also be used 

to determine biocide efficacy through determining changes in corrosion current density (jcorr), 

polarisation resistance (Rp, Ω cm2) and inversely CR [6]. 

Ecorr is defined as the potential that exists at open-circuit. This potential ultimately defines the 

equilibrium potential between the anodic and cathodic processes. A typical three-electrode 

electrochemical cell consists of (Figure 2.2) a working electrode (WE), counter electrode (CE) and 

reference electrode (RE) immersed in an electrolyte.   



Chapter 1 

52 

 
 
Figure 1.9. Schematic view of a three-electrode setup. 

An OCP will be adopted between the CE and WE. The measured current flows between the CE 

and the WE.  The potential difference is controlled between the WE and the CE and measured 

between the RE.  It is important that the RE is kept at close proximity to the WE to minimise ohmic 

losses or IR drop, which is the electrical potential difference between the two electrodes.  This 

configuration allows the potential across the electrochemical interface at the WE to be controlled 

with respect to the RE.  Despite the difference in their name, OCP is the same as Ecorr.  Generally, in 

biotic conditions a more negative shift in OCP will be observed compared to abiotic control 

conditions. This can be attributed to the attachment of microorganisms and the formation of a 

biofilm on the surface of the working electrode.  

LPR is a non-destructive technique commonly used in MIC studies.  It provides near-real time 

corrosion data.  A linear direct current (DC) potential scan is performed relative to the OCP, once a 

steady-state has been reached, which allows the Rp and jcorr to be calculated.  The combined 

measurement of potential and current relationships for an operating corrosion cell over a wide 

range of oxidising conditions results in polarisation curves that describe the electrochemical 

reactions.  The combined measurement of potential and current at potentials that are very close to 

the freely corroding potential of the system gives rise to linear polarisation curves.  Both, potential 

and current measurements have useful applications in corrosion control [195, 196].  Transient Rp 

data can be used for monitoring biocide efficacy over time, as Rp is inversely proportional to the CR.  

The data can be used to determine when a biocide treatment starts to take effect and when the 

effect tapers off [194]. Moreover, Rp gives an indication of early biofilm formation.  An initial 

increase in Rp is indicative of biofilm formation on the surface of the working electrode surface, as 

the presence of biofilm can act as a barrier to prevent the diffusion of H+ from the environment to 

the working electrode surface [197].  



Chapter 1 

53 

 

EIS is another non-destructive technique used in studying MIC and is one of the most modern 

techniques available to characterise the electrical properties of electrode/electrolyte interfaces and 

has emerged as the most powerful of electrochemical techniques for defining reaction 

mechanisms, for investigating corrosion processes, and for exploring distributed impedance 

systems [198].  Electrochemical impedance tests apply an alternating current (AC) potential over a 

very large frequency range.  This data is then used to determine the impedance (Z) of the test 

specimens, which is often displayed as Bode and Nyquist plots.  A Nyquist plot shows real 

impedance (Z’) against imaginary impedance (Z’’).  Impedance or resistance is the measure of the 

opposition that a circuit presents to a current when a voltage is applied.  It is the ability of a circuit 

element to resist the flow of electrical current.  Whereas capacitance is defined as the ratio of the 

amount of electric charge stored.  In a Nyquist plot the impedance can be represented as a vector 

of length |Z|. The angle between this vector and the x-axis, commonly called the phase angle gives 

an indication of corrosion resistance.  A greater phase angle will correspond to a larger plot 

diameter, and thus indicates a higher corrosion resistance or lower CR [43].  The limitation of a 

Nyquist plot is that you cannot tell what frequency was used to record that point. Conversely, the 

Bode plots provide frequency information.  The impedance is plotted with log frequency against 

both the absolute values of the impedance and the phase-shift, that is, the changes in magnitude 

and phase as a function of frequency.  The resistances in a circuit can be summed up to yield a 

corrosion resistance [43].  For phase-shift, high frequencies do not allow electrons to interact with 

any capacitor, and thus only ohmic resistance is measured.  As frequency increases, from 10−2 to 

105 Hz, phase-shift peaks may be identified.  These may indicate the presence of a charge transfer 

processes but can also indicate diffusion limitations [198].  In a biotic system, a phase-shift in lower 

frequencies is indicative of active pit growth [199].  Bode plots also demonstrate the total 

magnitude of impedance.  Impedance is the opposition to AC presented by the combined effect of 

resistance and reactance.  The magnitude at high frequency gives an indication of solution 

resistance.  In a biotic system, the greater the magnitude of impedance the greater the corrosion 

resistance.  Alternatively, the less susceptible the working electrode surface is to localised 

corrosion.   

A potentiodynamic polarisation curve employs a DC voltage range around a stable OCP to 

examine the overall corrosion behaviour of a system.  Tafel slopes of the anodic curve and the 

cathodic curve yield βa and βc values.  The point at which the anodic and the cathodic currents are 

equal defines the Ecorr. As mentioned previously, OCP is the same as Ecorr.  Whilst a negative shift 

can be attributed to biofilm formation that does not necessarily mean a greater jcorr, which can be 

obtained from the Tafel analysis and can be used to calculate the CR.  Unlike LPR and EIS, 
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potentiodynamic polarisation can cause significant damage to biofilms and should therefore be 

used with caution [6].   

1.3.3 Data interpretation for biocide efficacy 

As discussed, there is a range of different analytical methods and information to collect.  However, 

the microbial communities present in a system also interact with the materials and corrosion 

products as well as the environment to either initiate or accelerate corrosion reactions.  Thus, it is 

also important to examine the materials and corrosion products associated with a failure to 

interpret the corrosion mechanisms along with monitoring environmental conditions [23].  A 

combination of the analytical techniques discussed will allow for a holistic understanding of the 

corrosion mechanisms causing MIC along with biofilm data for interpreting biocide efficacy. 

1.4 Aims and Objectives 

This project aims to develop and validate a representative model system in which inoculate relevant 

to industry, can be cultured to enhance the fundamental understanding of the role that biofilms 

play within MIC.  Once key performance characteristics of the model have been evaluated, 

commercially available biocides as well as novel antimicrobial compounds can then be introduced 

into the model system and investigated using a combination of techniques including standard 

microbiological assays, molecular tools, electrochemical methods, and chemical and metallurgical 

assays.  In accordance with these primary aims, specific objectives of this research are outlined as 

listed below: 

 

 Evaluate the changes in prevalence and activity of different species within the biofilm using 

molecular microbial methods such as NGS. 

 Evaluate the changes in CR of the underlying metal with methods used across academia 

and industry to gain a holistic understanding of what is happening physically at the 

metal/electrolyte interface. 

 Investigate the impact that biocides have on the viability of the biofilm using MLOE, to 

determine their efficacy, and to establish whether their use is sustainable. 

 Determine the mechanistic relationships between the above through the data collected, 

providing novel insights into the specific effects of different biocides, and potentially 

highlighting new approaches to biocide development. 

 

Other key questions to consider are as follows: 
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 Is the influence of biofilm growth primarily metabolic through the combined action of 

organisms present as a consortium, or physical through the development of diffusion 

gradients and microenvironments? 

 Do the corrosion products themselves have an influence on the nature and extent of any 

further corrosion? 

 Are microorganisms involved in the creation of an electrochemical cell? 

 Do they affect principally the anodic or cathodic reaction? 

 What is the identity of the cathodic electron acceptor, particularly under anaerobic 

conditions? 

 Can pitting corrosion be the consequence of colonial growth or development of a patchy 

biofilm? 

1.5 Overview of Research Design 

This thesis, guided by existing literature [200, 201] and knowledge gaps identified, outlines a 

standard protocol for a novel dual anaerobic reactor model to study mixed-species biofilm and MIC 

interactions on UNS G10180 CS.  Several methods were used in this investigation to assess the 

critical stages associated with abiotic and biotic corrosion mechanisms.  A special emphasis was 

placed on integrating MLOE, employing a multi-disciplinary approach.  Broadly, culture 

independent methods were employed using a range of MMM, image analysis, corrosion tests and 

electrochemical methods.  These techniques were selected to develop a holistic understanding of 

the mechanistic relationship at the interface of the biofilm and metal during the critical stages of 

corrosion.  An environmental, mixed-species, consortium was chosen which would exhibit key 

metabolic traits and demonstrate metabolic capabilities to best simulate an industry relevant 

biofilm.  Bacterial attachment and biofilm formation was evaluated on CS material for all 

experiments.  Anaerobic experiments were conducted using pure O2-free N2 gas, and reactors were 

established by initially using batch conditions for three-days, followed by continuous flow 

conditions.  This was to allow settlement and to facilitate biofilm formation in the biotic reactor.  

Two anaerobic CDC biofilm reactors were used, an abiotic and biotic reactor.  Baseline corrosion 

data was established using abiotic experiment for all relevant studies, whist biotic experiments 

were used to establish microbial corrosion data.  Importantly, design and engineering modifications 

were made to the anaerobic CDC biofilm reactor setup for these laboratory studies.  Typically, these 

reactors hold up to eight rods which accommodate three coupons each.  Though, in this model 

three rods were replaced with an electrochemical cell setup and a microsensor.  Additionally, two 
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rods in each reactor were engineered to allow for the creation of working electrodes for a three-

electrode cell setup.  These modifications can be seen in Appendix A.  The base test solution used 

varies between laboratory studies depending on the objectives of these studies.  These include a 

well-defined artificial seawater (ASW) adapted from the literature [202], MB media for the 

enumeration of SRB and PW from an offshore system to simulate environmental conditions.  Once 

key performance characteristics of the model had been evaluated, the ASW test solution was 

selected to investigate commercially available biocides.  The working temperature of the laboratory 

studies also varied.  For the study using PW as the test solution (chapter 5), the working 

temperature was 40°C, to better simulate the environmental condition of the offshore system.  

Otherwise, a working ambient temperature of 20 - 24°C was used across the other laboratory 

studies (chapters 3, 4 and 6).  This was to maximise microbial recovery and simulate mesophilic 

conditions.  Exposure times, of 28 days, were consistent across the laboratory studies, and the 

detailed methodology and materials are outlined herein.   

1.6 Significance of the Research and Contribution 

MIC is a major problem in many industries which leads to large economic losses and major 

environmental issues across different industrial sectors.  Fundamental research evaluating mixed-

species biofilms and the mechanisms that lead to MIC within these heterogeneous microbiomes is 

limited.  Whilst existing standards can be helpful, ultimately, they do not address the problem at 

the source, biofilms.  Similarly, available literature primarily focuses on single-species biofilms, 

which are not relevant in an industrial context.  The first stages of conditioning film formation, 

bacterial attachment and bacterial colonisation represent topics of current scientific interest.  

Equally, the second stages of maturing corrosion film and mixed-species biofilm growth are key 

topics.  Finally, understanding the mechanistic relationship during the third stage which may cause 

uniform and pitting corrosion under patchy corrosion deposits and/or bacteria clusters is critical.  

By understanding these critical stages, more effective and sustainable mitigation strategies can be 

developed.   

However, how to establish and test mixed-species biofilms, which are representative of their 

environment within the lab, is a major challenge.  And the current regulatory standards for biofilm 

culture testing provide limited insight.  Moreover, what analytical methods to use, and what 

information to collect are important considerations.  Furthermore, how to interpret the data to 

evaluate the effectiveness of any mitigation strategy employed is essential.  This is because there 

are numerous microorganisms that may be part of a mixed-species biofilm with distinct metabolic 

pathways which may directly or indirectly lead to MIC.  Environmental biofilms participating in MIC 

are known to be heterogeneous in industry.  This broad functional diversity of natural biofilms 
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compared to many laboratory simulations has led to underestimations of biofilm tolerance 

acquisition, a serious global economic and health concern.  However, almost nothing is known 

about these mixed communities on CS.  A holistic understanding, incorporating MLOE is essential 

for effective MIC management.  Chapter 2 outlines a standard protocol for a dual anaerobic reactor 

model to study biofilm and MIC interactions on UNS G10180 CS.  The model system outlined serves 

as the model system used for research chapters 3, 4, 5 and 6, which broaden the fundamental 

scientific knowledge on mixed-species biofilms and the mechanisms that lead to MIC. 

Chapter 3 contributes valuable insight into environmental mixed-species communities, 

developed on CS and exposed to simulated marine conditions.  Similarly, chapter 4 explores the 

selective pressure that ATCC 1249 Modified Baar’s (MB) media has on the community dynamics of 

an environmental mixed-species biofilm, and the corresponding corrosion mechanisms.  Whilst, 

chapter 5 investigates the impact that environmental conditions, more closely mimicking an 

offshore oilfield system, has on natural mixed-species biofilm communities.  Importantly, from this 

research we can start to rationalise an idealised representation of the mixed-species biofilm and 

the microbial mechanisms that lead to corrosion of CS under anoxic conditions at the 

metal/electrolyte interface under these different simulated conditions.  Critically, with a holistic 

understanding of mixed-species biofilms we can enhance predictive measures for identifying the 

relative contributions of different microbial mechanisms.  Moreover, from simulating the 

environmental conditions of an offshore oilfield system within the laboratory we can bridge the gap 

between experimental and real-world scenarios of mixed-species biofilms and MIC.  Being able to 

identify and characterise specific microorganisms under simulated environmental conditions is 

critical to understanding the threat of MIC.   

Using chapter 3 as a foundation, Chapter 6 explores the biocidal efficacy of glutaraldehyde.  

Real-world application of biocidal compounds invariably results in enhanced biofilm chemical 

tolerance. There is limited research evaluating approaches to enhance biocidal efficacy in a 

sustainable way. Chapter 6 acknowledges the importance of biocide efficacy, as well as 

consideration of biofilm tolerance acquisition and environmental sensibility to introduce a targeted 

approach to mitigation MIC.  Using the innovative dual bioreactor protocol, we can optimise 

biocidal treatment strategies by understanding their efficacy against mixed-species biofilms.  By 

refining biocidal application under simulated environmental conditions, a move towards evidence-

based biocide dosing can be achieved.  Ultimately, this will allow for more sustainable prevention 

and mitigation strategies to be designed.   
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Together, this thesis introduces a novel standard protocol for a dual anaerobic reactor model 

to study mixed-species biofilm and MIC interactions on UNS G10180 CS.  The proposed protocol is 

also an effective method to evaluate and optimise biocidal treatment strategies.  This research 

enhances the fundamental understanding of the initial stages of biofilm development, including 

conditioning film formation, microbial attachment, and colonisation.  Additionally, it furthers the 

understanding of corrosion film maturation and the growth of mixed-species biofilms.  Finally, it 

advances the understanding surrounding the mechanistic relationships in the later stages that may 

lead to uniform and pitting corrosion under patchy corrosion deposits and/or heterogeneous 

biofilms under both abiotic and biotic conditions.   

Chapter 2 Materials and Methods 

Test conditions.  Two anaerobic CDC biofilm reactors (Biosurface Technologies Corporation) were 

used: an abiotic control reactor and a biotic test reactor (key dimensions: 22 cm reactor height and 

12 cm internal diameter; 21 cm coupon holder rod; 1.27 cm coupon diameter).  Sterile CS coupons 

were fixed in reactors and exposed to two separate conditions for 28 days.  Anaerobic conditions 

were maintained throughout the test by initially sparging the system with N2 (BOC Nitrogen (O2-

Free), 44-W) over an initial three-day batch phase.  Anaerobic conditions, considered to be hypoxic 

or low O2, are characterised as a system with low concentrations ranging between 1 and 30% 

saturation.  Strict obligate anaerobes will not survive if there is more than half a percent O2 in the 

environment, while moderate obligate anaerobes can still grow in a 2 to 8% O2 environment [203].  

For research chapters 3, 4, and 6 DO (Hanna Instruments) concentrations were measured on day 

28.  For chapter 6, the flow of N2 was maintained throughout the 28 day study.  The base test 

solution used varies between laboratory studies depending on the objectives of these studies.  For 

chapters 3 and 6, a well-defined ASW+YE adapted from the literature was used [202];  for chapter 

4, MB media for the enumeration of SRB was used; whilst for chapter 5, PW from an offshore system 

to simulate environmental conditions.  Where different test solutions have been used, the 

components can be found in the appendices of each research chapter.  It was acknowledged for 

the studies which used yeast extract, that yeast extract contains redox mediators that may adsorb 

onto the electrode surfaces and chelate metal ions and the test matrix was designed to highlight 

any significant interference [204].  Resazurin (0.1%, 0.5 mL L-1) was added as a redox indicator, as it 

is colourless under O2-free conditions but changes to a pink colour in an O2-containing 

environment.  Agitation of the reactor baffles was set to 50 rpm to maintain a homogeneous 

solution.   Additionally for chapter 6, the reactors were dosed twice weekly with a biocide on days 

4, 7, 10, 13, 16, 19, 22, and 25 using 5 mL of 214 – 250 ppm of glutaraldehyde (Merck, 340855-1L).  

The range accounts for the variations in working volume of the reactors between 300 – 350 mL.  
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Primarily, a working ambient temperature of 20 – 24°C was used across most laboratory studies 

(chapters 3, 4 and 6).  This was to maximise microbial recovery and simulate mesophilic conditions.  

However, for chapter 5 the working temperature was 40°C, to better simulate the environmental 

condition of the offshore system.  Prior to inoculating the biotic reactor, a three-day pre-culture 

was prepared in a blue-cap flask (50 mL), consisting of 10% marine sediment with the remainder 

fresh test solution depending on the laboratory study.  The biotic reactor was inoculated using a 

sterile syringe, where 10% of the working reactor volume (35 mL) was added as the inoculum.  Initial 

ATP measurements were taken from the pre-culture and long-term frozen stocks were prepared 

using 20% glycerol.  Figure 2.3(a) shows a schematic of a full experimental setup, with Figure 2.3(b) 

illustrating the three-electrode cell setup within each anaerobic CDC biofilm reactor.  Both reactors 

were operated in batch mode for the first three days to allow settlement and to facilitate biofilm 

formation in the biotic reactor.  After this period, the reactors were switched to continuous flow of 

fresh media at a rate of 0.2 mL min–1, which replaced about 50% of the 600 mL total volume daily 

(288 mL day-1).   

(a) 

 

(b) 

 
Figure 2.1.  (a) The dual anaerobic biofilm reactor system (abiotic and biotic reactors) comprising 10 L media 
containers, peristaltic pump, magnetic stirrer/hot plate, sulphide microsensor, and the three electrode cell 
setup.  Each reactor has five rods, with three coupons in each rod (15 coupons in total).  Each reactor has four 
inlets.   The first inlet is connected to the peristaltic pump and then the media container.   The outlet is 
connected to the waste containers.   Connection to the nitrogen gas source.   Air filter (Millex, 0.2 µm) 
that acts as the exit for excess gas in the reactors.   The 10 L media container is connected via the peristaltic 
pump and feeds the first inlet in the reactor.   Connection to the nitrogen gas source.   Air filter (Millex, 
0.2 µm) that acts as the exit for excess gas in the media containers. (b) detailed three-electrode cell setup in 
an anaerobic CDC biofilm reactor: There are three separate carbon steel coupon working electrodes that can 
be measured per rod. Each reactor had two rods that were modified for electrochemical analysis, n = 3 for 
both as-received (AR) and polished (P) UNSG10180 carbon steel coupons. Created by BioRender.com. 
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Microbial consortia.  Prior to each experiment (research chapters 3, 4, 5 and 6) different 

samples were collected from the same location.  A 50 mL falcon tube was used to collect the 

sediment samples.  The sheltered zone littoral sediment microbial consortia were collected at a 

depth between 10 – 15 cm below the sediment surface during low tide from Langstone Harbour, 

United Kingdom (50°50'11.9"N 0°58'47.5"W).  The coastal/estuarine marine sediment (very fine 

and cohesive mud and silt deposits) was selected to sample microorganisms living under low O2 

conditions.  The environmental conditions on the day the marine sediment was collected is 

presented in the appendices of each research chapter.  The sediment samples were added to 500 

mL of the medium and stored at 37oC in an anaerobic chamber to maximise the recovery of the 

diverse microbial populations.  Mesophilic bacteria can survive and grow in temperatures between 

10 – 50oC.  Thus, a tropic strategy to promote cell growth and viability was employed to maximise 

microbial recovery.  From the sediment sample, pre-cultures were prepared prior to inoculation of 

biotic reactors.  5 mL of the sediment sample was added to 45 mL of fresh medium and allowed to 

grow for three days under anaerobic conditions.  The anaerobic chamber gas mixture consisted of 

85% N2, 10% CO2 and 5% H2 (BOC Anaerobic Growth Mix, 290563-L).  Long-term storage of sediment 

samples and microbial consortia was employed to create frozen stocks at –80oC.   

Carbon steel coupon preparation.  UNS G10180 (AISI 1018) CS disc coupons (Biosurface 

Technologies – RD128 CS), with dimensions of 12.7 mm diameter × 3.8 mm thickness were used for 

all laboratory studies.  These were used either as-received (AR) (Ra = 1.35652 ± 0.76193 µm) or 

polished (P) (Ra = 0.44068 ± 0.03206 µm) with a Kemet 15 Lapping machine using 25 µm Type K 

diamond slurry depending on the laboratory study.  The surface profiles and weights for all coupon 

samples were assessed prior to starting the experiment, on Day 0.   Surface profilometry and 

gravimetric analysis was also performed at the completion of the experiment after Day 28.  3D 

surface profiles were taken using a 3D optical profilometer (Alicona imaging infinite focus 

microscope IFM G4 3.5).  A Mettler AT201 was used to take five measurements of the initial weights 

of all coupons.  

Experimental setup.  Before autoclaving, the two anaerobic CDC biofilm reactors were 

cleaned with detergent and allowed to dry.  The empty reactors with attached tubing were placed 

in autoclavable bags; all tube openings and air filters (Millex, 0.2 µm) were covered in aluminium 

foil, with tube openings clamp shut.  The empty assembled reactors were autoclaved for 15 mins 

at 121oC.  For laboratory studies using ASW or MB test solutions, the media was also autoclaved to 

ensure sterility.  The PW was not autoclaved, so not to disrupt the chemical nature of the 

environmental test solution.  Instead, the PW was filter sterilized using a 0.2 µm Vivaflow® TFF 

Cassette, PES (Sartorius).  After cooling the reactors were transferred into a sterilised 

microbiological safety cabinet (MSC), along with all rods, CS test coupons, as well as any sensors 
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and electrodes.  Working electrode rods were prepared in advance.  For each working electrode 

rod, wires were soldered to each coupon separately.  The coupon face with the soldered wire was 

then covered with a lacquer solution (Polishing Shop, Type 45 Stop Off Lacquer) and allowed to dry.  

To assemble the reactors, all rods with coupons were submerged in 99% ethanol for at least 10 s, 

then inserted into the autoclaved reactors within the MSC.  Any sensors or electrodes used in place 

of a rod were also inserted, after also being sterilised with 99% ethanol for at least 10 s.  The 

medium bottles and all tubing were connected in an MSC.  Once both reactors were fully 

assembled, they were transferred to the working area, with access to a N2 gas supply.  The gas was 

run through a variable are flow meter (RS Components 198-2975) at a flow rate of approximately 

90 mL min-1.  The tubing was evenly split into each reactor to equalise the pressure gradient caused 

by the peristaltic pump (Matson Marlow 300 series).  

Sulphide microsensor.  H2S concentrations were monitored daily in each reactor using a 

Unisense, SULF-50 sulphide microsensor (50 μm diameter) and amplifier (Unisense, H2S UNIAMP).  

The microsensor measures the partial pressure of H2S gas, and the total concentration is a function 

of pH and temperature.  The microsensor limit of detection is 0.3 µM, with a range from 0-300 µM 

H2S in water.  Calibration utilised the H2S and SULF sensor calibration kit (Unisense, CALKIT-H2S).  

Due to the nature of the experimental setup, it was not possible to calibrate the microsensors 

during the experiment.  However, calibrations were performed both prior to starting the 

experiment and once the experiment had finished to confirm that the sensors were still calibrated. 

The SensorTrace Suite software was used to collect the H2S microsensor data.  The sensor has a 

higher signal for zero right after it has been connected to the amplifier, thus each microsensor 

collected readings concurrently whilst all electrochemical measurements were performed.  This 

was to allow the sensor to stabilise.  For each time point, measurements were taken for up to 5 

minutes at a rate of 1 measurement per second.  These technical replicates were used to generate 

error bars. 

Surface profilometry and visual inspection.  Corrosion products and biofilms were removed 

from select sample surfaces using the cleaning protocol as described for the gravimetric analysis 

below.  3D profiling of the CS surfaces was reconstructed using an Alicona imaging infinite focus 

microscope IFM G4 3.5.  For each sample analysed areas were scanned at randomly distributed 

areas over the sample surface (n=15).  The images allowed assessment of changes in surface 

roughness compared to the surface profiles obtained prior to testing.  Additionally, ImageJ/Fiji was 

used for the quantitative determination of pit depth, width, height, percentage area, and to assess 

pit rate (PR) and pit density (PD).  Prior to the analysis, it is important to calibrate the pixel scale to 
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the scale bar on each image.  The method involved applying a colour threshold to depths greater 

than 5 µm.  Then, the images were converted to a binary mask.  Next, measurement parameters 

were selected for areas greater than 650 µm2.  Finally, the images were analysed to display counts, 

area, and average size of pits.  The pit parameters were adapted from ASTM G48-11 [153].  For PR 

analysis, the deepest pits from each image were captured using the Alicona.  From this the PRs were 

calculated using the following formula [170]: 

𝑃𝑃𝑃𝑃 (mm y−1) =
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑ℎ 𝑜𝑜𝑜𝑜 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑝𝑝𝑝𝑝𝑝𝑝 (mm) × 365

𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 (days)
                                                               … … (2.3) 

Gravimetric analysis.  Corrosion products and biofilms were removed following the ASTM 

G1-03 standard with a 15% inhibited hydrochloric acid described in NACE SP0775-2023 [151, 170]. 

A stock solution was made of 37.5% HCl (Merck, Suprapur, 1.00318.0500) to which 10 g/L of 1,3-di-

n-butyl-2 thiourea (DBT) (Merck, 8.20423.0250) was added.  Immediately prior to use, the stock 

solution was diluted by slowly adding a measured volume of stock solution to an equal volume of 

deionised water with stirring.  A Mettler AT201 was used to take five measurements of all coupons.  

CR were determined by the gravimetric technique that considers the weight loss and surface area 

of the metal samples, using the following formula [170]: 

𝐶𝐶𝐶𝐶 (mm y−1) =  
(𝐾𝐾𝐾𝐾)
(𝐴𝐴𝐴𝐴𝐴𝐴)

                                                                                                                    … … (2.4) 

Where: 

CR = average corrosion rate, millimetres per year (mm y−1) 

K = constant depending on desired units. For millimetres per year (mm y−1) K = 8.763104 × 104 

W = mass loss, grams (g) 

A = initial exposure time, days (d) 

T = exposure time, days (d) 

D = density of coupon metal, grams per cubic centimetre (g cm−3) 

Corrosion product analysis.  Analysis of the corrosion products and biofilms were performed 

by XRD using a Rigaku SmartLab thin film and materials diffractometer for chapter 3.  Four coupons 

were extracted from each reactor on day 28, two AR and two P, and stored and allowed to dry 

under anaerobic conditions.  Spectra were collected using a Rigaku SmartLab thin film and materials 

diffractometer.  For chapter 4, no corrosion product analysis could be performed as the XRD 

instrument was out of order.  However, for chapters 5 and 6, both SEM-EDS and Raman 

microspectroscopy were performed.  For SEM, all images and Energy dispersive X-ray spectroscopy 

(EDS) measurements were taken using a Hitachi S-3400N II SEM and attached energy-dispersive X-

ray spectrometer (Oxford Instruments).  Imaging was performed at approximately 15 kV with a 
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working distance of 10 mm at various magnifications (71×, 1000×, and 3000×).  EDS analysis used 

the same parameters and magnifications.  For each sample analysed areas were scanned at 

randomly distributed areas over the sample surface (n=15). EDS data was analysed using AZTEC 

software before being compiled in Microsoft Excel.  Raman microspectroscopy experiments were 

conducted using a Renishaw InVia Raman microscope (Renishaw, UK), with a Leica DM 2500-M 

bright field microscope and an automated 100 nm-encoded XYZ stage.  The samples were excited 

using a 532 nm laser directed through a Nikon 50× long working distance air objective (NA = XX). 

Raman-scattered signals were separated from the laser illumination at 532 nm using a Rayleigh 

edge filter, and a diffraction grating (532nm: 1800 L/mm) dispersed the Raman-scattered light onto 

a Peltier-cooled CCD (1024 pixels × 256 pixels).  Calibration of the Raman shift was carried out using 

an internal silicon wafer using the peak at 520 cm-1.  Spectra were acquired over two or three 

accumulations of between 5 and 20 s each, using laser power of up to 3 mW.  Spectra were acquired 

from a selection of points manually determined using the brightfield imaging mode of the 

microscope.  The spectra obtained were processed using MATLAB (MathWorks). 

Electrochemical analysis.  Electrochemical measurements were performed using a Gamry 

Instruments potentiostat (Ref 600 Plus).  The electrochemical behaviours of the CS coupons were 

evaluated using a three-electrode system consisting of a UNS G10180 CS coupon as the working 

electrode, graphite rod (Alfa Aesar, 99.9995%, 6.15mm diameter, 152mm long) as the CE, and a 

silver/silver chloride (Ag/AgCl, 3.5 M KCl) reference electrode (Sentek, (AgCl) Double junction 

Reference Electrode).   

① R1+(Q1/Q2+R2) 

 

② R1+(Q1+R2) 

 

③ R1+Q1/(R2+Q2/R3) 
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④ R1+Q1+(Q2/R3) 

 

Figure 2.2. Equivalent circuit models used to generate EIS parameters. The element ‘R’ corresponds to a 
resistor and represents either the solution resistance, the resistance of the biofilm or the corrosion product 
film, and the charge transfer resistance, respectively.  The element ‘Q’ represents a constant phase element, 
which characterises the ‘non-ideal’ capacitance behaviour of either the biofilm or the corrosion product film 
layer, and the charge transfer capacitance.   

On day 1, after the biotic reactor was inoculated, both reactors were left for at least 1 h prior 

to performing any electrochemical measurements.  OCP were recorded for each coupon on day 1 

prior to measuring LPR and EIS.  LPR and EIS were measured daily for each sample.  LPR 

measurements were performed from ±10 mV with respect to EOCP using a scan rate of 0.167 mV s–

1.  EIS measurements were performed at OCP with an applied 10 mVrms sinusoidal potential signal 

with a frequency range of 10−2 to 105 Hz.  Potentiodynamic polarisation measurements were 

performed at the end of the experiment on day 28 for each coupon from –0.200 mV to +0.200 V 

using the scan rate of 0.5 mV s–1.  Standard procedures were followed when selecting an equivalent 

circuit best-fit using the Gamry Echem Analyst software: (i) the chi-squared (χ2) error was suitably 

minimised (χ2 ≤ 10–4) and (ii) the errors associated with each element were ranged between 0 % 

and 5 %.  Figure 2.4 outlines the equivalent circuit models (ECM) used. 

Confocal laser scanning microscopy and post-image analysis.  The distribution of live and 

dead cells within biofilms was studied using CLSM.  Coupons were gently rinsed with sterile 

anaerobic PBS, with the following composition: NaCl 8 g, KCl 0.2 g, Na2HPO4 1.44g, KH2PO4 0.245 g, 

deionised water 1 L. and stained using the FilmTracer Live/Dead biofilm viability kit (Invitrogen) 

according to the manufacturer’s instructions.  Before imaging with a Leica SP8 confocal microscope, 

coupons were rinsed with sterile deionised water to remove the excess of dyes and fixed using 

mowiol.  Mowiol had the following composition: 2.4 g Mowiol, 6 mL deionised water, 12 mL 0.2 M 

Tris (pH 8.5), 0.01 g sodium azide, and 6 g glycerol.  Images were obtained with a 63× magnification 

and glycerol immersion.  The dyes used stained live cells with a green-fluorescent colour (SYTO 9) 

and dead cells with a red colour (propidium iodide).  The z-stacked images were analysed using 

Imaris software (Oxford Instruments). 
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Microbial community analysis.  After 28 days, three coupons from each sample type used in 

each laboratory study, were gently rinsed with phosphate buffered saline (PBS) and then placed in 

a Falcon tube containing 10 mL of test solution.  Long-term frozen stocks were prepared using 20% 

glycerol for the bulk fluid, and biofilm samples from the biotic reactor.  The sediment, three-day 

pre-culture, day 28 bulk fluid, and biofilm frozen stocks were sent in triplicate for DNA extraction 

and 16S rRNA amplicon sequencing.  Library preparation and sequencing were performed for the 

V3 and V4 regions of the 16S rRNA gene targeting both bacteria and archaea.  The microbiome 

analysis pipeline along with DNA extraction was performed by Eurofins Genomics LLC.  Taxonomic 

classification method using Kraken2 (v 2.1.1).  Bioinformatics and data analysis was performed using 

the Qiime2 (version 2023.5) software.  To visualise the multivariate dispersion of the community 

composition, a principal component analysis (PCA) analysis was conducted employing GraphPad 

(version 10.0.2). 

