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ABSTRACT 

Corrosion is one of the biggest concerns for mechanical integrity of infrastructure and 

infrastructural components, such as oil refineries, bridges and roads. The economic cost of 

corrosion is typically estimated to be between 1 to 5 % of the gross national product (GNP) of 

countries, of which the contribution of microbiologically influenced corrosion (MIC) is 

estimated to be between 10% and 50%. Current state-of-the-art approaches for detecting MIC 

primarily rely on ex-situ tests, including bacterial test kits (bug bottles); corrosion coupons, 

pigging deposits analysis and destructive analysis of MIC affected sites using SEM, TEM, and 

XRD. These ex-situ measurements do not capture the complexities and time sensitivities 

underlying MIC. This is owed to the fact that the proliferation of the microbial contamination is 

a dynamic and rapid process, and any delay can prove expensive as it is estimated that once the 

biofilm formation takes place the amount of biocides needed is magnitude of orders more as 

compared to when the bacteria are in planktonic form. Additionally, the field environment is a 

complex biotic and abiotic environment which is often difficult to replicate even in high fidelity 

laboratory models. Hence a real-time/pseudo real-time method of detection would greatly help 

reduce the costs and optimize biocide-based mitigation of MIC. To overcome the above-

mentioned shortcomings associated with the state-of-the-art; this work is aimed at the 

development of a sensor substrate whereby highly specific detection can be carried out in the 

environment where the corrosion exists, in a real-time/pseudo real-time basis. More specifically, 

the research is aimed at the development of sensors based on a nanowire matrix functionalized 

with biomolecules which can perform this specific and real-time detection of MIC in the pipeline 

environment. Here, the detection of MIC is based on the binding of specific biomolecules 
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causing MIC to organic molecules anchored on top of the nanowires. These sensors also need to 

be inexpensive (made of low-cost, earth abundant materials), have low power consumption, and 

robustly deployable. The primary component of the detection platforms are copper oxide 

nanowire arrays (CuONWs with lengths of 25 to 30 m, 50 to 100 nm in diameter) and silicon 

nanowires arrays (SiNWs with lengths of 5 to 8 m, 45 to 100 nm in diameter). They are 

synthesized using facile and scalable techniques and are selected for their robust electrical and 

mechanical properties. Electrochemical degradation studies of the NWs were performed in 3.5 

wt. % NaCl solution and simulated produced water using polarization and electrochemical 

impedance spectroscopy (EIS). The NWs systems showed robust resistance to degradation 

despite higher surface area (as compared to bulk counterparts), and both diffusion limitations and 

charge transfer resistance was observed on the analysis of the impedance response. The ability to 

immobilize a variety of moieties on the nanowire platforms gives them the ability to detecting a 

wide variety of MIC biomarkers. The Biotin-Streptavidin (SA) complex was used as a proof of 

concept to test the viability of the NW arrays as a substrate for sensing. A custom test bed was 

built for the functionalized NW thin films, and cyclic voltammetry studies revealed a stable 

current response with time for 10nM and 10,000 nM SA concentrations. The use of different 

probes such as aptamers to larger immunoglobulin probes provides the flexibility to detect the 

full spectrum of biomarkers. The development of these next generation sensor platforms along 

with the methodologies employed to stabilize them and assemble them into functional devices 

are explored in detail in this dissertation. 
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TEM  Transmission electron microscopy 
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1. INTRODUCTION 

Corrosion is one of the most systemic and historically amongst the most expensive 

problems for the many industrial sectors. These include petroleum refining [1], mining [2], 

transportation and food processing [3], nuclear industry [4], offshore oil and gas industry [5],  

industrial water systems[6], and many system and processes employing  both metals and other 

engineered materials [7, 8]. Although estimates vary widely, it is estimated that the cost of 

corrosion is  between 1 and 5 % of the gross national product (GNP) of countries across the 

world [9], which for the United States  is estimated to be ~ 500 billion dollars [10]. A NACE 

International IMPACT study estimated the global cost of corrosion to be greater than $2 trillion 

in 2013 [11].  In MIC, the corrosion of a substrate is perpetrated and/or accelerated due to the 

presence of a wide variety of microorganisms on its surfaces, which include bacteria, algae, and 

fungi [9, 12-19]. MIC is estimated to directly or indirectly contribute to 10 % to 50% of the total 

cost of corrosion [20-22] with the NACE estimate at 20% of the total cost of corrosion [23]. 

MIC has been found in harbors, nuclear power plants, oil and gas industries [24, 25], 

process plants [26], geothermal plants, power plants, fuel reprocessing units [27], sanitary 

sewage drains [28], pipelines[29] and storage tanks [30], oil fields and process equipment 

associated with them (such as pumps, valves and vessels) [31], fire sprinkler systems [32], water-

cooled heat exchangers, oil recovery injection systems [32], paper and pulp industry [33], 

radioactive disposal facilities[34], and even railroad systems [35].  
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An early reported incident was the 1977 Umm Said refrigerated propane tank explosion, 

where one of the proximate causes was suspected to be weld failure caused by MIC due to 

sulfate reducing bacteria in hydro-testing water. The estimated loss was $179 million due to the 

damage caused by the fire and explosion [36]. MIC has also been suspected to be a cause in the 

Prudhoe bay oil spill in the Alaskan North slope [37]. The oil spill resulted in an estimated 

discharge of 212,000 gallons of crude oil on the Tundra and was recorded as one of the largest 

oil spills on the North Slope [38]. Another significant incident where MIC was suggested as a 

cause for the internal corrosion was the natural gas pipeline leak and explosion in Carlsbad, New 

Mexico, United States and the 2015 Abkatun Permanente platform fire in the Gulf of Mexico 

[39, 40].  

MIC activity is responsible for accelerated corrosion and failure in many engineering 

materials including mild steels [41-47], 1010 carbon steel [48, 49], 1018 Carbon steel[50-53], 

Q235 carbon steel [54, 55], API 5LX70 carbon steel [56], X80 pipeline steel [57], 304 SS [58, 

59], 2304 DSS [60], 2707 HDSS [61], 2205 DSS [62-66], 316L SS [67, 68], 2507 DSS [69], 

aluminum alloys [70, 71],copper and copper alloys [67, 72], S32654 super austenitic stainless 

steel [73], which covers almost the entire spectrum of alloys used in both normal and critical 

applications (risers, blow out preventers and subsea pipelines) of the oil and gas industry.  

Studies documenting the impact of MIC on daily operations in the oil and gas industry 

are limited. MIC studies in the Halfdan oilfield in the Danish sector of the North sea tracked 

corrosion activity on the topsides of oil platforms,[74] and the oil export spool [75]. However, 

the data available in the public domain is extremely limited for MIC. It is known heuristically 

that the microbiological diversity in observed in the oil-field environment is extensive and 

complex. The extent of this variation was explored in a study by Geissler et al. through 
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microbiological analysis of 4000 samples collected from the October 2009 to June 2013. More 

than 500 different bacterial and archaeal species were identified and specifically it was found 

that Halanaerobium sp., was found in the onshore facilities in Texas, Gulf of Mexico and 

Northeastern South America [76]. The lack of a public database of MIC related incidents and 

accidents, as mentioned above, prevent the understanding of its full impact. MIC mitigation 

strategies have been extensively discussed including various organic and inorganic biocides, and 

more recently the use of quorum sensing biocides for biofilm dispersal in the following papers 

[77-83]. More recently, a bibliometric analysis of MIC utilized a dataset of 5,480 documents 

emphasize the primary challenge, namely the need for a real-time correlation of microbiology 

and corrosion data that goes beyond the limitations of subjective elucidation [22]. In addition, 

there has been significant advances in the application of molecular microbiological methods in 

the to manage MIC in upstream and downstream processes [84]. It is hence, important to 

understand the advantages and limitations of the current analytical tools in use at both the off-site 

and in the field. This provides an insight into the key requirements necessary in the development 

of next generation sensors.  

1.1 Microorganisms and chemical microenvironment of MIC active sites 

Wide varieties of microorganisms have been known to be responsible for MIC [9, 85-92]. 

A large volume of literature discussed SRB growth and metabolism in biofilms [9, 90] and its 

impact on corrosion [93-96]. The microenvironment on the surface of substrates formed with 

biofilms, with the metabolic activity of the microorganisms, promote flourishing biotic growth 

[97]. The organic and inorganic molecules [12, 18] in the biofilm, combined with variations in 

pH, flow rate, concentration, temperature and pressure [9, 19] lead to a generation of an 

environment where biota flourish. Beale et al. [18] analyzed metabolites in a system with copper 
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MIC corrosion found amongst others acetic acid, glycerol, adipic acid, terephthalic acid, palmitic 

acid compounds. In case of environments, such as sea water, additional factors including the 

total organic carbon, polycyclic aromatic hydrocarbons, chemical oxygen demand, inorganic 

compounds such as SO4
2-, PO4

3-,NO3
-,S2

-,CN-,NH4
-,and heavy metals including Fe, Cr, Cu, Ni, 

Hg, Sn, and Zn [15]  play a role in determining biota growth rates.   

The environment encountered by microbiota determines their state. If they are in a 

nutrient deficient environment they stay in a “planktonic” state, whereas in a nutrient rich 

environment they sink onto surfaces and will try to “stick” on the surfaces thus rendering them 

“sessile”[98] [81, 99]. These sessile organisms predominate in most of the environmental, 

industrial and medical processes of interest. The bacteria and microbiota in the sessile state 

enclosed in a biofilm matrix have been observed to be in a state of stasis with circulatory and 

metabolic-cooperativeness, such that  the microbiota react in fundamentally different ways with 

substrates compared to their planktonic counterparts [100].The biofilms are complex structures 

that exhibit spatial gradations of nutrient concentrations and structural complexities [92]. The 

biofilm’s dynamic nature of growth [101] compounds the challenge of its detection and 

mitigation. The biofilms are characterized by the presence of extra-cellular polymeric substances 

(EPS), which are generally polysaccharides [102, 103]. The EPS provides a protective matrix for 

the microbiota by providing a physical barrier against environmental stressors, such as abrupt 

changes in pH, temperature, pressure, flow and toxic chemicals. The EPS also provides a static 

environment for the microbiota to adhere to the substrate and proliferate.  

Sulfate reducing bacteria (SRB), are anaerobic microorganisms that thrive in anoxic 

environments and have been studied extensively for their impact on MIC. Muyzer and Stams 

(2008) have done an extensive review on their physiology, diversity and applications[104]. Even 
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at low H2S concentrations of 0.5 mg/L [28]  the  action of H2S is not isolated with a species of 

bacteria known as Thiobacillus providing the ability to oxidize sulfides to sulfates which then 

form sulfuric acid leading to aggressive localized corrosion. Desulfovibrio vulgaris, a SRB 

species with high potential to cause MIC, was found to survive up to 55 days even in the absence 

of an organic energy source [105]. When pH levels of 4 ~ 5 are reached these sulfate oxidizing 

bacteria tend to thrive producing sulfuric acid, [106] which is extremely detrimental to a wide 

variety of engineering materials. The impact of H2S and MIC in  waste water facilities was 

studied by  Tator [28], which also elicited the consequences of the sulfur cycle.  

In addition to bacteria, biofilms typically have a complex composite of microorganisms 

housed in the EPS framework [107-111]. As most studies of MIC are limited by culturable 

organisms, mainly bacteria, the role of other microbiota in causing MIC is often understated. 

Larsen et al. screened for microbiota responsible for pitting corrosion from an oil production 

facility. This yielded high levels of sulfate reducing archaea and methanogens [74]. A review of 

MIC in carbon steel pipes revealed the diverse group of autotrophic and heterotrophic microbes, 

which cause localized corrosion [112]. The microbes use organic matter as a carbon source and 

electrons sourced from oxidation of iron for cellular metabolism, ultimately yielding to 

accelerated corrosion. These microbes also form anaerobic microenvironments for SRB growth 

and galvanic couples, which reduce ferric iron. Furthermore, photosynthetic organisms such as 

cyanobacteria and algae can adsorb metals onto their cell walls and produce organic carbon for 

SRB and heterotrophic MIC microbes [112].Methanogens are typically archaea that reduce 

carbon-dioxide to methane.  Larsen et al. focused on down-hole samples from an oil field with 

their qPCR studies indicated that the abundance of methanogens was 47–67 % of all the 

prokaryotes.  
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In addition, the abundance of sulfate reducing archaea led the authors to conclude that it 

is essential to go beyond SRB for a comprehensive MIC assessment [113]. A detailed study of 

microbiological communities in biofilms from an oil production facility indicated that apart from 

the expected domination of the Desulfovibrio species, bacteria such as Pelobacter, Pseudomonas 

and Geotoga and various methanogenic archaea were also present [110]. An assessment of the 

methanogen population of a skimmer pit by Conlette et al. revealed the dominance of 

acetotrophic and hydrogenotrophic methanogens in the skimmer pit along with massive methane 

production. The study was however not clear on the mechanistic relation between methanogen 

domination over SRB in low sulfate environments and corrosion [114]. Fungi have also known 

to affect metallic surfaces with a study of Aspergillus Niger on aluminum surfaces showing 

pitting and formation of ‘hills and valleys’ on the coupon surfaces following a 21-day exposure 

period. It was also observed that the fungus adhered to the surface and this led to the 

proliferation of the fungal hyphae [115]. The fungus Aspergillus niger has shown accelerated 

corrosion behavior on magnesium alloys (AZ31B). The preferential adsorption of corrosion 

products at the substrate interface and aggressive pitting corrosion were observed by Qu et al. 

[116]. Fungi have been also shown to promote degradation of fuels by functioning as an aromatic 

and aliphatic degrader resulting in the inclusion of oxygen and promoting ferric oxide formation 

[117, 118]. The fungi utilize the hydrocarbons as a carbon source for cellular metabolism and 

growth, which is assisted by the electrons from ferrous oxidation, forming the oxide inclusions.  