ATP assay.  The ATP concentration in both the abiotic and biotic reactors was determined by 

luminescence after reaction with luciferin-luciferase using the BacTiter-Glo™ Microbial Cell Viability 

Assay kit (Promega).  The assay provides a method for determining the number of viable microbial 

cells in culture based on quantitation of the ATP present.  ATP is the energy source of all living cells 

and is involved in many vital biochemical reactions.  When cells die, they stop synthesising ATP, and 

the existing ATP pool is quickly degraded.  Higher ATP concentration indicates higher number of 

living cells.  All assays were performed according to the manufacturer’s instructions.  Both total ATP 

(tATP) and dissolved ATP (dATP) were measured.  tATP represents the total ATP in a surface-

associated biofilm or on a solid substrate.  It includes both intracellular ATP from active microbial 

cells and extracellular ATP released due to cell lysis or metabolic activity.  It is measured per unit 

area (cm²) and is commonly used to assess biofilm activity, biomass, and microbial contamination 

on surfaces in industrial, medical, and environmental settings.  dATP refers to ATP that is free in 

solution (i.e., planktonic), typically measured in a liquid sample such as water, wastewater, or 

industrial process fluids.  It mainly represents extracellular ATP released from lysed cells or actively 

secreted by microorganisms.  It is measured per unit volume (mL) and is often used to monitor 

microbial contamination, system cleanliness, and biocide efficacy in fluid systems.  Both metrics are 

important in MIC monitoring, as high tATP suggests biofilm-driven corrosion, while high dATP may 

indicate microbial stress, cell lysis, or contamination in industrial fluid systems.  Six coupons were 

gently rinsed with PBS and then immersed in a Falcon tube containing 10 mL of test solution.  Any 

cells were detached from the metal coupons using a cell scraper (Biologix).  Both planktonic and 

sessile samples were processed with the BacTiter-Glo™ Microbial Cell Viability Assay kit, which 

measures ATP from as few as 10 microbial cells.  The ATP concentrations were determined by 
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measuring luminescence with a Clariostar Plus Multimode Microplate Reader (BMG Labtech).  

Planktonic cells in each reactor were determined following the same method described before; in 

this case, 10 mL of the bulk test solution was processed with the BacTiter-Glo™ Microbial Cell 

Viability Assay kit.  Negative controls of PBS, deionised water and sterile test solution were used to 

indicate no ATP activity. 

Statistical analysis.  All statistical analysis was performed using the Mann-Whitney test (also 

known as the Wilcoxon rank-sum test), to compare the differences between two independent 

groups when the dependent variable is either ordinal or continuous, but not normally distributed.  

As such, the following assumptions were made: (i) the observations from both groups are 

independent, (ii) the dependent variable is either ordinal or continuous, and (iii) the distributions 

of the two groups are identical under the null hypothesis.  The statistical software GraphPad 

(version 10.0.2) was utilised.  The results were reported with the p-value, with the significance level 

also stated.  Any assumptions that were met or violated would have been flagged in the software.  

The Mann-Whitney test provides a robust method for comparing two independent groups when 

the data do not meet the assumptions required for parametric tests. By ranking the data and 

comparing the rank sums, this test determines whether there is a statistically significant difference 

in the distributions of the groups under study. 

Chapter 3 Investigating the effects of surface roughness 

and nutrient-enriched artificial seawater on 

anaerobic marine biofilm formation and 

microbiologically influenced corrosion of UNS 

G10180 carbon steel 

3.1 Introduction 

MIC is a complex process that causes structural and operational degradation, especially in the 

energy and maritime sectors.  Understanding the precise MIC mechanism is not straightforward as 

there can be numerous competing abiotic and biotic corrosion mechanisms taking place at any 

given time.  As such, understanding and predicting MIC is a particular challenge, since there is a lack 

of robust and reproducible physical biofilm model systems that reflect real-world and operating 

environments.  With the recent operating history of the offshore wind farm industry, the scale 

problems and associated costs are yet to be fully understood, but it has become apparent the actual 
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environmental corrosivity can be very different from that originally assumed in the design 

specification.  Early monopile design assumptions anticipated low, uniform CR in sealed 

compartments that would be completely air- and water-tight.  However, operational experience 

has shown anaerobic (anoxic) microbial conditions can quickly develop negating the original 

installation protection strategies leading to structural deterioration [205].   

Detailed knowledge of how microorganisms behave within mixed biofilm communities is 

limited [24, 206, 207].  Additionally, the extent to which abiotic or biotic conditions lead to corrosion 

is also complex.  Abiotic corrosion is linked to physical and non-biological factors.  Whilst biotic 

(microbial) corrosion involves the deterioration of a surface because of the metabolic activity of 

microorganisms, either directly or indirectly through EET, metabolites or biodegradation.  A marine 

biofilm will typically comprise of a mixed-species consortium that form synergistic relationships 

enabling the mixed-species biofilm to be more recalcitrant, compared to single-species biofilms and 

planktonic microorganisms [6].  A wide diversity of microorganisms, typically growing as biofilms, 

has been implicated in corrosion.  Biofilms are aggregates of microorganisms that are typically 

surface adherent, due to the presence of EPS [2, 3].  Protection from physical disturbances and 

antimicrobial agents, along with increased environmental stability are two important advantages 

afforded to biofilm communities.  Furthermore, these sessile microorganisms within a biofilm have 

greater access to nutrients and other resources accumulating at surfaces, along with enhanced 

opportunities for interactions such as horizontal gene transfer and co-metabolism which may 

greatly influence the community dynamics within a biofilm and the threat of MIC [16, 208].   

The broad functional diversity of microorganisms apparent in anaerobic soils, sediments, and 

subsurface environments play an important ecological and biogeochemical role in nature and can 

lead to intrinsically heterogeneous biofilms under simulated conditions.  However, it is the presence 

of electroactive microorganisms, capable of exchanging electrons with their extracellular 

environment, which play a key role in EET associated EMIC [29].  These electroactive 

microorganisms can be further classified as being either electrogens, capable of donating electrons 

to natural extracellular electron acceptors, or electrotrophs, capable of accepting electrons from 

natural extracellular electron donors.  Though, some electroactive microorganisms can switch 

between functioning as electrogens or electrotrophs, depending on environmental conditions.  The 

full diversity of electroactive microorganisms is still poorly understood and new electroactive 

microorganisms are continually being identified [29].  In the context of anaerobic sediments and 

the surface of corroding metals, the relationship between respiratory and fermentative electrogens 
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can have a significant effect on the electromicrobiome, the surrounding environmental chemistry 

and any corrosion mechanisms, specifically the extent of EET [29].   

EET is typically much greater for respiratory electrogens, such as SRB and IRB.  SRB obtain 

energy by oxidising H2 or a range of organic compounds to reduce SO4
2−, the terminal electron 

acceptor, to biogenic H2S [30].  For SRB, electrons can be directly withdrawn from the metal surface 

through membrane-bound redox proteins for SO4
2− reduction [209, 210].  Since H2S readily 

combines with Fe2+ ions from the primary dissolution of Fe0, the net reaction (including 

bicarbonate that is readily available in many water systems) is as follows [211]: 

4Fe +  SO4
2− +  3HCO3

− + 5H+  →  FeS + 3FeCO3 +  4H2O                                                 … … (3.1) 

This net reaction is commonly referred to as EMIC and allows SRB to utilise Fe0 more 

efficiently as an electron donor by direct uptake of electrons from Fe0 oxidation [25, 210].  The 

formation of corrosion products, such as FeS or FeCO3, can increase the CR by generating a 

localised corrosion cell on the metal surface [209].  In contrast, IRB utilise Fe3+ ions as efficient 

electron acceptors that are capable of out-competing electron acceptors of lower potential, such 

as SO4
2− [62, 63].  IRB are thought to accelerate the corrosion of steel by removing the ferric oxide 

passivating layer through iron respiration.  Biomineral dissolution reactions by metal reducing 

microorganisms remove oxide layers or force mineral replacement reactions that lead to further 

dissolution of metals.  The rate of dissolution depends on many aspects and parameters, such as 

chemical nature of the solvent and solute, temperature, and interfacial surface area [212].  

 Existing industrial standards, such as the NACE TM0212-2018, [26] acknowledge that sessile 

microorganisms are the most important biological component.  As data based on planktonic 

microorganisms are of limited value, since planktonic microorganisms are not directly 

representative of sessile microorganisms which form the biofilms which cause MIC [170].  It is 

however recognised that techniques and procedures for studying sessile microorganisms are 

limited and can produce variable outcomes [27, 170].  Various assays and test methods have been 

used for the investigation, diagnosis, and treatment of MIC.  Though, a more holistic understanding 

that accurately evaluates the effects of biocides on biofilms, and not of planktonic microorganisms, 

is needed.  The difficulty comes in how to establish and test biofilms in the lab, analytical methods, 

and information to collect, and data interpretation for biocide efficacy [213, 214].  A key objective 

for this thesis is to explore recent advances in biofilm testing and MIC research, for instance, to 

provide recommendations for future standards being drafted by the AMPP for the testing of 

biocides.  As there are not nationally or internationally recognised standards or test methods with 

which to evaluate control strategies effective against biofilm-mediated corrosion. 
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This study demonstrates the applicability of a novel dual bioreactor protocol to investigate 

biofilms under conditions that mimic the MIC environment of interest.  It is important to note that 

this is the first experiment in our lab using the proposed experimental setup.  Overall, the aim is to 

develop a reproducible bioreactor-based model for MIC that will be able to: (i) gain new scientific 

insight and mechanistic MIC understanding that will improve predictive measures including next-

generation sequencing of the MIC-associated microbiome and (ii) progress the first standard model 

and biofilm-relevant test method for the industry.  Moreover, the novelty of this protocol is in using 

a mixed-species environmental biofilm which also importantly also incorporates a multi-disciplinary 

approach, using MLOE [145] to gain a holistic understanding of biofilms and MIC. 

3.2 Results 

Over the initial three-day batch phase, the abiotic media had no apparent visual changes, and the 

coupons maintained the silver-grey appearance of the CS. Once the flow of fresh media was started 

on day 4, the sterile abiotic reactor ASW media became reddish-brown in colouration with 

increased turbidity (increasing suspended matter). Generally, the abiotic coupons had a reddish-

brown corrosion product over the 28 days.  Conversely, after inoculation of the biotic reactor ASW 

media, a black surface film was present on the steel coupons (day 1), with a low level of turbidity. 

After the flow of fresh ASW media was started on day 4, the ASW media had visible black 

particulates settling at the bottom of the reactor, with the bulk media being green in appearance.  

After two weeks, there was a visible crust at the ASW surface, and the media was black in 

appearance with high turbidity.  Over the following two weeks, up to 28 days, the biotic media was 

dark green/black in colouration.  Upon dismantling of the reactors on day 28, and retrieval of the 

coupon rods, there was an evident difference in the coupon appearances, see Appendix B Figure 

B3.  The abiotic surfaces were covered in a thick reddish-brown corrosion product.  Whilst the biotic 

surfaces were only partially covered around the centre with a dark green/black deposit.   

Sulphide microsensor.  Figure 3.1 shows the aqueous H2S concentrations monitored in the 

abiotic and the biotic anaerobic nutrient-enriched ASW media over the test duration.  For the sterile 

abiotic condition, there was a generally low H2S concentration (mean: 29.2 µmol L–1).  Whereas for 

the biotic condition, the H2S concentration steadily increased resulting a maximum of about 150 

µmol L–1 after two weeks, before decreasing to similar levels detected for the abiotic media.  DO 

concentrations measured on day 28 were: 4.4 ppm in the 10 L media containers, 2.6 ppm in the 

abiotic and 0.2 ppm in the biotic reactor. The pH was not measured on completion of the 

experiment. 
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Figure 3.1.  Aqueous sulphide measurements (SULF, µmol L–1) for the abiotic and biotic conditions over 28 
days (nb. measured the anaerobic nutrient-enriched artificial seawater media in situ adjacent to corroding 
UNS G10180 carbon steel).  

Carbon steel surface analysis.  Appendix B Figure B4 shows the CS surfaces on day 0.  

Appendix B Table B5 summarises the quantitative surface roughness profiles on both day 0 and day 

28.  Prior to testing, the AR and P coupons had markedly different surface profiles, owing primarily 

to the clearly evident machine marks on the AR surfaces.  The machine marks were still evident on 

day 28.  However, both coupon samples exhibited similar surface roughness profiles on day 28.  

Figure 3.2 shows the cleaned CS surfaces after 28 days, with biofilms and corrosion products 

removed to reveal the morphology of the surface degradation and to facilitate corrosion 

assessment.  Surface profilometry revealed that both abiotic and biotic anaerobic ASW media led 

to localised pitting, with the biotic condition more extensively pitted.  The abiotic average pit depths 

were 39 µm and 46 µm, and average pit areas of 1533 µm2 and 1939 µm2, for the AR and P coupons, 

respectively.  The biotic average pit depths were 47 µm and 52 µm, with the average pit areas of 

1943 µm2 and 2398 µm2, for the AR and P coupons, respectively.  For this study, a pit was classified 

as having a depth greater than 5 µm and an area greater than 650 µm2 [153].   

(a)  

 

(b) 

 
(c)  (d)  

542 µm 715 µm 542 µm 715 µm 
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Figure 3.2.  Three-dimensional optical surface profilometry of the cleaned UNS G10180 surfaces at day 28. 
AR coupons for: (a) abiotic and (b) biotic conditions; and P coupons for: (c) abiotic and (d) biotic conditions, 
after exposure to anaerobic nutrient-enriched artificial seawater media for 28 days. 

Figure 3.3a provides an evaluation of the CS coupon CR (with the caveat that such an 

assessment assumes uniform corrosion).  For the abiotic condition, there was a higher CR when 

compared to the biotic condition, though there was no significance.  Furthermore, when comparing 

between the two surface roughness types, AR and P coupons within each reactor, there was also 

no significance (n = 3).  According to the NACE SP0775-2023 assessment criteria, there was a severe 

CR (> 0.25 mm y–1) in the abiotic and a moderate CR (between 0.025 and 0.12 mm y–1) in the biotic 

(Figure 3.3a);  whilst a severe PR (> 0.38 mm y–1) was assessed for both the abiotic and biotic 

conditions (Figure 3.3b) [170]. 

Further analysis of the surface profilometries in Figure 3.2, allowed a quantitative 

determination of the PR Figure 3.3b and PD Figure 3.3c of the CS coupons.  For the biotic condition, 

though there was a higher PR, although there was no significant difference evident between the 

abiotic and biotic conditions.  Moreover, there was a significant increase in the incidence of pitting.  

There was an average PD of 13 pits mm–2 and 10 pits mm–2 in the abiotic condition, with 31 pits 

mm–2 and 26 pits mm–2 in the biotic condition, for AR and P coupons, respectively.  Again, there 

were no significant differences when comparing between the two surface roughness types within 

each reactor.  

(a) 

 

(b) 

 

(c) 

 

542 µm 715 µm 542 µm 715 µm 
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Figure 3.3.  Abiotic and biotic corrosion performance after exposure to anaerobic nutrient-enriched artificial 
seawater media for 28 days: (a) corrosion rate via gravimetric analysis and surface profilometry assessed (b) 
pit rate and (c) pit density (P < 0.05), for the AR and P coupons. 

Electrochemical measurements.  Figure 3.4 shows clear differences between the abiotic and 

biotic anaerobic nutrient-enriched ASW media for the OCP (i.e., Ecorr for UNS G10180 CS) and Rp.  

The abiotic condition, Figure 3.4a, had a distinct +0.100 V increase in the Ecorr during the first seven 

days that can be linked with the presence of a conditioning film (i.e., an adsorbed organic layer) and 

the formation of inorganic corrosion product layer.  A pseudo-steady state Ecorr was attained in the 

following 18 days (where AR had a slightly greater variation in potential).  Conversely, for the biotic 

condition, there was a gradual electronegative shift in the Ecorr after seven days, until Day 14, after 

which Ecorr swiftly increased by +0.070 V.  The potentials for both abiotic and biotic in the latter 

stages (Day 16 to 28) were generally similar and ranged between –0.610 V and –0.660 V vs. Ag/AgCl.   

In Figure 3.4b the LPR derived Rp after Day 3 remained low at approx. 500 Ω cm2 for the sterile 

abiotic condition, indicative of a uniform corrosion across a porous corrosion film.  Whereas a 

periodic response over several days was evident for the biotic condition, with Rp ranging between 

5000 and 15000 Ω cm2.  The pioneering bacterial attachment/colonisation, biofilm formation and 

growth kinetics will lead inevitably to a more complex electrochemical response. Overall, there 

were no significant differences when comparing between the two surface roughness’s (AR and P) 

within both the abiotic and biotic reactor environments. 

(a) 

 

(b) 

 
Figure 3.4.  LPR data for UNS G10180 carbon steel: (a) open-circuit potentials and (b) polarisation resistance 
in anaerobic nutrient-enriched artificial seawater media (abiotic and biotic conditions), for the as-received 
(AR) and polished (P) coupons (data points represent mean ± standard deviation, n = 3).  Reactor stirrer at 50 
rpm. 

Figure 3.5 shows the EIS data for UNS G10180 CS in the anaerobic nutrient-enriched ASW 

media presented in three forms: Nyquist, Bode phase angle and Bode impedance modulus plots.  

The sterile abiotic condition on Day 1 typifies an electrochemical response for the formation of a 
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porous interface, with diffusion of soluble electroactive species across an organic conditioning film 

[207] and nascent inorganic corrosion product layer.  The diffusive behaviour is associated with 

linear features having a roughly 45° slope (a Warburg impedance response) and phase angles close 

to 45° in low frequency region (10–2 – 100 Hz), see Fig. 3.5a and 3.5c.  At Day 7, a depressed Nyquist 

semicircle and phase angles tending towards zero are evident, indicative of a more prominent 

resistive component operating within the low frequency region. 

Subsequently, the abiotic impedance spectra shift towards lower frequencies (10–2 – 100 Hz), 

with a combined diffusive/resistive behaviour.  The biotic condition had a consistently uniform EIS 

response over the 28 day test, with only minor variation in the spectra and suggests the absence of 

significant detectable electrochemical changes with time.  Notably, there are no discernible Nyquist 

semicircles (Fig 3.5b), with Day 1 being more capacitive/diffusive in character relates to the well-

established double-layer concept (i.e., interfacial charge distribution) and diffusion of electroactive 

species.  Here a wider low frequency region (10–1 – 102) is likely to be subject to a greater influence 

of adsorption processes, associated with the adhesion of the pioneering bacteria on a conditioning 

film [215, 216] and biofilm formation. 

 

(a) – Abiotic 

 

(b) – Biotic 
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(c) – Abiotic 

 

(d) – Biotic 

 
(e) – Abiotic 

 

(f) – Biotic 

 
Figure 3.5.  EIS data for UNS G10180 carbon steel in anaerobic nutrient-enriched artificial seawater media at 
OCP: (a, b) Nyquist, (c, d) Bode phase angle (q vs. f), and (e, f) Bode impedance modulus (|Z| vs. f) over 28-
days. (n = 3).  Reactor stirrer at 50 rpm. 

   

The EIS spectra were fitted using an ECM shown in Figure 2.4.  Both the abiotic and biotic 

data generally had a good fit, with the quantitative fitting results shown in Appendix Table B6.  Rs, 

Rfilm and Rct are the solution resistance, the resistance of the biofilm or the corrosion product film, 

and the charge transfer resistance, respectively.  The constant phase element (CPE) characterises 

the ‘non-ideal’ capacitance behaviour of either the biofilm or the corrosion product film layer, and 

the charge transfer capacitance.  In the Appendix Table B6, Q and n, are admittance and exponent 

parameters from the CPE.  For the abiotic condition, there is a capacitive behaviour over the first 

week, with a diffusive behaviour over the final three weeks in the film layer (reflecting ion 

adsorption). Whilst there was a diffusive behaviour in the double layer, which reflects charge 

transfer, due to the formation of corrosion products (rust, porous oxide layer).  The exponent 
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parameter in the double layer reflects a non-ideal capacitance, which is indicative of resistive and 

inductive parasitics, because of a more prominent resistive component.  Rfilm is consistently low 

over the 28 days, and there are no significant changes in Rct.  For the biotic condition, there is a 

capacitive behaviour in both the film layer and double layer due to the presence of the biofilm.  

There are no significant changes in the Rct in the double layer over time.  The exponent parameter 

for the film layer is greater than 0.8 at most time points, which indicates a non-ideal capacitance 

response.  This is true for the first two weeks in the double layer.  However, during the final two 

weeks of the experiment, the exponent parameter is closer to 1 for the AR coupons in the double 

layer, which indicates a strong capacitive behaviour.  The ECMs and EIS both have general 

agreement with the LPR data.   

Figure 3.6 shows the potentiodynamic polarisation curves for UNS G10180 CS for the 

abiotic and biotic reactors in anaerobic nutrient-enriched ASW media after 28 days.  Table 3.1 

shows the corrosion parameters obtained from the polarisation curves.  From the Tafel slopes, 

there is a similar cathodic behaviour (reduction) when comparing the abiotic and biotic ASW media, 

which is linked to the predominant hydrogen evolution reaction (HER) under anaerobic conditions.  

Conversely, the anodic Tafel slopes (oxidation) are greater, demonstrating almost limiting current 

densities, in the biotic compared to the abiotic media.  Thus, after 28 days the biofilm hindered the 

Fe0 dissolution reactions.  Overall, the abiotic condition had a higher jcorr compared to the biotic 

condition.  This is consistent with the more uniform corrosion morphology seen for the abiotic 

coupon surfaces, see Figure 3.2.  Similarly, the sterile abiotic condition had a more electropositive 

Ecorr when compared to the biotic condition.  The polarisation results corroborate the LPR and EIS 

data, with no significant differences when comparing between the two surface roughness types 

within each reactor.   



Chapter 3 

76 

 
Figure 3.6.  Potentiodynamic polarisation curves for the abiotic and biotic AR and P UNS G10180 carbon 
steel coupons at ambient temperature after exposure to anaerobic nutrient-enriched artificial seawater 
media for 28 days. Scan rate of 0.5 mV s-1 and reactor stirrer at 50 rpm. Dissolved oxygen levels were 2.6 
ppm (abiotic) and 0.2 (biotic), at Day 28. 

 

Table 3.1.  Fitted electrochemical parameters from polarisation curves; comparison between the abiotic and 
biotic AR and P UNS G10180 coupons after exposure to anaerobic nutrient-enriched artificial seawater media 
for 28 days. 

 Coupon jcorr / µA cm 
– 2 

 
Ecorr vs. Ag/AgCl 

/ V 
βa (mV dec

-1
) βc (mV dec

-1
) 

Abiotic 
AR 14.5 ± 4.8 -0.679 ± 0.010 123 ± 20 146 ± 11 

P 22.1 ± 5.3 -0.684 ± 0.017 129 ± 32 108 ± 144 

Biotic 
AR 2.99 ± 1.04 -0.749 ± 0.019 317 ± 24 86 ± 9 

P 1.93 ± 1.47 -0.769 ± 0.019 263 ± 53 66 ± 6 

 

Biofilm characterisation.  CLSM with differentiation of live and dead biofilm cells was 

performed and can be found in the supplementary material Appendix B Figure B7.  The 

heterogeneous biofilm distribution over the surface of the CS coupons did not allow measurements 

of the maximum biofilm thickness.  Therefore, the thickness of biofilms was not determined.  It was 

also difficult to identify significant differences in the structure and distribution of live and dead cells 

in the biofilms across the two surface roughness types, AR and P coupons, within the biotic 
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condition.  In general, both surfaces had similar live and dead cell ratios (approximately 98% live to 

2% dead).   

Active microorganism evaluation of the environmental marine sediment, the initial and 

final biotic ASW media planktonic samples (Day 0 and Day 28), and the biotic AR and P biofilms, was 

undertaken via 16S rRNA amplicon sequencing with two target region, V3-4 for bacteria and 

archaea.  A total of 2,422,833 high-quality sequences were obtained after bioinformatics processing 

of the raw reads.  From these, 95.8% was classified for the sediment sample with 99.99% classified 

for the Day 0 and Day 28 planktonic samples, AR and P biofilm samples.  These sequences were 

taxonomically classified into microbial genera.  The top 25 microbial genera are presented in 

Appendix B Table B8 in the supplemental material.  Figure 3.7 summarises the sequencing data, 

showing a PCA (a) and a stacked bar plot (b) illustrating the relative abundances for the top 25 

genera.  Molecular identification of the microorganisms showed that the initial sediment sample 

had a very diverse microbial composition.  Most genera had low relative abundances less than 2%. 

The dominant genera included Sulfurovum, Candidatus Prometheoarchaeum, Candidatus 

Methanoplasma, Desulfosarcina, Desulfuromonas and Thiohalobacter.  The sediment sample had 

low or negative Spearman correlation coefficients (Appendix B Figure B9) with the other samples 

which was attributed to changes in conditions such as temperature and media composition from 

the natural marine environment.  There was much less diversity in the Day 0 sample, with 

Sulfurovum, Candidatus Prometheoarchaeum, Candidatus Methanoplasma, and Thiohalobacter all 

exhibiting lower relative abundances (<1%).  Whilst genera from Vibrio, Oceanicoccus, 

Serpentinicella and Methanococcoides made-up approximately 75% of the relative abundance.  

Again, the Day 0 planktonic sample had mostly negative Spearman correlation coefficients with the 

other samples.  After 28 Days, there was a distinct shift in the microbial composition, with 

substantially lower abundances of methanogenic species.  Malaciobacter, Vibrio, and 

Draconibacterium were the dominant genera making up approximately 80% of the relative 

abundance. The Day 28 planktonic sample had a Spearman correlation coefficient of 0.11 with the 

sediment sample, -0.10 with the Day 0 planktonic sample and 0.75 with both biofilm samples.  Both 

biofilm samples exhibited similar microbial populations on both the AR and P coupons.  The relative 

abundances of Vibrio decreased to between 3% and 6%, and Draconibacterium reduced to 

approximately 3.5%.  Sulfurovum, Candidatus Prometheoarchaeum, Candidatus Methanoplasma, 

and Thiohalobacter which were the dominant genera from the sediment sample all had lower 

relative abundances (<1%) in the biofilm samples and Day 28 planktonic sample.  Both biofilm 

samples were similar, with a Spearman correlation coefficient of 0.94.  The dominant genera 

included Malaciobacter, Crassaminicella, Maridesulfovibrio, Desulfomicrobium and Halarcobacter 
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making up approximately 60% of the relative abundance.  There were no methanogenic archaea in 

the biofilm samples. 

 

(a) 

 
(b) 
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Figure 3.7.  Principal Component Analysis biplot (a); Microbial community. The results show the mean relative 
abundances of microbial communities classified at the genus level, for the top 25 genera, from 16S rRNA 
amplicon sequencing (b); for environmental marine sediment, Day 0, and Day 28 planktonic samples, AR and 
P biofilm samples after exposure to anaerobic nutrient-enriched artificial seawater media for 28 days. 

The microbial activity was determined by the ATP concentrations (dissolved and total, dATP 

and tATP, respectively) in both the bulk fluid and biofilms, see Figure 3.8.  It should be noted, for 

the sterile abiotic condition, the dATP concentration did not exceed the negative control 

concentrations, which were used to indicate no ATP activity, and was thus omitted from the figure.  

For the biotic ASW media (bulk fluid), there was no significant change in the dATP concentration 

when comparing Day 0 and Day 28, with dATP values of on the order of 1 pg mL–1.  Again, for the 

sterile abiotic condition, the tATP concentration did not exceed the negative control concentrations 

and was thus omitted from the figure.  Also, for the biotic condition there was no significant change 

in the concentration of tATP over the surface of the CS coupons (tATP of about 100 pg mL–1).  There 

were no significant differences when comparing between the two surface roughness types within 

each reactor.  As expected, there was a significantly greater ATP concentration for the biotic 

compared to the abiotic condition. 
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(b) 

 
Figure 3.8.  (a) Dissolved ATP (dATP) concentrations comparing the anaerobic nutrient-enriched artificial 
seawater media taken on Day 0 and Day 28 and (b) Total ATP (tATP) concentration comparing the biofilm of 
the AR and P coupons, from the biotic condition, after exposure to anaerobic nutrient-enriched artificial 
seawater media for 28 days. 

3.3 Discussion 

Previous studies, which generally investigate single-species biofilms, have shown that bacteria tend 

to cause an increase in the uniform CR on CS coupons compared to abiotic controls [16, 103, 217, 

218].  Typical CRs of CS in anoxic environments are reported to be between 0.2 and 0.4 mm y–1 [25].  

As such, CS corrosion is often considered to be insignificant in anoxic environments, such as marine 

sediments [25, 219, 220].  However, under either stagnant or low hydrodynamic flow conditions, 

microorganisms tend to form thicker biofilms on solid surfaces [197].  Ultimately, this results in 

higher CRs due to microbial corrosion mechanisms which generate anodic and cathodic regions that 

affect the passive film on the material surface.  CRs for SRB have been reported to be 0.9 mm y–1 

[196].  During the initial stages of biofilm formation, heterogeneous patches form on material 

surfaces, inducing the formation of differential concentration gradients.  The periodic detachment 

or formation/growth of the biofilm facilitates the removal of the protective films which changes the 

passive film structure and/or increases the dissolution [17].  Additionally, when the biofilm builds 

up, the diffusion of nutrients from the environment to the microorganisms in the biofilm matrix is 

limited, which leads to nutrient deprivation.  The interfacial microenvironment is altered, changing 

the diffusivity of metabolites and nutrients through the biofilm layer [196].  Here, the biofilm affects 
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the transportation of chemical species at the steel/ASW interface [17].  This has been shown to 

cause a shift in metabolism which exacerbates CRs [103].   

However, studies which have investigated mixed-species biofilms have challenged these 

observations.  Due to the presence of a mixed-species biofilm formed on the material surface, 

uniform CRs have been shown to decrease [221, 222].  The main mechanism of corrosion inhibition 

is the biofilm induced formation of green rust (GR) compounds, such as siderite, GR(CO3
2−), and 

iron sulphide compounds (GR(S2−) [221].  The presence of biogenic FeS acts as a barrier by 

impeding the diffusion of Fe2+ ions from the metal surface to the aqueous environment [25].  This 

impediment has been linked to organotrophically grown SRB.  Whereas, in organic matter-free 

cultures, where the predominant corrosion mechanism is EMIC, no significant slowing of corrosion 

due to the formation of corrosion products in the crust layer has been observed [25, 219, 220].  In 

combination with the formation of GR, the mixed-species biofilm acts as a protective layer which 

results in decreased uniform CRs [197].  At the same time the mixed-species biofilm has been shown 

to aggravate localised pitting corrosion.  Here, patchy distribution of the biofilm may be causing 

differential aeration effects on the steel surface, which in turn affects the oxidation–reduction 

conditions at the steel/ASW media interface [17].  Through the generation of microenvironments, 

whether that is primarily influenced through metabolic activity or through physical gradients, 

localised pitting has been shown to be accelerated [222]. 

Figure 3.9 provides an illustration of the proposed corrosion mechanisms for both the abiotic 

and biotic conditions during the initial stages, as they evolved over time during this present study.  

For the abiotic control, during the first few days a conditioning film is developing as redox mediators 

adsorb onto the surface and a corrosion film is beginning to develop [196, 198] 
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Figure 3.9.  Schematic of the initial stages for UNS G10180 carbon steel in anaerobic abiotic and biotic nutrient-enriched artificial seawater media. corrosion mechanisms, (a, b) the formation 
of nascent inorganic corrosion film and the organic conditioning film with pioneering bacterial attachment; (c, d) maturing corrosion film under the abiotic condition and biofilm growth 
and colonisation under the biotic condition; (e, f) uniform and pitting corrosion under patchy corrosion deposits and bacteria clusters.  BioRender.com (2023). 

Abiotic Biotic 
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Abiotic reactor: - Under anaerobic conditions, the corrosion of Fe0 produces Fe(OH)2.  This 

may then transform via the Schikorr reaction into Fe3O4, releasing more H2 [91, 221, 222].  This 

results in anodic polarisation over the first week, until the Ecorr reaches an equilibrium.  From the 

ECMs, there is initially a capacitive behaviour observed over the first week, which reflects ion 

adsorption and the development of a nascent Fe(OH)2/Fe3O4 film.  Subsequently, there was a 

diffusive behaviour during the final three weeks in the film layer.  Moreover, there was a diffusive 

behaviour in the double layer, which reflects charge transfer, due to the formation of corrosion 

products, such as lepidocrocite (γ − FeO(OH)), Fe(OH)2, and γ − Fe2O3/Fe3O4.  Generally, there 

was a relatively high level of uniform corrosion of the steel surface for the abiotic media.  The 

presence of Fe3+orange corrosion products suggest that the abiotic condition was not completely 

anaerobic, and minor O2 ingress may be an influencing factor here.  DO was measured at 2.6 ppm 

in the abiotic condition and 0.2 ppm in the biotic condition.  The presence of the biofilm may have 

been acting as a passive layer to mitigate uniform corrosion but exacerbate localised pitting.  In 

corrosion systems, a salt film may cover an electrode that is itself covered by a porous oxide layer 

[223].  This may explain why some localised pitting corrosion was observed in the abiotic media.  