A recent study by Skovhus et al. based on the metagenomic analysis of corroded industrial metal 

samples and their residues has indicated presence of methanogens, such as 

Methanothermococcus and Mehanocaldococcus, apart from SRB and sulfate reducing 

prokaryotes [75]. Another widely implicated bacteria is Pseudomonas aeruginosa, a gram 
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negative motile rod-like bacteria that possesses the ability to generate extra-cellular polymeric 

substances (EPS) which creates differential aeration gradient for SRB proliferation leading to 

MIC[114]. Investigation conducted by Mansouri et al. used a co-culture of SRB and 

Pseudomonas aeruginosa and the results showed linear behavior between the weight loss of 

coupons being tested and the exposure time[119]. The expanding family of suspected MIC 

causing species was captured by Dinh et al. [120] who identified  desulfobacterium, whose 

presence led to higher corrosion rates relative to that observed in the presence of desulfovibrio 

species. This suggested direct electron uptake mechanisms. A review [121] on the bio-

deterioration of construction materials presents mechanisms for materials such as concrete in the 

presence of Thiobacillus cretivorous and other Thiobacillus species that have the ability to 

convert H2S into sulfuric acid in the presence of oxygen. A sulfur uptake study on 

thermoacidophilic archaea was performed in the laboratory environment by Liu et al. The study  

revealed the existence of  eroding pits and loose porosities which are symptomatic of 

biocorrosion [122]. Microbiological degradation of stone was found to be enhanced by the rapid 

growth of algae, cyanobacteria and fungi which bore into it by releasing extracellular enzymes 

and metabolites [123]. Romero et al.  (2003) studied MIC by SRB on carbon steel by using 

hydrogen permeation [124], and they observed that the sulfate reducing bacteria D.sulfuricans 

induces carbon steel corrosion due to the biogenic H2S released as the result of its metabolic 

processes. 

In summary, a wide variety of microorganisms are known to utilize different metabolic 

pathways in affecting the corrosion of metal and other substrates. These include sulfide reducers 

(Desulfovibrio sp., Desulfomonas sp.), iron oxidizers/manganese oxidizers (Gallionella sp., 

Leptothrix sp., mariprofundus sp.), iron reducers (Pseudomonas sp., Shewanella sp., 
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Geothermobacter sp.), sulfide oxidizers (Thiobacillus sp.), acid producing bacteria and fungi 

(Clostridium sp., Fusarium sp., penicillium sp., Hormoconis sp.) and slime forming bacteria 

(Clostridium sp., Bacillus sp., Desulfovibrio sp., Pseudomonas sp.).  

The organisms which cause MIC also have implications, such as microbiologically 

influenced souring (MIS) also known as reservoir souring [125], especially observed in 

reservoirs which use water injection for oil production[126]. The widespread use of secondary 

and tertiary oil recovery along with water-based enhanced oil recovery has increased the 

probability of introducing potentially harmful microorganisms into the reservoirs. Sulfate 

reducing prokaryotes (SRP), SRB and archaea have been implicated at the genetic, enzymatic 

and physiological level for sulfate reduction activity, which results in the accelerated souring in 

petroleum reservoirs [127]. The limited incubation time employed in laboratory studies of MIC 

and reservoir souring result in the fact that although laboratory scale studies are less expensive 

and easier to perform that field studies, their results may not validate field observations [128]. 

Traditional cathodic protection (CP) techniques are limited in combating MIC, with the 

application of even very negative potentials which would ideally lead to a highly negative over-

potential at the anode proving ineffective as a method to control MIC [129]. 

1.2  Mechanisms of Microbiologically influenced corrosion  

The mechanism of MIC has been of intense research over the last few decades. The main 

challenge with the determination of MIC mechanisms is the complexities associated with the 

microbiota and the biofilm, and the environment of operation[104]. Cathodic depolarization 

theory (CDT) [130, 131]proposes that the cathodic reduction of proton (H+) into H2 is catalyzed 

by the hydrogenase enzyme from the SRB. This results in reduction of sulfates to sulfides. The 

theory proposes that since the depolarization is kinetically unfavorable due to high activation 
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energy, the enzyme catalyzes the reaction. A limitation of the CDT is the lack of accounting for 

the biofilm’s role in MIC.  

 The biocatalytic cathodic sulfate reduction (BCSR) [85, 132, 133] theory emphasizes the 

role of the SRB biofilm thus plugging one of the limitations of CDT. BCSR utilizes the Butler-

Volmer equation to combine the charge transfer for the anodic and cathodic reaction, using 

classical electrochemical kinetics to account for mass transfer and charge transfer resistance 

[134]. The cathodic reaction of the BCSR theory assumes that there is a corrosive biofilm formed 

by SRB on the surface of the iron and the reaction are biocatalyzed.  

To extend the influence of acidic metabolites and organic acids on the pit bottom, Gu and 

Xu also proposed proton and acid reductions which can cause additional corrosion. An additional 

reason, for the development of the BCSR theory was to explain the lack of correlation often 

found in field studies on the planktonic SRB cell count and MIC related pitting. This classifies 

MIC damage due to extracellular electron transfer (EET), where biocatalysis occurs in the 

cytoplasm, facilitated by electron transfer through bacterial biofilms. MIC driven by corrosive 

metabolites was attributed to the presence of species such as acid producing bacteria (APB). This 

is labelled as M-MIC (metabolite-MIC)[52]. The oxidant is reduced intracellularly in case of 

EET-MIC using a biocatalyst, whereas it is reduced extracellularly without a biocatalyst in the 

case of M-MIC[133]. A combined mechanistic model developed by Xu et al. [135] caused by 

SRB sulfate reduction and acid attack has been proposed based on BCSR theory and the proton 

reduction theory, and the model is based on the MIC pit covered with an SRB biofilm with an 

optional top biofilm/mineral film. BCSR theory has been supported by observation on 

experiments utilizing electron mediators that enhance electron transfer, increasing the corrosion 

[136, 137].  
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Figure 1. Schematic of the various mechanisms proposed for MIC primarily focused on 

electrochemical reactions facilitated or catalyzed by biota on the substrate. 

 

 

The BCSR model has been used to explain MIC in studies with 1018 carbon steel under 

desulfovibrio vulgaris biofilm[52], pseudomonas aeruginosa biofilm[53] and nitrate reducing 

bacterium Bacillus licheniformis[53, 138]. Additionally, a study of carbon steel immersed in a 

ferrous-rich modified Baar’s media found that Fe2+ aided SRB cells attachment in the early 

stages (< 60 minutes). However, there was no difference in the corrosion rate after 12 hours 
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between the Fe2+- rich and -poor media [139].   An extensive review by Enning and Garrelfs 

[140] on the current state of the art of SRB’s influence on MIC found that anoxic corrosion of 

iron is a slow process if only the proton reduction to H2 was the predominant cathodic reaction, 

however proliferation of SRB could affect the rate of corrosion by 70 to 90 times as compared to 

that in sterile medium. There was a differentiation based on the chemistry of the attack with 

biogenic H2S based attack on iron substrates classified as chemical microbiologically influenced 

corrosion (CMIC) and direct oxidation of the iron substrate by metabolic coupling classified as 

electrical microbiologically influenced corrosion (EMIC). This presents an alternate paradigm in 

understanding the mechanism of MIC as it decouples the direct and indirect corrosion 

mechanisms. A critical review [141] of anaerobic corrosion mechanisms found CDT did not 

appear significant in their studies. Their studies point towards production of volatile phosphorous 

intermediates which form black precipitates from the iron medium under study. 

 The biofilm’s heterogeneity reveal the presence of anoxic and aerobic zones[123], which 

is realized in a complex array of electrochemical reactions as a consequence of the 

microenvironment. Figure 1 illustrates the evolution in the understanding of MIC mechanisms, 

including the dominant anodic and cathodic reactions for the various sub-mechanisms. Although 

MIC studies have primarily focused on anaerobic conditions, recent studies reveal the 

acceleration of corrosion even under aerobic conditions. A study of aerobic copper corrosion 

revealed a lower charge transfer resistance in a biotic environment possibly due to breakdown of 

the passive film by microbiological action [142]. Additionally, aerobic environments may 

undergo transformation into local anaerobic cells, due to the rapid microbiological growth which 

scavenge the oxygen[143]. Aggressive pitting-type corrosion accelerated by the presence of 
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aerobic P.aeruginosa biofilms has been found to accelerate corrosion of carbon, duplex and 304 

stainless steels [65, 144-146].  

 Due to a large number of bench scale investigations of MIC, the surface preparation of 

substrates is important for reproducibility of results, since the area of attachment of the bacteria 

can be influenced by the underlying microstructure. There can be significant differences in the 

correlation between the exposure time and attachment to the surface as the study by Sreekumari 

et al. showed, where the area of attachment was inversely proportional to the grain size and also 

the base metal showed the least attachment as compared to the weld metal [147].Coupon 

preparation is most often carried out using ASTM standards such as ASTM G3 [148] which 

provides the guidelines for the preparation, cleaning and evaluating corrosion test specimens. 

The challenges associated with determining precise mechanisms for MIC, combined with 

the complex biotic-abiotic interactions contribute towards the need numerous analytical tools for 

investigation. As an illustration, 77 case studies of MIC detection and investigation for materials 

utilized in the oil and gas industry are listed in Appendix C and Appendix D. A meta-analysis 

was performed with a focus on the analytical tools utilized by the studies. Figure 2(A) represents 

the frequency of usage of the analytical tools in MIC studies.  An analysis of these selected cases 

shown in Figure 2(C) that 36% used 6 or more techniques, while 37% used 4 or 5 techniques to 

determine MIC causality. Further classification of the analytical tools in Figure 2B reveals that 

morphological (30%) chemical (24%) and electrochemical (28%) are used in equal proportion 

which indicates the prominence of the information gathered from these techniques.    
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Figure 2. (A) Meta-analysis of analytical tools employed in 77 studies of MIC in the oil and 

gas industry. (B) Relative prominence of the types of analytical tools used to 

investigate MIC (C) Representation of the number of techniques used in each 

study for the characterization of MIC. 

 



14 

 

It should be noted that techniques which were used sparsely were classified as ‘others’, 

and is represented as a cumulative frequency in figure 2A. It is apparent that the economic cost 

and the skill demand required for the various tools revealed in the meta-analysis are considerably 

different. Sooknah et al. reviewed the MIC predictive models and [149] put forth three models, 

Checworks predictive model, Union electric callaway mic index, Lutey/stein MIC index. The 

discrete pieces of information are gathered from the analytical techniques, which are correlated 

with the existing literature or mechanistic understanding to devise mitigation strategies.  

 

 

 

Figure 3. An overview of MIC investigation strategies. Information from morphology, 

electrochemistry, instrumented, and biological characterization provide the 

inputs necessary to understand degradation mechanisms. 
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Figure 3 is an illustration of MIC study lifecycle that are employed primarily offsite from 

facilities with MIC failures. The oil and gas industry is further challenged by the limitations 

placed by the remote location of the facilities, safety critical nature and limited redundancies in 

the components and the mitigation costs associated with managing MIC.  The literature review 

utilizes the meta-analysis to elicit a complete and comprehensive understanding of the data 

gathered by each technique, the advantages and limitations and finally, present the motivation of 

the research to develop tools which can provide a single platform integrated monitoring tool. 
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2. OVERVIEW OF MIC DETECTION AND CHARACTERIZATION (LITERATURE 

REVIEW) 

The monitoring and characterization of MIC can primarily be viewed as either online or 

offline modes. The first mode includes sampling or detection using qualitative and indirect 

methods. There are a few systems available currently  used for corrosion monitoring  of MIC by 

measuring biofilm activity and using baseline comparison such as the BioGeorgeTM [150] 

system. The probe is designed to promote the growth of microorganisms on the surface and then 

continuous monitoring of surface is conducted by measuring the current response. The second 

mode is offline detection methods being primarily achieved through off-site analysis of 

predetermined size corrosion coupons, pigging sludge, and fluid samples. The offline methods 

are classified based on the properties that are characterized or quantified; such as high-resolution 

imaging surface for the metallic substrate (morphological analysis) and potential formation of 

carbon or non-carbon based compounds, chemical compositional analysis of corrosion products 

or layering formation (including biofilm), chemical or bio activity (life cells or microorganisms), 

interfacial or electrochemical methods for corrosion assessment (electrochemical analysis), 

bioanalytical tools for bioactivity quantification (biological analysis).   

Offsite analyses are conducted in laboratories, close to the sampling site or transported to 

centrally situated laboratories. A recent study [151] discusses the accuracy of this procedure, 

where oil field samples consisting of a consortia of  SRB, acid producing bacteria (APB), general 

heterotrophic bacteria (GHB) were subjected to four storage conditions and were monitored over 

a seven day period. It was observed that samples preserved well at 4 oC, however there was a 

decreased microbiological concentration. Samples stored at 25 oC, 35 oC or cycled between 25 oC 

and 35 oC showed an increase in the concentration of the microbiota. This assumes great 
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importance since the phenomena under study has a component of microbiota (apart from 

substrate) which is temperature, time and microenvironment sensitive, and hence needs to be 

handled such that no erroneous information is obtained from the samples. A few existing reviews 

in literature discuss the use of some offsite tools used for the study of MIC. Chen et al. reviewed 

the use of instrumented tools to study MIC [19]. However, the review did not cover the usage of 

instrumented analysis in the context of microbiological and morphological analysis, which is 

essential to understand MIC in its entirety. A review by Sooknah et al. (2007) [152] gives a brief 

insight biological and instrumented tools. However, it is limited in description with minimal 

examples, but does provide an introduction to the next generation MIC detection, including 

biosensors.  

2.1 Surface morphology identification and characterization  

Microscopy is used to analyze the corrosion coupons, biofilms, fluid samples, and deposits 

to get a qualitative or quantitative visualization of changes in surface morphologies which may 

include the development of pits, distortions in grain boundaries, nature of deposits, and spatial 

distribution.  

Techniques such as scanning electron microscopy (SEM), atomic force microscopy 

(AFM), environmental scanning electron microscopy (ESEM) provide visual information of the 

substrate morphology[153]. Cetin et al. investigated the effect of Desulfotomaculum sp. (SRB) 

isolated from an oil field sample on low alloy steel coupons. The SEM analysis could clearly 

identify the action of bacteria, which is isolated by exposing the differences in the extent of 

pitting between the sterile and active culture. Aggressive pit formation was observed in the 

active culture implicating the action of the SRB on the steel surface[31]. The heterogeneity of the 

biofilms, which may be multi-layered and have a complex spatial distribution of bacteria, fungi, 
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algae , diatoms and, protozoa [153, 154], make their study difficult with  two-dimensional 

microscopy.   A major drawback of using SEM with biofilms and soft matter samples is that the 

beam may damage the surface and the delicate structures of the biofilm. Adding to this difficulty 

is the requirement of an electrically conductive substrate for imaging samples using SEM. 

Making non-conductive sample conductive is possible by adding thin layers of metals to their 

surfaces using e-beam sputtering or similar techniques. Among EM techniques, ESEM is a tool 

which can overcome limitations involved in imaging biological samples under vacuum. In the 

case of ESEM, the use of low energy secondary electrons [154] helps protect the integrity of the 

biofilms, as the high energy electrons may cause their etching, thus ESEM is a use full tool 

especially for the concurrent study of the corrosion damage to the substrate with the biofilm 

matrix. A low cost but qualitative evaluation is optical imaging as seen in Figure 4(A).  

Romero et al. [155] used SEM images to show that the biofilm development was 

efficient, and the combination of SEM and EDS provided insight into the surface modification 

post permeation and the formation of kansite. Similarly, Bairamov et al. [156] studied  stainless 

steel 316 plugs in heat exchangers with SEM and EDS. The analysis showed the large presence 

of organic matter on the affected area in addition to deposits of iron and sulfide, a sign of MIC 

activity. Song et al. investigated the corrosion morphology in pipelines [157] and the 

morphological analysis suggested that three species of bacteria, SRB, iron oxidizing bacteria 

(IOB) and total general bacteria (TGB), were the causative species. 

Confocal laser scanning microscopy (CLSM) utilizes a laser beam to scan a surface 

point-by-point without physical sectioning of the tissue to capture high resolution optical 

images[158]. CLSM are employed to give a three-dimensional visualization of biofilms. Neu and 

Lawrence (1997) utilized CLSM and analyzed the biofilm from river water samples [159]. They 
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found structural features, such as ridges, which were formed because of humic and detrital matter 

co-absorbtion. The ridges formed increased the surface area of the microhabitats for differential 

colonization in addition to possibly serving as additional sources of nutrients. A CLSM study of 

accelerated corrosion on 2205 Duplex stainless steel by Xu et al. [65] in the presence of marine 

Pseudomonas aeruginosa indicated a pit depth in inoculated media of 14 m and in sterile media 

of 4.9 m. Chen et al. [160] utilized CLSM to compare fluorescently tagged SRB with an abiotic 

sulfide-enhanced sterile culture. The cultures were exposed to 316L stainless steel and the CLSM 

images clearly indicated that bacteria accumulated in clusters on the surface, thus explaining the 

pitting observed on the surfaces of the coupons. CLSM images as seen in Figure 4(B) can clearly 

visualize and quantify biofilm thickness over time.  

AFM offers a non-destructive and minimally invasive route for understanding the 

changes to surface [56, 131, 161, 162]. Profiling of a surface is performed using a tip mounted 

on a cantilever and high-resolution (angstrom scale) morphological characteristics of surfaces 

could be obtained. The functional characteristics of the material which can be inferred based on 

probe-surface interaction include the size, shape, friction, adhesion forces, cohesiveness, 

Young’s modulus and chemical bond information of the surfaces [163]. A 1994 study on the 

bacterial degradation of stainless steel demonstrated the use of AFM to confirm the 

heterogeneity of the biofilms resulting from the presence of a mixed culture in them 

(P.aeruginosa and D.gigas) [164]. Silva et al. studied the effect of Aspergillus Niger on 

aluminum coupons using AFM to expose valleys and hills on the aluminum, including pits with 

mean dimensions of 80 nm in diameter in width and 9 nm in depth. The AFM allowed for 

imaging of discrete particle oxides on the surface and suggested that the biofilm had a larger 

contact area with the bulk liquid environment than with the substrate [115]. Fang et al. quantified 
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the bacterial adhesion forces and found the tip–bacterial surface force was -3.9 to -4.3 nN and the 

adhesion from the periphery to the cell substratum ranged from -5.1 to -5.9 nN, as compared to 

cell–cell interface which ranged from -6.5 to -6.8 nN. The higher adhesion forces could be 

attributed to the accumulation of the EPS [165]. AFM images allow for high resolution three 

dimensional imaging in a non-destructive manner as seen in Figure 4(D).  

AFM allows of real time in-vivo visualization of surfaces in near physiological conditions 

with the entire topographic data obtained in Cartesian coordinates. It does not require 

pretreatment (pretreatment may generate artifacts), but lacks the capacity to image side wall 

features and is limited by the scanable survey area [166] [167]. Dong et al. found using AFM 

that surface roughness increased with the growth of the biofilm, ultimately reaching an apex 

value of 2596 nm, with eventual decrease to 2057 nm attributed to the sloughing of the aged 

biofilm from the base [42]. A study on stainless steel in the presence of the Geobacter 

sulfurreducens bacteria found a 10-fold increase in pit size in the biotic condition as compared to 

the abiotic condition, evidencing the impact of MIC [168].  

 Microscopy provides empirical evidence on the presence of microbiota and asset 

degradation. Real time analysis of ongoing corrosion is not possible by merely employing only 

microscopy. There are often delays due to the sample extraction and the need for destructive 

sampling such as the extraction of the pipe segment on which corrosion is suspected or is 

observed to have occurred, limits the uses of microscopy.  

2.2 Chemical characterization of surface and corrosion products  

The determination of corrosion products and the identification of the changes in the 

chemical composition of MIC-affected surfaces demand the use of multiple characterization 

techniques. These include Raman spectroscopy, X-ray diffraction (XRD), UV-Vis spectroscopy, 
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FTIR spectroscopy, X-ray photoelectron spectroscopy (XPS) and Auger electron spectroscopy 

(AES). Spectroscopic analyses have been beneficial in analyzing the chemical composition of 

the corrosion deposits to determine the nature of the corrosion.  

2.2.1 Infrared (IR) and Fourier Transform Infrared (FTIR) Spectroscopies 

Infrared (IR) spectroscopies are used to characterize the presence of organic functional 

groups (e.g., -COOH and -NH2) in the corrosion deposits and on the surfaces of samples. The 

presence of organic functional groups may be indicative of MIC activity. The spectra are 

analyzed based on information of the process fluid the samples came into contact with, and in 

combination with microbiological assays. It is also useful to evaluate the changes in the biofilm 

by evaluating the metabolism within the biofilm. However, spectral information obtainable is 

limited by the presence of water, a strong absorber of IR frequencies. This problem is overcome 

using attenuated total reflection (ATR–FTIR), which reduces the path length of IR within the 

sample [152]. Nichols et al. [169] studied the use of FTIR for analysis of bacteria and biofilms 

identified spectral features for differentiation between microbiota in a consortia, and suggested 

that the potential exists for the differences to be quantified and used in the recognition of 

microbiological community structure. The use of diffused reflection infrared Fourier transform 

(DRIFT) spectroscopy allowed for the easy collection of data from metal disk surfaces and 

provided an avenue for the development of micro–FTIR probes for industrial deployment. The 

spectra provide data on the chemical composition of the metabolic and corrosion products, 

including chemical bonding information [170]. FTIR data is useful for both detection of MIC 

activity, and can be combined with other analytical tools utilized in fundamental studies for 

mechanistic evaluation of MIC. Rajasekar et al. used FTIR to study the effect of exposure of 

aluminum alloy 1100 and mild steel 1010 in urban coastal sites to airborne bacteria and found 
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FTIR peaks for mild steel at the exposure period higher at 90 days due to the possible 

accumulation of EPS. Peaks at 3380 cm-1 revealed the -NH bond stretch, while that at 1720 cm-1 

indicated the existence of -SH. On the aluminum surface, the stronger intensity of the -SO4 

asymmetric stretching at 1107 cm-1 indicated a basic aluminum sulfate layer [41]. This indicated 

not only the involvement of airborne bacteria in MIC, but also a stronger corrosion resistance 

exhibited by aluminum compared to mild steel.   

2.2.2 X-ray Diffraction (XRD), X-ray Photoelectron Spectroscopy (XPS), and Energy 

Dispersive Spectroscopy (EDS) 

XRD and XPS studies are employed to obtain chemical composition information of the 

sub-biofilm corrosion deposits and the abiotic products of corrosion [171-175]. Huttunen-

Saarivirta et al. studied the MIC in stainless steel heat exchangers using XPS. The analyses of 

the corroded substrate showed that there was preferential attack towards the ferrite phase [176], 

an important observation that would help in the preparation of the stainless steel. The XRD 

analyses also provide insights into the compositional and phase changes to the substrate under 

different conditions. El Hajj et al. investigated using XRD and Raman spectroscopy [177] 

sequential changes on carbon steel MIC subjected to aerobic and anaerobic conditions. XRD 

spectra of the corrosion layer revealed the presence of maghemite phase of iron oxide and 

limited quantity of magnetite for the sterilized coupon. It was observed that in an aerobic 

environment the iron (II) hydroxide oxidizes to form lepidocrocite (crystalline phase with 

rhombic structure), and depending on the activity of water this lepidocrocite isomerises into 

goethite (rhombic structure). Also, if the corrosion rate was low it was seen that the lepidocrocite 

was partially transformed into maghemite. In short, XRD data provided evidence of the 

mechanism of corrosion. The data also aided in determining the corrosion rates (using the 
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corrosion deposits seen on the surface). The form of phase differentiation was clearly elucidated 

as observed in Figure 4(F), where the relative abundance of the iron compounds and phases are 

clearly visible.  

SEM/EDS analyses were used to identify deposits on coupons exposed to Desulfovibrio 

capillatus isolated from an oil field separator that faced severe corrosion in a study by Miranda et 

al.[178]. Two steel alloys (St-35.8) and (API-5XL52) were exposed for 45 days. EDS analysis of 

the samples revealed that the corrosion deposits contained Fe and S, which were suggested to 

indicate iron sulfide formation. The presence of iron sulfide is often used as a characteristic 

indicator of SRB activity on ferrous materials.  lhan-Sungur and Cotuk studied  microbiological 

corrosion in a simulated cooling tower system [179]. The EDS analysis of the corrosion deposits 

of the coupon exposed to sterile tap water for 10 months exhibited no Fe and S peaks observed 

indicating the lack of MIC activity. In coupons exposed to water (non-sterile) for 10 months and 

11 days and peaks of Ca, Zn, Fe, O and Si was observed, but the sulfur peaks were 

indeterminate. Wide surface scans were carried out on SS 304 exposed to aerobic pseudomonas 

to investigate corrosion damage and changes due to biofilm formation. The relative atomic 

concentrations and their ratios were calculated based on the peak areas. The increased biofilm 

coverage was indicated by the increase in the C, O, N content represented by the increase in peak 

intensity and there was decrease in the Fe and Cr concentration after 28 days of exposure with  

Fe and Cr [145].  As seen in the overlaid SEM/EDS Figure 4(G), the relative abundance of the 

various atomic species is clearly demarcated and visible. 
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2.3 Biological Analysis  

The usage of biological tools to characterize the microbiological community associated 

with MIC has been gaining prevalence over the last few decades. Traditional culture-based 

techniques can detect only 1% of the microbes in nature, [180] and microbiological tools provide 

an alternative for a more comprehensive assay. Novel approaches such as whole genome 

sequencing, stable isotope probing, use of functional gene markers, whole gene hybridization 

and meta-omics provide alleviation of issues such as small sample size, high throughput analysis 

and insight into metabolic pathways[180].  Although metagenomic and metabolomic techniques 

provide the distribution of microbiological communities in specific sample collection locations, 

the root cause of MIC, which is the combined effect of the microenvironment and the 

microbiological communities, is difficult to assess using them. These techniques also require 

highly trained personnel, sophisticated data analysis and robust feedback systems to ultimately 

impact MIC mitigation in applications. Biological analysis has traditionally been restricted to 

most probable number (MPN) methods or ATP-based activity assays, however, biological assays 

have been expanded to cover metagenomics and metabolomics analysis. The metagenomics 

analysis uses genomic information obtained through techniques, such as polymerase chain 

reaction (PCR) assays and gene sequencing. Metabolomic assays use combination of GC, HPLC 

and MS to analyze and identify chemical compositions in biological environments to access 

information on the metabolome[181, 182]. Combined metabolomics and metagenomic 

techniques as described earlier can be deployed to correlate MIC mechanisms with the 

microbiological community and identify essential MIC-causing chemical markers. 
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2.3.1 Metagenomic analysis  

PCR-based characterization techniques have been widely used over the last century to 

understand the microbiological profile of any sample of microbiota [183, 184]. The inherent 

limitation in culturing wild type microorganisms in laboratories provides impetus for using 

molecular biology techniques to determine the presence of various species of microbiota in the 

samples [185-190]. The usage of PCR has also been coupled with techniques such as denaturing 

gradient gel electrophoresis (DGGE) where the 16S rRNA gene assays obtained after 

amplification of DNA from a mixture of uncharacterized microorganisms [191]. For the 

purposes of MIC, this is an extremely useful tool as the presence of a mixed species in a biofilm 

is a common occurrence in MIC affected systems. PCR coupled with DGGE was used by Teng 

et al. to identify the microbiological consortium in the investigation of the biofilm formed on a 

corroding iron pipe in a water distribution network [192]. DGGE fingerprinting was performed 

with the PCR products and the Shannon-Weiner index and the Simpson index was used to 

calculate the microbiological diversity. The coupled PCR-DGGE analysis have implicated the 

significant role of biofouling on the corrosion of cooling water systems using sea water [193]. 