Additionally, the presence of elemental sulphur, due to the minor O2 ingress that can oxidise H2S, 

may have been a contributing factor [224, 225, 226].  SO4
2− adsorption onto Fe3O4 has been 

extensively studied [227] and in the presence of reducing conditions of H2 has been shown to be 

involved in redox reactions to produce FeS and H2S [228].  Cations such as Ca2+ have also been 

shown to enhance SO4
2− adsorption from alkaline solutions [229].  This may also explain why low 

H2S concentrations were observed in the abiotic control.   

Biotic reactor: - Conversely, in the biotic condition the Ecorr exhibited an electronegative shift 

during the first two weeks.  This can be attributed to the initial attachment of microorganisms and 

subsequent biofilm formation on the steel surface [197].  Bacterial cell surfaces also possess net 

negative electrostatic charge on the outer cell envelope that is exposed to the extracellular 

environment.  Moreover, they are generally negatively charged due to the EPS microenvironment 

[230].  There was also an initial Rp increase during the first week that is indicative of biofilm 

formation on the steel surface, as the presence of biofilm can act as a physical barrier preventing 

the diffusion of ionic species (e.g., H+) from the environment to the metallic surface [197].  For the 

biotic condition, there is a capacitive behaviour in both the film layer and double layer due to the 

presence of the biofilm.  Over the final two weeks, the Ecorr increased after the biofilm had been 

established.  This is associated with a decrease in the anodic reaction (depolarisation) with the 

growth of a passive film and an increase in the cathodic reaction (polarisation) through localised 
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pitting corrosion.  ECMs indicated an ideal capacitive behaviour over the final two weeks.  Here, we 

can infer that there are different electrochemical reactions that are taking place at the interface of 

the metal/electrolyte.  This may be caused by diffusion limitations due to the biofilm and changes 

in the prevailing metabolic activity in the system due to the availability of terminal electron 

acceptors.  In general, the biofilm appears to accelerate localised pitting corrosion.   

 Surface profilometry analysis further highlighted that the biofilm induced greater localised 

pitting corrosion, with significantly greater PD, compared to the abiotic control.  Generally, the 

shape and pit morphology were different in coupons exposed to biotic conditions compared to 

abiotic conditions.  Whilst the pit depths were relatively similar in this present study, the average 

pit sizes and the percentage area of pitting was significantly greater for the biotic condition.  

Previous research [16, 197, 231] has found that pits were narrow and deep under abiotic conditions, 

but wide and shallow in the presence of microorganisms [232, 233].  In those experiments, it was 

hypothesised that under biotic conditions, the binding of Fe2+ ions and S2− ions can act as a 

protective film on the surface of materials along with the biofilm to prevent H+ and chloride (Cl−) 

attack.  Whilst for the abiotic control, there was no such protective film to prevent corrosion of the 

material [197].  Additionally, previous studies have also suggested that SRB and possibly also the 

IRB in anaerobic biofilms participate in the corrosion and rust mineralization of steel in seawater 

environments [221].  It is hypothesised that the deterioration observed in this present study could 

have been a combination of the patchy distribution of the biofilm formed under flow conditions 

and the formation of different corrosion products which will have affected the prevailing oxidation-

reduction reactions taking place over the 28 days. 

 Analysis of the community dynamics revealed a marked change in the predominant relative 

abundances of microorganisms.  The dominant genera from the sediment sample were generally 

anaerobic, halophilic, and obligately chemolithoautotrophic, obtaining energy by oxidizing 

inorganic compounds (SO4
2−, NO3

−, etc.) through respiration.  However, the dominant genera from 

the planktonic samples taken from the bulk fluid were generally facultative anaerobes known to be 

chemoheterotrophic, utilising organic compounds through fermentation.  The ASW supplemented 

with yeast extract clearly had a large impact on the community dynamics.  For example, 

Methanococcoides, which had a greater relative abundance in the planktonic samples, exhibited a 

decrease in relative abundance over time in the planktonic day 28 sample and in the biofilm 

samples.  Another microorganism of interest from the planktonic samples was Fusobacterium which 

has been shown to help facilitate the aggregation and establishment of several other species [235].  

This may have played an important role in early biofilm formation [236].  From the biofilm samples, 

the dominant genera were generally anaerobic, halophilic, SRB and IRB with a relative increase in 

the prevalence of respiratory electroactive microorganisms.  Interestingly, there were distinctly 
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lower relative abundances of methanogenic species in both the day 28 bulk fluid and biofilm 

samples.  This can be attributed to an inhibition by SRB, as methanogens and SRM are known to 

compete for energy sources, with SRM outcompeting methanogens in sulphate-rich environments 

[237].  Malaciobacter, Crassaminicella, Maridesulfovibrio, and Halarcobacter made-up 

approximately 50% of the relative abundance.  These genera are integral to the biogeochemical 

cycles in marine ecosystems, particularly in sulphur and carbon cycling.  Not much is known about 

the specific functions of Malaciobacter.  However, like other Proteobacteria in marine 

environments, they are likely involved in sulphur and nitrogen cycles.  Together, these bacteria 

contribute to maintaining the balance of nutrients and energy flow in marine environments.  As 

previously mentioned, there was an increase in the relative abundance of respiratory electroactive 

bacteria, such as Desulfomicrobium, Shewanella, and Desulfuromonas in the biofilm samples.  These 

respiratory electrogens have been reported to play a key role in EET [29], which is an important 

process in MIC.  In EMIC sessile cells in a biofilm use metal as an electron donor, and a non-O2 

oxidant such as SO4
2− as the terminal electron acceptor [6].  However, careful consideration needs 

to be given to both abiotic and biotic corrosion mechanisms that may be taking place. 

Under anoxic conditions, both abiotic and biotic corrosion usually leads to the dissolution of 

Fe2+ cations, which precipitate as Fe(OH)2 and has reddish-brown appearance.  Nonetheless, 

Fe(OH)2 is reported to only be metastable in solution and will oxidise to form Fe3O4 [238] via the 

Schikorr reaction [91, 236, 237].  The abiotic coupons were observed to have a reddish-brown 

corrosion product over the 28 days, which was believed to be lepidocrocite.  Lepidocrocite has been 

identified to form in the outer layer on CS coupons permanently immersed in natural seawater 

[239].  It is difficult to definitively state one abiotic corrosion mechanism as several mechanisms 

may be occurring simultaneously. Figure 3.10 highlights several possible abiotic reaction 

mechanisms [210].   

However, the scenario described above for abiotic corrosion changes in the presence of 

microorganisms, some of which may dramatically accelerate the corrosion kinetics.  Figure 3.10 also 

illustrates the diversity and heterogeneity of microorganisms within a biofilm that are involved in 

MIC.  Possible biotic reaction mechanisms that may be occurring are hypothesised [29, 25, 209, 

210].  Though, it is important to note that through the generation of concentration gradients along 

with the diffusion of organics, the availability of electron acceptors from the environment and 

electron donors from the metallic Fe0, the community dynamics within the biofilm will be 

constantly shifting.  This results in heterogeneity within the biofilm which will ultimately affect the 

predominant metabolic mechanisms and prevailing corrosion mechanisms [210].   
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Abiotic Reactions 
(1) Fe0 +  2H+  →  Fe2+ + H2 
(2) Fe0 +  H2S →  FeS + H2 
(3) Fe3+ +  3OH−  →  Fe(OH)3 
(4) Fe2+ +  S2−  →  FeS 
(5) Fe2+ +  CO3

2−  →  FeCO3 
(6) Fe2+ + 2Fe3+ + 8OH−  →  Fe3O4 + 4H2O 

Biotic Reactions 
Sulphate reduction  
Electrical Microbial Influenced Corrosion (EMIC) 
4Fe0  + SO4

2− +  3HCO3
− +  5H+  →  FeS +  3FeCO3 +  4H2O 

Chemical Microbial Influenced Corrosion (CMIC) 
3(CH2O) +  2Fe0 + 2SO4

2− +  H+  →  2HCO3
− +  2FeS +  2H2O 

Iron reduction 
Fe3+ +  H2  →  2Fe2+ + 2H+ 

Figure 3.10.  Schematic overview of key reactions and diversity of microorganisms within a biofilm involved 
in metal corrosion. It is important to note that the reactions illustrated may occur simultaneously. Numbers 
1–6 refer to abiotic reactions associated with corrosion. Biotic reactions involved in corrosion of ferrous 
metals are also shown for electroactive corrosive bacteria, respiratory electroactive bacteria, and 
fermentative electroactive bacteria.  BioRender.com (2023). 

 Over the first two weeks, there appears to have been a shift towards SO4
2− reduction based 

on the H2S microsensor data.  After the first week, the reactor had visible black particulates settling 

at the bottom of the reactor, with the bulk of the fluid being green in appearance.  After two weeks, 

there was a visible scum layer, and the reactor was black in appearance with increased turbidity.  

Biogenic H2S production will have provided a source of dissolved Fe2+ through Fe0 oxidation 

coupled with an increase in the alkalinity of the reactor through consuming H+ with the reduction 

of H+ to H2.  For SRB, electrons can either be directly withdrawn from the steel surface through 

membrane-bound redox proteins via DET or indirectly transferred through redox mediators via 

MET.  It is hypothesised that EMIC was the predominant biotic corrosion mechanism during the first 

two weeks [209].  Initially, biogenic H2S can be oxidised by Fe3+ ions and thus not be able to 
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precipitate all dissolved Fe2+ in the system.  However, over the course of the 28 days, the biotic 

condition appeared to be black, green in appearance, which was believed to be GR compounds.  

This has been identified to form in the inner layer on CS coupons permanently immersed in natural 

seawater according to references, which is linked to cathodic zones (accelerating cathodic 

reduction), SRB activity and localised corrosion [239], such as GR(CO3
2−) and GR(S2−) compounds 

[221].  The local microbial SO4
2− reduction generates alkalinity which helps in increasing the ion 

activity product (specifically the concentration of carbonate ions) for siderite formation [240].  

There was subsequently a steady decline in the concentration of H2S over the final two weeks of 

the experiment.  When Fe3+ ions are available, SO4
2− reducers such as Desulfomicrobium and 

Desulfuromonas spp. may divert electron flux to Fe3+ reduction rather than reducing SO4
2− [29].  

Moreover, Shewanella sp., which were prevalent in the biofilm samples, have been shown to utilize 

Fe3+ as efficient electron acceptors and are capable of out-competing electron acceptors of lower 

potential, such as SO4
2− [29].  Amorphous Fe3+ oxide compounds can provide a source of Fe3+ ions.  

Moreover, Fe3+ oxides can protect metallic Fe0 from corrosion because they are an insulating layer 

preventing DET.  Additionally, Fe3+ oxide compounds can restrict access to organic acids and other 

sources of H+, thus limiting Fe0oxidation coupled to H+ reduction [210].  Though, the formation of 

corrosion products can also increase the CR by generating a localised corrosion cell on the surface 

of the coupon which can exacerbate pitting [209].  When Fe3+ reducers remove Fe3+ oxides, Fe0 

oxidation coupled to H+ reduction is possible again.  This allows H2 oxidisers, such as SO4
2− 

reducers, to resupply H+ for Fe0 oxidation [210].  Active microbial iron reduction increases the 

dissolved Fe2+ in the system which also increase the ionic activity product favouring siderite 

precipitation, which was observed by analysing the corrosion products of the test coupons using 

XRD (Appendix B Figure B.10) [240].  At the same time, CMIC, which refers to the sulphidogenic 

degradation of organic matter in anoxic environments may be occurring.  Here, biogenic H2S may 

initially stimulate the anodic part of the corrosion reaction by chemisorption and direct reaction 

with metallic Fe0.  However, once the metallic surface is covered with inorganic corrosion products 

such as siderite cathodic reactions become more important drivers of metal oxidation [25].   

3.4 Summary 

The 28 day dual bioreactor protocol represents a pioneering approach to investigating biofilms, 

specifically tailored to mimic the MIC environment, thus providing a reproducible model for 

advancing understanding, enhancing predictive measures while employing a multi-disciplinary 

approach with MLOE to comprehensively unravel the complexities of biofilm formation and MIC 
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initiation mechanism.  In this study, the dual bioreactor explored the development of MIC on UNS 

G10180 CS in anaerobic ASW using a marine sediment microbial consortium. 

 

• Concurrent electrochemical methods were used to determine when initial biofilm 

attachment and formation occurred, and the influence that the biofilm had on the surface of 

the CS coupons.  However, whilst these methods provide insights into the redox processes 

and can quantify corrosion and the influence of the biofilm, they provide limited information 

about the extent of pitting. 

• At the biofilm/steel interface, knowledge of the pitting incidence is critical in the context of 

a deeper understanding of the MIC initiation and growth processes.  Surface profilometry 

demonstrated the microbial impact when comparing the abiotic and biotic conditions.  

Coupon analysis showed the biotic condition had a significantly greater PD (P< 0.05), with a 

greater pit depth and size when compared to the sterile abiotic ASW media. 

• Biofilm characterisation using sequencing showed a relative increase in respiratory 

electrogens, specifically SRB and IRB, such as Desulfomicrobium, Shewanella and 

Desulfuromonas, within the biofilm.  Importantly, these respiratory electrogens play a key 

role in EET, which is an important MIC process.   

 

From this, we can start to rationalise an idealised representation of the mixed-species 

biofilm and the microbial mechanisms that lead to corrosion of CS under anoxic conditions at the 

metal/electrolyte interface.  The innovative dual bioreactor protocol allows new insights, 

establishing a standard model and biofilm-relevant test method for biocide efficacy testing.  The 

development of such a model will support a move towards evidence-based biocide dosing, 

empowering asset owners to reduce the effect of MIC leading to reduced cost, increased 

sustainability, and increased asset lifetime. 
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Chapter 4 Investigating the effects of surface roughness 

and ATCC 1249 Modified Baar’s media on 

anaerobic marine biofilm formation and 

microbiologically influenced corrosion of UNS 

G10180 carbon steel 

4.1 Introduction 

SRM are ubiquitous anaerobes, with SRB being the most studied corrosive microorganisms in the 

MIC literature [241, 242].  The mechanism of SO4
2− respiration involves the reduction of SO4

2− to 

sulphide species (H2S, HS−) with natural organic compounds, such as lactate, as electron donors 

that are oxidised to CO2 [211].  Under pH-neutral conditions, the Schikorr reaction predicts that the 

predominant sulphur species would be H2S and HS−, depending on the exact pH and equilibrium 

dynamics.  H2S is dominant in environments with slightly acidic to neutral pH.  Whereas, HS− 

becomes more significant as pH approaches the neutral range (above pH 6.5).  Thus, under neutral 

pH conditions, both H2S and HS− are present, with their relative proportions governed by the 

dissociation constant [91, 240, 241].   

Many SRB can also utilise H2, which is a common by-product produced by other bacteria involved 

in the biological breakdown of organic compounds in O2-free aquatic systems such as marine 

sediments [211].  This is particularly relevant in the energy and maritime sectors where 

environmental mixed-species biofilms are present.  Within such mixed biofilm communities’ 

synergistic relationships that may be mutualistic or competitive in nature are established.  These 

relationships likely impact the availability of nutrients, whether primarily through metabolic activity 

or physical through the development of diffusion gradients and microenvironments.  Moreover, the 

formation of corrosion products themselves may have an influence on the nature and extent of any 

further corrosion, through the generation of electrochemical cells which may subsequently affect 

the anodic or cathodic reactions.  Understanding the influence that the mixed-species biofilms and 

the formation of any inorganic corrosion products, has on growth, spatial and community dynamics, 

and potential corrosion mechanisms is critical.   
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The mechanisms by which SRB interact with metallic Fe0 have been a topic of debate in the 

literature, with two prevailing corrosion mechanisms proposed [243, 244, 245], EMIC and CMIC [25, 

211].  EMIC is a cathodic reaction, that is kinetically impossible under sterile abiotic conditions, 

which is characterised by the direct electron uptake of electrons from Fe0 oxidation by SRB and the 

formation of large amounts of inorganic corrosion products [25].  CMIC is fundamentally different 

and is characterised by the indirect activity of metabolic end products.  Through SRB respiration, 

the biogenic production of H2S initially stimulates the anodic part of the corrosion reaction by 

chemisorption and direct reaction with metallic Fe0 to form inorganic corrosion products 

(Equations 4.1 & 4.2) [246, 247].  However, cathodic reactions become more important drivers of 

Fe0 oxidation once the metallic surface is covered with inorganic corrosion products such as FeS 

[248, 249].   

H2S +  Fe0  →  H2  + FeS                                                                                                                   … … (4.1) 

3(CH2O) + 2Fe0 +  2SO4
2− + H+  →  2HCO3

− +  2FeS +  2H2O                                          … … (4.2) 

Traditionally, the literature has primarily focused on single-species studies.  Whilst these 

types of studies provide clear, simple, and reproducible results; ultimately, they lack ecological 

relevance and do not consider microbial interactions within established microbiomes.  However, 

distinguishing between abiotic and biotic corrosion mechanisms is simpler in these types of studies.  

Moreover, identifying key electron acceptors and donators is less complex.  It was speculated by 

early investigators that a H2 film develops at the metal surface in the absence of microorganisms 

leading to polarisation and impeding Fe0 dissolution [243].  Yet, in the presence of microorganisms 

with the capability of H2 utilisation, it was suggested that through the HER these microorganisms 

would lead to depolarisation, allowing Fe0 dissolution to proceed.  In turn, this makes the metal 

surface more reactive, thus accelerating the overall corrosion process.  This was known as the 

‘cathodic depolarisation theory’ [211].  However, whilst this reaction can proceed spontaneously 

from a thermodynamic perspective, early investigators did not consider environmentally relevant 

conditions or account for kinetic considerations [211].   

Several cultures of SRB were shown to stimulate the cathodic current on mild steel 

electrodes in early studies [244, 250].  The authors attributed this to bacterial H2 uptake from the 

electrode surface and, interpreted the observation in favour of the ‘classical’ depolarisation theory 

[211].  However, an experimental misconception in the early electrochemical study of the 

postulated direct mechanism involving H2 with conventional SRB strains was the addition of lactate, 

which represents a competitive electron donor in addition to ‘cathodic’ H2 [211, 244, 250].  More 

importantly, lactate leads to excessive concentrations of aggressive H2S which cause chemical 

corrosion [211].  Studies which omitted lactate showed that SRB became more corrosive even 
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though such starvation led to reduced sessile cell densities on metallic Fe0 [103].  Additionally, 

cathodic depolarisation was shown not to occur in SRB cultures with metallic Fe0 as the only source 

of electrons for the organisms [243, 245].  This was because SRB biofilms switched to elemental Fe0 

as a substitute for organic carbon as an electron donor in their respiration [35].  Conversely, 

acceleration of the cathodic reaction was shown to result from the reactivity of dissolved H2S [211].  

In another approach towards a mechanistic understanding of anaerobic corrosion, SRB were 

directly enriched and isolated with metallic Fe0 as the only source of electrons, without an organic 

substrate such as lactate [211, 251].  In these studies, the SRB severely corroded the metallic surface 

with a rate of up to 0.7 mm y–1. This CR could not be explained by dependency on H2 alone [251].  

Their findings indicated a direct electron uptake through EMIC.   

The BCSR theory is a more specific mechanism, which considers the direct influence that 

SRB have on corrosion and explains the bioenergetics of MIC in SRB respiration specifically when 

SO4
2− is the terminal electron acceptor [52].  As mentioned earlier, SRB reduce SO4

2− to H2S, HS− 

under anaerobic conditions.  The reduction of SO4
2− to H2S is catalysed by the metabolic activity of 

SRB.  This microbial process can influence the electrochemical reactions at the metal surface.  The 

production of S2− ions can react with Fe2+ ions to form FeS, which can influence corrosion 

processes  [35].  This film can lead to the generation of electrochemical cells which may affect the 

anodic or cathodic reactions to inhibit or accelerate corrosion under different environmental 

conditions.  In SRB corrosion, both planktonic and sessile cells produce H2S.  However, under an 

SRB biofilm, the concentration of H2S is likely higher than that in the bulk fluid due to cell density.  

Furthermore, the biofilm is a diffusion barrier that slows down the escape of H2S [35].  Though, 

parallel to SRB corrosion, other abiotic and biotic corrosion mechanisms will influence corrosion 

overall in mixed-species biofilms.  Mixed-species studies provide a holistic understanding of 

microbial interactions which are ecologically relevant.  Though, the increased complexity makes 

interpreting any data and identifying the appropriate corrosion mechanism challenging.   

This study aimed to demonstrate the applicability and reproducibility of a novel dual 

bioreactor protocol to investigate the influence of a mixed-species SRB biofilm on UNS G10180 CS 

corrosion.  A key focus was placed on enumerating SRM using selective MB media, to evaluate the 

influence of a mixed-species biofilm on the prevailing corrosion mechanisms.  Critically, MLOE 

[145], incorporating microscopy-based methods, MMM, and electrochemical techniques was 

employed to gain a holistic understanding of the underlying corrosion mechanisms. 
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4.2 Results 

Throughout the 28 days, the abiotic media had no visual changes, and the CS coupons maintained 

their silver-grey metallic lustre appearance.  The sterile abiotic reactor MB media was orange/pink 

in colouration with no apparent turbidity.  However, after inoculation of the biotic reactor MB 

media, a black surface film was evident on the steel coupons (day 1), with a low level of turbidity.  

After the flow of fresh MB media was started on day 4, over the following days up to day 7, black 

particulates in the MB media started to precipitate at the reactor bottom, with the bulk media being 

green in appearance.  After two weeks, there was a visible surface crust at the MB interface, and 

the media was black in appearance with high turbidity.  Over the following two weeks, up to 28 

days, the biotic media was dark green/black in colouration.  Upon dismantling of the reactors on 

day 28, and retrieval of the coupon rods, there was a significant difference in the coupon 

appearances, see Appendix C Figure C3.  The abiotic surfaces had no apparent corrosion products.  

Whilst the biotic surfaces were covered with a thick slimy biofilm with a dark green/black granular 

deposit.   

Sulphide microsensor.  Figure 4.1 shows the aqueous H2S concentrations monitored in the 

abiotic and the biotic anaerobic MB media over the test duration.  For the sterile abiotic condition, 

there was a generally low H2S concentration (mean: 5.1 µmol L–1).  Whereas for the biotic condition, 

the H2S concentration drastically increased after the flow of fresh MB media on day 3, to a 

maximum of 523.4 µmol L–1, before ultimately decreasing to similar levels detected for the abiotic 

media after two to three weeks.  DO concentrations measured on day 28 were: 4.6 ppm in the 10 

L media containers, 0.5 ppm in the abiotic and 0.0 ppm (below the limit of detection) in the biotic 

reactor. The pH was not measured on completion of the experiment. 
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Figure 4.1.  Aqueous sulphide measurements (SULF, µmol L–1) for the abiotic and biotic conditions over 28 
days (nb. measured the anaerobic MB media in situ adjacent to corroding UNS G10180 carbon steel). 

Carbon steel surface analysis.  Appendix C Figure C4 shows the CS surfaces on day 0.  

Appendix C Table C5 summarises the quantitative surface roughness profiles on both day 0 and day 

28.  Figure 4.2 shows the cleaned CS surfaces after 28 days, with biofilms and corrosion products 

removed to reveal the morphology of the surface degradation and to facilitate corrosion 

assessment.  Surface profilometry revealed that both abiotic and biotic anaerobic MB media led to 

localised pitting, with the biotic condition more extensively pitted.  The abiotic average pit depths 

were 39 µm and 31 µm, and average pit areas of 1212 µm2 and 1022 µm2
, for the AR and P coupons, 

respectively.  The biotic average pit depths were 38 µm and 41 µm, with the average pit areas of 

1571 µm2 and 1530 µm2, for the AR and P coupons, respectively.  Again, for this study a pit was 

classified as having a depth greater than 5 µm and an area greater than 650 µm2 [153].   

(a)

 

(b)

 

715 µm 542 µm 715 µm 542 µm 
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(c) 

 

(d)

 
Figure 4.2.  Three-dimensional optical surface profilometry of the cleaned UNS G10180 surfaces at day 28. 
AR coupons for: (a) abiotic and (b) biotic conditions; and P coupons for: (c) abiotic and (d) biotic conditions, 
after exposure to anaerobic MB media for 28 days. 

Figure 4.3a provides an evaluation of the CS coupons CR.  For the abiotic condition, there was 

a higher CR when compared to the biotic condition, though there was no significance.  Furthermore, 

when comparing between the two surface roughness types, AR and P coupons within each reactor, 

there was also no significance (n = 3).  According to the NACE SP0775-2023 assessment criteria, 

there was a high CR (between 0.13 and 0.25 mm y–1) in the abiotic and a moderate CR (between 

0.025 and 0.12 mm y–1) in the biotic (Figure 4.3a);  whilst a severe PR (> 0.38 mm y–1) was assessed 

for both the abiotic and biotic conditions (Figure 4.3b) [170]. 

Further analysis of the surface profilometries in Figure 4.2, allowed a quantitative 

determination of the PR Figure 4.3b and PD Figure 4.3c of the CS coupons.  For the biotic reactor, 

though there was a higher PR, although there was no significant difference evident between the 

abiotic and biotic conditions.  Though, PR is calculated based on the deepest pits.  Whilst PR had no 

significant difference, there was a significant increase in the incidence of pitting (P < 0.05).  There 

was an average PD of 3 pits mm–2 in the abiotic reactor for both AR and P coupons, with 15 pits 

mm–2 and 47 pits mm–2 in the biotic reactor, for AR and P coupons, respectively.  Again, there were 

no significant differences when comparing between the two surface roughness types within each 

reactor.  

(a) 

 

(b) 

 

(c) 

 
Figure 4.3.  Abiotic and biotic corrosion performance after exposure to anaerobic MB media for 28 days: (a) 
corrosion rate via gravimetric analysis and surface profilometry assessed (b) pit rate and (c) pit density (P < 

715 µm 542 µm 715 µm 542 µm 
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0.05 for the abiotic and biotic AR coupons, P <0.0001 for the abiotic and biotic P coupons, P < 0.0066 for the 
biotic AR and biotic P coupons), for the AR and P coupons. 

Corrosion product analysis.  Note for this study, no chemical analysis was performed on the 

corrosion products due to access to the XRD being unavailable as it was out of order.  Thus, the 

hypothesised presence of FeS was inferred from the literature.  For research chapters 5 and 6, this 

oversight was addressed by getting further training and utilising Raman spectroscopy and SEM-EDS. 

Electrochemical measurements.  Figure 4.4 shows the changes in Ecorr and Rp between the 

abiotic and biotic anaerobic MB media, for the UNS G10180 CS coupons.  The abiotic condition, 

Figure 4.4a, had a distinct +0.100 V increase in the Ecorr during the first three days that can be linked 

with the presence of a conditioning film (i.e., an adsorbed organic layer).  Generally, a pseudo-

steady state Ecorr was attained in the days following with some odd electronegative shifts.  

Conversely, for the biotic condition, there was a gradual electronegative shift in the Ecorr after the 

first day, until Day 9, after which Ecorr steadily increased by +0.070 V to around -0.610 V on Day 28.  

The potential for the abiotic condition in the latter stages was generally around -0.610 V vs. Ag/AgCl 

too. 

 In Figure 4.4b the LPR derived Rp remained low at approx. 300 Ω cm2 for the sterile abiotic 

condition.  Whereas there was a gradual increase for the biotic condition over the 28 Days, with Rp 

ranging between 5000 and 40000 Ω cm2.  The pioneering bacterial attachment/colonisation, biofilm 

formation and growth kinetics will lead inevitably to a more complex electrochemical response. 

Overall, there were no significant differences when comparing between the two surface 

roughness’s (AR and P) within both the abiotic and biotic reactor environments. 

(a)

 

(b)
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Figure 4.4.  LPR data for UNS G10180 carbon steel: (a) open-circuit potentials and (b) polarisation resistance 
in anaerobic MB media (abiotic and biotic conditions), for AR and P coupons (data points represent mean ± 
standard deviation, n = 3).  Reactor stirrer at 50 rpm. 

 Figure 4.5 shows the EIS data for UNS G10180 CS in the anaerobic MB media presented in 

three forms: Nyquist, Bode phase angle and Bode impedance modulus plots.  The sterile abiotic 

condition on Day 1 has a depressed Nyquist semicircle and phase angle close to zero, which is 

indicative of a resistive response.  However, on the subsequent days up until Day 28 the abiotic 

condition exhibits a typical electrochemical response for the formation of a porous interface, with 

diffusion of soluble electroactive species across an organic conditioning film [207].  The diffusive 

behaviour is associated with linear features having a roughly 45° slope (a Warburg impedance 

response) and phase angles close to 40° in low frequency region (10–2 – 100 Hz), see Fig. 4.5a and 

4.5c.  The abiotic impedance spectra shift towards lower frequencies (10–2 – 100 Hz), with a 

combined diffusive/resistive behaviour.  The biotic condition had a consistently uniform EIS 

response over the 28 day test, with only minor variation in the spectra and suggests the absence of 

significant detectable electrochemical changes with time.  On Day 1 there is a more 

capacitive/diffusive behaviour which relates to the well-established double-layer concept (i.e., 

interfacial charge distribution) and diffusion of electroactive species.  Subsequently, there are no 

discernible Nyquist semicircles (Fig 4.5b).  Here a wider low frequency region (10–1 – 102) is likely to 

be subject to a greater influence of adsorption processes, associated with the adhesion of the 

pioneering bacteria on a conditioning film [215, 216] and biofilm formation.  

The EIS spectra were fitted using an ECM shown in Figure 2.4.  Both the abiotic and biotic 

data generally had a good fit, with the quantitative fitting results shown in Appendix C Table C6.   

(a) – Abiotic 

 

(b) – Biotic
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(c) – Abiotic

 

(d) – Biotic 

 
(e) – Abiotic 

 

(f) – Biotic 

 
Figure 4.5.  EIS data for UNS G10180 carbon steel in anaerobic MB media at OCP: (a, b) Nyquist, (c, d) Bode 
phase angle (θ vs. f), and (e, f) Bode impedance modulus (|Z| vs. f) over 28-days. (n = 3).  Reactor stirrer at 50 
rpm. 

For the abiotic control, there is initially a diffusive behaviour over the first week with a 

diffusive/resistive behaviour over the final three weeks in the film layer. Whilst there was initially a 

resistive behaviour over the first week in the double layer with a capacitive behaviour over the final 

three weeks, which reflects the accumulation of charge.  The thin layer of ions that contacts the 

electrode surface serves as a dielectric, insulating the surface.  The exponent parameter in the 

double layer reflects ideal capacitance over the final three weeks, which is indicative of a more 

prominent capacitive component.  Rfilm has a large shift on Day 14 and again on Day 28, which 

indicates high Rp. There are no significant changes in Rct.  For the biotic test reactor, there is a 

capacitive behaviour in both the film layer and double layer due to the presence of the biofilm.  

There are no significant changes in the Rct in the double layer over time.  The exponent parameter 
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for the film layer is greater than 0.8 at most time points, which indicates non-ideal capacitance.  

This is true for the first two weeks in the double layer.  However, during the final two weeks of the 

experiment, the exponent parameter is equal to 1 for the AR coupons in the double layer, which 

indicates an ideal capacitive behaviour.  Whilst the exponent parameter is indicative of a diffusive 

behaviour for the P coupons on Days 12 and 21, with a more capacitive behaviour by Day 28.  This 

may reflect differences in biomass of the biofilm associated with biofilm attachment and growth. 

The ECM and EIS both have general agreement with the LPR data. 

  
Figure 4.6.  Potentiodynamic polarisation curves for the abiotic and biotic AR and P, UNS G10180 carbon 
steel coupons, at ambient temperature after exposure to anaerobic MB media for 28 days. Scan rate of 0.5 
mV s–1 and reactor stirrer at 50 rpm. Dissolved oxygen levels were 0.5 ppm (abiotic) and 0.0 ppm (biotic), 
at Day 28. 

 
 

Figure 4.6 shows the potentiodynamic polarisation curves for UNS G10180 for the abiotic 

and biotic reactors in anaerobic MB media after 28 days.  Table 4.1 shows the corrosion parameters 

obtained from the polarisation curves.  From the Tafel slopes, there is a decrease in cathodic current 

(reduction) for the biotic condition. The abiotic condition has an increased cathodic current which 

indicates a greater accumulation of charge.  Conversely, the anodic Tafel slopes (oxidation) are 

greater in the biotic compared to the abiotic media.  Thus, after 28 days the biofilm hindered the 

iron dissolution reactions.  Overall, the abiotic condition had a higher jcorr compared to the biotic 

condition.  This is consistent with the more uniform corrosion morphology seen for the abiotic 

coupon surfaces, see Figure 4.2.  Both conditions exhibited similar Ecorr on Day 28.  The polarisation 

results corroborate the LPR and EIS data, with no significant differences when comparing between 

the two surface roughness types within each reactor.   
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Table 4.1.  Fitted electrochemical parameters from polarisation curves; comparison between the abiotic and 
biotic AR and P UNS G10180 carbon steel coupons after exposure to anaerobic MB media for 28 days. 

 Coupon jcorr / µA cm 
– 

2 
 

Ecorr vs. 
Ag/AgCl / V 

βa (mV dec
-1

) βc (mV dec
-1

) 

Abiotic 
AR 22.4 ± 20.1 -727 ± 3 157 ± 52 268 ± 67 

P 15.7 ± 2.49 -720 ± 4 125 ± 12 266 ±39 

Biotic 
AR 0.44 ± 0.22 -710 ± 15 213 ± 52 38 ±11 

P 0.70 ± 0.33 -727 ± 7 276 ± 54 54 ± 15 

 

Biofilm characterisation.  CLSM with differentiation of live and dead biofilm cells was 

performed and can be found in the supplementary material Appendix C Figure C7.  The 

heterogeneous biofilm distribution over the surface of the CS coupons did not allow measurements 

of the maximum biofilm thickness.  Therefore, the biofilm thickness was not determined.  It was 

also difficult to identify significant differences in the structure and distribution of live and dead cells 

in the biofilms across the two surface roughness types, AR and P coupons, within the biotic reactor.  

In general, both surfaces had similar live and dead cell ratios (approximately 91% live to 9% dead).   

Active microorganism evaluation of the environmental marine sediment, the initial and final 

biotic MB media planktonic samples (Day 0 and Day 28), and the biotic AR and P biofilms, was 

undertaken via 16S rRNA amplicon sequencing with two target region, V3-4 for bacteria and 

archaea.  A total of 2,398,327 high-quality sequences were obtained after bioinformatics processing 

of the raw reads.  From these, 95.9% was classified for the sediment sample with 99.99% classified 

for the Day 0 and Day 28 planktonic samples, AR and P biofilm samples.  These sequences were 

taxonomically classified into microbial genera.  The top 25 microbial genera are presented in 

Appendix C Table C8 in the supplemental material. Appendix C Figure C7 summarises the 

sequencing data, showing a PCA (a) and a stacked bar plot (b) illustrating the relative abundances 

for the top 25 genera.  Molecular identification of the microorganisms showed that the initial 

sediment sample had a very diverse microbial composition.  Most genus had low relative 

abundances less than 2%. The dominant genera included Sulfurovum, Desulfuromonas, Candidatus 

Prometheoarchaeum, Desulfosarcina, Thiohalobacter and Candidatus Methanoplasma which 

made-up approximately 33% of the total relative abundance.  Interestingly, there were relatively 

high numbers of archaea in the sediment sample compared to the other samples.  The sediment 

sample had low or negative Spearman correlation coefficients (Appendix C Figure C9) with the other 
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samples which was attributed to changes in conditions such as temperature, but primarily media 

composition which was selective for the enumeration of SRB.   There was much less diversity in the 

Day 0 sample, with Sulfurovum, Candidatus Prometheoarchaeum, Candidatus Methanoplasma, and 

Thiohalobacter all exhibiting lower relative abundances (<1%).  Whilst genera from Clostridium, 

Klebsiella, Escherichia, Paracabacteroides, Veillonella, Anaerotignum and Terrisporobacter made-

up approximately 60% of the relative abundance.  The relative abundances of Veillonella and 

Terrisporobacter were particularly high in the initial Day 0 planktonic sample but had lower 

concentrations for the Day 28 planktonic sample and both AR and P biofilms.  The Day 0 planktonic 

had negative Spearman correlation coefficients with the sediment and Day 28 planktonic samples 

but had approximately 50% Spearman correlation coefficients with both AR and P biofilms.  After 

28 Days, there was a substantial shift in the microbial composition, with substantially lower 

abundances of methanogenic species.  Desulfovibrio was the dominant genera, with a relative 

abundance of approximately 32%.  Parabacteroides, Sulfurospirillum, Salmonella and Enterobacter 

made-up approximately another 23% of the relative abundance.  Again, the Day 28 planktonic had 

low or negative Spearman correlation coefficients with the sediment and Day 0 planktonic samples 

but had approximately 50% Spearman correlation coefficients with both AR and P biofilms.  The 

Day 28 planktonic sample had a Spearman correlation coefficient of 0.17 with the sediment sample, 

–0.10 with the Day 0 planktonic sample and 0.45 with both biofilm samples.  Both biofilm samples 

exhibited similar microbial populations on both the AR and P coupons.  The relative abundances of 

Desulfovibrio increased further to approximately 55% and 53% for both AR and P biofilms 

respectively. Sulfurovum, Candidatus Prometheoarchaeum, Candidatus Methanoplasma, and 

Thiohalobacter which were the dominant genera from the sediment sample all had lower relative 

abundances (<1%) in the biofilm samples and Day 28 planktonic sample.  Both biofilm samples were 

similar, with a Spearman correlation coefficient of 0.99.  Other genera with relatively high 

abundances included Clostridium, Klebsiella, Escherichia and Paracabacteroides making up 

approximately 13% of the relative abundance.  There were no methanogenic archaea in the biofilm 

samples. 

 

 

(a) 
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(b) 

  
Figure 4.7.  Principal Component Analysis biplot (a); Microbial community. The results show the mean relative 
abundances of microbial communities classified at the genus level, for the top 25 genera, from 16S rRNA 
amplicon sequencing (b); for environmental marine sediment, Day 0, and Day 28 planktonic samples, AR and 
P biofilm samples after exposure to anaerobic MB media for 28 days. 
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The microbial activity was determined by the ATP concentrations (dissolved and total, dATP 

and tATP, respectively) in both the bulk fluid and biofilms, see Figure 4.8.  For the biotic MB media 

(bulk fluid), there was a significant change (P < 0.05) in the dATP concentration when comparing 

Day 0 and Day 28, with dATP values increasing on the order of 10 pg mL–1.  Also, for the biotic 

condition there was a significant change (P < 0.05) in the concentration of tATP over the surface of 

the CS coupons (tATP of about 100 pg mL–1), when comparing between the two surface roughness 

types within each reactor. 

 

(a) 

 

(b) 

 
Figure 4.8.  (a) Dissolved ATP (dATP) concentrations comparing the anaerobic MB media taken on Day 0 and 
Day 28 (P < 0.05) and (b) Total ATP (tATP) concentration comparing the biofilm of the AR and P coupons (P < 
0.05), from the biotic condition, after exposure to anaerobic MB media for 28 days. 

4.3 Discussion 

Figure 4.9 provides an illustration of the initial stages for UNS G10180 CS in anaerobic abiotic MB 

media and the proposed corrosion mechanisms during the initial stages, and as they evolved over 

time during this present study.  For this study, the abiotic surfaces were observed to have no 

apparent corrosion film upon retrieval, only minimal loose deposits were present.  Moreover, there 

was no apparent turbidity within the abiotic reactor itself.  As stated earlier, the abiotic condition 

exhibited a typical electrochemical response for the formation of a porous interface, with diffusion 

of soluble electroactive species across an organic conditioning film [207].   

 



Chapter 4 

103 

 

Abiotic Biotic 

(a) 

 

(b) 

 
(c) 

 

(d) 

 
(e) (f) 
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Figure 4.9.  Schematic of the initial stages for UNS G10180 carbon steel in anaerobic abiotic ATCC 1249 MB media. Corrosion mechanisms, (a, b) the formation of nascent inorganic corrosion 
film and the organic conditioning film with pioneering bacterial attachment; (c, d) general absence of a maturing corrosion film under the abiotic condition with a prolonged period of 
charge accumulation; whilst there was sustained biofilm growth and colonisation for the biotic condition (e, f) moderate uniform and pitting corrosion for both conditions; under patchy 
corrosion deposits and a thick slimy biofilm with black granular deposits for the biotic condition.  BioRender.com (2024).  
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Though, the absence of any inorganic corrosion products would indicate that the primary 

abiotic corrosion mechanism was the HER.  Figure 4.9 also illustrates the proposed biotic reaction 

mechanisms during the initial stages of biofilm formation, and as they evolved over time on CS. 

Abiotic reactor: - Over the first three days, the abiotic condition exhibited anodic polarisation 

until reaching a pseudo-steady state.  The MB media contains many organic substrates, which will 

have adsorbed onto the electrode surface forming a conditioning film.  From the ECMs, there is 

initially a diffusive behaviour over the first week.  Moreover, there was initially a resistive behaviour 

over the first week in the double layer.  The thin layer of ions that contacts the electrode surface 

serves as a dielectric, insulating the surface.  Subsequently, there was a diffusive/resistive 

behaviour over the final three weeks in the film layer.  The abiotic condition exhibits a typical 

electrochemical response for the formation of a porous interface, with diffusion of soluble 

electroactive species across an organic conditioning film [207].  Additionally, the exponent 

parameter in the double layer reflects ideal capacitance over the final three weeks, which is 

indicative of a more prominent capacitive component.  The abiotic condition had an increased 

cathodic current which indicates a greater accumulation of charge.  Generally, there was a 

moderate level of uniform corrosion of the steel surface for the abiotic media, which was consistent 

with the electrochemistry data.  Interestingly, the abiotic surfaces had no apparent corrosion 

products upon retrieval.  For the sterile abiotic condition, there was also generally a low H2S 

concentration. 

Biotic reactor: - Under biotic conditions, there was a gradual electronegative shift in the 

Ecorr after the first day, until Day 9.  This can be attributed to the initial attachment of 

microorganisms and subsequent biofilm formation on the steel surface [197].  A small decrease in 

Rp was observed after the initial 3 day batch phase was ended, and the flow of fresh media began.  

However, there was generally a gradual increase in Rp over the 28 Days.  This was attributed to 

increasing sessile cell density within the biofilm.  For the biotic reactor, there was a consistently 

uniform EIS response over the 28 day test.  This suggest that there was an absence of significant 

detectable electrochemical changes with time.  From the ECMs, there was a capacitive behaviour 

in both the film layer and double layer due to the presence of the biofilm.  A more 

capacitive/diffusive behaviour was initially observed on Day 1.  This is associated with the adhesion 

of the pioneering bacteria on a conditioning film and biofilm formation [215, 216].  Yet, over time 

there were no significant changes in the double layer.  The film layer was behaving as a non-ideal 

capacitor at most time points.  This was also true for the first two weeks in the double layer.  

However, during the final two weeks of the experiment, there was some ideal capacitance 
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behaviour specifically for the AR coupons.  Conversely, there was a more diffusive behaviour for 

the P coupons after two to three weeks, with the capacitive behaviour only observed after four 

weeks.  This may reflect differences in biomass of the biofilm associated with biofilm attachment 

and growth.  Upon dismantling of the reactors on day 28, the biotic coupon surfaces were covered 

with a thick slimy biofilm but lacked the presence of a protective corrosion film.  Instead, there 

were fine granular deposits with a dark green/black appearance, which is associated more with 

CMIC than EMIC.   

Surface profilometry analysis further highlighted the impact of the biofilm on the CS 

surfaces. Generally, the shape and pit morphology were different in coupons exposed to biotic 

conditions compared to abiotic conditions.  This difference was more pronounced when comparing 

the P coupons exposed to the biotic condition.  Further, in this study there was a significant 

difference when comparing between the two surface roughness types under the biotic condition.  

Again, the P coupons exhibited a significantly greater PD compared to the AR coupons.  The 

interactions between a surface and a bacterial cell have been shown to follow the principles of 

colloidal physics described by the DLVO theory [5].  Depending on the topographical features and 

nanostructure of the material surface, the actual contact area of the material surface with the 

bacterial cell can either be increased or decreased [5].  It is hypothesised that the AR coupons would 

have a greater surface area than the P coupons, and thus allow for greater surface attachment of 

sessile cells.  Subsequently, this would translate to an increased incidence of pitting.  However, in 

this present study the opposite was true.  A more in depth analysis of the nanostructure of the 

coupon surfaces is therefore necessary to get a better understanding.  Initially, it was hypothesised 

that the deterioration observed in this present study is primarily a result of CMIC, rather than EMIC 

due to the activity of the biofilm and the availability of lactate.  CMIC of Fe0 by H2S from microbial 

SO4
2− reduction has been shown to occur when organic substrates are available [25].  

Analysis of the community dynamics revealed a marked change in the predominant relative 

abundances of microorganisms.  The dominant genera from the sediment sample were generally 

anaerobic, halophilic, and obligately chemolithoautotrophic, obtaining energy by oxidizing 

inorganic compounds.  However, the dominant genera from the planktonic samples taken from the 

bulk fluid were generally facultative anaerobes known to be chemoheterotrophic, utilising organic 

compounds, such as lactate, through fermentation.  The relative abundances of Veillonella and 

Terrisporobacter were particularly high in the initial Day 0 planktonic sample but had lower 

concentrations after 28 Days.  Veillonella spp., are known to require lactate for growth as they are 

unable to metabolise normal dietary carbohydrates [252].  Another microorganism of interest from 

the Day 0 planktonic sample was Clostridium.  Clostridium spp., have genes for EET and/or 

demonstrated EET capabilities [253, 254].  Isolates are typically fermentative electrotrophs that 
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produce organic acids from fermentable substrates [29].  The MB media, for the enumeration of 

SRB, clearly had a large impact on the community dynamics.  After 28 Days, there were significantly 

lower relative abundances of methanogenic species.  This can be attributed to the MB media, 

selective for the enumeration of SRB species.  Methanogens and SRM are known to compete for 

energy sources, with SRM outcompeting methanogens in sulphate-rich environments [237].  

Predictably, SRB were the dominant genera in both the day 28 bulk fluid and biofilm samples.  

Desulfovibrio was the dominant genera, and both biofilm samples exhibited similarly high relative 

abundances.  Generally, the microbial populations on both the AR and P coupons were very similar.  

Desulfovibrio is a recognised electroactive corrosive microorganism, found in electromicrobiomes 

on the corroding surface of Fe0- containing metals under anaerobic conditions.  Desulfovibrio can 

extract electrons from the metallic Fe0 in structural materials to support anaerobic respiration [29].  

Fe0 oxidation may be coupled to the reduction of electron acceptors that commonly support 

anaerobic respiration [255].  Electroactivity within mixed-species biofilm communities is an 

important process.  Electroactivity, between fermentative electroactive bacteria (FEB) and 

respiratory electroactive bacteria (REB), enables food chains to be established.  These electroactive 

microorganisms cooperate to oxidise organic compounds to CO2 with the reduction of Fe3+ [29].  

However, this proposed direct Fe0- to- microorganism electron transfer has not been rigorously 

demonstrated in the literature, with limited examples [256, 257].  Understanding the role of EET in 

corrosion is critical. 

 
Figure 4.10.  Schematic overview of key reactions for both abiotic and biotic conditions involved in metal 
corrosion.  Abiotic reactions were associated with the hydrogen evolution reaction, as there was a general 
lack of a corrosion film.  Biotic reactions were associated with both EMIC and CMIC.  BioRender.com (2024). 

Naturally, for the biotic condition, with MB media for the enumeration of SRB, the 

prevailing corrosion mechanisms were both EMIC and CMIC.  Figure 4.10 illustrates the proposed 

abiotic and biotic reaction mechanisms.  Initially, CMIC may have been the dominant corrosion 
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mechanism when H2S concentrations were high and organic substrates were more readily available 

[35].  Over the first week, there was a relatively high H2S concentration, which gradually decreased 

to similar levels observed in the abiotic reactor after two to three weeks.  During this time visible 

black particulates could be seen settling at the bottom of the reactor.  After two weeks, there was 

a visible crust on the surface of the MB media.  Moreover, the media was black in appearance with 

increased levels of turbidity.  EMIC, via the direct uptake of electrons from the metal surface [25], 

may have been the primary corrosion mechanism during this period.  The increased turbidity was 

attributed to a combination of increased Fe2+ ions and fine suspensions of FeS produced in the 

bulk fluid rather than as a film on metal surface.  This was due to the presence of a thick biofilm 

which covered a greater surface area than corrosion products on the metal surface.  Additionally, 

the decreasing concentration of H2S may also be attributed to the large headspace within the 

reactor system.  A large headspace has been shown in other studies to allow for more H2S to escape 

from the bulk fluid.  In turn, the environment within the bulk fluid becomes less cytotoxic further 

supporting biofilm growth [35].  This could have also contributed to a lack of FeS passivation on the 

metal surface.  Conversely, the concentration of H2S is likely higher under the biofilm compared to 

the bulk fluid due to cell density.  Furthermore, the biofilm is a diffusion barrier that slows down 

the escape of H2S.  Thus, CMIC could still be a contributing factor to localised pitting corrosion.  

However, organic substrates are likely at lower concentrations under the biofilm.  Based on visual 

observation of the coupons taken from the biotic condition, there was an inorganic corrosion 

product on the metal surface, but there were also distinct dark green/black granular deposits 

present.  EMIC by SRB is characterised by the formation of large amounts of inorganic corrosion 

products [25].  However, the biotic surfaces were covered with a thick slimy biofilm.  

In sulphate-containing anoxic environments, previous studies have demonstrated that 

CMIC and EMIC are the likely primary processes that drive Fe0 corrosion [25].  However, 

determining the relative contributions of EMIC and CMIC in different anoxic environments is 

challenging.  Moreover, there are certain situations in which SRB-induced biocorrosion can be 

further exacerbated [25].  For example, ingress of molecular O2 [258, 259, 260] into previously 

anoxic systems can lead to the formation of highly corrosive sulphur species from the partial 

oxidation of dissolved H2S and biogenic FeS deposits on steel surfaces [261, 262].  CMIC and EMIC 

produce corrosion products with inherently different relative amounts of sulphidic (containing H2S, 

HS−, S2−) and non-sulphidic iron.  FeS are the characteristic products of SRB-induced corrosion 

[25].  While CMIC produces FeS as the sole mineral product, FeS has been found to account for only 

about 25% of the total iron minerals formed by the EMIC mechanism [35, 184].  Biogenic dissolved 

H2S have been shown to be a key determining factor in whether CMIC or EMIC are the primary 

corrosion mechanism [35].  It was hypothesised that direct electron uptake via EMIC rather than 



Chapter 4 

109 

 

biogenic H2S metabolites produced via CMIC was the primary corrosion mechanism during the later 

stages of this study [35].  There have been several studies performed with pure laboratory-grown 

SRB cultures that have reported lower CRs in media with organic electron donors [263, 264, 265, 

266].  Similarly, these studies have speculated that the presence of microorganisms capable of EMIC 

play a critical role in MIC.  EMIC is hypothesised to be a widespread mechanism amongst corrosive 

microorganisms [219, 251].   

The presence of biogenic FeS appears to also play a central role in CMIC and EMIC.  

Newman et al. stated that formation of a protective FeS film usually occurs at high concentrations 

of dissolved H2S which exceed the concentration of dissolved Fe2+ ions at the unreacted metal 

surface [267].  The presence of biogenic FeS may hinder further Fe0 corrosion.  The formation of a 

tightly adherent FeS film on the metal surface may act as a passive layer [267, 249].  Such films act 

as an effective process barrier by impeding the diffusion of Fe2+ ions from the metal anode to the 

aqueous environment [25, 267].  Several studies have observed impediment of the anodic half-

reaction in cultures of SRB grown in the presence of organic substrates [244, 268, 269].  However, 

in organic matter-free cultures, where the predominant corrosive mechanism is EMIC, no significant 

slowdown of corrosion due to crust formation has been observed to date [25].  Enning et al. 

demonstrated that the bulky black crusts formed through EMIC are electrically conductive [219].  

Electrons can flow from the corroding Fe0 through the electroconductive mineral crust to the crust-

attached cells reducing SO4
2− [25, 219].  Yet, disruption of the FeS film can occur.  CMIC has been 

demonstrated in lactate-based media with high concentrations of Fe2+ salts, to prevent the 

formation of the protective FeS film and instead deposit fine suspensions of the mineral on the 

metal [25, 270].  Rupture of the FeS film and local re-exposure of metallic Fe0 subsequently results 

in rapid pitting corrosion.  Understanding the relative contributions of EMIC and CMIC within mixed-

species biofilms is critical, as given the dual role of FeS films in corrosion, resulting CR in sulphidic 

SRB cultures can vary significantly. 

4.4 Summary 

This protocol is designed to improve predictive measures by utilising a multidisciplinary approach 

and MLOE to thoroughly investigate the complexities of biofilm formation and the mechanisms that 

initiate MIC.  The study employed a novel dual bioreactor system to explore the development of 

MIC on UNS G10180 CS in anaerobic MB media, focusing on the enumeration of SRB using a marine 

sediment as the inoculum. 
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• The environmental conditions in this study supported continuous biofilm growth.  

Electrochemical methods were concurrently employed to identify the onset of biofilm 

attachment and formation, as well as to assess the biofilm's impact on the surface of the 

CS coupons. 

• Surface profilometry in this study revealed that biotic conditions resulted in a significantly 

higher PD (P < 0.05 for abiotic and biotic AR coupons, P < 0.0001 for abiotic and biotic P 

coupons, P < 0.0066 for biotic AR and biotic P coupons) with deeper and larger pits 

compared to sterile abiotic conditions. 

• Additionally, biofilm characterisation through sequencing indicated a significant increase in 

SRB, particularly the electroactive and corrosive Desulfovibrio spp., within the biofilm.  This 

microorganism plays a crucial role in EET, a key process in MIC. 

These findings contribute to a deeper understanding of the relative contributions of EMIC 

and CMIC within a mixed-species biofilm. Identifying the microbial mechanisms that drive the 

corrosion of CS under anoxic conditions at the metal/electrolyte interface is essential, as CRs in 

sulphidic SRB cultures can vary widely.  By employing MLOE, a comprehensive understanding of the 

role SRB play in MIC can be developed.  In turn, this can inform the design of more sustainable 

prevention and mitigation strategies. 
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Chapter 5 Investigating the effects of produced water on 

anaerobic marine biofilm formation and 

microbiologically influenced corrosion of UNS 

G10180 carbon steel 

5.1 Introduction 

The formation and behaviour of biofilm communities in oil and gas systems, particularly those 

involving CS surfaces in contact with PW, is a critical area of study due to its implications for material 

and infrastructure integrity.  The presence of certain types of microorganisms can contribute to 

infrastructure complications, such as corrosion, souring, and biofouling [219, 271].  While some 

metal loss is expected and accounted for during the design of the infrastructure, higher rates of 

corrosion, unless detected and mitigated early, can necessitate costly repairs or replacements 

[272].  PW is one of the most common sampling sources within oilfield systems but is often 

characterised by low biomass and diversity [273].  Moreover, environmental samples are 

notoriously difficult to culture using standard laboratory techniques.  This is because PW typically 

contains a diverse and complex mixture of organic compounds, including hydrocarbons and organic 

acids.  Whereas, PW does not contain rich carbon sources, including amino acids, peptides, and 

sugars.  Thus, simulating the environmental conditions of an offshore system within the laboratory, 

whilst supporting growth of environmental cultures, can be challenging.  Consequently, laboratory 

studies on biofilms have typically been conducted under simplified conditions.  However, there is a 

need to replicate the complex environmental parameters of offshore systems more closely to 

ensure the relevance of findings and any mitigation strategies employed.   

MIC is notoriously difficult to detect and monitor within industry.  Despite the advent of 

molecular tools and improved microbial monitoring strategies for oil and gas operations, specific 

underlying MIC mechanisms in pipelines remain largely enigmatic [272].  Consequently, MIC is a 

particularly difficult corrosion mechanism to manage.  Oilfield systems contain multiphase fluids, 

including crude oil, gas, as well as PW [274].  This multifaceted ecological niche consists of many 

undetermined thermophilic and mesophilic archaea/bacteria [274].  These uncharacterised 

microorganisms may metabolise organic and inorganic compounds in the crude oil and metal 

pipelines under extreme environmental conditions [275, 276].  Moreover, these microbial 

communities have the potential to change the redox chemistry within oilfield systems [277, 278].  
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Furthermore, PW may also contain high concentration of minerals, such as Cl− and SO4
2−, which 

may influence the community dynamics within the biofilm.  This will impact initial biofilm formation 

and influence the predominant microbial metabolisms present.  Therefore, any MIC processes at 

the interface of the biofilm and the metal surface will be affected [278, 279, 280].   

 The most common corrosion mechanisms reported in oilfield systems are linked to H2S 

and/or CO2 acid gases.  These gases readily dissolve into PW, resulting in aqueous corrosive 

environments [272].  However, these are abiotic corrosion mechanisms.  Abiotic corrosion 

mechanisms, such as acid gas corrosion, can be modelled in silico [281] or alternatively, they can 

be simulated in laboratory reactors [282] to understand the rates of metal loss expected under 

specific field conditions.  This is critical for industry, as field conditions such as flow rate, 

temperature, water chemistry, and partial pressure of acid gases will all impact reported CRs [272].  

Additionally, laboratory testing of abiotic corrosion mechanisms provides a robust approach for 

testing the efficacy of different mitigation strategies.  Conversely, biotic corrosion mechanisms have 

not been adequately modelled within the laboratory for mixed-species biofilms from an industrial 

perspective.  Similarly, the efficacy of biocides, applied to control MIC, have also not been 

adequately modelled.  Thus, the development of such a model protocol is important for the 

effective management of MIC mechanisms.  Currently, field-based detection and monitoring is 

primarily employed for the effective management of MIC corrosion mechanisms [272].  

Microbiological assessment is routinely performed to detect the presence of MIC causative 

microorganisms and to evaluate the effectiveness of biocide treatments used to mitigate against 

MIC [144].  Though, by the time MIC is detected and diagnosed as the root cause, it may already be 

too late to effectively mitigate due to the recalcitrant nature of biofilms.   

 It is well documented that it is sessile microorganisms within biofilms that attach to metal 

surfaces which lead to electrochemical MIC processes.  Additionally, it is widely accepted that there 

are distinct phylogenetic groups such as IRB, SRB, and APB, which actively participate in MIC [274, 

283, 284, 285].  However, long-term studies on the influence of mixed-species biofilms on MIC in 

oilfield systems are limited.  Most laboratory studies on MIC are typically short- to medium-term, 

often focusing on specific aspects of the corrosion process, such as biofilm formation, CR, or the 

identification of corrosive microbial species.  While these studies provide valuable insights, they 

may not fully capture the long-term dynamics and cumulative effects of microbial corrosion, 

particularly under conditions that closely mimic real-world environments.  Recent studies from 

Elumalai et al. found that crude oil reservoirs were dominated by Proteobacteria, Actinobacteria, 

and Firmicutes classes [274, 286].  Proteobacteria biofilms have been associated with various types 

of corrosion, with Pseudomonas sp. being shown to form a thin biofilm with corrosion deposits and 

causing the reduction of Fe3+ to Fe2+ on the metal surface [287, 288].  Moreover, Proteobacteria 
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species have been reported to consume hydrocarbons as a nutrient source and have the proficiency 

to degrade aromatic hydrocarbons for their metabolic pathways [289].   

 Long-term studies are challenging to conduct due to the time, resources, and complexities 

involved in replicating the dynamic and multifaceted conditions found in oil and gas systems. 

However, the need for such studies is increasingly recognised, as they can provide more 

comprehensive data on how biofilms evolve over time, how microbial communities interact with 

materials, and how these interactions contribute to long-term corrosion processes.  Understanding 

these factors is crucial for developing effective mitigation strategies to protect infrastructure in the 

oil and gas industry.   

This study investigates the impact of these more realistic environmental conditions on 

natural mixed-species biofilm communities, aiming to provide deeper insights into their 

development, community dynamics, and potential to induce MIC within a novel dual bioreactor 

protocol that simulates offshore oil and gas environments.  By aligning laboratory conditions with 

those encountered in situ, this research seeks to bridge the gap between experimental and real-

world scenarios, ultimately enhancing the reliability of biofilm management strategies in the 

industry.  Importantly, utilising MLOE [145], the protocol incorporates a multi-disciplinary approach 

to gain a holistic understanding of biofilms and MIC.   

5.2 Results 

Over the initial three-day batch phase, the abiotic media was pink in appearance, and the coupons 

maintained the silver-grey metallic lustre of CS.  After the first week, the abiotic media was 

beginning to become cloudier, but it was not until Day 11 that the abiotic PW became orange-pink 

in colouration.  Similarly, over the initial three-day batch phase, the biotic coupons maintained the 

silver-grey appearance of the CS.  However, the PW quickly became dark green/black in colouration 

on Day 3.  After the flow of fresh PW media was started on day 4, the bulk fluid became pink in 

appearance.  Similarly, it was not until Day 11 that the biotic PW became orange-pink in colouration.  

Upon dismantling of the reactors on day 28, and retrieval of the coupon rods, there was a significant 

difference in the coupon appearances, see Appendix D Figure D.2.  Additionally, the appearance of 

the waste from the different reactor conditions was significantly different.  The abiotic waste media 

was orange-pink in colouration with reddish-brown granular deposits, whilst the biotic waste media 

was dark green/black in colouration.  The abiotic surfaces had the presence of a black corrosion 

product across the entire coupon surfaces, with some reddish-brown granular deposits.  Whereas, 

the biotic surfaces were only partially covered by a black corrosion product, with the presence of a 
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heterogeneous dark green/black biofilm.  The silver-grey appearance of the CS was also partially 

visible upon retrieval.   

Sulphide microsensor.  All values were detected as below zero, as such it was assumed that 

no H2S was present throughout the experiment.  Alternatively, the PW poisoned the microsensors.  

Nonetheless, both conditions experienced similar readings.  Unfortunately, DO concentrations 

could not be measured as the probe was not working.  However, the pH was measured on day 28 

for the media containers, waste containers and reactor systems.  All values recorded were between 

7.01 and 7.47. 

Carbon steel surface analysis.  Appendix D Figure D.3 shows the CS surfaces on day 0.  

Appendix D Table D.4 summarises the quantitative surface roughness profiles on both day 0 and 

day 28.  Figure 5.1 shows the cleaned CS surfaces after 28 days, with biofilms and corrosion products 

removed to reveal the morphology of the surface degradation and to facilitate corrosion 

assessment.  Surface profilometry revealed that there were low levels of uniform or localised pitting 

corrosion present for both the abiotic and biotic condition.  The abiotic average pit depths were 12 

µm, with an average pit area of 971 µm2 for any classified pits.  The biotic average pit depths were 

7 µm, with an average pit area of 1501 µm2 for any classified pits.  Again, for this study a pit was 

classified as having a depth greater than 5 µm and an area greater than 650 µm2 [153].   

(a) 

 

(b) 

 
(c) 

 

(d) 

 
Figure 5.1.  Three-dimensional optical surface profilometry of the cleaned UNS G10180 surfaces at day 28. 
AR coupons for: (a,b) abiotic and (c,d) biotic conditions, after exposure to anaerobic produced water media 
for 28 days. 
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(a) 

  

(b) 

 
Figure 5.2.  Abiotic and biotic corrosion performance after exposure to anaerobic produced water media for 
28 days: (a) corrosion rate via gravimetric analysis and surface profilometry assessed and (b) pit rate (P < 
0.05), for the AR coupons. 

 Figure 5.2a provides an evaluation of the CS coupons CR.  For the abiotic condition, 

there was a higher CR when compared to the biotic condition, though there was no significance.  

According to the NACE SP0775-2023 assessment criteria, there was a moderate CR (between 0.025 

and 0.12 mm y–1) in both the abiotic and biotic reactors (Figure 5.2a).  Whereas a moderate PR (0.13 

– 0.20 mm y–1) was assessed for the abiotic condition, with a low PR (<0.13 mm y–1) for the biotic 

condition (Figure 5.2b) [170].   

Further analysis of the surface profilometries in Figure 5.1, allowed a quantitative 

determination of the PR Figure 5.2b of the CS coupons.  For this study, it was not possible to 

quantitatively determine PD values, due to the general absence of pitting across the coupon 

surfaces upon retrieval after 28 days. 
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Figure 5.3.  SEM-EDS elemental mapping of the UNS G10180 carbon steel, AR surfaces, after exposure to 
anaerobic produced water media, taken on day 28. (a) SEM image; (b) iron map; (c) sulphur map; (d) oxygen 
map. 