Recent improvements include optimization of DNA staining technology with PicoGreen and 

SYBR green dyes, to improve automated evaluation of microbiological activity [194]. Also, 

focused 16s rRNA gene assays utilizing (flurogenic 5’-nuclease assay and SYBR Green I assay) 

allowed for increase in the speed of evaluation of critical sub-populations related to oil and gas 

corrosion. These methods allowed for quantification of the microbiological population 

distributions with an accuracy within 10% of the true value [195, 196]. These techniques have 

also been extended for the characterization of waters from hydraulic fracturing by Murali Mohan 

et al., where there is tremendous proliferation of bacteria especially in produced waters [197]. 



26 

 

16s rRNA sequencing was used with tag-encoded pyrosequencing and clone libraries to evaluate 

the relative abundance of the microbiota as seen in Figure 5(B). The taxonomic analysis 

identified the presence of facultative/anaerobic microorganisms possessing a wide range of 

metabolic abilities. The presence of multiple genomic lineages, which subsequently were capable 

of non-sulfate metabolism, indicating a need for better monitoring. The results also suggested 

that the produced water may have been seeded by the microbiological communities of the pre-

fracturing fluid, and emphasized the need for better understanding of commercial disinfection of 

produced water for sustained reuse. Gonzalez et al. characterized the bacterial community in 

corroded oil pipelines [21] and found multiple species of SRB, including groups of 

desulfobulbus, desulfobacter, desulfococcus-desulfonema desulfosarcina bacteria. 

Metagenomic tools have been employed to gather data on the phylogenetic diversity in 

biofilms for characterizing the corrosive characteristics [198-200]. The distinct presence of an 

acetotrophic and hydrogenotrophic methanogen indicated two mechanisms of corrosion, with the 

hydrogenotrophic group corroding the metals via cathodic depolarization and the acetotrophic 

group corroding the metals indirectly by syntrophic action with the SRB. The techniques have 

uncovered species of bacteria, which are thought to be more aggressively responsible to MIC 

related factors [43]. A quick PCR method is now available for in-field analysis [201] of  

corrosion deposits and pigging muck. DGGE along with random cloning of 16S rRNA gene 

were employed to identify the microbiological community in pipelines [202]. These have been 

done at specific sites including pipelines in Mexico [203], Alaskan North slope facilities [204], 

North Sea field [205], and coal beds in Canada [206] and from sour gas pipelines [207].  

 Skovhus et al.  utilized DNA-based diagnostic kits on an oil field separator for the rapid 

enumeration of methanogens from pigging deposits [208]. The ability to use solid samples 
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reduced artifacts in the data attributable to oil induced auto-fluorescence and led to an increased 

ability of detecting MIC directly in the oil fields themselves.  

Recent decrease in the cost of Next Generation Sequencing (NGS) systems, has led to 

rapid adoption in MIC genomic characterization [209-211]. NGS refers to the use of parallel 

computing and processing to sequences hundreds of thousands of DNA per run. Technological 

improvements and miniaturization have allowed for routine analysis using a single instrument 

[212].  A study of a brackish water pipeline used in bitumen production with steam assist, 

utilized samples from upstream and downstream of a sodium bisulfite injection point. The study 

utilized 454 and Illumina sequencing for metagenomic analysis. The taxonomic assignments 

revealed the abundance of deltaproteobacteria and Archaea. The microenvironment created by 

the brackish water with the bisulfite injection provided evidence for a potential role of the 

Epsilonproteobacteria in MIC [213]. NGS has been utilized to evaluate souring potentials of 

reservoirs by DNA analysis from core analysis of offshore reservoirs.  A study of three cores 

from a high-temperature offshore reservoirs indicated the presence of oxalobacteraceae, 

Pseudomonadaceae and Comamonodaceae families which have been implicated in hydrocarbon 

degradation under anaerobic conditions[214]. The use of a system biology approach has been 

suggested for MIC, similar to approaches followed to study human diseases [215]. 

2.3.2 Metabolomic analysis  

Metabolomics of biofilms involves gaining an understanding of the metabolites that 

participate in processes of the microbiological community in the biofilm for access to chemical 

signatures, which may be indicators of possible MIC activity. High-resolution MS provides the 

ability to differentiate between ions of nearly identical mass and also determination of mass of an 

ion with enough accuracy to determine the elemental composition of the ion [216].  MS is also 
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currently aided by laser ablation techniques that allow for efficient analyte capture and their 

efficient transport to (MS) devices. The laser ablation and solvent capture by aspiration 

(LASCA) system, where ablated materials in laser plumes are collected in a coarse aerosol and 

analyzed with electrospray ionization in a high mass resolution Quadrapole time of flight mass 

spectrometer. This method was used with amino acids test patterns and allowed for the detection 

and imaging of a large number of metabolites [217]. A Nd:YAG pumped optical parametric 

oscillator (OPO) laser was used to ablate Serratia sp colonies from an agar media. As mass 

spectra of the analytes could be obtained with very low laser fluencies, as low as one or two 1.5 

mJ, 2.94 m laser beam (wavelength of the beam providing an ablation size of 20 laser shots per 

pixel), this technique does not alter the analyte chemical compositions during the collection 

process [218]. 
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Gutarowska et al. assessed the biodeterioration of materials and brick samples were used 

to extract organic residues. The organic residues were analyzed using high performance liquid 

chromatography system combined with a quadrapole time of flight (Q-ToF) spectrophotometer. 

The activation of metabolic pathways which result in primary and secondary metabolites was 

detected based on putative metabolites. A significant advantage of this method is the use of small 

quantity of samples to obtain information about species interaction[219]. The distribution of 

metabolites over the surface of the coupon including their relative abundance can be obtained as 

seen in Figure 5(C). 

An extension of the LASCA technique to assess corrosion damage on 1018 carbon steel 

generated more than 1000 ions’ metabolite profile and revealed heterogeneities within the 

biofilm. Strong correlation was observed between the biofilm metabolome and occurrence of 

corrosion in an anaerobic exposure study, and it was suggested that the spatial correlation of the 

metabolome may serve as a leading indicator of MIC[219]. These recent studies yielded a new 

perspective on MIC that focusses on the active constituents i.e., the metabolites rather than the 

source the microorganisms.  
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Figure 4. (A) Optical image of DH 36 alloy exposed to biotic and abiotic test media showing discoloration of surface with 

exposure [220], reproduced with permission from Elsevier (B) CLSM images of 304 SS coupon exposed for 7 and 14 

days to biotic media containing P.aeruginosa showing biofilm coverage by live/dead stain [59], reproduced under 

creative commons license (C) The SEM micrograph of the surface of the steel coupon exposed to (a) sterile culture 

medium and (b) culture medium with Desulfotomaculum sp. [31], reproduced with permission from Elsevier  (D) 

AFM image of SS coupons with V.natriegens after (a) 1-day (b) 3-day (c) 7 day and (d) 14-day immersion [221], 

reproduced with permission from Elsevier.  (E) In-situ ATR-IR spectrum of in an active Desulfopila corrodens [222], 

reproduced with permission from Elsevier. (F) XRD spectra of C1018 coupon surface in Desulfovibrio vulgaris 

environment [52], reproduced with permission from Elsevier (G) SEM/EDS analysis with elemental composition of 

coupon surface following incubation in Desulfovibrio vulgaris environment [52], reproduced with permission from 

Elsevier. (H) Wide XPS spectra of surface film for SS 304 coupon sample (a) biofilm covered coupons and sample (b) 

coupons with biofilm removed [145], reproduced with permission from Elsevier 
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Figure 5.  (A)The planktonic cell counts during a 7-day incubation of C1018 carbon steel in Desulfovibrio vulgaris [52], 

reproduced with permission from Elsevier (B)16S rRNA gene sequencing performed to characterize the microbial 

abundance water associated with fracturing fluid and the associated produced water (PW) with tests performed on 

days 1,7,9 and 187 using (a) tag-encoded pyrosequencing (b) clone libraries [197], Reproduced with permission from 

[197]. Copyright (2013) American Chemical Society (C) Depth profiles for ion concentrations with mass values and 

abundance of ion as function of depth after mass spectroscopic analysis of coupon surface [223], reproduced with 

permission from Elsevier 
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2.4 Electrochemical investigation and analysis  

Electrochemical techniques have been used in corrosion research for more than four 

decades since the original Pourbaix studies, which gave an insight into the fundamentals of 

various corrosion mechanisms [224, 225]. These electrochemical techniques have been further 

extended into the realm of studying MIC with the aim of understanding its complexity. As 

discussed previously, there is no single comprehensive mechanism that can be used to explain 

the accelerated corrosion of materials subjected to MIC. Although multiple electrochemical 

techniques have been adapted to monitor MIC, it remains challenging to interpret the data and 

provide insight into the corrosion mechanisms due to the complexity and dynamic nature of 

environment created because of substrate-microbiota interaction. Very often, the use of 

appropriate electrochemical method needs to be coupled with careful experimental design, 

microbiological and metallurgical characterization of the system to provide even partial 

understanding of the mechanisms in MIC. In the following section, the common electrochemical 

techniques used for detection and monitoring the MIC will be discussed.  

2.4.1 Electrochemical Noise (EN) 

Electrochemical noise measures the fluctuations in potentials and currents caused by the 

spontaneous electrochemical reactions. Higher noise levels and larger fluctuations are mainly 

indicative of the onset of the localized corrosion processes, whilst a corroding metal undergoes 

uniform corrosion will be less noisy [226]. Investigation of the electrochemical noise signals can 

be carried out either in the time domain or frequency domain. Analysis of electrochemical noise 

signals in the time domain allows different statistical parameters such as localized index (LI) and 

electrochemical noise resistance (Rn) to be obtained[227]. Particularly, Rn which measures the 

ratio of standard deviation of potential noise signal to standard deviation of current noise signal 
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has been widely used to measure the rate of corrosion and is found to be comparable with 

polarization resistance [226-228]. 

Compared with the DC and AC techniques, electrochemical noise techniques are a non-

destructive and non-interfering method and do not alter the system from the steady state [229-

233]. These techniques are particularly advantageous for continuous monitoring without 

applying external perturbations [228, 230, 234, 235]. Electrochemical noise technique has been 

widely applied to differentiate between biological and non-biological corrosion and to evaluate 

the corrosion mechanism of MIC. It has also been used to distinguish between uniform and 

localized corrosion. Numerous researchers have utilized this technique to measure and monitor 

the onset of localized corrosion processes such as pitting, crevice corrosion and stress corrosion 

cracking [227, 234, 236, 237].  

Meanwhile, analysis in the frequency domain using the maximum entropy method 

(MEM) or Fast-Fourier Transformation (FFT) method have been reported to be able to 

distinguish the type of corrosion [226, 235]. Homborg et al. has also reported that by applying 

mathematical analysis such as Hilbert spectra, the evolution of localized corrosion processes 

induced by MIC can be monitored using time-resolved instantaneous frequency information of 

electrochemical noise.[234, 236]. Studies by Men et al. of SRB corrosion on 304 SS utilized a 

back propagating neural network for identifying passivation, pitting induction and pitting 

successfully with an increased recognition of uniform corrosion [238]. 

2.4.2 Open circuit or corrosion potential measurement 

 Open circuit potential (or corrosion potential) of a corroding metal is the dynamic 

equilibrium potential at which the net current is zero. It is generally measured by comparing the 

potential difference between the metal immersed in corrosive medium and appropriate stable 
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reference electrode. The open circuit potential can be measured using a potentiometric circuit, 

and a high impedance voltmeter or an electrometer, without the need for applying external 

signals. Due to the simplicity of the measurement, the open circuit or corrosion potential 

measurement has been widely used both in the field and in the laboratories to assess the 

electrochemical behavior of the materials immersed in corrosive media.  

It has been widely reported that the activity of the microorganisms in the biofilm can lead 

to potential ennoblement in various types of metals exposed to fresh, brackish and seawaters, 

including high alloyed stainless steel, platinum, gold, titanium, nickel and chromium [15, 239, 

240]. Potential ennoblement is denoted by a shift of the potential in the positive direction as a 

result of living biofilm formation that provide an alternate oxygen reduction pathway leading to 

an increase in cathodic reduction rate [177, 241-245]. Numerous researchers have reported the 

ennoblement of stainless steels or other passive metals when exposed to natural seawater. 

Compared with the corrosion potential obtained in sterile or filtered seawater, an increase of 250-

350 mV in corrosion potential was reported for conditions allowing microbiological activity 

[146, 244, 246]. An example is a study comparing the response of the carbon steel and low alloy 

steel to treated (T) and untreated seawater. The corrosion potential after 210 days immersion 

indicated that there were only limited differences between the treated and non-treated sea water. 

However, it was used to confirm the hypothesis, that the addition of an higher alloying element 

results in higher corrosion potential as seen in Figure 6(A) [177]. Potential ennoblement 

approaching 300 mV (vs. SCE) was observed in the first 7 days[177]. It is worthy to note that the 

main consequence of potential ennoblement is increase in the likelihood of the materials 

crevicing and the initiation and propagation of pitting corrosion, particularly in alloys with 

pitting potential close to the corrosion potential. A study of MIC ion Ni-free high nitrogen 
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stainless steel under the presence of Pseudomonas aeruginosa revealed open circuit potential 

(EOCP) to be much higher in the inoculated medium,  compared to that under controlled abiotic 

conditions confirming the acceleration of the cathodic reaction[114] . The corrosive nature of the 

P.aeruginosa biofilm was investigated in another study of 2304 duplex stainless steel where, it 

was found that the biotic pit depth was 11.0 m, as  to the 4.8m depth observed under  of the 

abiotic conditions [60]. 

Another important insight into MIC is provided by the fluctuations or noises in the OCP 

measurements. A study by Searson and Dawson [247] of OCP fluctuations for mild steel samples 

showed that these fluctuations exhibited a stochastic process with 1/f  behavior. Although, it was 

concluded that the origin of the noise was not known, it was a reasonable method to identify the 

characteristics of the corrosion process. The stochastic process was mathematically correlated in 

terms of the standard deviation of the voltage fluctuations with respect to time and the corrosion 

rate calculated from the weight loss of the coupons. The correlation, standard deviation x 10-3 = 

corrosion rate (mpy), was devised from the frequency and corrosion rate data. It was noted that a 

roll over frequency of -20 dB/decade was observed for pitting attack and -40 dB/decade was 

observed for general corrosion. The two electrode system is also ideal for studying systems 

under the open circuit conditions, which include at least one anodic process and one cathodic 

partial process.  

Although ennoblement has been observed for different metals subjected to various 

service environment with microbiological attack, it is not possible to determine the cause of 

ennoblement solely from the corrosion potential vs time curves. Furthermore, it remains 

complicated and challenging to compare the ennoblement data from different locations since the 

extent of ennoblement is site specific, depending on the microbiological population and the 
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chemistry of the surrounding water. Furthermore, it is also influenced by samples size, flow rate 

and temperature [15, 177, 239]. Hence, it can be inferred that ennoblement data by itself is 

insufficient for the diagnosis of MIC. 

2.4.3 Linear Polarization Resistance (LPR)  

Linear polarization resistance (LPR) is a relatively simple non-destructive method and 

frequently used to obtain information on the corrosion rate [248-252]. It is commonly used to 

continuously monitor the instantaneous corrosion rate of a material in the field, for example, 

buried pipeline. It requires a small signal perturbation in a narrow range (± 10 mV) relative to the 

corrosion potential, assuming the relationship between potential (E) and current (I) is linear. LPR 

is based on the Stern Geary relationship shown in the equation (16). The corrosion rate (CR) is 

inversely proportional to polarization resistance (Rp) at potentials close to the corrosion potential.  

By determining the corrosion density (icorr), the corrosion rate (CR) can be calculated 

using the equation listed below [177, 239, 240].  

Rp =  
∆E

∆I
   ….. (1) 

𝐼𝑐𝑜𝑟𝑟 =  
𝐵

𝑅𝑝
   ….. (2) 

𝐶𝑅 = 𝐾
𝑖𝑐𝑜𝑟𝑟

𝜌
𝐸𝑊   ….. (3) 

where ΔE, ΔI, icorr, B, CR, K, icorr, EW corresponding to potential change, current change, 

corrosion current, Tafel constant, corrosion rate, conversion constant, corrosion current density, 

density of the material and equivalent weight respectively.  

LPR is proven to be rapid response technique that enables corrosion engineers to evaluate 

changes in the process. It is frequently used to determine the effectiveness of inhibitors and 

optimize the concentration of inhibitors within a short period of time. Okoro et al. has studied the 

role of methanogens in the corrosion of pipelines transporting oil and water. In addition, the 
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effect of biocide addition was studied using LPR techniques. They found strong correlation 

between methane production and corrosion rate of mild steel coupons subjected to different 

biocides (NaCl, nitrite and tetrakis-hydroxymethyl phosphonium sulfate (THPS) of  varying 

concentrations, as shown in   Figure 6(B) [253]. It was found that an increase in methanogen 

production results in increased corrosion rate. Methanogens plays a predominant role in inducing 

microbiological corrosion in anaerobic environment.  

LPR techniques generally result in steady state data, and assume that the corrosion 

process is uniform across the entire metal surface. As a result, it is not ideal to study localized 

corrosion, such as pitting and crevice corrosion. However, LPR studies it can be used as an 

indicator tools, if necessary, provided the rates of pitting and crevice corrosion are sufficiently 

high [177]. It should also be noted that a (Anodic) and c (Cathodic)  values (Tafel slopes) 

which are calculated using polarization curves are known to be difficult to obtain and are known 

to vary through the study. This is attributed to the dynamic nature of MIC which results in non-

homogenous biofilm activity on the surface [254]. In a study evaluating the resistance of 2205-

Cu duplex stainless steel to MIC, it was found that the Tafel slope varied significantly during the 

incubation period, which was attributed to change in the biofilm thickness, coverage and 

activity[144].  

Critical pitting temperature (CPT) techniques offer a reproducible, sensitive and efficient 

method to detect the propagation of pitting corrosion [255]. Due to similarities in pit morphology 

with pitting corrosion, CPT was employed to evaluate MIC. A study of MIC by pseudomonas 

aeruginosa biofilms in 2205 Cu-bearing stainless steel found and 220 (DSS) found that the latter 

exhibited larger CPT as compared with the former in the sterile medium. This indicated that the 

carbon content did not significantly influence corrosion resistance [144]. However, in a biotic 
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environment a higher MIC pitting resistance was found for Cu-DSS, but no significant change 

was observed in pitting potential and CPT [66].  

2.4.4 Electrochemical Impedance Spectroscopy (EIS) 

Similar to LPR, EIS requires a small external signal for perturbation. EIS technique is 

alternating current method, which involves the application of a sinusoidal potential onto a 

system, while measuring the corresponding current [256]. The impedance data was recorded over 

a wide range of frequencies from 10-3 103 Hz and above. EIS technique is widely used to 

distinguish various processes occurs at the interface between metal and electrolyte or between 

metal and a film, particularly for materials with non-conducting (i.e., organic coatings) and 

semiconducting surfaces (i.e., metal oxide films). Numerous researchers have applied this 

technique to study the disbonding, delamination or degradation of metal coating systems [115, 

146, 243, 244, 246].  

In MIC, most of the organic and microbiological films adhering to the surface of the 

materials immersed in natural aqueous environment are non-conducting in nature. Thus, this 

technique is useful to assess the electrochemical reactions occurring during MIC. Analysis of the 

EIS impedance is generally carried out with the aid of Bode plots or Nyquist plots to provide 

information on corrosion processes, such as diffusion, adsorption and capacitive control [73, 177, 

257-262]. This can be achieved by fitting the EIS results with suitable electrochemical equivalent 

circuit (EEC) models to obtain electrochemical parameters related to the performance of the 

materials. A common example of an EEC used to represent the polymer/solution interface is 

shown in Figure 6(E) 

Apart from measuring the capacitive and/or inductive component of the overall 

interfacial impedance, EIS technique is also capable of measuring the polarization resistance 
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(Rp), which is the inverse of the corrosion rate [15]. EIS can also provide useful information on 

electrochemical evolution of the material’s interface exposed to biotic environment. Castaneda et 

al. have found that biofilm formation shifted the dominant process from active charge transfer 

reactions to a diffusion limited process. This is typically reflected through the change from 

semicircle behavior to straight line at low frequency as displayed in Figure 6(D) [263]. Luo et al. 

performed an experimental investigation in which the impedance spectra obtained from 316 

stainless steel after exposure to oilfield-produced water over varying time periods exhibited 

differences, which were then correlated with the extent of corrosion. It was indicated that the 

presence of multiple time constants in Bode plots may be an indication of pitting. The phase 

angle plots generated to study the effects on carbon steel exposed to SRB biofilm culture in a 

study by Luo et al. investigating MIC in different immersion environments also exhibited 

differences which can be extrapolated and used in similar impedance plots to observe the 

differences in the rates of corrosion [44]. The increase in the phase angle at lower frequencies 

may also indicate a greater thickness of the as-formed biofilm.  Sensors which employ EIS have 

been made to monitor the growth and degradation of biofilms. Interdigitated electrodes 

fabricated on printed circuit boards and low-temperature co-fired ceramics (LTCC) coupled with 

a 24-channel multiplexer were used to evaluate impedance response on a 24-well plate 

setup[264]. This demonstrates the potential of employing EIS as an in-field tool for corrosion 

detection.  

The main disadvantage of EIS is its inability to quantify the electrochemical parameters 

directly from the impedance spectra. It requires a suitable electrical circuit model for the 

impedance analysis. Due to the complex interfaces involving partial coverage of biofilm, it is 

difficult to find a suitable model to quantification the electrochemical behavior of the materials 
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during MIC [14, 15, 41, 169]. Unlike an organic coating or metal oxide film, a biofilm formed on 

the metal surface is a dynamic entity and changes continuously owing to the organism’s 

metabolism. 

The use of external perturbation through current and voltage can disturb the system under 

study leading to erroneous corrosion rate data. EIS and LPR were found to inhibit cell growth of 

pseudomonas aeruginosa as compared to EN based monitoring[265]. Electrochemical frequency 

modulation (EFM) which utilizes current responses at harmonics and intermodulation of input 

frequencies allow for high sensitivity, with minimal interference from the current response [266]. 

The large effect of capacitive properties on the EFM analysis makes it a potential tool for MIC 

detection, especially with the large capacitive element produced by biofilms. This will 

subsequently lead to short term fluctuations in the electrochemistry. Depending on how fast the 

fluctuation occurs, these changes may or may not be detected while gathering the EIS data over a 

range of frequencies [177]. Thus, caution should be exercised during the EIS data interpretation.  

Similar to LPR technique, EIS techniques are generally employed under steady state condition 

and thus are not ideal to study localized corrosion. 
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Figure 6. (A) The corrosion potential of two mild steels (A&B) and low alloy steel in treated (T) and non-treated seawater 

(NT) showing no significant difference with immersion time, with the corrosion potential of low alloy steel K higher 

than the mild steel in both conditions [267], reproduced with permission from Elsevier (B) The relationship between 

methane production and corrosion rate of mild steel coupons subjected to various inhibitor with different 

concentration (triangle: THPS; circle: Nitrite; Square: NaCl) [253], reproduced with permission from Elsevier (C) 

Polarization curves for 316L SS in three different biological solutions at 30°C, with IOB represents iron-oxidizing 

bacteria and SRB represents iron-oxidizing bacteria [268], reproduced with permission from ACS publications (D) 

Nyquist plot of carbon steel exposed to SRB biofilm culture media at different exposure times [263], reproduced with 

permission from Elsevier (E) circuit used to model the polymer/solution interface with Rs, CC, Rc, Cdl, Rct represent 

solution resistance, coating capacitance, coating resistance, double layer capacitance and charge transfer resistance 

respectively 
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2.4.5 Potentiodynamic polarization 

Unlike LPR and EIS techniques, potentiodynamic scans are polarization scan techniques 

which involve potential perturbation relatively far from the steady state corrosion potential and 

the potential scan can range from several hundred mV to several V. The driving force for the 

reaction (potential) is controlled with the net change in the reaction rates being observed. The 

reaction rates are manifested in the form of the exchange currents (corrosion currents). 

Potentiodynamic polarization curves generally provide an overview of the reactions for a given 

corrosion system, including charge transfer and diffusion controlled reactions, passivity, 

transpassivity, pitting and protection potential. It is particularly suitable to evaluate susceptibility 

of materials to localized corrosion in different microbiological environments [53, 269-272]. 

Numerous researches have applied this technique to determine the effects of microorganisms on 

the corrosion behavior of materials, and compared them with the polarization curves obtained in 

abiotic environments. Xu et al. utilized the anodic polarization curves obtained from  316 type 

stainless steel in exposed to three different biological environments, which consisted of SRB, 

iron oxidizing bacteria (IOB) and a combination of both , as shown in Figure 6(C) [268]. The 

316L SS exhibited pitting behavior in all the different environments. Nevertheless, the corrosion 

process was most severe and proceeded at the highest rates in the environment that had a 

combination of SRB and IOB in the inoculum. This was marked with a significant increase in the 

current density and a decrease in the width of the passive range of potential. Furthermore, a 

decrease in the breakdown potential also clearly showed that 316L SS was more prone to 

localized attack in environment composed of a  combination of two species [268].  

Although potentiodynamic polarization provides useful information on the 

electrochemical properties of metal surfaces in different environments, the major drawback of 



43 

 

this technique is irreversible changes occurring on the surfaces, which alter the properties of the 

metal. Additionally, changes in the structure of the biofilm are possible due to the use of a large 

signal perturbation that is required while conducting potentiodynamic polarization. A large 

number of samples are thus required to understand the electrochemical evolution over a certain 

period of time. 

 

Table 1. Summary of advantages and limitations of the analytical tools deployed to study 

MIC in the Oil and Gas industry in the context of usability in field, specificity, 

and cost of analysis. 

Techniques Advantages Limitations 

Scanning Electron 

Microscopy 

1. Rapid 2-D scans 2. High 

resolution 3. Suited for 

metallic/conductive surfaces 

4. High-fidelity 

 

1. Electron micrography requires 

vacuum increasing likely damage 

of biological structures 2. Bulky 

equipment 3. Offsite 4. 

Expensive 

 

Atomic force 

microscopy 

1. Quantitative 

pit/morphology evaluation 2. 

Sensitive 

 

1. Offsite 2. 

 Limited sampling area 3. Slow 

4. High-skill level 

Optical Microscopy 1. Rapid 2. usable in field 

 

1. Nonspecific 2. Limited 

resolution 
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Table 1. Continued 

Techniques Advantages Limitations 

Transmission 

Electron Microscopy 

1. High resolution 2. 

Fundamental evaluation 

1. Offsite 2. Requires high skill 

3. Expensive 4. Sample 

preparation challenging 5. 