Corrosion product analysis.  Figure 5.3 shows SEM-EDS elemental mapping of the UNS 

G10180 CS surfaces for both the abiotic and biotic conditions.  The images of corrosion products 

and biofilms attached to the metal samples demonstrate the heterogeneity of distribution over the 

surface.  Coupons exposed to the biotic condition were observed to exhibit greater surface 

coverage.  The SEM-EDS elemental maps are shown in Figure 5.3b – d.  The major elements 

detected in coupons exposed to all conditions were iron (Fe), sulphur (S), and oxygen (O).  Corroded 

areas of all coupons were mainly covered by Fe and O, with heterogeneous distribution of S.  A 

cross-sectional image of the corrosion products was not performed.   

Additional analysis of the corrosion products using Raman spectroscopy are shown in Figure 

5.4.  According to Raman bands of reference corrosion products in previous papers [290, 291, 292], 

the corrosion products are identified to be primarily mackinawite (bands 208, 282 cm–1) for both 

the abiotic and biotic condition.  There were also additional bands which may be attributed to 

sulphur, as well as reference iron oxide compounds such as magnetite, goethite (α − FeO(OH)), 

lepidocrocite, or hematite (α − Fe2O3).  The composition of this black compact layer was identified 

at mid-strong bands 250, 380, 1307 cm–1 associated with lepidocrocite.  Additionally, bands at 298, 

399, 481, 554, 675 and 1002 cm–1 have previously been shown to be associated with goethite, whilst 

bands at 222, 244, 298, 501, 615 and 1318 cm–1 are associated with hematite.  Magnetite has 

previously been shown to be associated with bands at 675 and 550 cm–1 [290, 291, 292].  The 

coverage of the metal sample with a black precipitate was indicative of the successful growth of 

corrosion products film containing FeS compounds.  The Raman spectrum of the sample is in good 

agreement with literature spectra attributed to mackinawite.  
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(a) - Abiotic

 
(b) - Biotic

 
Figure 5.4.  Raman spectra of the UNS G10180 carbon steel surfaces after exposure to anaerobic produced 
water media, taken on day 28. For the AR (a,b) abiotic and; (c, d) biotic condition. 
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Electrochemical measurements.  Figure 5.5 shows the changes in Ecorr and Rp between the 

abiotic and biotic anaerobic PW media, for the UNS G10180 CS coupons.  For the abiotic condition, 

Figure 5.5a, there was a swift increase of +0.040 V on Day 3 after the end of the batch phase.  This 

was subsequently followed by swift decrease of -0.050 V on Day 4.  This can be attributed to the 

flow of fresh PW.  Otherwise, there was a gradual +0.090 V electronegative shift in the Ecorr between 

days 4 and 28.  This can be linked with the presence of a conditioning film (i.e., an adsorbed organic 

layer) and the formation of inorganic corrosion product layer.  A pseudo-steady state Ecorr had not 

been attained after 28 days.  Similarly, for the biotic condition, there was a swift increase of +0.050 

V on Day 3 after the end of the batch phase.  This was subsequently followed by swift decrease of 

-0.030 V on Day 4.  Then, there was a gradual electronegative shift in the Ecorr, until Day 24.  After 

which, the Ecorr swiftly decreased by -0.040 V.  The potentials for both abiotic and biotic in the latter 

stages were generally similar and ranged between –0.610 V and – 0.670 V vs. Ag/AgCl.   

In Figure 5.5b the LPR derived Rp after Day 10 remained low at approx. 400 Ω cm2 for the 

sterile abiotic condition, indicative of a uniform corrosion across a porous corrosion film.  Similarly, 

for the biotic condition, the Rp remained low at approx. 400 Ω cm2.  The pioneering bacterial 

attachment/colonisation was difficult to detect for this study.  However, biofilm formation and 

growth kinetics will lead inevitably to a more complex electrochemical response.  Overall, there 

were no significant differences when comparing between the abiotic and biotic reactor 

environments. 

(a) 

 

(b) 

 

Figure 5.5.  LPR data for UNS G10180 carbon steel: (a) open-circuit potentials and (b) polarisation resistance 
in anaerobic produced water media (abiotic and biotic conditions), for AR and P coupons (data points 
represent mean ± standard deviation, n = 6).  Reactor stirrer at 50 rpm. 
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 Figure 5.6 shows the EIS data for UNS G10180 CS in the anaerobic PW media presented 

in three forms: Nyquist, Bode phase angle and Bode impedance modulus plots.  The sterile abiotic 

condition on Day 1 typifies an electrochemical response for the formation of a porous interface, 

with diffusion of soluble electroactive species across an organic conditioning film [207] and nascent 

inorganic corrosion product layer.  The diffusive behaviour is associated with linear features having 

a roughly 45° slope (a Warburg impedance response) and phase angles close to 45° in low frequency 

region (10–2 – 100 Hz), see Fig. 5.6a and 5.6c.  This electrochemical response did not really change 

over the 28 days.  Similarly, the biotic condition had a consistently uniform EIS response over the 

28 day test, with only minor variation in the spectra and suggests the absence of significant 

detectable electrochemical changes with time.  Notably, there are no discernible Nyquist 

semicircles (Fig 5.6b).  Here a wider low frequency region (10–1 – 102) is likely to be subject to a 

greater influence of adsorption processes, associated with the adhesion of the pioneering bacteria 

on a conditioning film [215, 216] and biofilm formation. 

The EIS spectra were fitted using an ECM shown in Figure 2.4.  Both the abiotic and biotic 

data generally had a good fit, with the quantitative fitting results shown in Appendix D Table D.6.  

For the abiotic control, there is a capacitive behaviour over the first week, with a diffusive behaviour 

over the final three weeks in the film layer (reflecting ion adsorption).  Whilst there was a diffusive 

behaviour in the double layer, which reflects charge transfer, due to the formation of corrosion 

products (rust, porous oxide layer).  The exponent parameter in the double layer reflects a non-

ideal capacitance, which is indicative of resistive and inductive parasitics, because of a more 

prominent resistive component.  Rfilm is relatively low over the 28 days, and there are no significant 

changes in Rct.  Similarly, for the biotic condition, there was a capacitive behaviour over the first 

week, with a diffusive behaviour over the final three weeks in the film layer.  Whereas there was a 

diffusive behaviour over the initial two week, followed by a capacitive behaviour over the final two 

weeks in the double layer.  This capacitive behaviour is attributed to the biofilm.  There are no 

significant changes in the Rct in the double layer over time.  The exponent parameter for the film 

layer is greater than 0.8 only on day 28, which indicates a non-ideal capacitance response.  This is 

true for the final two weeks in the double layer.  The ECM and EIS both have general agreement 

with the LPR data.   

 

 



Chapter 5 

121 

 

(a) – Abiotic 

 

(b) – Biotic 

 
(c) – Abiotic 

 

(d) – Biotic 

 
(e) – Abiotic 

 

(f) – Biotic 
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Figure 5.6.  EIS data for UNS G10180 carbon steel in anaerobic produced water media at OCP: (a, b) Nyquist, 
(c, d) Bode phase angle (θ vs. f), and (e, f) Bode impedance modulus (|Z| vs. f) over 28-days. (n = 6).  Reactor 
stirrer at 50 rpm. 

Figure 5.7 shows the potentiodynamic polarisation curves for UNS G10180 CS for the 

abiotic and biotic reactors in anaerobic PW media after 28 days.  Table 5.1 shows the corrosion 

parameters obtained from the polarisation curves.  From the Tafel slopes, there is a similar cathodic 

behaviour (reduction) when comparing the abiotic and biotic conditions, which is linked to the 

predominant HER under anaerobic conditions.  Conversely, the anodic Tafel slopes (oxidation) are 

greater, demonstrating almost limiting current densities, in the abiotic compared to the biotic 

media.  Overall, the abiotic condition had a higher jcorr compared to the biotic condition.  This is 

consistent with a more uniform corrosion morphology.  Similarly, the sterile abiotic condition had 

a more electropositive Ecorr when compared to the biotic condition.  The polarisation results 

corroborate the LPR and EIS data.   

  
Figure 5.7.  Potentiodynamic polarisation curves for the abiotic and biotic AR, UNS G10180 carbon steel 
coupons, at ambient temperature after exposure to anaerobic produced water media for 28 days. Scan rate 
of 0.5 mV s–1 and reactor stirrer at 50 rpm. 

 
Table 5.1.  Fitted electrochemical parameters from polarisation curves; comparison between the abiotic and 
biotic AR, UNS G10180 carbon steel coupons, after exposure to anaerobic produced water media for 28 days. 

 Coupons jcorr / µA cm 
– 2 

 
Ecorr vs. 

Ag/AgCl / V 
βa (mV dec

-1
) βc (mV dec

-1
) 

Abiotic AR 3.1 ± 0.8 -723 ± 23 240 ± 36 54 ± 7 

Biotic AR 0.7 ± 0.2 -748 ± 16 64 ± 2 51 ± 15 
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Biofilm characterisation.  CLSM with differentiation of live and dead biofilm cells was 

performed and can be found in the supplementary material Appendix D Figure D.7.  The 

heterogeneous biofilm distribution over the surface of the CS coupons did not allow measurements 

of the maximum biofilm thickness.  Therefore, the thickness of biofilms was not determined.  From 

the images captured, there was a live/dead cell ratio of approximately 87% live to 13% dead. 

 Active microorganism evaluation of the environmental marine sediment, the initial and final 

biotic PW media planktonic samples (Day 0 and Day 28), and the biotic AR biofilm, was undertaken 

via 16S rRNA amplicon sequencing with two target region, V3-4 for bacteria and archaea.  A total 

of 2,293,909 high-quality sequences were obtained after bioinformatics processing of the raw 

reads.  From these, 97.7% was classified for the sediment sample with 99.99% classified for the Day 

0 planktonic sample and 100% classified for the Day 28 planktonic sample and AR biofilm sample.  

These sequences were taxonomically classified into microbial genera.  The top 25 microbial genera 

are presented in Appendix D Table D.8 in the supplemental material.  Figure 5.8 summarises the 

sequencing data, showing a PCA (a) and a stacked bar plot (b) illustrating the relative abundances 

for the top 25 genera.  Molecular identification of the microorganisms showed that the initial 

sediment sample had a very diverse microbial composition.  Most genus had low relative 

abundances less than 2%.  The dominant genera included Sulfurovum, Candidatus 

Prometheoarchaeum, Desulfosarcina, Desulfuromonas and Thiohalobacter.  Interestingly, there 

were relatively high numbers of archaea in the sediment sample compared to the other samples.  

The sediment sample had negative Spearman correlation coefficients (Appendix D Figure D.9) with 

the other samples which was attributed to changes in conditions such as temperature and media 

composition from the natural marine environment.  There was much less diversity in the Day 0 

sample, with Sulfurovum, Candidatus Prometheoarchaeum and Thiohalobacter all exhibiting lower 

relative abundances (<1%).  Whilst genera from Vibrio, Methanococcoides, Apibacter, and 

Methanococcus made-up approximately 55% of the relative abundance.  Again, the Day 0 

planktonic sample had negative Spearman correlation coefficients with the other samples.  After 

28 Days, there was a substantial shift in the microbial composition, with substantially lower 

abundances of methanogenic species.  Conversely, there was a significant increase in 

Proteobacteria species.  Marinobacter, Pseudomonas, and Halomonas were the dominant genera 

making up approximately 80% of the relative abundance.  The Day 28 planktonic sample had a 

Spearman correlation coefficient of -0.43 with the sediment sample, -0.38 with the Day 0 planktonic 

sample and 0.89 with the AR biofilm sample.   
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(a) 
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(b) 

 

Figure 5.8.  Principal Component Analysis biplot (a); Microbial community. The results show the mean relative 
abundances of microbial communities classified at the genus level, for the top 25 genera, from 16S rRNA 
amplicon sequencing (b); for environmental marine sediment, Day 0, and Day 28 planktonic samples, and AR 
biofilms, after exposure to anaerobic produced water media for 28 days. 

The relative abundances of Vibrio decreased to approximately 1%, with the relative 

abundances of Methanococcoides, Apibacter, and Methanococcus also decreasing to lower values 

(<1%) in the AR biofilm.  Moreover, Sulfurovum, Candidatus Prometheoarchaeum, Desulfosarcina, 

Desulfuromonas and Thiohalobacter which were the dominant genera from the sediment sample 

all had lower relative abundances (<1%) in the biofilm sample.  The dominant genera included 

Marinobacterium, Pseudomonas, and Malaciobacter making up approximately 70% of the relative 

abundance. There were no methanogenic archaea in the biofilm sample. 

 

The microbial activity was determined by the ATP concentrations (dissolved, dATP) in the 

bulk fluid, see Figure 5.9.  The ATP assay did not measure any ATP from the biofilm sample.  The 

biofilm may have been loosely adherent to the coupon surfaces are may have been rinsed off during 

sample preparation.  For the biotic PW media (bulk fluid), there was a significant change (P < 0.05) 

in the dATP concentration when comparing Day 0 and Day 28, with dATP values of on the order of 
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100 pg mL–1.  As expected, there was a significantly greater ATP concentration for the biotic 

compared to the abiotic condition. 

  
Figure 5.9. Dissolved ATP (dATP) concentrations comparing the anaerobic produced water media, taken on 
Day 0 and Day 28 (P < 0.05). 

 
5.3 Discussion 

Case studies from offshore oilfield systems have consistently demonstrated that environmental 

factors such as temperature, salinity, O2 levels, and the composition of PW play a crucial role in the 

development of biofilms and the severity of MIC on CS surfaces [214].  These studies underscore 

the importance of implementing tailored corrosion management strategies that include regular 

monitoring, biocide application, material selection, and maintenance to mitigate the threat of MIC 

in offshore oil and gas operations.  However, there are limitations and challenges when testing in 

situ.  Offshore environments are often remote and difficult to access, making it challenging to 

collect samples and monitor corrosion processes over time.  Environmental variability, including 

changes in temperature, pressure, salinity, and flow rates can further complicate the identification 

of specific factors driving MIC.  Continuous long-term monitoring is essential to fully understand 

the dynamics of biofilm development and MIC in offshore systems.  However, maintaining long-

term studies in such harsh environments is challenging.  Consequently, this leads to a reliance on 

shorter-term studies that may miss important trends.  This can make it difficult to identify and 

characterise the full range of microorganisms involved in MIC, as well as understand their 

interactions.  These limitations underscore the need for more robust and innovative approaches to 

studying MIC using more realistic laboratory simulations of offshore environments.   
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Figure 5.10 provides an illustration of the proposed corrosion mechanisms for both the 

abiotic and biotic conditions during the initial stages, as they evolved over time during this present 

study.   

Abiotic reactor: - After the initial batch phase, there was a general electronegative shift 

associated with anodic polarisation for the abiotic condition.  A pseudo-steady state Ecorr had not 

been attained after 28 days.  PW often contains various organic compounds, including 

hydrocarbons and organic acids [293].  Additionally, PW typically contains inorganic compounds 

such as salts, minerals, and metal ions.  Both organic and inorganic substances can precipitate on 

metal surfaces, contributing to the formation of a conditioning film.  This film can affect the 

electrochemical properties of the steel surface, potentially making it more susceptible to corrosion 

or providing passivation.  From the EIS ECMs, there is initially a capacitive behaviour observed over 

the first week, which reflects ion adsorption and the development of a conditioning film (mixed 

organic and inorganic interfacial layer).  Subsequently, there was a diffusive behaviour during the 

final three weeks in the film layer.  Moreover, there was a diffusive behaviour in the metallic 

interface double layer, which reflects charge transfer, due to the formation of corrosion products.  

The primary corrosion product identified was mackinawite.  There were also additional bands which 

may be attributed to sulphur, as well as reference iron oxide compounds such as magnetite, 

goethite, lepidocrocite and hematite.  Additional analysis identified that corroded areas were 

mainly covered by Fe and O, with heterogeneous distribution of S.  Generally, there was a 

moderately low level of uniform corrosion of the steel surface for the abiotic media.   
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Figure 5.10.  Schematic of the initial stages for UNS G10180 carbon steel in anaerobic abiotic and biotic PW media. corrosion mechanisms, (a, b) the formation of nascent inorganic corrosion 
film and the organic conditioning film with pioneering bacterial attachment during the initial batch phase; (c, d) maturing corrosion film under the abiotic condition with reduced biofilm 
growth and colonisation under the biotic condition due to the limited availability of organic carbon; (e, f) moderately low uniform and pitting corrosion under patchy corrosion deposits 
and thin biofilm with increasing granular deposits.  BioRender.com (2024).  

Abiotic Biotic 
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Biotic reactor: - During the initial batch phase, where additional organics were available via 

supplementation with yeast extract in the pre-culture, an electronegative shift in the Ecorr was 

observed.  This can be attributed to the increased organics and/or biofilm formation on the CS, as 

the PW became dark green/black in colouration with visible black precipitates and increased 

turbidity.  However, once the flow of fresh media was initiated, there was a similar electronegative 

shift which was observed for the abiotic condition.  The potentials for both abiotic and biotic 

conditions in the latter stages were generally similar.  Additionally, the Rp was generally low for 

both conditions.  For the biotic condition, there is initially a capacitive behaviour observed over the 

first week, with a diffusive behaviour over the final three weeks in the film layer.  This was similar 

to the abiotic condition.  Whereas there was a diffusive behaviour over the initial two weeks, 

followed by a capacitive behaviour over the final two weeks in the double layer.  This capacitive 

behaviour may be attributed to a biofilm, which may cause diffusion limitations.  Likewise, the 

formation of corrosion products, which were primarily identified as mackinawite, will also be 

impacting the possible electrochemical reactions that are taking place at the interface of the 

metal/electrolyte.   

Surface profilometry analysis provided further insights and revealed that there were low 

levels of uniform or localised pitting corrosion present for both the abiotic and biotic condition.  

However, after 28 days, the biotic condition did exhibit pits with a greater average area.  This is 

characteristic of localised pitting caused by biofilms [232, 233].  Whilst localised pitting corrosion 

did not appear to be significantly exacerbated by the biotic condition, longer-term studies may 

reveal critical stages of biofilm maturation and corrosion progression.  For this study, it was not 

possible to quantitatively determine PD values, due to the general absence of pitting across the 

coupon surfaces. 

Analysis of the community dynamics revealed a marked change in the predominant relative 

abundances of microorganisms.  The dominant genera from the sediment sample were generally 

anaerobic, halophilic, and obligately chemolithoautotrophic, obtaining energy by oxidizing 

inorganic compounds.  Interestingly, the relative total archaea from the Day 0 planktonic sample 

still accounted for approximately 20% of the relative abundance.  Methanococcoides, and 

Methanococcus, are both known methanogenic archaea that play an important role in the 

production of methane in anaerobic environments [294, 295].  The primary metabolic pathway in 

Methanococcus involves the reduction of CO2 with H2 to form methane [294].  Whereas 

Methanococcoides utilise methylotrophic methanogenesis, where methylated compounds serve as 

the primary substrates for methane production [295].  Vibrio was the dominant genera in these 
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samples at approximately 30% relative abundance and are typically found in marine and estuarine 

environments.  Vibrio sp. are known for their ability to form biofilms on various surfaces, including 

metals [296].  After 28 Days, there was a significant increase in Marinobacter, Pseudomonas, and 

Halomonas, making up approximately 80% of the relative abundance.  Marinobacter species are 

known for forming biofilms on metal surfaces in marine environments.  These biofilms can influence 

the corrosion process by altering the local chemical environment [297].  Moreover, Marinobacter 

species can degrade hydrocarbons, making them important for the bioremediation of oil spills in 

marine environments.  They are well-adapted to high-salinity environments and play a role in iron 

cycling in marine environments, impacting the availability of iron [298, 299].  Pseudomonas species 

are prolific biofilm formers, and these biofilms can enhance corrosion by creating 

microenvironments that promote differential aeration and localized corrosion [104].  Halomonas 

species thrive in high-salinity environments and can reduce SO4
2− to H2S.  Additionally, Halomonas 

species participate in nitrogen cycling, including denitrification, which is important for maintaining 

the balance of nitrogenous compounds in marine ecosystems [300].  The AR biofilm sample also 

had relatively high abundances of Proteobacteria species, namely Marinobacterium which made-

up approximately 40%.  Generally, the dominant species were halophilic or halotolerant and are 

known to be heterotrophic.  They are well-adapted to marine conditions, playing roles in organic 

matter degradation, nutrient cycling, and interactions with marine organisms.  Though the specific 

role of Marinobacterium and Malaciobacter are less characterised compared to other bacteria like 

Pseudomonas or Halomonas, they occupy a similar phenotypic niche [301].  Interestingly, there was 

an increase in the relative abundance of Shewanella within the AR biofilm.  Shewanella species are 

known for their unique role in microbial corrosion, primarily due to their ability to reduce metal 

ions and interact directly with metal surfaces.  In the presence of other bacteria, Shewanella can 

enhance corrosion through indirect mechanisms, such as H2S production and the formation of FeS.  

Moreover, Shewanella have a demonstrated ability for EET [29], which is an important process in 

MIC.  It would be interesting to conduct longer-term studies with the same experimental setup to 

observe the threat of Shewanella. 

For the conditions used in this study, more closely mimicking the environmental conditions 

of an offshore oilfield system, the abiotic surfaces had the presence of a black corrosion product 

across the entire coupon surfaces with some reddish-brown granular deposits.  As stated earlier, 

the primary corrosion product identified was mackinawite; with reference iron oxide compounds 

also detected.  Mackinawite can form under anoxic or reducing conditions in environments 

containing H2S.  H2S can be present in natural waters due to the reduction of SO4
2−.  Moreover, 

mackinawite formation is favoured in anaerobic environments.  Conversely, iron oxides are typically 

formed in the presence of O2 and water through oxidation reactions.  Several types of iron oxides 
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can form depending on environmental conditions.  Initial electrochemical reactions produce iron 

hydroxides which are subsequently oxidised further to iron oxides.  Nonetheless, there appeared 

to be a passivation of the metal surface as CRs were moderately low. 

 
Figure 5.11.  Schematic overview of key reactions for UNS G10180 carbon steel in anaerobic abiotic and 
biotic PW media.  It is important to note that the reactions illustrated may be complementary or 
antagonistic processes, particularly within the heterogeneous biofilm.   

For this study, the electrochemical response under biotic conditions was not too dissimilar 

to the abiotic condition.  However, surface observations and analysis of the biofilm suggest a 

different scenario.  The biotic surfaces were only partially covered by a black corrosion product, 

with the presence of a heterogeneous dark green/black biofilm.  As stated earlier, the mixed-

species biofilm contained Marinobacterium, Malaciobacter, Pseudomonas, and Halomonas which 

all contribute to biofilm formation in high salinity marine environments.  They are important players 

in nutrient cycling within marine ecosystems and are crucial in creating microenvironments.  In 

mixed microbial communities, these bacteria can work synergistically by altering environmental 

conditions [298, 299, 104, 300].  Through the production of organics and other metabolites, that 

can influence the redox potential or pH, they can create microenvironments which may support 

SO4
2− and Fe0 reduction over long-term studies.  It is hypothesised that the mixed-species biofilm 

is acting as a diffusion barrier and providing some passivation of the metal surface.  Figure 5.11 
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proposes possible abiotic and biotic reaction mechanisms, associated primarily with the formation 

of mackinawite.   

Previous laboratory studies have generally found that environmental conditions that mimic 

offshore oilfield systems, such as salinity, temperature, nutrient levels, and fluctuating O2 

concentrations, have a profound impact on the formation, structure, and threat of corrosion from 

mixed-species biofilm communities on CS [302].  These studies emphasise the importance of 

replicating real-world offshore conditions in laboratory experiments to accurately assess and 

mitigate the threat of MIC in oil and gas systems.  However, like in situ studies, there are limitations 

and challenges when it comes to designing laboratory studies.  One of the primary challenges in 

these studies is accurately replicating the complex and dynamic environmental conditions found in 

offshore systems, such as fluctuating temperatures, pressures, and chemical compositions.  

Laboratory settings often simplify these conditions, which can limit the relevance of the findings to 

real-world applications.  Many studies are constrained by time, making it difficult to observe long-

term biofilm development and the full extent of MIC.  Corrosion is a slow process, and short-term 

studies may miss critical stages of biofilm maturation and corrosion progression.  Maintaining a 

stable and representative microbial community in laboratory settings is also challenging.  In 

industrial environments, microbial communities are constantly evolving, and this dynamic nature is 

difficult to capture in a controlled environment.  Laboratory studies often struggle to replicate the 

scale and flow conditions of actual pipelines. The differences in flow dynamics can significantly 

impact biofilm formation and corrosion patterns, meaning lab results may not fully translate to field 

conditions.  Thus, designing experiments that closely mimic real-world conditions as much as 

possible is critical.  Furthermore, long-term studies are needed to fully understand the impacts of 

biofilm communities on MIC in oil and gas systems.   

5.4 Summary 

In conclusion, by utilizing a marine sediment microbial consortium and replicating the 

environmental conditions of an offshore oilfield system within the laboratory, we gained valuable 

insights into biofilm development, community dynamics, and the potential for inducing MIC within 

a novel dual bioreactor protocol. 

 

• The electrochemical response under both abiotic and biotic conditions was found to be 

similar.  An initial conditioning film appeared to form, influencing the electrochemical 

properties of the steel surface.  However, the PW in this study did not support rapid biofilm 

growth, likely due to the absence of rich carbon sources such as amino acids, peptides, and 

sugars. 
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• Mackinawite was identified as the primary corrosion product.  Additionally, there were bands 

that may correspond to sulphur and reference iron oxide compounds, including magnetite, 

goethite, lepidocrocite, and hematite, observed under both conditions. 

• Both conditions exhibited a moderately low uniform CR and limited localized pitting.  

Consequently, it was challenging to quantitatively assess PD values due to the general lack of 

pitting across the coupon surfaces.  However, the biotic condition did display pits with a 

larger average area, indicative of MIC. 

• Sequencing-based biofilm characterisation revealed that Marinobacterium, Malaciobacter, 

Pseudomonas, and Halomonas played critical roles in biofilm formation under conditions 

simulating an offshore oilfield system.  These microorganisms are essential in nutrient cycling 

within marine ecosystems and contribute to the creation of microenvironments. 

 

This study begins to bridge the gap between experimental findings and real-world scenarios 

involving mixed-species biofilms and MIC.  The innovative dual bioreactor protocol, which leverages 

MLOE, enables a comprehensive understanding of initial biofilm formation and the metabolic 

changes occurring within the biofilm over time. Identifying and characterizing specific 

microorganisms under simulated environmental conditions is crucial for understanding the threat 

posed by MIC.  If not detected and mitigated early, the microbial mechanisms can lead to significant 

costs.  Ultimately, the aim is to enhance the effectiveness of biofilm management strategies in the 

industry, thereby improving sustainability.   
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Chapter 6 Investigating the effects of glutaraldehyde on 

anaerobic marine biofilm formation and 

microbiologically influenced corrosion of UNS 

G10180 carbon steel 

6.1 Introduction 

To control the threat of MIC, various mitigation strategies have been employed in the energy sector.  

These include chemical treatment with biocides [16, 199, 303, 304, 305], corrosion inhibitors [306], 

and surfactants [120], as well as physical treatments using paints and coatings [307], and 

mechanical cleaning/pigging.  Additionally, adjustment of operational parameters, asset design 

alterations, and appropriate materials selection can also be employed to mitigate the threat of MIC.  

Among chemical treatments, all of which are based on the inhibition of bacterial growth and 

excessive biofilm formation, biocides are the most widely used [303].  However, many traditional 

oxidising biocides are environmentally hazardous and may exert adverse effects on aquatic species 

due to the release of chemical byproducts [303].  Biocidal compounds, such as glutaraldehyde and 

THPS, which are non-oxidising control treatments, have been widely employed to mitigate MIC 

[111, 112].  Yet, over time, sessile biofilm communities often develop increased tolerance to these 

chemical biocides [308].  Thus, there has been an increase in the development of novel eco-friendly 

biocidal compounds over recent years [309, 310].  Understanding not only how these chemicals 

interact at the biofilm/metal interface where corrosion-promoting species drive microbial corrosion 

mechanisms, but also understanding how they are degraded, what chemical byproducts they 

produce, and how they subsequently interact with the environment is critical when trying to 

understand efficacy and improve sustainability.   

Whilst the use of traditional biocides may initially be effective at reducing microbial 

populations and slowing the progression of MIC, through disrupting biofilm formation and microbial 

metabolic activity, the use of these biocides often results in the development of enhanced biofilm 

chemical tolerance, undermining their long-term effectiveness.  This enhanced tolerance can be 

due to factors like the protective nature of the biofilm EPS, genetic adaptation of the microbial 

community, and the presence of resistant species within the mixed-species biofilm [311].  And 

although biofilms are ubiquitous, studies have shown that the structure, composition, and spatial 
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distribution of biofilms in different locations, even in the same environmental niche, are different, 

and their corrosion behaviour is also different [312, 313].  This is because MIC is the result of the 

joint action of different microorganisms.  Within a mixed-species biofilm, microorganisms will 

exhibit different corrosion behaviours compared to single-species biofilms [309].  Thus, 

understanding biofilm formation, the spatial community dynamics within a mixed-species biofilm, 

and what synergistic and/or antagonistic relationships are present is fundamental.   

The biofilm structure can affect the diffusion of antimicrobial compounds through the 

stratified biofilm layers, thereby reducing the concentration of antimicrobial compounds reaching 

the cells at the bottom of biofilms at the metal interface, which are often the corrosion-promoting 

species [16].  Therefore, these cells will be exposed to sublethal concentrations of biocidal 

compounds and will have sufficient time to switch on the expression of antimicrobial-resistant 

factors and antimicrobial-degrading enzymes [16, 314].  Biocides frequently fail to completely 

eradicate biofilm communities, leading to the persistence of microbial populations, as the energy 

sector commonly uses a cyclic biocide treatment protocol [118].  These residual biofilm 

communities can then regenerate when there is no biocidal treatment and continue to drive 

microbial corrosion mechanisms.  Additionally, the efficacy of biocides can vary significantly 

depending on the starting composition of the mixed-species biofilm.  As different biocides have 

different modes of action.  Moreover, some microbial species within a mixed-species biofilm may 

be resistant to biocides than others.  There are diverse strategies which microorganism can employ 

to enable survival.  These include efflux pumps, enzymatic degradation, modification of membrane 

permeability, QS and horizontal gene transfer to name a few.  Therefore, despite biocidal 

treatment, corrosion can persist due to the resilience and adaptability of microbial communities 

within mixed-species biofilms. 

Despite the widespread application of biocides, there is limited research which investigates 

the efficacy of such chemicals against mixed-species biofilms [16, 303].  Whilst there are many 

studies which evaluate the antimicrobial efficacy of biocides against single-species microorganisms 

[199, 315, 316, 317].  Sharma et al. demonstrated that glutaraldehyde alone was the most 

ineffective biocide tested against D. ferrophilus IS5, a model SRB known to utilise electrons directly 

from metal.  Whereas benzalkonium chloride (BAC) was the most effective biocide in preventing 

biofilm formation and pitting on the CS coupons [199].  However, they noted that MIC in the natural 

environment is due to the action of a mixed-species biofilm.  And while pure microbial strains can 

provide insight to better understand MIC mechanisms, ultimately biocidal efficacy must be 

validated against mixed-species biofilms [199].  Salgar-Chaparro et al. stressed the importance of 

assessing mixed-species biofilms under different nutrient conditions to understand the 

effectiveness of biocide treatments [16].  Their results demonstrated that thicker biofilms, grown 
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under continual nutrient replenishment, exhibited greater survival against a glutaraldehyde 

treatment compared to a biofilm grown under batch conditions without nutrient replenishment 

[16].  In this instance, it may be appropriate to enhance the biocide treatment with an adjunctive 

strategy.  The efficacy of an adjunctive strategy using a combination of phenolic and QACs has been 

reported against a mixed-species biofilm [303].  Chang et al. demonstrated a strong antimicrobial 

effect against a mixed-species biofilm isolated from the environment.  The combination treatment 

demonstrated a synergistic effect to reduce bacterial growth compared to individual treatments 

[303].  These types of studies highlight the importance of evaluating the efficacy of different biocide 

treatments against mixed-species biofilms. 

This study further proposes a targeted approach to MIC mitigation by utilising a novel dual 

bioreactor protocol to evaluate and optimise biocidal treatment strategies.  By utilising MLOE [145], 

the protocol incorporates a multi-disciplinary approach to gain a holistic understanding of biofilms, 

MIC, and biocidal efficacy.  By refining biocidal application in a controlled environment and closely 

mimicking environmental conditions using a mixed-species biofilm, this approach aims to overcome 

the challenges of biofilm tolerance, offering a more sustainable and effective solution to mitigating 

the threat of MIC.   

6.2 Results 

Over the initial three-day batch phase, the abiotic media had no apparent visual changes, and the 

coupons maintained the silver-grey metallic lustre of the CS.  It was not until the flow of fresh media 

was started on day 4, that any visual changes could be observed.  The sterile abiotic reactor ASW 

media became reddish-brown in colouration with increased turbidity after the first week.  