Information limited due to scale 

CLSM/Fluorescence 

microscopy 

1. Limited sample prep 2. 

High resolution 3. 3D 

visualization of biofilm 

1. Offsite 2. High skill 

requirement 

X-ray diffraction 

1. Rapid 2. Crystallographic 

evaluation (for phase/ 

composition) 

1. Offsite 2. Limited resolution 3. 

Non-specific data 

X-ray photoelectron 

spectroscopy  (XPS) 

1. Elemental analysis 2. 

Relative composition 

evaluation 

1. Expensive 2. Offsite 3. Limited 

spatial coverage 

Energy Dispersive 

spectroscopy (EDS) 

1. Rapid 2. relative 

compositional analysis 3. 

Coupled with electron 

microscopy for 

morphological context 

1. Offsite 2. Vacuum requirement 

2. Expensive 4. Limited spatial 

resolution 

Electrochemical 

Noise 

1. Non-destructive 2. 

Continuous 3. Differentiation 

(pitting vs. crevice vs. SCC) 

1. Complex data analysis 2. 

Noise and fluctuations 
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Table 1. Continued 

Techniques Advantages Limitations 

Open circuit potential 

1. Low-cost 2. No external 

perturbation 

1. Differentiation is limited 2. 

ennoblement is non-specific to 

materials 

Polarization Studies 

1. Determine susceptibility of 

substrates to corrosion 2. 

Corrosion rate evaluation 

1. Large External perturbation2. 

Repeatability 

Linear Polarization 

Resistance 

1. Rapid response 2. 

Corrosion rate evaluation 3. 

Steady state data 

1. External perturbation 2. 

Instantaneous corrosion rate 3. 

‘B’ (Tafel slope) values 

unreliable 

Electrochemical 

Impedance 

Spectroscopy 

1. Mechanistic information 2. 

Differentiation 

1. Complex data analysis 2. 

External perturbation3. High skill 

MPN 

1. Field deployable 2. Rapid 

3. Low cost 

1. Non-specific data 

PCR 

1. Specific 2. Field 

deployable kits 

1. High skill 2. Expensive 3. 

Complex data analysis 

16s rRNA and 

associated NGS 

1. Highly specific 2. 

Metagenomic analysis 

 

1. Expensive 2. High-skill 3. 

Offsite 
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Table 1. Continued 

Techniques Advantages Limitations 

MS 

1. Highly specific 2. Bio-

marker evaluation 

1. Complex sample preparation 

2. Complex data analysis 3. 

Offsite 4. High skill 5. Expensive 

6. Custom method development 

LASCA 

1. Bio-compatible 2. Specific 

3. Direct evaluation 

1. Difficult sample prep 2. 

Complex data analysis 3. Offsite 

4. High skill 5. Expensive 

 

 

It is important to conduct holistic studies before concluding MIC activity at a site. Since, 

laboratory studies may be limited in terms of scope and simulated field environment, it is 

important to understand the advantages and limitations of the tools deployed to investigate MIC. 

The advantages and limitations from the perspective of the oil and gas industry are listed in 

Table 1. The current strategies for MIC detection are cost-prohibitive because of two different 

reasons: considerable training required for personnel and the large amounts of capital equipment 

required. Overall, next-generation methods for MIC detection that circumvent these limitations 

and have the following characteristics need to be developed: they should be mobile (should be 

able to detect MIC on-site), they should be non-destructive in nature, they should be cost-

effective, and finally they need to be rapid (minutes~ hours). The last characteristic is owed to 

the economic cost of MIC mitigation, which may be enhanced because of improper and late 
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detection. Any existing knowledge from lab-scale studies should be used to corroborate 

observations from the field and identify phenomenological correlations. 

2.5 Literature review conclusions 

 The current techniques employing only microbiological activity tracking have shown 

mixed results, owed to the difficulty in mapping only microbiological population density with 

the extent of their contribution towards MIC. The improved mechanistic understanding of MIC 

indicates that extracellular metabolites play a key role in its propagation. Therefore, the detection 

of these metabolites serves as a leading indicator for possible degradation activity. This 

demonstrates that there needs to be a unified platform capable of adapting to the evolving 

understanding of MIC for its effective early detection and prevention. Even high-throughput 

methods rely on the use of static microenvironments such as 96-well plates in which materials 

are exposed to corrosive microbiological consortia under investigation  (for e.g., iron, carbon-

steel), thus yielding limited  applicability to real-time corrosion monitoring [273]. Multi-

electrode array sensor systems (MASS) rely on similar changes in the microenvironment to 

generate a resistive response for characterizing the corrosivity [274]. Commercially available 

sensors such as the ALVIM system rely on the electrical response of the biofilm growth on a 

fixed location, offering a non-specific, albeit real-time monitoring of electrochemical 

activity[275].  

The last decade has witnessed the rise of new detection platforms such as biosensors which 

have the potential of overcoming many of the limitations discussed. These biosensor 

architectures were primarily acquired from clinical chemistry, where they have been used for 

detection of moieties such as proteins and glucose [152, 276]. The use of nanowire-based 

architecture has been widely explored for the detection of both proteins and microbiological 
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species. A label-free detection technique was demonstrated [277], where silicon nanowires were 

surface functionalized using silane chemistry followed by characterization based on biotin-

streptavidin interaction. Silicon nanowire-based sensing has been widely studied, s including the 

development of a Nano-Field Effect Transistor (FET) [278] for sensitive detection of chemical 

and biological moieties. These sensors were showed to be useful for detecting cardiovascular 

proteomic markers, [279] study of protein-protein interactions[280], and in FET-based 

biomolecule sensing [281]. Metal oxides (MOx) nanowire-based sensors have also recently seen 

large research activity. For example, ZnO based sensors have been used for fabricating glucose-

biosensor [282]. This involved the immobilization of glucose oxidase on a carbon-decorated 

ZnO nanowire array. Other examples, include DNA sensor applications [283], uric acid-

biosensors [284], DNA Sequence detection [285], ZnO platelets-based antibody detection [286], 

and detection of specific protein residues to interpret and understand metabolic functions[287]. 

Specifically for MIC detection,  the presence of SRB was determined by studying the chemical 

conversion of ZnO nanorods arrays into ZnS arrays[288].  

In addition to nanowires, other transducing architectures have been explored for the 

purpose of sensing. This includes use of nickel foam combined with gold nanoparticles [86] 

immobilized with specific moieties for bioanalyte based impedimetric detection of MIC causing 

bacteria. Indirect detection utilizing temperature and H2S sensing have been used in laboratory-

scale for culturable microorganisms to yield binary classification of the possibility of MIC. A 

review [289] discussed the development and application of the nanowire sensors, various key 

results and mechanisms behind the operation of the sensors. Detailed reviews, specifically of 

microbiological biosensors and electrochemical biosensors can also be found in the literature 

where they are used for early detection based on biomarkers [290, 291].  
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Some examples of nanosensors are discussed further to detect various biomolecules. A 

study [292] of the degradation of concrete by thiobacillus utilized lipid biomarkers as indicators 

for the acid-producing bacteria. A study by Smith et al. [293] focusing on water networks 

utilized the polar lipid fatty acids in a biofilm to determine the nature of the biofilms which 

colonize the network. The study observed that the fatty acid composition did not significantly 

change with seasonal variations and oxirane fatty acids were identified as a possible marker for 

loss of biofilm viability. An example of a real-time study of a biofilm can be found in a study by 

White et al. [294], where a biofilm was studied using tryptophan fluorescence. Marker-free 

nano-sensors have demonstrated the ability of fast response and sensitivity up to 2.5 A/M.cm2. 

A study utilized a PEDOT-PSS supramolecule functionalized on SW-CNT working electrode. 

This working electrode was utilized to detect changes in environment using the label-free surface 

and it exhibited stable and reproducible current response[295]. The studies summarized in this 

literature review do indeed attest to the fact that an a real-time MIC monitoring platform can be 

realized with a biomarker driven nanosensors approach. However, further research is required 

before wide scale adoption by the industry.  

The development of a biosensor platform that supports the biomarkers itself needs further 

research. The sensor platform by itself should not react with any components of the environment 

inducing MIC. The platforms should have incorporated within them elements that make it anti-

fouling. In addition, non-specific binding (NSB) of bioanalytes during sensing should also be 

avoided. As nanomaterials (such as nanowires) have high specific surface areas, they are highly 

desired for sensor platform fabrication. However, the high specific surface areas also make them 

unstable and lead to their fouling and the NSB of analytes and the reaction of the nanowire 

themselves with multiple species of the MIC-causing environment. Therefore, stabilization of 
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nanowire surfaces in a manner that makes them only react with specific analytes (or biomarkers) 

is essential. In addition, they should offer the possibility of detecting multiple analytes 

simultaneously. Taitt et al. [296] demonstrated the use of a single platform for nine analyte 

detection, giving impetus to the promise held by these emerging areas for MIC. This can be 

combined with high-throughput screening techniques such as bi-polar electrochemistry 

especially for complex substrate morphologies[297].Overall, the studies here demonstrate the 

need for a system of study and detection which provides the following characteristics. 

- Scalability of detection strategy: Scalable strategies include the effort to mass produce 

detection platforms, include nanomaterials such as nanowires. This includes the large-scale 

production of the materials, but also the ability to assemble them into usable devices (such as 

sensors), in a cost-effective and reproducible manner. Although there has been research 

discussing nanomaterial mass production [298-301] there is a need to further these mass 

production strategies to produce nanomaterials that have degradation resistant [302] and 

modifiable-on-demand surfaces [299].  

- Decreased capital costs: Offsite detection and study of MIC requires access to expensive 

resources of analytical equipment and reagents. Hence a low-cost method such as sensors 

fabricated with low-cost is necessary. 

- Faster detection and higher spatial resolution: MIC is a phenomenon which displays a large 

amount of uncertainty in the spatial domain of occurrence. MIC sensors should have fast 

response time and high spatial resolution. 

- Greater adaptability and reproducibility: MIC is a result of a complex consortium of 

microbiota, hence sensing technologies need to be modifiable to detect a wide array of 
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microbiota Also, the data produced using these methods need to be system independent and 

is reproducible. 

 

 

Figure 7. An integrated approach for remote and real-time MIC monitoring of MIC in the 

oil and gas industry. 

 

 

Biosensors deployed on smart pigs as illustrated in 7 provide a possibility for spatial as 

well as temporal resolution of microbiological activity in real-time. The key is to combine 

existing information and prior art, with historical data from the affected site. This in conjunction 

with lab-scale studies which can be extrapolated to the conditions observed in the field, need to 

be utilized to determine a mitigation strategy. In conjunction with the use of wireless 

communication and data mining, this provides the ability for remote sensing and effective 

mitigation of MIC. 
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3. PROBLEM STATEMENT 

MIC detection is currently performed utilizing morphological, chemical compositional, 

electrochemical and biological techniques. For effective diagnosis of MIC, the data from these 

tools need to be integrated, and often still requires expert elicitation. The current state-of-the-art 

is limited by a lack of online monitoring technique, with most high-resolution tools limited to 

off-site laboratories. Primarily industries rely on non-specific and qualitative techniques such as 

the use of corrosion coupons, bug-bottles and ATP tests on-site. Traditional culture-based 

techniques can detect only 1% of the microbes in nature and the use of selective media for 

detecting the presence or absence of bacteria may lead to faulty outcomes [303]  [180]. 

Additionally, as revealed by the literature review, there is no comprehensive mechanism for MIC 

which is widely accepted and the mere presence of microbiota is not an indicator of MIC 

activity. It is also noted that the early detection of MIC is key to the effective mitigation, hence 

the delay caused by sample collection, and transfer may lead to erroneous conclusions. 

Metagenomic and metabolomic techniques provide the distribution of microbial communities 

and the metabolite profile in an oil field community, allowing for the identification of 

biomarkers.  This is representative of the combined effect of the micro-environment and the 

microbial communities, however these techniques also require highly trained personnel, 

sophisticated data analysis and are limited by robust feedback systems to ultimately impact MIC 

mitigation in field applications. Unlike microbial assays, biosensors can be constructed to give 

outputs in scales of electric current, voltages or numeric scales such as the Callaway or the Stein-

Lutey MIC index [149], which would allow the rapid assimilation of data in real time. Although 

biosensors utilizing nanomaterials such as nanowires offer an opportunity to detect these 

biomarkers in the process environment by their utilization as substrates has been limited by 
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challenges in synthesis and fabrication including lack of robust and scalable material synthesis 

and processing techniques. The nanowires provide advantageous material properties such as 

surface area to volume ratio, and an ability to functionalize and perform electrochemical 

measurements by using them as transducers. However, they are limited by their stability and 

useful nanomaterial candidates need to be studied in corrosive environments observed, for 

example in the chemical processing and oil and gas industry to evaluate their viability. The need 

of the hour is a real-time sensor which is stable, adaptable, mass-producible, reliable, 

reproducible, and selective. Overall, next-generation methods for MIC detection that circumvent 

these limitations and have the following characteristics need to be developed: they should be 

mobile (should be able to detect MIC on-site), they should be non-destructive in nature, they 

should be cost-effective, and finally they should have a fast response time. 
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4. GOALS 

The goal of this thesis is to develop a path towards a sustainable and robust detection 

platform for the early detection of MIC. The current focus would be to identify substrate 

materials and morphology for biosensors, stabilization and characterization in industrial 

simulated environment and development of a proof of concept demonstration. The specific 

objectives are outlined below and detail the specific aims towards the development. Figure 8 

demonstrates the target to be achieved with respect to the specific to MIC and the detection level 

that is aimed for with this approach.  

 

 

Figure 8. Target properties of the detection platform as compared to existing state of art.  

 

 

The analytical tools discussed in the previous section have the ability to generate precise 

and accurate data in the morphological, chemical, electrochemical and biological domains, all of 

which are important for inferring the presence of MIC especially in laboratory investigation. For 

the development of the next generation of detection platform for wide scale deployment, it is 

important to evaluate existing platforms in the context of industrially relevant metrics of 
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specificity to MIC and speed of detection of MIC. Morphological and chemical investigation 

tools including SEM, TEM, XRD, AFM, FTIR and EDS provide information in off-site analysis 

and laboratory investigations. This information is at high-resolution, but the tools provide only 

limited scalability due to their size and cost limitations. Additionally, many of these tools require 

high levels of expertise and rigorous sample preparation which limits their application. The data 

generated can be utilized to provide both mechanistic insights and qualitative information which 

are useful for example to identify high-risk locations (by the evaluation of corrosion coupons 

from the field) for sensor deployment, and in incident investigations to establish MIC as a root 

cause. The techniques such as online FTIR and LPR provide real-time capability, but are limited 

by their specificity due to lack of the ability to differentiate between abiotic and biotic corrosion 

indicators. Techniques including such as next generation sequencing and mass spectroscopy can 

provide MIC specific information, however are off-site and lack the scalability for wide scale 

low cost deployment. They can however, be leveraged to identify potential bio-markers, high-

risk microbiota and establish the biological markers of the system under investigation. This can 

be used to build chemical probes for the detection of these markers and functionalized onto the 

sensor substrate to yield a real-time platform for the detection of MIC. Hence, the goal of the 

sensor platform needs to be to overcome the speed and specificity limitations of existing tools as 

illustrated in Figure 8, and at the same time build on the high-resolution data provided by these 

tools in laboratory and off-site investigations.  

4.1 Substrate identification, mass production and characterization 

The first goal of the thesis is to identify a sustainable strategy for the development of a 

sensor platform. This entails the requirement of the ability to mass produce the substrate in a cost 

effective manner, with an additional requirement to assemble them in a usable device form. Mass 
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production exists for a few systems [298-301] but there is a need to further evaluate these mass 

production strategies for producing large quantities of materials. These nanowires also need to be 

made degradation resistant [302] and modifiable-on-demand surfaces [299].  The diameters of 

nanowires are comparable to the sizes of the biological and chemical species being detected and 

hence represent the possibility of being excellent transducers to ultimately interface with the 

macroscopic instruments. Concentration measurements have shown that detection can be carried 

out in the femtomolar range[304]]. 

 The high surface area to volume ratios allow for increased sensitivity. For nanowires 

with a length of 10 µm and diameter ranging from 25 to 100 nm, the surface area to volume ratio 

varies between 108 m-1 to 2 x 108 m-1  [305]. It is estimated that a 1 cm2 surface area of the bulk 

nanowire substrates, have an actual surface area (due to nano-structuring) of between 2 m2 to 4 

m2. This provides a usable surface for chemical modifications required to perform sensing 

operations. For this goal two nanowire systems are chosen for evaluation. These are silicon 

nanowires (Si) and cupric oxide (CuO) nanowires. Silicon nanowires are widely known 

candidates as sensing substrates. They are semiconducting (and can be doped to manipulate bulk 

properties) and can be produced at large scale using facile techniques, and there exists the 

possibility of exploiting the surface chemistries of the passive SiO2 layer to create 

semiconducting NWs which can be modified with receptors with the potential to perform 

sensitive detection of chemical and biological species in aqueous solutions, as has been 

demonstrated in clinical settings [278]. The silicon nanowires are proposed to be synthesized 

using a electroless etching process [306] and further characterized using SEM, XRD and Raman 

spectroscopy.  Copper oxide nanowires (CuO NWs) provide a low-cost, highly scalable substrate 

which can provide micro/nanometer structures with properties such as modified wettability with 
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corrosion resistance and self-cleaning properties [307]. CuO NWs also have the potential to 

serve as self-sterilizing substrates, and provide fast response and recovery times [308]. As part of 

this goal, these nanowires will be synthesized utilizing a thermal route and characterized with 

SEM, TEM, Raman spectroscopy and XRD.  Boron nitride, an inorganic ceramic material is 

known to provide degradation resistant properties to bulk and nanomaterials [309]. A CVD 

assisted route for further stabilization will be explored using two precursors, tribromoborazine 

and ammonia borane. The results are then characterized with SEM and Raman spectroscopy. The 

nanowires synthesized at the end of goal 1 are then utilized in goal 2 for their stability 

evaluation.   

4.2 Electrochemical stability evaluation and study of degradation mechanism of the 

nanowires  

The second goal of this thesis is to demonstrate the stability of the silicon and cupric 

oxide nanowires under simulated industrial environments. These environments are simulated 

utilizing a 3.5% NaCl solution [310] and simulated produced water [311, 312], both of which are 

used to perform corrosion and degradation testing of industrial materials at the laboratory scale 

[313].The stability would be evaluated utilizing DC and AC techniques. Potentiodynamic 

polarization measurements [314] would be utilized using a standard three electrode configuration 

with the nanowire substrates as a working electrode. A standard calomel reference electrode and 

platinum electrode are utilized with 200 mL of electrolyte, in a standard faraday cage. For the 

AC technique electrochemical impedance spectroscopy (EIS) is performed at open circuit 

conditions and to evaluate the impedance response of the working electrode [315]. Additionally, 

the Nyquist and bode plot are evaluated for the frequency response of the nanowire surfaces and 

equivalent circuit fitting is performed to explain the possible degradation mechanisms [316]. 
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Based on these evaluations, the nanowires are then utilized to develop a proof-of-concept 

demonstration for goal 3.    

4.3 Demonstration of proof-of-concept sensing using nanowire substrates 

The third goal of this thesis is to develop and demonstrate the proof of concept by 

utilizing the nanowire based sensor substrate. Traditionally, nanowire substrates are  utilized 

either as single nanowire devices[317] or nanowires in integrated circuits [318]. Although these 

serve as useful tools, industrial environments demand the use of mechanically robust setups to 

demonstrate their viability in the aggressive field environments. This work will however utilize 

the nanowires in their natively prepared form. Silicon nanowires are used in their as-prepared 

form, which is as etched epitaxial nanowires on silicon wafer. The nanowires would then be 

functionalized using Aminopropyltriethoxy silane (APTES) and N-hydroxysuccinimide biotin in 

a phosphate buffer solution [319]. This is achieved utilizing a combination of known 

biomolecule interaction using biotin and streptavidin (SA) [278]. The Silicon nanowires are 

exposed to streptavidin, a 60 kDA protein which has a high affinity to biotin (Rate constant ~ 10-

14). These two molecules exhibit a large affinity and irreversible affinity under a range of pH and 

ionic conditions. Finally, to perform the electrochemical analysis a custom thin-film device is 

built which utilizes the functionalized nanowire substrate as a working electrode in a three-

electrode configuration. This would allow for the evaluation without the need for clean room of 

photolithography techniques to setup the substrate. The substrates are then exposed to 0.1M PBS 

solution of cyclic voltammetry characterization. The differences in the behavior of the SiNWs 

under 10 nM and 10,000 nM exposure of the SA analyte. The peak current responses at 0, 1, 2 

and 3-hour immersion are used to evaluate the sensor response. 
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5. SUBSTRATE IDENTIFICATION, MASS PRODUCTION, AND CHARACTERIZATION 

5.1 Introduction 

The substrate compatibility with the scale of the target analyte allows for specific and 

sensitive detection of the target analyte [304] and this is an important factor in the selection of 

substrates for detection. As discussed in the literature review, these target analytes include large 

biomolecules for detection of specific microbiological species and smaller chain acids which are 

indicative biomarkers. The size of these molecules can vary from a few angstroms to few 

hundred nanometers, making nanomaterials an attractive platform for their detection since they 

offer a dimension ranging from angstrom to few hundred nanometers. Despite the attractiveness 

of nanomaterials as substrate, an important constraint to their wide-scale adoption is the lack of 

low-cost substrates which can be synthesized in relatively facile manner. Additionally 

nanomaterials may pose toxicological challenges during use and deployment which further 

reasons the use of substrates that have strong resistance against mechanical degradation and 

robust stability of sensor response in aggressive environments. Finally, as a sensor substrate, 

their electrochemical response needs to respond to the changes in external stimuli such as the 

change in the concentrations of the target analyte. Although it is possible to use non-targeted 

detection (where the substrate is used without further modification or chemical probes), 

calibrating the electrical response to microenvironment changes, the highly complex and fluid 

environment typically encountered in industrial systems such as crude oil and produced water 

pipelines present a challenge to this form of detection. The availability of self-assembled 

monolayers and aptamer based tools, provide the ability to deploy these molecular wires for the 

specific and sensitive detection of biomarkers such as volatile fatty acids and proteins.  
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Nanowires are an extensively studied nano-morphology owing to their size dependent 

properties such as optical electrical and magnetic properties [320], enhanced charge transport 

[321],  wettability [307], minimum power consumption and surface area to volume ratio [304]. 

Nanomaterials of various morphologies such as quantum dots, nanowires, nanoribbons and 

nanorods have been synthesized using different materials including Group III—V elements, and 

co-block polymers [322] . They have also been used in gas sensors[323], thermoelectrics [299], 

biosensors [278], field-effect transistors(FET’s) [324-326], solar cells [327] and nanoscale LEDs 

[328]. Nanowires have been synthesized using various material systems. This include elemental 

nanowires of silicon, Germanium, Copper, Iron and compound nanowires mainly, which are 

mainly semiconductors, which include ZnO, CuO, Cu2O, GaAs, GaP, Zn3P2, InP, and Indium-tin 

oxide. Their wide-spread adoption in devices and end-user applications have been limited due to 

scalability constraints and limited understanding of their viability in aggressive environments.  

Some groups have attempted mass production of silicon nanowires [298], Zinc Phosphide [299] , 

Zinc Oxide [329] nanowire systems using chemical vapor deposition (CVD), hydrothermal, 

thermal and solution based synthesis methods [330]. However their study in industrial 

environments has been limited because of limited scale of production. However, with scalability 

and mass production of nanowires [331] being explored in recent time, it is important to 

understand their stability in commonly used industrial environments  

Additionally, nano-materials suffer from easy gaseous and aqueous degradability, hence 

strategies have been proposed to enhance stability. This includes placing organic and inorganic 

coatings or surface enhancements by self assembled mono layer assemblies. Since the nanowires 

have an increased surface areas as compared to their bulk counter parts, it becomes necessary to 

study any additional protective strategies to reduce the degradation rate.  
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Two widely synthesized nanowires systems are silicon nanowires (SiNWs) and Cupric 

(II) oxide nanowires (CuONWs). Silicon is the second most abundant material on the earth, with 

high stability, low toxicity, good electrical properties and well established techniques for their 

fabrication [332]. SiNWs have been studied owing to the wide-spread interest in clinical 

applications for the detection of proteins, DNA, and enzymes[333]. Copper oxide nanowires 

have gained attention due to their low-cost and simple production techniques using thermal 

oxidation.  CuONWs have been focused on thermal evaporation of copper in oxygen or air 

atmospheres at ambient atmospheres [334-338]. They have synthesized in the 300 to 900 0C at a 

variety of oxygen partial pressures [339, 340]. The thermal route has proven to be a facile viable 

route. CuONWs has been utilized for gas sensors, battery anodes, and even high temperature 

superconductors [341]. CuONWs have been investigated as an important p-type semiconducting 

material with applications in field effect transistors and thin-film based sensing devices [342].  

5.2 Experimental methods and procedures 

CuONWs are prepared using a thermal route based on a modified method described 

elsewhere [335]. Copper (industrial grade 99%, purity) is cleaned with acetone and deionised 

water and dried. It is then etched with 50% HNO3 (by volume) to remove native oxides and 

rinsed multiple times with distilled water. It is then placed in a tubular furnace and heated at 500 

0C for 8 hours. A ramp rate of 50 oC/min was used and air was used as the oxygen source.  The 

copper oxide nanowires obtained were 25 to 30 µm in length and 50 to 100 nm in diameter and 

uniformly distributed as a mat of nanowires. The silicon nanowires were synthesized using a 

detailed procedure described elsewhere [306, 343]. Figure 9 and Figure 11 describes the process 

used to synthesize the SiNWs.  <100> oriented silicon wafers were used, for the synthesis of the 

nanowires. A mixture of silver nitrate and hydrofluoric acid was used as the etching bath. After 
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the etching the mixture of nitric and hydrochloric acid was used to clean the wafer and they were 

rinsed thoroughly with DI water.  The nanowires obtained were epitaxial and had diameters of 

between 45 and 100 nanometers and the lengths typically from 5 to 8 µm.  

 

 

 

Figure 9. Synthesis scheme for the CuO NWs and SiNWs 

 

 

Figure 9 demonstrates the synthesis scheme utilized in this approach. The synthesis 

methods allow for the reproducible and consistent low-cost production of the nanowire systems. 

This is because both the methods utilize relatively low-cost substrates and reagents. Additionally, 

all the steps are performed with the use of photolithographic tools and can be scaled with ease. 

For the silicon nanowires, the ability to have a continuous production line with silicon wafers 
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provide the scalability. In case of the copper oxide nanowires, the use of air as a source of 

oxygen with low-cost thermal furnace and inexpensive mass-produced feed stock of commercial 

copper, offer an excellent opportunity for scale up.  

The as prepared CuONWs and SiNWs were then decorated with Boron Nitride (BN) 

using a thermally assisted chemical vapor deposition (CVD) [302]. The as-prepared nanowires 

are placed in a hot-walled CVD chamber in the presence of hydrogen as the carrier gas. B-

tribromoborazine (~30 -40mg) is introduced into a decomposition zone at 600 0C.  An alternative 

boron nitride coating strategy used ammonia borane through a stainless steel bubbler. Ammonia 

borane is heated to ~ 100 0C in a bubbler and introduced onto the substrate at a decomposition 

zone temperature of ~1000 oC under 20-80 sccm H2 flow. The nanowires are characterized using 

scanning electron micrography (SEM) (JEOL JSM 6460), Raman spectroscopy (Horiba Jobin-

Yvon, X-ray diffraction (Bruker powder diffractometer).  