Conversely, after inoculation of the biotic reactor ASW media, a black surface film was present on 

the steel coupons on day 1.  At the end of the initial three-day batch phase there were low level of 

turbidity.  After the flow of fresh ASW media was started on day 4, the ASW media was completely 

covered with black particulates and had a very high level of turbidity.  On day 28, the biotic reactor 

was black/brown in appearance.  Upon dismantling of the reactors on day 28, and retrieval of the 

coupon rods, there was a significant difference in the coupon appearances, see Appendix E Figure 

E.1.  The abiotic surfaces were covered in a reddish-brown corrosion product.  Whilst the biotic 

surfaces were generally also covered in a reddish-brown corrosion product, underneath this was a 

black deposit more closely adhered to the surface.   

Sulphide microsensor.  Figure 6.1 shows the aqueous H2S concentrations monitored for 

the biotic anaerobic nutrient-enriched ASW media over the test duration.  Unfortunately, whilst 
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calibrating the microsensors prior to starting the experiment, the second microsensor was 

discovered to be damaged and not in working order.  Consequently, only one microsensor was used 

for this study.  For the biotic condition, the H2S concentration generally peaked prior to being dosed 

with glutaraldehyde, with a maximum concentration of 60 µmol L–1 measured on day 21.  After each 

dose of biocide (every third day, starting on day 4) there was a decrease in the H2S concentration.  

DO concentrations measured on day 28 were between 0.16 and 0.88 ppm in the 10 L media 

containers, 3.3 ppm in the abiotic and 0.2 ppm in the biotic reactor.  The pH was not measured on 

completion of the experiment. 

 
Figure 6.1.  Aqueous sulphide measurements (SULF, µmol L–1) for the biotic condition over 28 days (nb. 
measured the anaerobic nutrient-enriched artificial seawater media dosed bi-weekly with glutaraldehyde 
in situ adjacent to corroding UNS G10180 carbon steel). 

Carbon steel surface analysis.  Appendix E Figure E.2 shows the CS surfaces on day 0.  

Appendix Table E.3 summarises the quantitative surface roughness profiles on both day 0 and day 

28.  Figure 6.2 shows the cleaned CS surfaces after 28 days, with biofilms and corrosion products 

removed to reveal the morphology of the surface degradation and to facilitate corrosion 

assessment.  Surface profilometry revealed that there were low levels of uniform or localised pitting 

corrosion present for both the abiotic and biotic condition.  The abiotic average pit depths were 8 

µm, with an average pit area of 2308 µm2 for any classified pits.  The biotic average pit depths were 

9 µm, with an average pit area of 8684 µm2 for any classified pits.  However, only 2 – 3 % of the 

analysed surfaces observed pitting.  Again, for this study a pit was classified as having a depth 

greater than 5 µm and an area greater than 650 µm2 [153].   
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(a) 

 

(b) 

 
(c) 

 

(d) 

 
Figure 6.2.  Three-dimensional optical surface profilometry of the cleaned UNS G10180 surfaces at day 28. 
AR coupons for: (a,b) abiotic and (c,d) biotic conditions, after exposure to anaerobic nutrient-enriched 
artificial seawater media dosed bi-weekly with glutaraldehyde for 28 days. 

 

(a) 

  

(b) 

  
Figure 6.3.  Abiotic and biotic corrosion performance after exposure to anaerobic nutrient-enriched artificial 
seawater media dosed bi-weekly with glutaraldehyde for 28 days: (a) corrosion rate via gravimetric analysis 
and surface profilometry assessed (P < 0.05) and (b) pit rate, for the AR coupons. 

715 µm 542 µm 715 µm 542 µm 

715 µm 542 µm 715 µm 542 µm 



Chapter 6 

140 

Figure 6.3a provides an evaluation of the CS coupons CR.  For the abiotic condition, there 

was a significantly lower CR when compared to the biotic condition.  According to the NACE SP0775-

2023 assessment criteria, there was a moderate CR (between 0.025 and 0.12 mm y–1) in both the 

abiotic and biotic reactors (Figure 6.3a).  Similarly, there was a low PR (<0.13 mm y–1) in both the 

abiotic and biotic reactors (Figure 6.3b) [170].   

Further analysis of the surface profilometries in Figure 6.2, allowed a quantitative 

determination of the PR Figure 6.3b of the CS coupons.  For this study, it was not possible to 

quantitatively determine PD values, due to the general absence of pitting across the coupon 

surfaces. 

Corrosion product analysis. Figure 6.4 shows SEM-EDS elemental mapping of the UNS 

G10180 CS surfaces for both the abiotic and biotic conditions.  The images of corrosion products 

and biofilms attached to the metal samples demonstrate the heterogeneity of distribution over the 

surface.  Both conditions exhibited similar levels of surface coverage.  The SEM-EDS elemental maps 

are shown in Figure 6.4b – d.  The major elements detected in coupons exposed to all conditions 

were Fe, S, and O.  Corroded areas of all coupons were mainly covered by Fe and O, with 

heterogeneous distribution of S.  A cross-sectional image of the corrosion products was not 

performed.   

Additional analysis of the corrosion products using Raman spectroscopy are shown in Figure 

6.5. According to Raman bands of reference corrosion products in previous papers [290, 291, 292], 

the corrosion products are identified to be primarily mackinawite (bands 208, 282 cm–1) for both 

the abiotic and biotic condition.  There were also additional bands which may be attributed to 

sulphur, as well as reference iron oxide compounds such as magnetite, goethite, lepidocrocite, or 

hematite.  The composition of this black compact layer was identified at mid-strong bands 250, 380, 

1307 cm–1 associated with lepidocrocite.  Additionally, bands at 298, 399, 481, 554, 675 and 1002 

cm–1 have previously been shown to be associated with goethite, whilst bands at 222, 244, 298, 

501, 615 and 1318 cm–1 are associated with hematite.  Magnetite has previously been shown to be 

associated with bands at 675 and 550 cm–1 [290, 291, 292].  The coverage of the metal sample with 

a black precipitate was indicative of the successful growth of corrosion products film containing FeS 

compounds.  The Raman spectrum of the sample is in good agreement with literature spectra 

attributed to mackinawite. After aging the products in air, a change in their colour from black to 

rust-red became visible. This is a clear indication for the oxidation of the initial products.  
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(d) 

  
Figure 6.4.  SEM-EDS elemental mapping of the UNS G10180 carbon steel, AR surfaces, after exposure to 
anaerobic nutrient-enriched artificial seawater media dosed bi-weekly with glutaraldehyde, taken on day 28. 
(a) SEM image; (b) iron map; (c) sulphur map; (d) oxygen map.  

(a) - Abiotic 
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(b) - Biotic 

 
Figure 6.5.  Raman spectra of the UNS G10180 carbon steel surfaces after exposure to anaerobic nutrient-
enriched artificial seawater media dosed bi-weekly with glutaraldehyde, taken on day 28. For the AR (a,b) 
abiotic and; (c, d) biotic condition. 

Electrochemical measurements.  Figure 6.6 shows the changes in Ecorr and Rp between the 

abiotic and biotic anaerobic nutrient-enriched ASW water media, for the UNS G10180 CS coupons.  

For the abiotic condition, Figure 6.6a, there was generally a pseudo-steady state for the Ecorr up 

until day 25.  Here, there was a swift increase of +0.100 V.  This may be attributed to the presence 

of a conditioning film (i.e., an adsorbed organic layer) and the formation of inorganic corrosion 

product layer.  Conversely, for the biotic condition, there was generally a gradual increase in the 

Ecorr over the 28 days.  Throughout the study, there were generally electronegative shifts after each 

dose of biocide.  The potentials for both abiotic and biotic in the latter stages (Day 28) were 

generally similar and ranged between – 0.590 V and – 0.610 V vs. Ag/AgCl.   

 In Figure 6.6b the LPR derived Rp remained low at approx. 600 Ω cm2 for the sterile 

abiotic condition, indicative of a uniform corrosion across a porous corrosion film.  There was a 

swift drop after day 25 to approx. 100 Ω cm2.  Similarly, for the biotic condition, the Rp remained 

low at approx. 100 Ω cm2.  The pioneering bacterial attachment/colonisation was difficult to detect 

for this study.  However, biofilm formation and growth kinetics will lead inevitably to a more 

complex electrochemical response.   
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(a) 

 

(b) 

 
Figure 6.6.  LPR data for UNS G10180 carbon steel: (a) open-circuit potentials and (b) polarisation resistance 
in anaerobic nutrient-enriched artificial seawater media dosed bi-weekly with glutaraldehyde (abiotic and 
biotic conditions), for AR coupons (data points represent mean ± standard deviation, n = 6).  Reactor stirrer 
at 50 rpm. 

Figure 6.7 shows the EIS data for UNS G10180 CS in the anaerobic nutrient-enriched ASW 

media presented in three forms: Nyquist, Bode phase angle and Bode impedance modulus plots.  

The sterile abiotic condition on Day 1 typifies an electrochemical response for the formation of a 

porous interface, with diffusion of soluble electroactive species across an organic conditioning film 

[207] and nascent inorganic corrosion product layer.   

(a) – Abiotic 

 

(b) – Biotic 
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(c) – Abiotic 

 

(d) – Biotic 

 
(e) – Abiotic 

 

(f) – Biotic 

 
Figure 6.7.  EIS data for UNS G10180 carbon steel in anaerobic nutrient-enriched artificial seawater media 
dosed bi-weekly with glutaraldehyde at OCP: (a, b) Nyquist, (c, d) Bode phase angle (θ vs. f), and (e, f) Bode 
impedance modulus (|Z| vs. f) over 28-days. (n = 6).  Reactor stirrer at 50 rpm. 

The diffusive behaviour is associated with linear features having a roughly 45° slope (a 

Warburg impedance response) and phase angles close to 45° in low frequency region (10–2 – 100 

Hz), see Fig. 6.7a and 6.7c.  At Day 28, a depressed Nyquist semicircle and phase angles tending 

towards zero are evident, indicative of a more prominent resistive component operating within the 

low frequency region.  Subsequently, the abiotic impedance spectra shift towards lower 

frequencies (10–2 – 100 Hz), with a combined diffusive/resistive behaviour.  Equally, the biotic 

condition had a consistently uniform EIS response over the 28 day test, with only minor variation 

in the spectra attributed to the biocide.  Notably, there are no discernible Nyquist semicircles (Fig. 

6.7b).  Here a wider low frequency region (10–1 – 102) is likely to be subject to a greater influence 
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of adsorption processes, associated with the adhesion of the pioneering bacteria on a conditioning 

film [215, 216] and biofilm formation. 

The EIS spectra were fitted using an ECM shown in Figure 2.4.  Both the abiotic and biotic 

data generally had a good fit, with the quantitative fitting results shown in Appendix E Table E.5.  

For the abiotic control, there is a capacitive behaviour over the first three weeks, with a diffusive 

behaviour over the final week in the film layer (reflecting ion adsorption). Whilst there was a 

diffusive behaviour in the double layer during the first and final week, which reflects charge 

transfer, due to the formation of corrosion products (rust, porous oxide layer).  The exponent 

parameter in the double layer reflects a non-ideal capacitance, which is indicative of resistive and 

inductive parasitics, because of a more prominent resistive component.  There were no significant 

changes in Rct.  Rfilm had a high error value, so not much could be determined from this.  

For the biotic condition, there was a diffusive behaviour over the first three weeks, with a 

capacitive behaviour over the final week in the film layer.  Conversely, there was a capacitive 

behaviour over the first three weeks, with a diffusive behaviour over the final week in the double 

layer.  There are no significant changes in the Rct in the double layer over time.  The exponent 

parameter for the film layer is greater than 0.8 during the final week, which indicates a non-ideal 

capacitance response.  This is true for the first three weeks in the double layer.  However, during 

the final week of the experiment, the exponent parameter is closer to 0 for the AR coupons in the 

double layer, which indicates a strong diffusive behaviour.  The ECM and EIS both have general 

agreement with the LPR data.   

Figure 6.8 shows the potentiodynamic polarisation curves for UNS G10180 CS for the 

abiotic and biotic reactors in anaerobic nutrient-enriched ASW media after 28 days.  Table 6.1 

shows the corrosion parameters obtained from the polarisation curves.  From the Tafel slopes, 

there is limited cathodic densities for the cathodic behaviour (reduction) for both the abiotic and 

biotic conditions.  This phenomenon is caused by the rate of diffusion of ions being limited.  This 

can be attributed to an inorganic corrosion film layer and is linked to the predominant HER under 

anaerobic conditions.  Additionally, the anodic Tafel slopes (oxidation) are similar.  Overall, the 

abiotic condition had a higher jcorr compared to the biotic condition.  This is consistent with a more 

uniform corrosion morphology.  Similarly, the sterile abiotic condition had a more electropositive 

Ecorr when compared to the biotic condition.  The polarisation results corroborate the LPR and EIS 

data.   
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Figure 6.8.  Potentiodynamic polarisation curves for the abiotic and biotic AR, UNS G10180 carbon steel 
coupons, at ambient temperature after exposure to anaerobic nutrient-enriched artificial seawater media 
dosed bi-weekly with glutaraldehyde for 28 days. Scan rate of 0.5 mV s–1 and reactor stirrer at 50 rpm. 

 

Table 6.1.  Fitted electrochemical parameters from polarisation curves; comparison between the abiotic 
and biotic AR, UNS G10180 carbon steel coupons, after exposure anaerobic nutrient-enriched artificial 
seawater media dosed bi-weekly with glutaraldehyde for 28 days. 

 Coupons jcorr / µA cm 
– 2 

 
Ecorr vs. 

Ag/AgCl / V 
βa (mV dec

-1
) βc (mV dec

-1
) 

Abiotic AR 0.169 ± 0.035  -599 ± 14 160 ± 6 - 

Biotic AR 0.044 ± 0.036 -663 ± 35 113 ± 12 - 

 
Biofilm characterisation.  CLSM with differentiation of live and dead biofilm cells was 

performed and the images can be seen in Figure 6.9.  The heterogeneous biofilm distribution over 

the surface of the CS coupons did not allow measurements of the maximum biofilm thickness.  

Therefore, the thickness of biofilms was not determined.  From the images captured, there was a 

live/dead cell ratio of approximately 41% live to 59% dead. 
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(a) 

 

(b) 

 
(c) 

 

(d) 

 
Figure 6.9. Confocal microscopy of biofilm formed over UNS G10180 carbon steel surfaces for AR (a, b) biotic 
coupon sample 1; (c, d) biotic coupon sample 2, after exposure anaerobic nutrient-enriched artificial seawater 
media dosed bi-weekly with glutaraldehyde for 28 days. 

 

Active microorganism evaluation of the environmental marine sediment, the initial and 

final biotic nutrient-enriched ASW media planktonic samples (Day 0 and Day 28), and the biotic AR 

biofilm, was undertaken via 16S rRNA amplicon sequencing with two target region, V3-4 for 

bacteria and archaea.  A total of 3,586,285 high-quality sequences were obtained after 

bioinformatics processing of the raw reads.  From these, 97% was classified for the sediment sample 

with 99.99% classified for the Day 0 planktonic sample and 100% classified for the Day 28 planktonic 

sample and AR biofilm sample.  These sequences were taxonomically classified into microbial 

genera.  The top 25 microbial genera are presented in Appendix E Table E.6 in the supplemental 

material. Figure 6.10 summarises the sequencing data, showing a PCA (a) and a stacked bar plot (b) 

illustrating the relative abundances for the top 25 genera.  Most genus had low relative abundances 

less than 2%. The dominant genera included Sulfurovum, Candidatus Prometheoarchaeum, 

Candidatus Methanoplasma, Desulfosarcina, Desulfuromonas and Thiohalobacter.   
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(a) 

  
(b) 

 
Figure 6.10.  Principal Component Analysis biplot (a); Microbial community. The results show the mean 
relative abundances of microbial communities classified at the genus level, for the top 25 genera, from 16S 
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rRNA amplicon sequencing (b); for environmental marine sediment, Day 0, and Day 28 planktonic samples, 
and AR biofilms, after exposure anaerobic nutrient-enriched artificial seawater media dosed bi-weekly with 
glutaraldehyde for 28 days. 

Interestingly, there were relatively high numbers of archaea in the sediment sample 

compared to the other samples.  The sediment sample had a negative Spearman correlation 

coefficient (Appendix E Figure E.7) with the other samples which was attributed to changes in 

conditions such as temperature and media composition from the natural marine environment.  

There was much less diversity in the Day 0 sample, with Sulfurovum, Candidatus 

Prometheoarchaeum, Candidatus Methanoplasma, and Thiohalobacter all exhibiting lower relative 

abundances (<1%).  Whilst genera from Fusobacterium, Vibrio, Oceanicoccus, and 

Methanococcoides made-up approximately 55% of the relative abundance.  Genera from 

Photobacterium, Blautia, Leptotrichia, Maridesulfovibrio, Anaerotignum and Clostridium made-up 

another approximately 20% of the relative abundance.  Again, the Day 0 planktonic sample had 

mostly negative Spearman correlation coefficients with the other samples.  After 28 Days, there 

was a substantial shift in the microbial composition, with substantially lower abundances of 

methanogenic species.  Exiguobacterium, Vibrio, and Shewanella were the dominant genera making 

up approximately 80% of the relative abundance.  The Day 28 planktonic sample had a Spearman 

correlation coefficient of -0.47 with the sediment sample, 0.15 with the Day 0 planktonic sample 

and 0.88 with the AR biofilm sample.  Sulfurovum, Candidatus Prometheoarchaeum, Candidatus 

Methanoplasma, and Thiohalobacter which were the dominant genera from the sediment sample 

all had lower relative abundances (<1%) in the AR biofilm sample and Day 28 planktonic sample.  

The dominant genera included Exiguobacterium, Vibrio, and Serpentinicella making up 

approximately 85% of the relative abundance.  Shewanella also maintained a relative abundance 

of 2%.  There were no methanogenic archaea in the biofilm sample. 

The microbial activity was determined by the ATP concentrations (dissolved, dATP) in the 

bulk fluid, see Figure 6.11.  The ATP assay did not measure any ATP from the biofilm sample.  The 

biofilm may have been removed through the activity of glutaraldehyde.  For the biotic nutrient-

enriched ASW media (bulk fluid), there was a significant change (P < 0.05) in the dATP concentration 

when comparing Day 0 and Day 28, with dATP values of on the order of 10 pg mL–1.  As expected, 

there was a significantly greater ATP concentration for the biotic compared to the abiotic reactor. 
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Figure 6.11.  Dissolved ATP (dATP) concentrations comparing the anaerobic nutrient-enriched artificial 
seawater media dosed bi-weekly with glutaraldehyde, taken on Day 0 and Day 28 (P < 0.05). 

 

6.3 Discussion 

This current study is focused on understanding the efficacy of a biocide, glutaraldehyde, at 

mitigating MIC caused by a mixed-species biofilm cultured from a littoral marine sediment.  The 

frequency and dosage concentration were determined by reported best practices within the 

offshore oilfield industry.  Figure 6.12 provides an illustration of the proposed corrosion 

mechanisms for the abiotic condition during the initial stages, as they evolved over time during this 

present study.  Overall, the primary corrosion mechanisms under the abiotic condition were 

attributed with the formation of iron oxide corrosion products, associated with the reddish-brown 

film layer observed on the coupon surfaces.  These were identified as magnetite, goethite, 

lepidocrocite, or hematite.  Lepidocrocite has been identified to form in the outer layer on CS 

coupons permanently immersed in natural seawater [239].   
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(a) 

 
(b) 

 
(c) 

 
Figure 6.12. Schematic of the initial stages for UNS G10180 carbon steel in anaerobic abiotic and biotic 
artificial seawater media. corrosion mechanisms, (a) the formation of nascent inorganic corrosion film and 
the organic conditioning film; (b) maturing corrosion film under the abiotic condition; (c) moderate uniform 
and pitting corrosion under patchy corrosion deposits, with increasing granular deposits.  BioRender.com 
(2024). 

Abiotic reactor: - Generally, the sterile abiotic condition had a pseudo-steady state up until 

day 25.  Then, there was a swift decrease in Rp after day 25.  Overall, this may be attributed to the 

presence of a conditioning film and the formation of inorganic corrosion product layer.  As upon 

dismantling of the reactors, the abiotic surfaces were covered in a reddish-brown corrosion 

product.  Similarly, the abiotic reactor ASW media was reddish-brown in colouration.  The primary 

corrosion products for the abiotic condition were attributed to iron oxide compounds such as 
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magnetite, goethite, lepidocrocite, or hematite.  From the ECMs, there is initially a capacitive 

behaviour over the first three weeks, which reflects ion adsorption and the development of a 

nascent iron oxide film.  Subsequently, there was a diffusive behaviour during the final week in the 

film layer.  Moreover, there was a diffusive behaviour in the double layer during the first and final 

week, which reflects charge transfer, due to the formation of corrosion products such as 

lepidocrocite.  Generally, there were low levels of uniform or localised pitting corrosion present for 

the abiotic condition.  Interestingly, whilst both CR were similar, there was a significantly lower 

uniform CR for the abiotic condition when compared to the biotic condition.  This can be attributed 

to the presence of a biofilm for the biotic condition. 

Biotic reactor: - A black surface film was present on the steel coupons on day 1, immediately 

after inoculation with the pre-culture.  Then, during the initial three-day batch phase there was an 

electronegative shift observed in the Ecorr, which was attributed to biofilm formation on the CS 

coupons.  After the flow of fresh media on day 4, there was a gradual increase in the Ecorr associated 

with anodic polarisation.  Interestingly, there were electronegative shifts observed after each dose 

of biocide.  Similarly, a decrease in the concentration of H2S was observed after each dosage, with 

a peak of 60 µmol L–1 measured on day 21.  However, the biotic condition generally had a 

consistently uniform EIS response over the 28 day test, with only minor variation in the spectra 

attributed to the biocide.  Additionally, the Rp was generally low for the biotic condition.  For the 

biotic condition, there is initially a diffusive behaviour over the first three weeks.  This is indicative 

of a non-ideal capacitance response.  Whilst there is a capacitive behaviour over the final week in 

the film layer, which reflects ion adsorption and the development of a film layer.  Conversely, there 

is a capacitive behaviour over the first three weeks, with a diffusive behaviour over the final week 

in the double layer.  This indicates a strong diffusive behaviour and reflects charge transfer due to 

the formation of corrosion products.  The coverage of the metal sample with a black precipitate 

was indicative of the successful growth of corrosion products film containing FeS compounds.  

However, after aging the products in air, a change in their colour from black to rust-red became 

visible. This is a clear indication for the oxidation of the initial products.  The composition of this 

corrosion layer was associated with lepidocrocite, as well as mackinawite. 

Microscopic analysis provided further insights into the surfaces of the CS coupons.  The 

heterogeneous biofilm distribution over the surface of the CS coupons was captured using CLSM.  

From the images, it was clear to see that the biocide had a clear impact on the survivability of the 

biofilm.  From a previous experiment in chapter 4, there was approximately 91% live to 9% dead 

without biocide.  Whilst, there was a live/dead cell ratio of approximately 41% live to 59% dead 
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with the application of biocide.  Once the surfaces had been cleaned, surface profilometry analysis 

revealed that there were low levels of uniform or localised pitting corrosion present for both the 

abiotic and biotic condition.  It should be noted that only 2 – 3 % of the analysed surfaces observed 

pitting.  However, after 28 days, the biotic condition did exhibit pits with a greater average area.  

There was approximately a 3.7× increase in pit area.  It is important to note that these type of 

conclusions are hypothetical and that longer-term studies may reveal critical stages of biofilm 

maturation and corrosion progression.  This is characteristic of localised pitting caused by biofilms 

[232, 233].  For this study, it was not possible to quantitatively determine PD values, due to the 

general absence of pitting across the coupon surfaces.   

Analysis of the community dynamics revealed a marked change in the predominant relative 

abundances of microorganisms.  The dominant genera from the sediment sample were generally 

anaerobic, halophilic, and obligately chemolithoautotrophic.  They collectively play crucial roles in 

the biogeochemical cycles of carbon, sulphur, and methane in marine environments.  There was 

much less diversity in the Day 0 sample, with Fusobacteriota, Proteobacteria, and Clostridia classes 

making up approximately 75% of the relative abundance.  Fusobacterium, Vibrio, and Oceanicoccus 

alone made-up approximately 55% of the relative abundance.  Fusobacterium is primarily known 

as a genus of bacteria that inhabit animal guts.  They are fermentative bacteria that have been 

reported to produce butyrate and other short-chain fatty acids as metabolic byproducts [318].  

Vibrio sp. are facultative anaerobes, known for their ability to form biofilms on various surfaces, 

including metals [296].  While Oceanicoccus sp. are relatively undocumented [319].  They likely 

contribute to the degradation of organic material in marine ecosystems.  Genera from 

Photobacterium, Blautia, Leptotrichia, Maridesulfovibrio, Anaerotignum and Clostridium made-up 

another approximately 20% of the relative abundance.  These genera represent a diverse group of 

bacteria contributing to processes such as fermentation, and sulphur cycling in marine 

environments [320, 321].  Exiguobacterium, Vibrio, and Shewanella were the dominant genera 

making up approximately 80% of the relative abundance in the bulk fluid.  Exiguobacterium sp. are 

facultative anaerobes, capable of utilizing a variety of organic compounds for energy.  They are 

known for their ability to survive under extreme environmental conditions, such as high salinity.  In 

marine environments, Exiguobacterium contributes to the degradation of organic material [322].  

Similarly for the AR biofilm sample, the dominant genera included Exiguobacterium and Vibrio.  

Serpentinicella also saw an increase in relative abundance.  Serpentinicella represents a group of 

extremophilic bacteria which have been reported to be adapted to extreme environments 

characterised by high pH (alkaline conditions) and low availability of organic carbon [323].  

Interestingly, Shewanella also maintained a relative abundance of 2% in the biofilm sample.  

Shewanella sp. are widely distributed in marine environments and play a crucial role in the 
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biogeochemical cycling of elements like iron and manganese in marine sediments.  Additionally, 

Shewanella has been reported to play a key role in EET [29].   

 

(a) 

 
(b) 

 
(c) 

 
Figure 6.13. Schematic of the initial stages for UNS G10180 carbon steel in anaerobic abiotic and biotic 
artificial seawater media. Corrosion mechanisms, (a) the formation of nascent inorganic corrosion film and 
the organic conditioning film with pioneering bacterial attachment; (b) maturing corrosion film with inhibited 
biofilm growth and colonisation due to biocidal activity; (c) moderate uniform and pitting corrosion under 
patchy corrosion deposits, with increasing granular deposits, as well as patchy biofilm due to biocidal activity.  
BioRender.com (2024). 
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For this study, the electrochemical response under both abiotic and biotic conditions were 

distinct.  For the biotic condition, whilst a reddish-brown corrosion product was also observed, this 

was largely a granular deposit that easily sloughed off the surface.  Underneath the granular deposit 

was a black deposit more closely adhered to the surface.  The composition of this corrosion layer 

was associated primarily with mackinawite.  Figure 6.13 proposes biotic reaction mechanisms, 

associated primarily with the formation of mackinawite, as well as iron oxide corrosion products.  

As stated earlier, the mixed-species biofilm contained Exiguobacterium and Serpentinicella.  

These species are known for their ability to survive under extreme stress, and in environmental 

conditions not conducive to growth such as high salinity.  Critically, the mixed-species biofilm also 

contained Vibrio known for their ability to form biofilms on various surfaces, including metals.  It is 

hypothesised that these genera were working synergistically to enhance chemical tolerance 

towards glutaraldehyde.  Glutaraldehyde is known to kill bacteria by cross-linking proteins, 

inactivating enzymes, disrupting cell membranes, and damaging DNA.  These combined effects lead 

to the disruption of essential cellular processes, resulting in bacterial death [113].  However, the 

formation of a biofilm can enhance chemical tolerance.  The biofilm acts as a diffusion barrier, which 

limits the efficacy of biocidal treatments.  Moreover, genetic adaptation and the presence of 

resistant species, such as Exiguobacterium and Serpentinicella may have been key determining 

factors.  The cyclic biocide treatment protocol employed failed to completely eradicate the mixed-

species biofilm community.  It is hypothesised that longer-term studies may reveal critical stages of 

biofilm maturation and corrosion progression.   

6.4 Summary 

In summary, the proposed protocol provides a robust platform that integrates a multidisciplinary 

approach with MLOE to thoroughly investigate the complexities of biofilm formation, MIC initiation 

mechanisms, and the efficacy of biocides.  In this study, the dual bioreactor was employed to assess 

the effectiveness of glutaraldehyde in mitigating the development of MIC on UNS G10180 CS in 

anaerobic ASW using a marine sediment microbial consortium. 

 

• The electrochemical responses differed significantly between abiotic and biotic conditions.  

Under biotic conditions, electronegative shifts were observed following each biocide dose, 

alongside a decrease in H2S concentration after each application. 

• The primary corrosion product identified for the biotic condition was mackinawite.  There 

were also additional bands which may be attributed to sulphur, as well as reference iron 
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oxide compounds such as magnetite, goethite, lepidocrocite and hematite for both 

conditions.   

• Overall, a moderately low uniform CR and minimal localized pitting were observed for both 

conditions.  Quantitative determination of PD was not feasible due to the general absence of 

pitting across the coupon surfaces.  However, the biotic condition did exhibit pits with a larger 

average area, indicative of MIC. 

• Finally, biofilm characterisation using sequencing demonstrated that Exiguobacterium, 

Vibrio, and Serpentinicella all appeared to play a critical role in enhancing chemical tolerance 

to glutaraldehyde. 

 

These findings contribute to the optimization of biocidal treatment strategies by improving 

our understanding of their effectiveness against mixed-species biofilms.  The innovative dual 

bioreactor protocol, which utilizes MLOE and a multidisciplinary approach, provides new insights 

into MIC.  Identifying and characterizing specific microorganisms under simulated environmental 

conditions is crucial for understanding the threat of MIC.  By refining biocide application under 

these conditions, a move toward evidence-based biocide dosing can be achieved.  Ultimately, this 

will facilitate the development of more sustainable prevention and mitigation strategies.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 7 

158 

 

 

Chapter 7 Conclusions, Limitations and Future Work 

7.1 Conclusions 

The main questions that this thesis sought to address were focused on the initial stages of biofilm 

development, including conditioning film formation, microbial attachment, and colonisation.  

Additionally, understanding the maturation of corrosion films and the growth of mixed-species 

biofilms were crucial areas of study.  It was also vital to understand the mechanistic relationships 

in the later stages that may lead to uniform and pitting corrosion under patchy corrosion deposits 

and/or heterogeneous biofilms under both abiotic and biotic conditions.  By understanding the 

influence of corrosion products, biofilm community dynamics, and any electron donors/acceptors 

a more fundamental understanding of the role that mixed-species biofilms play within MIC and the 

interactions at the interface of the metal/electrolyte could be gained.  Thus, this thesis aimed to 

develop and validate a representative model system in which inoculate relevant to industry could 

be cultured.  Then, once key performance characteristics of the model had been evaluated, 

commercially available biocides as well as novel antimicrobial compounds could then be introduced 

into the model system and investigated using MLOE.  The expectation was that by gaining insights 

into these critical stages, more effective and sustainable mitigation strategies can be employed 

and/or developed.   

 The first objective of this thesis was to compile research in the area in the form of a literature 

review, which is included in chapter 1.  The research area was further refined to form a succinct 

overview of relevant topics.  Each individual research chapter (3, 4, 5 and 6) also provides additional 

context surrounding the available literature.  From this, a critical analysis of contradictory research 

outcomes and knowledge gaps were identified.   

 Guided by existing literature and knowledge gaps identified in chapter 1, the second 

objective of this thesis aimed to outline a standard protocol for a novel dual anaerobic reactor 

model to study mixed-species biofilm and MIC interactions on UNS G10180 CS.  Critically, the 

proposed standard protocol aimed to incorporate a multi-disciplinary approach utilising MLOE.  It 

was designed to broaden the fundamental scientific knowledge surrounding the critical stages 

associated with mixed-species biofilms and the mechanisms that lead to MIC. 

The laboratory studies discussed in research chapters 3, 4, 5 and 6 serve as case studies to 

demonstrate how the novel standard protocol described, for a dual anaerobic reactor model to 
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study biofilm and MIC interactions on UNS G10180 CS and biocide efficacy, can be used as a 

standard best practice for MIC management within industry.  These case studies investigate the 

effects that different test media has on biofilm characteristics, and the associated threat of MIC of 

CS, of an environmental marine consortium.  It is essential to identify various microorganisms within 

a system and develop a reproducible biofilm model that accurately reflects operating conditions. 

This model supports the cultivation of mixed-species consortia and employs the most suitable 

analytical methods to comprehensively understand different MIC mechanisms.  Moreover, the 

efficacy of different biocides at mitigating the effects of MIC can be assessed.  Chapter 6 investigates 

the efficacy of glutaraldehyde at mitigating the effects of MIC.  Through the data collected, we can 

start to understand the mechanism of corrosion under environmental conditions, providing novel 

insights and potentially highlighting new approaches to biocide development.  The development of 

such a model will facilitate evidence-based biocide dosing, enabling asset owners to mitigate the 

impact of MIC. This will lead to reduced costs, enhanced sustainability, and extended asset 

lifetimes. 

 In research chapter 3, the primary aim was to gain new scientific insight and mechanistic MIC 

understanding whilst also making progress towards validating the proposed standard protocol.  In 

this study, the dual bioreactor explored the development of MIC on CS in anaerobic ASW using a 

marine sediment microbial consortium.  Notably, electrochemical analysis provided insights into 

the redox processes at the interface of the metal/electrolyte and the influence of the biofilm.  The 

results demonstrated that the biofilm was acting as a physical barrier which affected the primary 

corrosion mechanisms.  Importantly, respiratory electrogens, namely Desulfomicrobium, 

Shewanella and Desulfuromonas, were identified within the mixed-species biofilm.  In isolation, SRB 

and IRB have both been researched extensively.  However, knowledge of how these 

microorganisms behave within mixed biofilm communities is limited.  Though, it is known that 

electroactive microorganisms, capable of exchanging electrons with their extracellular 

environment, play a key role in MIC.  Thus, I can start to rationalise an idealised representation of 

the mixed-species biofilm based on the findings.  For this study, there was a shift in the prevailing 

metabolic mechanisms over time.  Initially, SO4
2− reduction by SRB appeared to be the primary 

corrosion mechanism.  However, over time it is hypothesised that there was a shift towards Fe0 

reduction by IRB.  Ultimately, the presence of the biofilm caused diffusion limitations.  Overall, it 

was demonstrated that EMIC was the predominant biotic corrosion mechanism with the formation 

of both GR(CO3
2−) and GR(S2−) corrosion products.  Together, the combined action of the mixed-

species biofilm, and the corrosion products, appeared to have a significant influence on the nature 

and extent of corrosion.  As whilst uniform corrosion was reduced compared to the abiotic 
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condition, localised pitting corrosion was increased, as demonstrated by electrochemical analysis 

and surface profilometry.  The biotic condition had a significantly greater PD (P< 0.05), with a 

greater pit depth and size when compared to the sterile abiotic ASW media. 

The research so far demonstrated the applicability of the proposed standard protocol for a 

novel dual anaerobic reactor model to study mixed-species biofilm and MIC interactions on CS.  This 

study provided the first insights regarding the effects of a mixed-species biofilm on corrosion 

mechanisms.  At the biofilm/steel interface, knowledge of the pitting incidence is critical for 

industry.  A deeper understanding of the MIC initiation and growth processes in an ecologically 

relevant environment is essential.  In turn, this can inform the design of more sustainable 

prevention and mitigation strategies.   

 Research chapter 4 further aimed to demonstrate the applicability and reproducibility of the 

novel dual bioreactor protocol.  However, this study also aimed to investigate the influence of a 

mixed-species biofilm on CS corrosion, with a key focus on enumerating SRM using selective MB 

media.  Critically, the environmental conditions supported continuous biofilm growth.  Biofilm 

characterisation through sequencing indicated a significant increase in SRB, particularly the 

electroactive and corrosive Desulfovibrio spp.  In sulphate-containing anoxic environments, CMIC 

and EMIC are hypothesised to be the primary processes that drive Fe0 corrosion.  However, there 

is limited knowledge determining the relative contributions of EMIC and CMIC in different anoxic 

environments.  Thus, these findings contribute to a deeper understanding of the relative 

contributions of EMIC and CMIC within a mixed-species biofilm.  Initially, CMIC may have been the 

dominant corrosion mechanism when H2S concentrations were high and organic substrates were 

more readily available.  However, over time, it was hypothesised that EMIC, via the direct uptake 

of electrons from the metal surface, was the primary corrosion mechanism for this study.  EMIC by 

SRB is characterised by the formation of large amounts of inorganic corrosion products.  The results 

demonstrated there was an inorganic corrosion product on the metal surface, but there were also 

distinct dark green/black granular deposits present within a thick slimy biofilm.  Whilst CMIC may 

have also been a contributing factor, the biofilm is a diffusion barrier which would have limited the 

availability of organic substrates at the interface of the metal/electrolyte.  Moreover, Desulfovibrio 

spp. are well characterised electroactive corrosive bacteria capable of extracting electrons from the 

metallic Fe0, thereby contributing to the granular deposits.  Electroactivity within mixed-species 

biofilm communities is an important process, as electroactivity between fermentative electroactive 

bacteria and respiratory electroactive bacteria, enables food chains to be established.   

The research acknowledges the importance of biofilm phenotype for influencing MIC.  In 

industry, heterogeneous biofilms are characterised by species diversity, leading to challenges in 
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identifying corrosion mechanisms and informing mitigation strategies.  Identifying the microbial 

mechanisms that drive the corrosion of CS under anoxic conditions at the metal/electrolyte 

interface is essential.  By employing MLOE, we can develop a comprehensive understanding of the 

role that mixed-species biofilms play in MIC.  Moreover, we can begin to identify and characterise 

key species present.   

 Research chapter 5 aimed to investigate the impact of ecologically relevant environmental 

conditions on natural mixed-species biofilm communities.  For this study, PW was used to simulate 

environmental conditions.  Case studies from offshore oilfield systems have consistently 

demonstrated that the composition of PW plays a crucial role in the development of biofilms and 

the severity of MIC on CS surfaces.  However, there are limitations and challenges when testing in 

situ.  As such, knowledge is limited.  Thus, the objective was to provide deeper insights into the 

development and community dynamics of mixed-species biofilms, whilst also investigating the 

threat of MIC.  Interestingly, the electrochemical response under biotic conditions was not too 

dissimilar to the abiotic condition.  Furthermore, the results determined that mackinawite and iron 

oxide compounds were the primary corrosion products.  However, surface analysis revealed that 

the biotic condition did display pits with a larger average area, indicative of MIC.  Critically, biofilm 

characterisation demonstrated that the mixed-species biofilm contained Marinobacterium, 

Malaciobacter, Pseudomonas, and Halomonas which all contribute to biofilm formation in high 

salinity marine environments.  It was hypothesised that within the mixed-species biofilm 

electroactive corrosive bacteria and fermentative electroactive bacteria were working 

synergistically, thereby altering the microenvironment.  Through the production of organics and 

other metabolites by the fermentative electroactive bacteria, the growth of electroactive corrosive 

bacteria was supported.  The results demonstrated that the biofilm was acting as a diffusion barrier, 

providing some passivation of the metal surface.  However, it is hypothesised that with continuous 

long-term monitoring the threat of MIC is increased.   

 The research further acknowledges the need for studies which are ecologically relevant to 

industry.  Moreover, long-term studies are recognised as critical to identify and characterise the full 

range of microorganisms involved in MIC, as well as understand their interactions.  This research 

begins to bridge the gap between experimental and real-world scenarios involving mixed-species 

biofilms.  By aligning laboratory conditions with those encountered in situ, further understanding 

of the dynamics of biofilm development and MIC in offshore systems can be gained.   

 Finally, research chapter 6 builds on preceding objectives and further proposes a targeted 

approach to MIC mitigation by utilising the novel dual bioreactor protocol to evaluate and optimise 
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biocidal treatment strategies.  As, there is limited research evaluating approaches to enhance 

biocidal efficacy in a sustainable way.  This study aimed to explore the biocidal efficacy of 

glutaraldehyde and was conducted in the context of ASW conditions.  Critically, after each 

application of the biocide an electronegative shift alongside a decrease in H2S concentration was 

observed.  However, biofilm characterisation revealed that Exiguobacterium, Vibrio, and 

Serpentinicella were playing a critical role to enhance chemical tolerance.  Vibrio are known for 

their ability to form biofilms on various surfaces, including metals.  Whilst Exiguobacterium and 

Serpentinicella are known for their ability to survive under extreme environmental stress.  Together, 

these species enabled the mixed-species biofilm to be more recalcitrant.  The results demonstrated 

that whilst the biocide was influencing the biofilm, the cyclic treatment protocol employed failed 

to completely eradicate the mixed-species biofilm community.  It was hypothesised that the 

structure of the mixed-species biofilm community in this present study acted as a diffusion barrier 

which limited the efficacy of the biocide.  Moreover, Exiguobacterium and Serpentinicella may have 

been employing diverse strategies to enhance resilience and adaptability of the mixed-species 

biofilm.   

 This primary aim of this thesis was to develop and validate a representative model system in 

which inoculate relevant to industry, can be cultured to enhance the fundamental understanding 

of the role that biofilms play within MIC.  To address this, a multi-disciplinary approach combining 

standard microbiological assays, molecular tools, electrochemical methods, and chemical and 

metallurgical assays was employed.  Changes in the prevalence and activity of biofilm species were 

evaluated using NGS to characterize the microbial community dynamics and functional potential 

over time.  The CR of the underlying metal was assessed through methods widely used in academia 

and industry, including EIS, LPR, and weight-loss analysis, providing a comprehensive understanding 

of metal degradation at the metal/electrolyte interface.  The impact of biocides on biofilm viability 

was investigated using a MLOE framework, integrating viability assays such as fluorescence 

microscopy (LIVE/DEAD staining), and ATP quantification with metabolic activity measurements.  

The relationships between biofilm characteristics, corrosion processes, and biocide efficacy were 

elucidated through correlative analyses, revealing novel insights into how biocides affect biofilm 

structure, microbial activity, and subsequent corrosion mechanisms.  Key questions were addressed 

by examining the metabolic and physical roles of the biofilm through oxygen and redox profiling, 

identifying the influence of corrosion products via SEM-EDS and Raman spectroscopy.  Anaerobic 

conditions were maintained to determine key cathodic electron acceptors, and biofilm pit 

morphology was investigated to link patchy growth to localized pitting corrosion, uncovering 

mechanistic insights into MIC.  Together, the research demonstrates applicability of the proposed 

standard protocol for a novel dual anaerobic reactor model to study mixed-species biofilm and MIC 
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interactions on UNS G10180 CS.  Knowledge gaps pertaining to the development, structure and 

composition of mixed-species biofilms remain.  Thus, advancing the fundamental understanding of 

natural biofilms, as well as biofilm treatment options is critical for an economical and more 

sustainable approach moving into the future.  

7.2 Study Limitations 

The complexity of MIC caused by mixed-species biofilms presents a significant challenge for 

research in this field.  Whilst existing standards can be helpful, ultimately, they do not address the 

problem at the source, biofilms.  Simplified laboratory simulations of natural MIC phenomena can 

underestimate the potential of microbial communities.  As data based on planktonic 

microorganisms are of limited value, since planktonic microorganisms are not directly 

representative of sessile microorganisms which form biofilms and cause MIC.  On the other hand, 

incorporating natural communities into these simulations often results in limited reproducibility.  

These limitations underscore the need for more robust and innovative approaches to studying MIC 

using more realistic laboratory simulations of industrial environments.  Furthermore, there is a 

critical need for long-term studies on the influence of mixed-species biofilms on MIC.  However, 

deciphering the mechanisms behind outcomes, such as MIC driven by natural communities, is 

highly complex.  Therefore, using complex natural biofilms is not always practical when seeking to 

advance the scientific understanding of biofilm development. 

 In chapter 2, the standard protocol for a novel dual anaerobic reactor model to study mixed-

species biofilm and MIC interactions on UNS G10180 CS is outlined.  For the subsequent research 

chapters, a marine sediment was used to evaluate MIC.  The coastal/estuarine marine sediment 

was selected to sample microorganisms living under low O2 conditions and to broadly represent an 

ecological niche relevant to marine environments and to the energy sector.  However, this was only 

intended to be used during early laboratory studies.  Through the industrial collaborator (DNV), the 

intention was to source a biofilm sample from an offshore platform.  This consortium would have 

been more directly relevant to the ecological niche of interest.  As such, early in the project, a 

greater emphasis was placed on marine environments and more renewable energy infrastructure, 

such as offshore wind monopiles that are driven into the seabed.   

Moreover, for this project three different types of media were used, ASW supplemented 

with yeast extract, MB media for the enumeration of SRB, and PW taken from an offshore platform.  

There were challenges in the cultivation of the mixed-species consortia used, specifically for the 

study using PW.  For this study, the pre-culture was supplemented with additional organic sources.  



Chapter 7 

164 

However, during the 28 day experiment, the bulk media had no such supplementation.  While this 

research attempts to understand mixed-species biofilms and MIC in marine environments broadly, 

it is critical to study an environmental biofilm sample from an ecologically relevant niche, such as 

from an offshore oilfield system.  Cultivation of an ecologically relevant mixed-species biofilm is 

key.  Moreover, it is critical to perform longer-term studies to gain a fundamental understanding of 

mixed-species biofilms on MIC.   

Additionally, throughout the project there were challenges associated with maintaining 

anaerobic and/or low O2 conditions.  Due to the nature of the experiments, large quantities of 

media were required.  As such, ensuring sterile conditions are maintained, whilst also limiting O2 

ingress after sterilisation was challenging.  Sparging of the media was performed but may have been 

insufficient.  Any ingress of O2 could have influenced the observed CR and corrosion mechanisms.  

Overall, this may have been a contributing factor for the abiotic conditions of early studies.  

However, in subsequent studies, continual sparging over the 28 day experiment was employed to 

minimise this effect.   

 Chapter 2 also outlines a range of different analytical methods and information to collect.  

An overview of the research design is then given, with a detailed account of the materials and 

methods used.  Generally, the scope of the research design may be too broad for one person.  In 

practice, an extra pair of hands from a technician would be valuable.  As it was challenging to 

manage my time when preparing samples for all the different analytical methods.  For example, 

with CLSM, performing the imaging without fixing the samples could provide further insight and 

allow for greater analysis of the spatial distribution of the biofilm.   

Interpretation of laboratory results to real-world efficacy is a challenge.  The research 

described in this thesis attempted to overcome limitations associated with simplified laboratory 

simulations for the evaluation of single-species biofilms.  While using natural microbial 

communities can make laboratory simulations more realistic, it also introduces variability that can 

limit the reproducibility of experiments.  Future investigations should perform biological repeats 

using the same experimental parameters across each biological repeat to validate the protocol 

further and ensure a more robust research design.   

7.3 Future Work 

Some recommendations for future work are listed as follows: 

• Further study of bacterial attachment and adhesion depending on the type of media used 

and the conditioning film present at the interface of the CS.   
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• Deeper understanding of the spatial community dynamics within a mature biofilm and the 

influence of EPS and extracellular DNA on biofilm development.  Maybe using AFM and/or 

MALDI methods. 

• It is essential to understand biofilm phenotype further.  Future investigations should 

perform metabolomic and genetic analysis to understand molecular mechanisms of key 

species and to identify potential biochemical pathways and biomarkers.  

• Further study on the biochemistry of mixed-species biofilms to identify critical electron 

donor/acceptors and to understand key metabolic pathways that may provide insight into 

the predominant MIC mechanisms. 

• Further evaluation of commonly used as well as novel biocidal compound efficacy. 

• Future work should sample and cultivate mixed-species biofilms from various field locations 

under conditions reflecting the original sampling location, with biological repeats.  

• Future investigations should perform biological repeats using the same mixed-species 

biofilm composition and experimental parameters to validate the protocol.  The 

importance of biological replicates lies in their role in capturing biological variability, which 

is essential for drawing meaningful and generalizable conclusions in experiments, 

particularly in MIC studies.  Biological replicates are crucial for understanding how microbial 

communities or biofilm behaviours vary naturally and how this may influence corrosion 

under different conditions.  Technical replicates ensure that observed differences are not 

due to experimental artifacts but do not provide insight into biological diversity or 

variability.  Both types of replication are essential, but biological replicates are more critical 

for studying system-wide phenomena such as MIC, where biological complexity plays a 

central role.   
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Appendix A  

 
Figure A1. Engineering Drawing of a Bioreactor Rod before modifications. 

Figure A2. Engineering Drawing of Modified Bioreactor Rod after modifications. 
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Figure A3. Engineering Drawing of Shell for Reference Electrode. 

Figure A4. Engineering Drawing of Shell for Microsensor.  
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Figure A5. Engineering Drawing for New Microsensor Guard.  

 
Figure A6. Engineering Drawing for Modified Microsensor Shell. 
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Appendix B  
Table B1a. Artificial seawater test solution/media composition supplemented with 1000 mg L-1 of yeast 
extract. Yeast extract has a protein content of about 50%, of which about 20% is glutathione, 6% is nucleic 
acid. It is rich in 18 kinds of amino acids, functional peptides glutathione, dextran, mannan, trehalose, 
flavouring nucleotide, B vitamins, biotin, trace elements and volatile aromatic compounds and other 
components. Calcium, phosphorus, and trace element contents (μg g-1) in yeast extract: Calcium 1120, 
Phosphorus 18020, Zinc 190, Iron 162, Chromium 5, Potassium 9300, Cobalt 1.2, Manganese 15, Strontium 
3.5, Magnesium 2150. 

Major Ion % Total Weight Concentration (mg L-1) 

Chloride, Cl- 47.47 18.74 

Sodium, Na+ 26.28 10.454 

Sulphate, SO4
2- 6.6 2631 

Magnesium, Mg2+ 3.23 1256 

Calcium, Ca2+ 1.013 400 

Potassium, K+ 1.015 401 

Bicarbonate, HCO3
- 0.491 194 

Boron, B3+ 0.015 6 

Strontium, Sr2+ 0.001 7.5 

Solids Total 86.11% 34.09 

Water 13.88 - 

Total 99.99% - 
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Table B2. Environmental conditions on the day the marine sediment was collected on September 14, 2022. 
Date & Time 14/09/2

022 

07:32 

14/09/2

022 

07:47 

14/09/2

022 

08:02 

14/09/2

022 

08:17 

14/09/2

022 

08:32 

14/09/2

022 

08:47 

14/09/2

022 

09:02 

14/09/2

022 

09:17 

14/09/2

022 

09:32 

pH units (pH/ORP) 7.99 7.99 7.99 7.98 7.98 8 8.01 8 8.01 

Specific Conductivity 

mS/cm (Conductivity) 

40.982 39.918 39.798 40.598 40.859 39.9 39.561 39.803 38.604 

Turbidity NTU 

(Turbidity/Brush) 

265.1 233 663 170.8 205.9 244.6 317.4 610 586 

Barometric Pressure 

mmHg (Necessary 

Input) 

766.7 766.7 766.7 766.7 766.7 766.7 766.7 766.7 766.7 

DO mg/L (Hach LDO) 7.41 7.34 7.43 7.25 7.37 7.41 7.45 7.4 7.43 

Depth meters (Depth 

25 m) 

0.197 0.203 0.199 0.194 0.196 0.194 0.192 0.202 0.194 

Turbidity mV 

(Turbidity/Brush) 

256.553 228.405 605.772 173.86 204.651 238.627 302.424 558.721 538.339 

DO %SAT (Hach LDO) 91.7 90.5 91.5 89.6 91.3 91.5 91.9 91.4 91.2 

ORPAgCl mV 

(pH/ORP) 

220 222 220 216 219 216 220 220 218 

Temperature °C 

(Temperature) 

18.5 18.53 18.51 18.55 18.57 18.61 18.63 18.62 18.55 

Total Dissolved Solids 

g/L (Conductivity) 

26.228 25.548 25.471 25.983 26.149 25.536 25.319 25.474 24.706 

Specific Gravity  

(Depth 25 meter) 

1.019 1.018 1.018 1.018 1.018 1.018 1.018 1.018 1.017 

Density kg/m3 (Depth 

25 m) 

1018.52 1017.94 1017.88 1018.3 1018.44 1017.91 1017.72 1017.85 1017.23 

Salinity psu 

(Conductivity) 

26.32 25.56 25.48 26.05 26.23 25.55 25.31 25.48 24.63 

Chlorophyll a µg/L 

(Chlorophyll a) 

5.99 6.2 2.41 2.26 9.23 2.25 2.4 2.47 2.14 
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Abiotic Coupons 

 

 

 

Figure B3a. Photographs taken of the coupon rods taken from the abiotic condition on Day 28, on dismantling 
the reactor, after exposure to anaerobic nutrient-enriched artificial seawater media for 28 days. 
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Biotic Coupons 

 

 

 

Figure B3b. Photographs taken of the coupon rods taken from the biotic condition on Day 28, on dismantling 
the reactor, after exposure to anaerobic nutrient-enriched artificial seawater media for 28 days. 
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(a)

 

(b)

 
(c) 

 

(d) 

 
Figure B4. Three-dimensional optical surface profilometry of UNS G10180 surfaces at day 0. AR coupons for: 
(a) abiotic and (b) biotic conditions; and P coupons for: (c) abiotic and (d) biotic conditions, prior to exposure 
to anaerobic nutrient-enriched artificial seawater media for 28 days. 
 

Table B5a. Quantitative surface roughness profiles for AR coupon samples on day 0 and day 28. Ra average 
roughness of profile, Rt maximum peak to valley height of roughness, Rz mean peak to valley height, Rp 
maximum peak height, Rv maximum valley height, Rc mean height of profile irregularities, Rsm mean spacing 
of profile irregularities, Rt/Rz extreme scratch/peak value of roughness profile (higher values (>=1) represent 
larger scratches/peaks). 

 

Day Reactor Ra 

(µm) 
Rt 

(µm) 
Rz 

(µm) 
Rpeak 

(µm) 
Rv 

(µm) 
Rc 

(µm) 
Rsm 

(µm) 
Rt/Rz 

(µm) 

0 Abiotic 1.3±0.

7 
19.5±1

1.5 
10.3±4

.8 
12.1±7

.3 
7.4±7.

9 
9.1±7.

6 
193±2

02 
1.8±0.

6 

Biotic 1.4±0.

8 
12.4±6

.9 
8.3±3.

6 
8.1±5.

2 
4.3±2.

5 
6.5±3.

8 
156±1

28 
1.5±0.

4 

28 Abiotic 2.2±0.

7 
33.6±1

6.0 
17.2±6

.8 
10.7±5

.2 
22.9±1

2.0 
18.4±1

2.5 
248±1

67 
1.9±0.

5 

Biotic 3.5±1.

2 
48.3±1

9.0 
26.0±8

.7 
15.4±5

.1 
32.9±1

5.1 
27.6±1

1.7 
328±2

35 
1.9±0.

4 

715 µm 542 µm 715 µm 542 µm 

715 µm 542 µm 715 µm 542 µm 
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Table B5b. Quantitative surface roughness profiles for P coupon samples on day 0 and day 28.  

Day Reactor Ra 

(µm) 
Rt 

(µm) 
Rz 

(µm) 
Rpeak 

(µm) 
Rv 

(µm) 
Rc 

(µm) 
Rsm 

(µm) 
Rt/Rz 

(µm) 

0 Abiotic 0.4±0.

03 
4.6±0.

8 
3.5±0.

3 
2.5±0.

5 
2.1±0.

5 
1.9±0.

2 
38±5 1.3±0.

1 

Biotic 0.4±0.

03 
4.2±0.

5 
3.4±0.

2 
2.3±0.

3 
1.9±0.

4 
1.9±0.

2 
36±5 1.3±0.

1 

28 Abiotic 2.1±0.

8 
40.6±1

8.7 
18.6±7

.0 
9.2±3.

6 
31.4±1

5.2 
24.8±1

8.8 
304±1

80 
2.1±0.

5 

Biotic 2.9±0.

9 
51.8±1

1.7 
26.1±7

.0 
14.1±3

.2 
37.8±1

1.6 
34.5±1

1.1 
350±2

39 
2.1±0.

4 

 

Table B6a. EIS parameters of the carbon steel coupons immersed in anaerobic nutrient-enriched artificial 
seawater media for the abiotic condition on days 1, 7, 14, 21 and 28. Equivalent circuit:    – Rs+(Q1/Q2+Rct); 
 – Rs+(Q1/Rct);  – Rs+Q1/(Rfilm+Q2/Rct). 

Day Coupon Rs / Ω 

cm2 

Q1 / 

mΩ–1 

cm–2 sn 

n1 Rfilm / Ω 

cm2 

Q2 / 

mΩ–1 

cm–2 sn 

n2 Rct / Ω 

cm2 

χ2 ×10−4 

1 AR  3.9±0.5 0.2±0.03 0.85±0.01 – 0.8±0.9 0.45±0.03 304±52 14 

P  4.0±0.2 0.1±0.01 0.87±0.01 – 0.6±0.3 0.45±0.07 612±179 18 

7 AR  6.7±0.1 2.2±0.1 0.78±0.04 – – – 417±24 8.5 

P  6.6±0.1 1.2±0.1 0.81±0.01 – – – 374±14 3.4 

14 AR  13.0±1.7 5.3±0.9 0.40±0.03 – 4.0±0.1 0.58±0.03 23±374 2.9 

P  13.0±0.6 3.6±2.1 0.42±0.08 28±11 3.4±0.9 0.60±0.04 903±409 2.9 

21 AR  13.0±8.5 4.3±4.0 0.51±0.21 46±43 4.6±1.3 0.56±0.05 1454±485 3.2 

P  18.0±1.5 3.6±1.7 0.42±0.06 39±0.1 8.0±2.1 0.52±0.09 775±287 4.8 

28 AR  13.6±5.8 3.2±5.6 0.59±0.22 – 4.2±6.7 0.59±0.28 84±124 3.7 

P  19.9±1.4 11.0±6.6 0.48±0.10 243±178 9.3±3.7 0.42±0.16 123±162 4.8 
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Table B6b. EIS parameters of the carbon steel coupons immersed in anaerobic nutrient-enriched artificial 
seawater media for the biotic condition on days 1, 7, 14, 21 and 28. Equivalent circuit:  – Rs+Q1+(Q2/Rct). 

Day Coupon Rs / Ω 
cm2 

Q1 / 
mΩ–1 

cm–2 sn 

n1 Q2 / 
mΩ–1 

cm–2 sn 

n2 Rct / Ω 
cm2 

χ2 ×10−4 

1 AR  4.0±0.1 0.6±0.2 0.85±0.
02 

1.4±0.6 0.77±0.
01 

2509±1
497 

41 

P  3.7±0.9 0.4±0.3 0.93±0.
06 

0.9±0.1 0.69±0.
20 

1342±1
251 

41 

7 AR  5.0±0.4 1.7±0.8 0.86±0.
02 

2.3±0.4 1.02±0.
06 

616±79 21 

P  5.3±0.2 1.5±0.3 0.94±0.
07 

2.0±1.0 0.92±0.
09 

939±46
5 

21 

14 AR  7.7±0.6 3.0±0.6 0.84±0.
02 

5.4±1.8 0.98±0.
04 

164±10
9 

13 

P  8.2±0.2 3.3±0.6 0.88±0.
03 

3.7±0.5 0.85±0.
02 

206±66 15 

21 AR  9.3±0.7 6.5±6.7 0.80±0.
03 

7.1±6.1 1.01±0.
06 

1506±2
474 

4.8 

P  10.0±0.
3 

2.5±0.4 0.87±0.
04 

8.1±3.8 0.91±0.
09 

97±105 5.0 

28 AR  10.0±0.
3 

2.9±0.4 0.84±0.
01 

8.5±4.4 1.02±0.
06 

156±10
6 

3.5 

P  10.8±0.
3 

3.1±1.2 0.87±0.
04 

6.6±4.3 0.91±0.
13 

163±16
1 

4.2 

 

 

(a)

 

(b)

 
Figure B7. Confocal images of biofilms formed over UNS G10180 carbon steel surfaces for (a) AR and (b) P 
biofilms, after exposure to anaerobic nutrient-enriched artificial seawater media for 28 days. 
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Table B8. List of top 25 microbial genera identified through 16S rRNA amplicon sequencing with two target 
region, V3-4 for bacteria and archaea, after exposure to anaerobic nutrient-enriched artificial seawater media 
for 28 days. 

Name Sediment Day0 Day28 AR 25M 

Malaciobacter 0.002629 0.000723 51.51 30.96 31.06 

Vibrio 0.1229 44.44 18.57 3.456 5.58 

Oceanicoccus 0.02797 13.6 0.2062 0.3402 0.1696 

Draconibacterium 0.0827 0.4161 12.77 3.469 3.492 

Crassaminicella 0.006454 0.8045 6.202 10.68 10.35 

Maridesulfovibrio 0.02844 2.335 3.183 10.64 6.391 

Serpentinicella 0.004303 10.18 0.2291 1.389 3.472 

Sulfurovum 8.113 0.002169 NA 0.000522 0.000689 

Desulfomicrobium 0.06956 0.06236 0.5023 7.878 5.54 

Halarcobacter 0.001434 NA 0.2581 3.965 7.52 

Methanococcoides 0.08151 7.294 NA NA NA 

Shewanella 0.01864 0.0103 1.287 5.786 6.979 

Candidatus Prometheoarchaeum 6.812 0.015 NA NA NA 

Candidatus Methanoplasma 6.768 0.03362 NA NA NA 

Desulfosarcina 6.685 0.003615 NA 0.008087 0.003102 

Desulfuromonas 5.615 0.001446 0.3122 5.735 5.274 

Fusobacterium 0.001195 4.787 0.001397 0.00287 0.008271 

Thiohalobacter 3.865 0.001084 NA NA NA 

Sedimentibacter NA 0.06091 1.74 3.18 2.776 

Anaerotignum 0.001195 2.691 0.01886 0.1283 0.3395 

Kineobactrum 2.52 0.000904 NA NA NA 

Pseudodesulfovibrio 2.237 0.188 0.03544 0.4844 0.3563 

Methanomassiliicoccus 2.058 0.003976 NA NA NA 

Desulforapulum 0.2462 0.003796 0.000524 1.978 1.161 

Woeseia 1.962 0.000362 NA NA 0.000345 
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Figure B9. Spearman correlation coefficients for environmental marine sediment, Day 0, and Day 28 
planktonic samples, AR and P biofilms, after exposure to anaerobic nutrient-enriched artificial seawater 
media for 28 days. 
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(a)  

(b)  

(c)  
Figure B10. XRD patterns for corrosion products formed on carbon steel for abiotic (a), and biotic coupons 
(b, c), after exposure to anaerobic nutrient-enriched artificial seawater media for 28 days. 

 





 

 

Appendix C  
Table C1a. ATCC 1249 Modified Baar’s media composition. Each component is adjusted to pH 7.5 and 
autoclaved at 121°C.  The three components are mixed aseptically and stored under anaerobic conditions.  
The anaerobic chamber gas mixture consisted of 85% N2, 10% CO2 and 5% H2. 

Component 1 

MgSO4 2.0 g 

Sodium Citrate 5.0 g 

CaSO4 x 2H2O 1.0 g 

NH4Cl 1.0 g 

DI Water 400.0 ml 

Component 2 

K2HPO4 0.5 g 

DI Water 200.0 ml 

Component 3 

Sodium Lactate 3.5 g 

Yeast Extract 1.0 g 

DI Water 400.0 ml 
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Table C2. Environmental conditions on the day the marine sediment was collected on November 19, 2022. 
Date & Time 14/09/2

022 

07:32 

14/09/2

022 

07:47 

14/09/2

022 

08:02 

14/09/2

022 

08:17 

14/09/2

022 

08:32 

14/09/2

022 

08:47 

14/09/2

022 

09:02 

14/09/2

022 

09:17 

14/09/2

022 

09:32 

pH units (pH/ORP) 8.04 8.03 8.03 8.04 8.02 8.03 8.03 8.04 8.04 

Specific Conductivity 

mS/cm (Conductivity) 

46.726 46.782 46.798 46.762 46.158 46.046 46.063 46.207 46.374 

Turbidity NTU 

(Turbidity/Brush) 

3.3 1.8 2.9 1.8 1.4 2 1.7 1.7 1.9 

Barometric Pressure 

mmHg (Necessary 

Input) 

765.4 765.4 765.4 765.4 765.4 765.4 765.4 765.4 765.4 

DO mg/L (Hach LDO) 8.84 8.83 8.96 8.73 8.9 8.75 8.97 8.82 8.79 

Depth meters (Depth 

25 m) 

0.127 0.124 0.125 0.117 0.125 0.116 0.112 0.116 0.112 

Turbidity mV 

(Turbidity/Brush) 

30.198 26.851 29.206 26.79 25.966 27.288 26.568 26.641 27.012 

DO %SAT (Hach LDO) 97.5 97.4 99 96.4 97.4 95.7 98.1 96.7 96.6 

ORPAgCl mV 

(pH/ORP) 

205 202 206 208 206 208 210 206 211 

Temperature °C 

(Temperature) 

11.43 11.42 11.5 11.5 11.19 11.21 11.19 11.25 11.35 

Total Dissolved Solids 

g/L (Conductivity) 

29.904 29.941 29.951 29.927 29.541 29.469 29.48 29.573 29.679 

Specific Gravity  

(Depth 25 meter) 

0.03113 0.03034 0.03009 0.02988 0.03002 0.03006 0.03341 0.03005 0.02979 

Density kg/m3 (Depth 

25 m) 

1.023 1.023 1.023 1.023 1.023 1.023 1.023 1.023 1.023 

Salinity psu 

(Conductivity) 

1023.22 1023.25 1023.25 1023.23 1022.94 1022.88 1022.89 1022.96 1023.04 

Chlorophyll a µg/L 

(Chlorophyll a) 

30.53 30.57 30.58 30.55 30.12 30.03 30.05 30.15 30.27 
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Figure C3a. Photographs taken of the coupon rods taken from the abiotic condition on Day 28, on dismantling 
the reactor, after exposure to anaerobic MB media for 28 days. 
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Biotic Coupons 

 

 

 

Figure C3b. Photographs taken of the coupon rods taken from the biotic condition on Day 28, on dismantling 
the reactor, after exposure to anaerobic MB media for 28 days. 

 

 

 

 



 

 

(a) 

 

(b) 

 
(c) 

 

(d) 

 
Figure C4. Three-dimensional optical surface profilometry of UNS G10180 surfaces at day 0. AR coupons for: 
(a) abiotic and (b) biotic conditions; and P coupons for: (c) abiotic and (d) biotic conditions, prior to exposure 
to anaerobic MB media for 28 days. 

 

Table C5a. Quantitative surface roughness profiles for AR coupon samples on day 0 and day 28. Ra average 
roughness of profile, Rt maximum peak to valley height of roughness, Rz mean peak to valley height, Rp 
maximum peak height, Rv maximum valley height, Rc mean height of profile irregularities, Rsm mean spacing 
of profile irregularities, Rt/Rz extreme scratch/peak value of roughness profile (higher values (>=1) represent 
larger scratches/peaks). 

Day Reactor Ra 

(µm) 

Rt 

(µm) 

Rz 

(µm) 

Rpeak 

(µm) 

Rv 

(µm) 

Rc 

(µm) 

Rsm 

(µm) 

Rt/Rz 

(µm) 

0 Abiotic 1.2±0.

6 

16.0±1

0.9 

9.4±4.

8 

10.6±7

.0 

5.4±5.

2 

8.5±7.

7 

216±1

90 

1.6±0.

4 

Biotic 1.1±0.

4 

13.3±6

.4 

8.2±3.

3 

9.2±5.

6 

4.1±1.

8 

6.3±3.

5 

171±1

06 

1.6±0.

3 

28 Abiotic 1.7±0.

8 

16.7±9

.3 

10.3±3

.4 

7.2±1.

9 

9.5±8.

1 

9.1±6.

2 

163±1

22 

1.6±0.

5 

Biotic 2.0±1.

3 

23.1±1

3.4 

14.4±8

.1 

8.6±3.

9 

14.5±1

0.6 

10.6±5

.6 

182±8

0 

1.6±0.

3 

 

 

715 µm 542 µm 715 µm 542 µm 

715 µm 542 µm 715 µm 542 µm 
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Table C5b. Quantitative surface roughness profiles for P coupon samples on day 0 and day 28.  

Day Reactor Ra 

(µm) 

Rt 

(µm) 

Rz 

(µm) 

Rpeak 

(µm) 

Rv 

(µm) 

Rc 

(µm) 

Rsm 

(µm) 

Rt/Rz 

(µm) 

0 Abiotic 0.4±0.

05 

4.0±0.

5 

3.2±0.

3 

2.3±0.

4 

1.7±0.

3 

1.8±0.

2 

34±3 1.2±0.

1 

Biotic 0.4±0.

05 

4.3±0.

7 

3.4±0.

4 

2.5±0.

5 

1.8±0.

3 

1.9±0.

2 

35±5 1.3±0.

1 

28 Abiotic 1.1±0.

9 

21.6±1

4.4 

9.5±5.

2 

6.8±4.

8 

14.7±1

0.4 

11.1±9

.2 

271±2

78 

2.1±0.

5 

Biotic 2.5±0.

6 

34.6±5

.4 

19.7±3

.0 

10.2±3

.2 

24.4±4

.7 

17.4±2

.8 

251±9

3 

1.8±0.

3 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Table C6a. EIS parameters of the carbon steel coupons immersed in anaerobic MB media for the abiotic 
condition on days 1, 7, 14, 21 and 28. Equivalent circuit:    – Rs+(Q1/Q2+Rct);  – Rs+Q1/(Rfilm+Q2/Rct). 

Day Coupon Rs / Ω 

cm2 

Q1 / 

mΩ–1 

cm–2 sn 

n1 Rfilm / 

Ω cm2 

Q2 / 

mΩ–1 

cm–2 sn 

n2 Rct / Ω 

cm2 

χ2 ×10
−4 

1 AR  38.8±3

.3 

0.56±0

.07 

0.78±0

.00 

– 442.3±

745.6 

0.01±0

.02 

415±7

46 

15 

P  38.9±2

.3 

0.62±0

.02 

0.79±0

.01 

– 97.9±8

3.3 

0.00±0

.00 

617±8

6 

21 

7 AR  17.9±1

5.6 

0.61±0

.33 

0.33±0

.07 

– 0.44±0

.49 

0.79±0

.29 

121±8

2 

18 

P  35.8±1

.9 

0.40±0

.09 

0.51±0

.02 

– 1.33±1

.04 

0.69±0

.27 

184±1

04 

25 

14 AR  33.6±7

.7 

0.27±0

.26 

0.76±0

.28 

5310±

6067 

0.55±0

.34 

0.89±0

.07 

1007±

1680 

14 

P  24.2±8

.0 

0.39±0

.22 

0.40±0

.12 

7.12E+

07±6.1

8E+07 

0.94±0

.94 

0.74±0

.16 

46±18 9.9 

21 AR  30.6±4

.8 

0.31±0

.03 

0.43±0

.06 

– 0.25±0

.01 

0.93±0

.03 

117±4

5 

18 

P  34.0±2

.7 

0.45±0

.04 

0.44±0

.03 

– 1.82±1

.45 

0.73±0

.24 

203±4

4 

20 

28 AR  14.6±2

5.3 

0.29±0

.46 

0.61±0

.23 

1605±

1345 

2.17±2

.43 

0.89±0

.09 

366±5

61 

13 

P  13.4±1

4.9 

0.15±0

.26 

0.57±0

.21 

1935±

619 

0.80±0

.16 

0.83±0

.03 

26±16 2.6 
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Table C6b. EIS parameters of the carbon steel coupons immersed in anaerobic MB media for the biotic 
condition on days 1, 7, 14, 21 and 28. Equivalent circuit:  – Rs+Q1+(Q2/Rct). 

Day Coupon Rs / Ω 

cm2 

Q1 / 

mΩ–1 

cm–2 sn 

n1 Q2 / 

mΩ–1 

cm–2 sn 

n2 Rct / Ω 

cm2 

χ2 ×10−4 

1 AR  41.9±4.

7 

2.56±0.

24 

0.77±0.

07 

0.19±0.

02 

0.90±0.

02 

3565±3

27 

28 

P  42.4±2.

2 

2.41±0.

45 

0.78±0.

08 

0.19±0.

03 

0.90±0.

01 

2870±8

44 

36 

7 AR  33.6±3.

6 

1.67±0.

48 

0.88±0.

11 

2.29±0.

80 

0.93±0.

08 

551±42

9 

43 

P  34.1±2.

0 

1.75±0.

42 

0.88±0.

11 

1.66±0.

54 

0.95±0.

07 

993±91

5 

51 

14 AR  23.5±20

.4 

2.95±1.

18 

0.90±0.

09 

1.58±2.

05 

0.81±0.

18 

225±35

3 

36 

P  33.4±1.

2 

2.28±0.

19 

0.88±0.

02 

5.61±9.

13 

0.67±0.

58 

41±69 21 

21 AR  26.3±23

.1 

2.00±0.

16 

0.84±0.

02 

7.91±6.

85 

1.00±0.

00 

59±29 29 

P  12.0±20

.7 

1.86±0.

08 

0.88±0.

01 

3.76±6.

51 

0.62±0.

34 

61±44 10 

28 AR  37.0±3.

2 

1.93±0.

17 

0.84±0.

02 

6.51±5.

53 

1.00±0.

00 

59±60 44 

P  32.6±1.

2 

2.26±0.

87 

0.93±0.

07 

1.16±1.

41 

0.94±0.

10 

457±78

8 

26 

 



 

 

  

Figure C7. Confocal images of biofilms formed over UNS G10180 carbon steel surfaces for (a) AR and (b) P 
biofilms, after exposure to anaerobic MB media for 28 days. 
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Table C8. List of top 25 microbial genera identified through 16S rRNA amplicon sequencing with two target 
region, V3-4 for bacteria and archaea, after exposure to anaerobic MB media for 28 days. 

Name Sediment Day0 Day28 AR 25M 

Desulfovibrio 0.08945 0.09537 32.02 54.73 52.49 

Clostridium 0.1979 13.26 0.7714 3.671 3.613 

Klebsiella 0.09221 11.14 3.758 2.412 2.002 

Sulfurovum 9.308 0.05396 0.001624 0.000427 0.000813 

Escherichia 0.3072 8.908 4.851 3.425 3.041 

Parabacteroides 0.004009 7.908 6.417 3.84 4.74 

Veillonella 0.000251 7.777 0.04258 0.1269 0.2159 

Anaerotignum 0.000752 7.061 3.891 1.256 1.512 

Bacteroides 0.004009 6.807 4.553 2.663 2.405 

Sulfurospirillum 0.01879 0.000267 6.502 0.4396 0.5303 

Salmonella 0.1947 5.843 5.63 2.26 2.059 

Desulfuromonas 5.616 0.02698 NA NA NA 

Enterobacter 0.01077 2.699 5.362 1.23 1.121 

Candidatus Prometheoarchaeum 5.229 0.02351 NA NA NA 

Anaerotruncus 0.01077 0.276 5.202 1.447 1.483 

Terrisporobacter 0.003508 5.164 0.007398 0.349 0.3042 

Desulfosarcina 4.827 0.02244 NA NA NA 

Thiohalobacter 3.976 0.01924 NA 0.000854 0.000407 

Candidatus Methanoplasma 3.699 NA NA NA NA 

Kineobactrum 3.526 0.01229 NA NA NA 

Fusobacterium 0.002004 1.875 1.166 2.857 3.313 

Providencia 0.000251 0.05183 3.259 0.5887 0.501 

Ruthenibacterium 0.006515 2.806 2.349 1.753 2.235 

Aliarcobacter 0.01278 0.000802 2.759 0.9953 0.9821 

Wenzhouxiangella 2.629 0.01015 NA NA NA 

 



 

 

 
Figure C9. Spearman correlation coefficients for environmental marine sediment, Day 0, and Day 28 
planktonic samples, AR and P biofilms, after exposure to anaerobic MB media for 28 days. 
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Appendix D  

Table D1a. Produced water test solution/media composition. The produced water was filter sterilized using 
a 0.2 µm Vivaflow® TFF Cassette, PES (Sartorius). 

Major Ion Concentration (mg L-1) Anions Concentration (mg L
-1

) 

Barium, Ba 141 Ammonium in water 54 

Boron, B 73.4 Bicarbonate, HCO3
- 642 

Calcium, Ca 982 Bromide, Br- 226 

Chloride, Cl- 31300 Chloride, Cl- 31600 

Iron, Fe 4.2 Fluoride 4 

Magnesium, Mg 518 H2S dissolved in water 0.67 

Potassium, K 259 Iodine, I- 113 

Sodium, Na 19100 Nitrate, NO3
- 2 

Strontium, Sr 96.5 pH at 20°C 6.7 

Sulphate, SO4
2- 750 Resistivity 0.136 

Sulphur, S 523 Resistivity at temperature 22.4 

Suspended solids 16 Specific gravity at 15°C 1.03868 

Total dissolved salt 53300 Sulphate, SO4
2- 550 

Ionbalance 

(cation/anion) 1.9 
Total alkalinity 

19.5 

 

 

 

 

 



 

 

Table D1b. Produced water test solution/media composition. 

Organic Acids Concentration (mg L-1) 

Acetic acid 820 

butanoic acid 15 

Formic acid 12 

Hexonic acid <2 

Pentoic acid 4 

Propanoic acid 74 
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Abiotic Coupons 

 

 

 
Figure D2a. Photographs taken of the coupon rods taken from the abiotic condition on Day 28, on 
dismantling the reactor, after exposure to anaerobic produced water media for 28 days. 

 

 

 

 

 

 

 

 

 



 

 

Biotic Coupons 

 

 

 
Figure D2b. Photographs taken of the coupon rods taken from the biotic condition on Day 28, on 
dismantling the reactor, after exposure to anaerobic produced water media for 28 days. 
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(a)  

 

(b) 

 
(c) 

 

(d) 

 
Figure D3. Three-dimensional optical surface profilometry of the cleaned UNS G10180 surfaces at day 28. AR 
coupons for: (a,b) abiotic and (c,d) biotic conditions, prior to exposure to anaerobic produced water media 
for 28 days. 

 

Table D4. Quantitative surface roughness profiles for AR coupon samples on day 0 and day 28. Ra average 
roughness of profile, Rt maximum peak to valley height of roughness, Rz mean peak to valley height, Rp 
maximum peak height, Rv maximum valley height, Rc mean height of profile irregularities, Rsm mean spacing 
of profile irregularities, Rt/Rz extreme scratch/peak value of roughness profile (higher values (>=1) represent 
larger scratches/peaks). 

Day Reactor Ra 

(µm) 

Rt 

(µm) 

Rz 

(µm) 

Rp 

(µm) 

Rv 

(µm) 

Rc 

(µm) 

Rsm 

(µm) 

Rt/Rz 

(µm) 

0 Abiotic 1.2±0.

6 

9.5±2.

7 

7.1±2.

3 

5.9±1.

6 

3.6±1.

3 

5.4±2.

1 

136±3

8 

1.3±0.

2 

Biotic 1.1±0.

5 

8.2±2.

6 

6.3±2.

1 

5.0±1.

6 

3.3±1.

2 

4.6±2.

0 

115±2

3 

1.3±0.

2 

28 Abiotic 1.3±0.

6 

10.3±3

.6 

7.6±2.

5 

5.8±2.

3 

4.5±1.

7 

5.4±2.

1 

104±2

6 

1.3±0.

2 

Biotic 1.3±0.

6 

10.0±3

.5 

7.3±2.

6 

6.0±1.

8 

4.0±2.

0 

5.3±2.

2 

112±3

6 

1.4±0.

2 

 

715 µm 542 µm 715 µm 542 µm 

715 µm 542 µm 715 µm 542 µm 



 

 

Table D5a. Quantitative SEM-EDS data collected from elemental mapping of the abiotic UNS G10180 carbon 
steel surfaces, after exposure to anaerobic produced water media for 28 days. 

St
at

is
tic

 
O F Na Mg Al Si P S Cl K Ca Mn Fe Ni Cu Mo Rh Sn Ba W 

M
ax

 

37.35 8.94 22.92 1.30 0.00 4.49 1.43 2.33 23.16 0.82 9.63 0.00 46.00 0.00 0.00 0.00 2.33 0.00 7.65 1.74 

M
in

 

20.93 8.94 3.84 0.26 0.00 1.09 0.41 0.44 0.85 0.28 1.82 0.00 22.74 0.00 0.00 0.00 1.29 0.00 1.45 1.74 

Av
er

ag
e 

29.88 8.94 11.29 0.80 - 3.38 0.70 1.42 8.03 0.50 5.69 - 33.89 - - - 1.74 - 3.87 1.74 

St
De

v 
(σ
) 

3.56 - 4.66 0.20 - 0.82 0.22 0.48 6.13 0.18 1.76 - 7.03 - - - 0.39 - 1.26 - 

 

Table D.5a. Quantitative SEM-EDS data collected from elemental mapping of the biotic UNS G10180 carbon 
steel surfaces, after exposure to anaerobic produced water media for 28 days. 

St
at

is
tic

 

O F Na Mg Al Si P S Cl K Ca Mn Fe Ni Cu Mo Rh Sn Ba W 

M
ax

 

50.17 0.00 40.61 0.64 0.27 2.99 0.00 1.01 13.63 0.24 1.85 4.72 82.72 0.96 1.23 0.57 0.00 0.93 0.00 0.00 

M
in

 

12.10 0.00 1.34 0.27 0.27 0.19 0.00 0.22 0.23 0.24 0.25 0.53 9.22 0.34 0.26 0.57 0.00 0.93 0.00 0.00 

Av
er

ag
e 

25.12 - 6.51 0.43 0.27 0.59 - 0.57 2.58 0.24 0.55 1.24 65.24 0.65 0.79 0.57 - 0.93 - - 

St
De

v 
(σ
) 

6.53 - 7.12 0.12 - 0.64 - 0.26 3.22 - 0.38 0.86 11.06 0.44 0.35 - - - - - 
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Table D6a. EIS parameters of the carbon steel coupons immersed in anaerobic produced water media for the 
abiotic condition on days 1, 7, 14, 21 and 28. Equivalent circuit:    – Rs+(Q1/Q2+Rct);  – Rs+Q1/(Rfilm+Q2/Rct). 

Day Coupon Rs / Ω 

cm2 

Q1 / 

mΩ–1 

cm–2 sn 

n1 Rfilm / 

Ω cm2 

Q2 / 

mΩ–1 

cm–2 sn 

n2 Rct / Ω 

cm2 

χ2 ×10
−4 

1 AR  5.39±0

.36 

0.29±0

.06 

0.82±0

.02 

– 0.50±0

.42 

0.44±0

.06 

2921±

2317 

49 

7 AR  4.90±0

.40 

0.72±0

.06 

0.84±0

.03 

– 0.43±0

.19 

0.68±0

.17 

1234±

828 

52 

14 AR  4.32±2

.16 

2.01±1

.09 

0.75±0

.09 

– 1.34±1

.06 

0.72±0

.14 

382±5

59 

42 

21 AR  6.09±1

.48 

1.39±1

.16 

0.66±0

.19 

– 2.25±1

.61 

0.66±0

.15 

237±3

58 

11 

28 AR  5.37±3

.41 

0.55±0

.58 

0.64±0

.22 

2422±

1385 

0.81±0

.51 

0.63±0

.23 

176±3

04 

29 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Table D6b. EIS parameters of the carbon steel coupons immersed in anaerobic produced water media for the 
biotic condition on days 1, 7, 14, 21 and 28. Equivalent circuit:   – Rs+(Q1/Q2+Rct); – Rs+Q1+(Q2/Rct). 

Day Coupon Rs / Ω 

cm2 

Q1 / 

mΩ–1 

cm–2 sn 

n1 Q2 / 

mΩ–1 

cm–2 sn 

n2 Rct / Ω 

cm2 

χ2 ×10−4 

1 AR  5.22±0.3

8 

0.38±0.

15 

0.86±0.

02 

1.42±0.

72 

0.38±0.

11 

419±32

2 

34 

7 AR  4.04±2.0

5 

0.93±0.

44 

0.76±0.

21 

1.13±0.

58 

0.66±0.

13 

348±27

3 

54 

14 AR  4.74±0.5

9 

3.20±1.

33 

0.79±0.

02 

2.52±1.

31 

0.89±0.

06 

42±20 50 

21 AR  4.68±0.5

9 

5.21±2.

63 

0.77±0.

01 

2.68±0.

84 

0.84±0.

06 

46±16 51 

28 AR  4.74±0.3

6 

6.97±2.

97 

0.81±0.

08 

4.73±0.

76 

0.82±0.

03 

85±107 30 

 

 

Figure D7. Confocal image of biofilm formed over UNS G10180 carbon steel surfaces for AR biofilms, after 
exposure to anaerobic produced water media for 28 days. 
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Table D8. List of top 25 microbial genera identified through 16S rRNA amplicon sequencing with two target 
region, V3-4 for bacteria and archaea, after exposure to anaerobic produced water media for 28 days. 

Name Sediment Day0 Day28 AR 

Marinobacterium 0.006341 0.001318 9.109 42.43 

Vibrio 0.09423 32.41 0.1822 1.277 

Marinobacter 0.003875 0.001538 30.26 2.837 

Pseudomonas 0.273 0.005711 25.73 19.9 

Halomonas 0.01233 0.000659 22.91 5.648 

Sulfurovum 13.84 0.0246 0.0005165 0.0008302 

Methanococcoides 0.03188 12.47 0.002238 NA 

Malaciobacter 0.001585 0.0008786 1.755 9.184 

Desulfosarcina 6.477 0.009885 NA NA 

Apibacter 0.02501 6.249 0.08867 0.2828 

Methanococcus 0.1828 5.618 NA NA 

Desulfuromonas 5.464 0.01098 0.0001722 NA 

Pseudodesulfovibrio 4.922 0.01955 0.002583 0.1962 

Thiohalobacter 4.505 0.007029 NA 0.0002767 

Idiomarina 0.0347 0.0004393 4.063 1.072 

Geosporobacter 0.004051 3.942 0.02462 0.2779 

Anaerotignum 0.001585 3.91 0.002755 0.01743 

Fusobacterium 0.001761 3.861 0.002583 0.0005535 

Flavobacterium 0.1402 3.579 0.1104 1.631 

Kineobactrum 3.376 0.004174 0.0001722 NA 

Hungatella 0.0001761 3.152 0.005165 0.03321 

Wenzhouxiangella 3.111 0.003515 NA 0.0005535 

Shewanella 0.02255 1.266 0.4752 3.07 

Candidatus Prometheoarchaeum 2.843 0.03624 0.0003444 NA 

Carnobacterium 0.0001761 NA 0.2726 2.626 

 



 

 

 
Figure D9. Spearman correlation coefficients for environmental marine sediment, Day 0, and Day 28 
planktonic samples, and AR biofilms, after exposure to anaerobic produced water media for 28 days. 
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Appendix E  
Abiotic Coupons 

 

 

 
Figure E1a. Photographs taken of the coupon rods taken from the abiotic condition on Day 28, on dismantling 
the reactor, after exposure to anaerobic nutrient-enriched artificial seawater media dosed bi-weekly with 
glutaraldehyde for 28 days. 

 

 

 

 

 

 

 

 



 

 

Biotic Coupons 

 

 

 
 Figure E1b. Photographs taken of the coupon rods taken from the biotic condition on Day 28, on dismantling 
the reactor, after exposure to anaerobic nutrient-enriched artificial seawater media dosed bi-weekly with 
glutaraldehyde for 28 days. 
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(a) 

 

(b) 

 
(c) 

 

(d) 

 
Figure E2. Three-dimensional optical surface profilometry of the cleaned UNS G10180 surfaces at day 28. AR 
coupons for: (a,b) abiotic and (c,d) biotic conditions, prior to exposure to anaerobic nutrient-enriched 
artificial seawater media dosed bi-weekly with glutaraldehyde for 28 days. 

 

Table E3. Quantitative surface roughness profiles for AR coupon samples on day 0 and day 28. Ra average 
roughness of profile, Rt maximum peak to valley height of roughness, Rz mean peak to valley height, Rp 
maximum peak height, Rv maximum valley height, Rc mean height of profile irregularities, Rsm mean spacing 
of profile irregularities, Rt/Rz extreme scratch/peak value of roughness profile (higher values (>=1) represent 
larger scratches/peaks). 

Day Reactor Ra 

(µm) 

Rt 

(µm) 

Rz 

(µm) 

Rp 

(µm) 

Rv 

(µm) 

Rc 

(µm) 

Rsm 

(µm) 

Rt/Rz 

(µm) 

0 Abiotic 1.2±0.

7 

9.6±3.

7 

7.1±2.

9 

5.7±2.

4 

3.9±1.

7 

5.3±2.

3 

126±3

4 

1.4±0.

2 

Biotic 1.3±0.

6 

10.0±3

.2 

7.4±2.

3 

6.3±2.

4 

3.8±1.

1 

5.6±2.

2 

139±3

8 

1.4±0.

2 

28 Abiotic 1.2±0.

6 

8.4±3.

6 

6.6±2.

8 

4.8±2.

2 

3.6±1.

5 

4.7±2.

6 

104±3

0 

1.3±0.

1 

Biotic 1.1±0.

5 

8.3±2.

1 

3.4±1.

8 

4.3±1.

2 

3.9±1.

4 

4.4±1.

6 

104±2

0 

1.3±0.

1 

 

715 µm 542 µm 715 µm 542 µm 

715 µm 542 µm 715 µm 542 µm 



 

 

Table E4a. Quantitative SEM-EDS data collected from elemental mapping of the abiotic UNS G10180 carbon 
steel surfaces, after exposure to anaerobic nutrient-enriched artificial seawater media dosed bi-weekly with 
glutaraldehyde for 28 days. 

St
at

is
tic

 
O F Na Mg Si P S Cl K Ca Mn Fe Mo Sn 

M
ax

 

33.07 0.00 2.49 0.40 0.36 2.86 2.07 3.89 0.00 0.36 1.15 75.49 1.28 1.27 

M
in

 

22.56 0.00 0.54 0.40 0.22 0.29 0.32 0.23 0.00 0.27 0.60 61.14 1.28 1.05 

Av
er

ag
e 

25.55 - 1.35 0.40 0.28 1.19 0.72 1.04 - 0.32 0.81 71.08 1.28 1.12 

St
De

v 
(σ
) 

2.51 - 0.58 - 0.05 0.64 0.45 1.21 - 0.04 0.22 3.07 - 0.13 
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Table E4b. Quantitative SEM-EDS data collected from elemental mapping of the biotic UNS G10180 carbon 
steel surfaces, after exposure to anaerobic nutrient-enriched artificial seawater media dosed bi-weekly with 
glutaraldehyde for 28 days. 

St
at

is
tic

 

O F Na Mg Si P S Cl K Ca Mn Fe Mo Sn 

M
ax

 

31.62 3.03 5.47 3.20 0.60 2.62 1.92 2.34 0.89 4.25 0.89 73.41 0.00 0.00 

M
in

 

21.81 3.03 0.54 0.39 0.20 1.00 0.20 0.19 0.28 0.23 0.51 55.60 0.00 0.00 

Av
er

ag
e 

26.93 3.03 1.89 1.71 0.36 1.61 0.77 0.78 0.52 2.13 0.65 65.05 - - 

St
De

v 
(σ
) 

2.37 - 1.56 0.79 0.13 0.48 0.49 0.64 0.26 1.18 0.13 5.20 - - 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Table E5a. EIS parameters of the carbon steel coupons immersed in anaerobic nutrient-enriched artificial 
seawater media dosed bi-weekly with glutaraldehyde for the abiotic condition on days 1, 7, 14, 21 and 28. 
Equivalent circuit:    – Rs+(Q1/Q2+Rct);  – Rs+(Q1/Rct);  – Rs+Q1/(Rfilm+Q2/Rct). 

Day Coupon Rs / Ω 

cm2 

Q1 / 

mΩ–1 

cm–2 sn 

n1 Rfilm / 

Ω cm2 

Q2 / 

mΩ–1 

cm–2 sn 

n2 Rct / Ω 

cm2 

χ2 ×10
−4 

1 AR  8.95±1

.22 

0.27±0

.03 

0.81±0

.01 

– 1.19±1

.32 

0.52±0

.12 

3960±

1752 

9.2 

7 AR  8.51±0

.87 

0.67±0

.13 

0.90±0

.01 

– – – 5030±

1547 

6.2 

14 AR  8.70±0

.87 

0.95±0

.18 

0.89±0

.01 

– – – 4859±

1276 

4.1 

21 AR  8.60±0

.85 

1.02±0

.20 

0.90±0

.01 

– – – 4597±

1038 

4.5 

28 AR  9.61±0

.96 

4.52±3

.19 

0.48±0

.14 

33920

864±5

50623

19 

6.78±3

.98 

0.69±0

.17 

55±11

1 

2.5 
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Table E5b. EIS parameters of the carbon steel coupons immersed in anaerobic nutrient-enriched artificial 
seawater media dosed bi-weekly with glutaraldehyde for the biotic condition on days 1, 7, 14, 21 and 28. 
Equivalent circuit:    – Rs+(Q1/Q2+Rct); – Rs+Q1+(Q2/Rct). 

Day Coupon Rs / Ω 

cm2 

Q1 / 

mΩ–1 

cm–2 sn 

n1 Q2 / 

mΩ–1 

cm–2 sn 

n2 Rct / Ω 

cm2 

χ2 ×10−4 

1 AR  7.68±1.

43 

167±17

6 

0.30±0.

19 

3.51±1.

02 

0.83±0.

05 

265±57 1.1 

7 AR  4.94±3.

42 

106±57 0.58±0.

46 

21.08±1

1.01 

0.87±0.

07 

82±67 9.0 

14 AR  6.55±1.

10 

104±11

1 

0.67±0.

32 

65.55±8

1.51 

0.79±0.

38 

106±98 8.7 

21 AR  5.92±1.

28 

464±43

1 

0.28±0.

35 

124.81±

217.40 

0.78±0.

36 

199±13

0 

1.4 

28 AR  6.65±1.

26 

40±16 0.84±0.

02 

543±21

9 

0.12±0.

13 

273±35

7 

1.1 

 

 

 

 

 

 

 

 

 

 

 



 

 

Table E6. List of top 25 microbial genera identified through 16S rRNA amplicon sequencing with two target 
region, V3-4 for bacteria and archaea, after exposure to anaerobic nutrient-enriched artificial seawater media 
dosed bi-weekly with glutaraldehyde for 28 days. 

Name Sediment Day0 Day28 AR 

Exiguobacterium 0.003808 0.02348 54.96 70.16 

Fusobacterium 0.001632 32.53 0.00535 0.006864 

Vibrio 0.08542 6.611 14.94 8.264 

Sulfurovum 10.8 0.008712 0.000502 NA 

Oceanicoccus 0.02367 10 1.881 2.013 

Shewanella 0.02911 0.005631 9.076 2.013 

Methanococcoides 0.1387 7.771 0.00117 0.006374 

Desulfuromonas 6.802 0.004462 0.000167 NA 

Serpentinicella 0.005985 0.6435 2.17 6.596 

Desulfosarcina 5.944 0.00425 0.000334 7.00E-05 

Thiohalobacter 5.268 0.002762 NA NA 

Photobacterium 0.00272 4.897 0.04163 0.007285 

Candidatus Methanoplasma 4.885 0.05716 NA NA 

Blautia 0.006529 4.732 0.0107 0.03754 

Candidatus Prometheoarchaeum 4.104 0.02433 NA 7.00E-05 

Marinobacterium 0.01387 0.001594 4.001 0.03159 

Leptotrichia 0.001904 3.931 0.000836 0.001191 

Halarcobacter 0.001088 0.0017 3.578 3.316 

Maridesulfovibrio 0.01768 3.475 1.68 0.5737 

Pseudodesulfovibrio 3.017 0.1271 0.2426 0.2431 

Anaerotignum 0.000816 2.844 0.1206 0.4397 

Clostridium 0.2535 2.544 0.03645 0.1919 

Urechidicola 2.416 0.000531 NA NA 

Kineobactrum 2.337 0.0017 0.000167 NA 

Woeseia 2.26 0.001169 0.000167 NA 
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Figure E7. Spearman correlation coefficients for environmental marine sediment, Day 0, and Day 28 
planktonic samples, and AR biofilms, after exposure to anaerobic nutrient-enriched artificial seawater media 
dosed bi-weekly with glutaraldehyde for 28 days. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Glossary of Terms 

Anaerobic ............................. the absence of gaseous oxygen.  

Abiotic .................................. the absence of living organisms. 

Bacterial attachment ........... the initial, reversible stage of contact between a bacterial cell and a 

substrate. 

Bacterial adhesion ................ the irreversible stage following attachment by which bacterial cells 

become permanently associated with a substrate or surface. 

Biocide .................................. a chemical compound that aims to reduce bacterial viability. 

Biofilm .................................. a sessile population of microorganisms living at an interface, usually 

associated with an aqueous phase. 

Biotic .................................... conditions that contain living organisms. 

Carbon steel (CS) .................. steel produced using carbon as the primary alloying element. 

Conditioning film .................. a layer of adsorbed organic and inorganic material in an interface. 

Corrosion .............................. the process converting refined materials to more chemically stable 

forms. 

Extracellular electron transport (EET) electron transfer between microbial cells and extracellular 

solid materials, including naturally-occurring metal compounds. 

Electroactive microorganism  are microorganisms that can exchange electrons with their 

extracellular environment. 

Electrogens ........................... microorganisms that generate or donate electrons to natural 

extracellular electron acceptors. 

Electromicrobiomes ............. are environments in which microorganisms electrically interact with 

each other and/or their extracellular environment. 

Electrotrophs........................ microorganisms that consume or accept electrons to natural 

extracellular electron acceptors. 

Extracellular polymeric substances (EPS) self-produced polymers that form the biofilm matrix, 

including proteins, eDNA and polysaccharides. 

Microbiologically influenced corrosion (MIC) the corrosion initiated, mediated, or exacerbated by 

the presence and activity of microorganisms. 

Microorganism ..................... a microscopic organism such as bacteria or fungi. 
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