5.3 Results & Discussions 

The SiNWs prepared using the electroless etching are in epitaxy with the substrate. This 

structure is a consequence of the etching process on the single crystalline silicon wafer which is 

along the dominant direction. The synthesis results in SiNWs that are adhered to the silicon 

wafer.  
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Figure 10. (A) SiNWs at as produced on silicon wafer (B) The bunching of SiNWs after 

formation as observed on the wafer 

 

 

Figure 10 (A) shows the SiNWs which exhibit a typical size of 45 to 100 nm in diameter 

and 5 to 8 m in length. The nanowires after formation bunch up as observed in Figure 

10(B).This bunching up (bundle formation) is attributed to the capillary forces that are acting on 

the nanowires  as they are pulled out of the etching bath [344] Although there was some 

variation observed of the nanowire density on the wafer, their synthesis yields relatively high 

reproducibility. The challenges include the sensitivity to even small changes in the procedures 

such as concentration of the silver nitrate, and temperature of the etching bath [344]. Figure 11 is 

a schematic representation of the process to make the SiNWs. It involves the synthesis step in the 

silver nitrate/hydrofluoric acid bath, followed by a cleaning step in an acid bath to remove silver 

precipitation from the silicon wafer.  
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Figure 11. Schematic representation of the synthesis process of the silicon nanowires on the 

silicon wafer to yield the epitaxial nanowires 

 

 

 
 

Figure 12. Raman spectra of as-prepared Si NWs 
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The nanowires were further characterized using Raman spectra to ensure that there was no 

residue remaining after the cleaning process. It was observed that the single silicon peak (Figure 

12) with the Raman shift ~ 517 cm-1 was observed [345], indicating good residue free substrate 

(salts and any organic contamination) for the next steps in the processing. Figure 13(A) given 

below shows the as-prepared copper (II) oxide nanowires (CuONWs) with thermal heating route 

as described earlier. The ‘mats’ structure of the CuONWs can be observed clearly and dense 

coverage was observed over the copper substrate as seen in Figure 13(A) and Figure 13(B). The 

CuONWs synthesized had diameter of 50-100 nm as seen in the TEM image in Figure 13(C). 

The CuONWs had a length of 25-30 µm as seen in Figure 13(A). 

 

Figure 13. (A) Copper (II) oxide nanowires using facile thermal synthesis observed as a 

dense mat (B) High density CuO NWs coverage on copper substrate after 

thermal oxidation (C) HR-TEM image of CuONWs indicating a diameter of 50 

to 100 nm 
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The CuO NWs synthesized by thermal oxidation were studied with Raman spectroscopy. 

There are 12 zone-center optical phonon modes of 4Au + 5Bu + Ag + 2Bg.[346]. Cu(II)O is a 

member of the C6
2h space group with two molecules per cell [347]. The Raman active phonon 

modes are however only three and correspond to the Ag (296 cm-1), Bg
(1)(346 cm-1) and Bg

(2)(636 

cm-1). These three modes are however slightly displaced, with the Ag (297 cm-1), Bg
(1)(348.5 cm-

1) and Bg
(2)(637.5  cm-1) as seen in Figure 14. The displacement  in the wave-number can be 

attributed to the size effects, which are a consequence of an increase in the crystal size [347].  

 

 

Figure 14. Raman spectra of CuO NWs exhibiting three Raman active phonon modes 

 

 

The XRD spectra of the as-prepared CuO nanowires was obtained and it confirmed the 

presence of the Cu(II)O phase. However, the presence of remnants of the residual copper and 
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Cu(I)O phase was also detected. This is seen in the comparative XRD spectra as demonstrated in 

Figure 15. 

 

 

Figure 15. XRD spectra of CuO NWs synthesized using thermal synthesis on Cu substrate 

revealing CuO, Cu2O and Cu phases 

 

 

 As seen in the cross-sectional SEM in Figure 16(A) and the XRD spectrum in Figure 15 

we observe that the copper substrate after thermal oxidation reveals the presence of Cu, Cuprous 

oxide (Cu2O) and Cupric oxide (CuO), The growth of the CuONWs are explained by the 

thermally assisted diffusion of copper ion to the surface and the counter diffusion of the oxygen 

from the surface to the cuprous oxide layer. The routes of this diffusion is proposed to be along 

the lattice or the grain boundary [348]. This is represented in Figure 16(A) and (B).   
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Figure 16.  (A) Cross-section SEM of Cu-oxide thin-film exhibiting the oxide phases and 

the bulk substrate (B) schematic representation of the CuONWs mat 

 

 

 

Figure 17. Schematic representation of thermal oxidation of copper substrate to form 

CuONWs [348] 
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A widely-accepted mechanism for the growth copper oxide nanowires is the metal 

oxidation process which involves the diffusion of copper ions from the bulk copper through the 

cuprous oxide layer with the oxygen diffusing in the opposite direction as illustrated in Figure 17 

[348]. This presented with challenges especially with the CuONWs synthesis and utilization. As 

mentioned earlier, these nanowires are formed directly on the copper substrate surface, and tend 

to peel or form flakes which are easily removed from the surface due to mechanical stress placed 

during post processing on the surface. Additionally, it was also observed that as the CuONWs 

was synthesized using air as the supply of oxygen, local changes in concentration and air 

circulation had considerable effects on the uniformity of the nanowire coverage on the surface. 

In addition, it was observed that best coverage was obtained between 480 0C and 530 0C and at 

higher temperatures, there was stunting observed in the nanowire growth, and lower 

temperatures yielded poor coverage per run. 

As discussed in the previous section, the nanowires are vulnerable to degradation in 

various environments.  To attempt the further stabilization of the bulk nanowire systems two 

routes for the deposition of the boron nitride were utilized. The first route used tribromoborazine 

(TBB) as a precursor. TBB is a highly environmentally sensitive compound to oxygen and 

moisture (humidity). TBB is transferred to a silica crucible and introduced in the main chamber 

of the CVD reactor. For the second route, ammonia borane a relatively more environmentally 

stable precursor is used for the deposition of hexagonal-boron nitride (h-BN) onto the substrate. 

For the second method as mentioned in the experimental description a stainless steel bubble was 

setup externally to the main hot walled CVD chamber, and a relatively milder temperature of ~ 

100 0C was used for the decomposition of the ammonia borane in the bubbler. Figure 18 and 

Figure 19 shows the Raman spectra of the silicon test substrates used to demonstrate the 
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deposition of the ammonia borane. The characteristic Raman shift of h-BN at the 1367 cm-1 is 

clearly observed. This mode is attributed to the E2g vibrational mode of the B-N within the h-BN 

layers [349].  Additionally, it was also observed that on increasing the pressure in the chamber 

there was a change in the color density of the optical image as seen in Figure 20 and the and the 

SEM images in Figures 20(A) and 20(B) that the thin layers coalesce to form a thicker coating 

with the increasing pressure from 1.25 Torr to 2.5 Torr. Three Si samples were placed in the 

deposition chamber to study the variation in the coating quality with the location of within the 

tubular chamber. 

 

 

 
 

Figure 18. Raman spectra of silicon coated with boron nitride at pressure of 1.25 Torr 

using ammonia borane precursor exhibiting the characteristic shift at the 1367 

cm-1. Three replicates (silicon wafer) were labeled as Samples 1, 2, and 3. 
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Figure 19. Raman spectra of boron nitride deposited at 2.5 Torr internal pressure of the 

CVD chamber with two replicates (Sample 1 and 2). The peak at 1367 cm-1 

represents the characteristic shift of the h-BN Raman active phonon mode.   

 

 

Figure 20. (A) SEM of h-BN deposited on silicon at a pressure of 1.25 Torr using ammonia 

borane precursor A(1) Optical image of the silicon wafer after the coating (B) 

with SEM of h-BN deposited on silicon at a pressure of 2.5  Torr (B1) optical 

image of wafer after the CVD 
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The difficulties in handling the TBN precursor led to the attempt to the use of relatively 

more stable ammonia borane precursor. It was observed that under low pressure vacuums of 1.25 

Torr to 2.5 Torr consistent deposition could be obtained of the h-BN on the surface of the copper 

precursor. However, to consistently extend this approach to stabilize nanowires directly on the 

substrates requires further optimization. As demonstrated in the aging test in the pH 1.7 

environments, the efficacy of the ceramic boron nitride (deposited with TBB) as an effective 

barrier to reduce was observed.    

 

 

Figure 21. (A) SEM of BN decorated CuO NWs on a copper substrate, and (B) image of the 

nanowires after exposure to pH 1.7 acidic solution for 7 days 

 

 

 Figure 21 (A) illustrates a high magnification image of cupric oxide nanowires after the 

BN decoration. Specific changes are not seen as compared to the uncoated samples. The sample 

was exposed to a pH 1.7 solution prepared with Nitric acid and it is seen that on aggressive 

exposure to pH 1.7 environments, the nanowires do undergo etching to leave short residues; 

however, it is expected that such aggressive environments do not occur in typical service 
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environments.  This is illustrated in Figure 21(B) where the nanowires are etched to form ‘sharp 

ends’ by losing their morphological integrity. 

5.4 Conclusions 

The methods utilized demonstrate the ability to produce nanowires at scale and 

reproducibly on low cost silicon wafers and copper plate bulk substrates. These nanowires are 

used in the next chapters to study the robustness in various electrochemical environments using 

polarization and impedance techniques and ultimately used to demonstrate a proof of concept 

sensing. The silicon nanowires are epitaxial to the surface and shorter in length as compared to 

the copper oxide nanowires. The thermal route of preparation yields the Cu(I)O phase as 

transition phase towards the preparation of the Cu(II)O nanowires. When copper oxide is 

synthesized then the major product is Cu2O and CuO is formed slowly through the second step of 

oxidation [348]. The reactions are summarized as given below in equations 4 and 5: 

4Cu + O2 → 2Cu2O .… (4) 

2Cu2O + O2 → 4 CuO …. (5) 

Additionally, it is also observed that the distribution of the nanowires on the surface is 

markedly different for the silicon and copper oxide nanowires. This is attributable to the different 

methods of synthesis and mechanisms of formation of the NWs. Their synthesis techniques yield 

epitaxial nature of nanowires in the case of the SiNWs as against the mats that are formed in the 

case of CuONWs. The impact of the difference in the distribution of NWs and their sizes can be 

factors which affect their performance as substrates for sensing. The nanowires are used without 

destructive removal from the surface with the use of sonification or other nanowire removal 

technique. 
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6. STABILIZATION, FUNCTIONALIZATION AND ELECTROCHEMICAL STABILITY 

OF THE NANOWIRES  

6.1 Introduction 

The surface area to volume ratio and the susceptibility of the nanowires to chemical 

changes in the microenvironment render them vulnerable to degradation. In the sour environment 

often encountered in the oil and gas [311] and process industries, it is imperative that the sensor 

substrates offer robustness and be stable. The corrosive environments include H2S and pH 

between 5 and 7 acetic acid, carbonates, sulfates and heavy sediments [350].  Nanowires have 

been shown to provide robust resistance to degradation even being added to coatings to provide 

corrosion resistance. Atomic layer TiO2 on copper nanowires was demonstrated to be a reliable 

coating for rendering the nanowires stable in pure, hot de-aerated water systems (even after 

water immersion for 12 days at 150 0C) [351]. The TiO2 imparts the copper nanowires the ability 

to stay degradation resistant even after exposure to the aggressive conditions. Further, atomistic 

decoration by using nano-octahedra morphology of MnCr2O4 has been utilized to improve pitting 

corrosion resistance in stainless steels [352]. Both silicon and copper oxide nanowires have been 

explored in literature for either direct or additive corrosion resistance. In a study of CuO NWs, 

the surfaces were modified using dodecane thiol to observe switchable wettability from super 

hydrophobic to super hydrophilic domain, due to the adsorption and desorption of this 

monolayer, thus dramatically improving corrosion resistance [307]. A two order magnitude 

decrease of the corrosion current was observed as compared to the bulk copper on the super 

hydrophobic copper oxide nanowire substrate possibly due to the lack of contact with the brine 

electrolyte, thus dramatically improving the corrosion resistance[307]. Silicon nanowires have 

been investigated as photo catalysts and battery anodes, both of which require robust mechanical 
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degradation stability in their respective environments. Although the presence of the silica layer, 

provides degradation resistance, it has been found that this resistance is limited in highly 

oxidative potential conditions [353] and in the case of micro capacitors, may need additional 

stabilization using compounds such as SiC to improve their stability [354]. Studies of the 

degradation of amorphous silica and quartz have indicated that the introduction of sodium 

chloride to a near neutral pH solution enhances the rate by up to 21 times as compared to 

deionized water [355]. The dissolution of silica in water is explained through the formation of 

silicic acid [356]. This part of the work aims to systematically understand the corrosivity of 

copper oxide and silicon nanowires in industrially simulated environments. Both the kinetic 

understanding of the corrosion current and further investigation into possible mechanisms of 

degradations are explored in detail using impedance spectroscopy.  

6.2 Experimental methods 

6.2.1 Solution preparation 

A 3.5 weight % NaCl solutions were prepared using sodium chloride (BDH analytical, 

high purity and deionized water (Milli-Q water systems, 18.2 MΩ-cm resistivity at 25 oC). 

Simulated produced water [312] was prepared using  the composition described in Table 2. 

 

 

 

 

 

 

 



77 

 

Table 2. Composition of the simulated produced water 

Component 

Content 

(g/L) 

NaCl 16.61 

KCl 0.35 

Na2CO3 0.03 

MgCl2 1.66 

CaCl2 0.5 

Na2SO4 1.1 

NaHCO3 3.06 

 

 

6.2.2 Electrochemical tests 

Electrochemical tests for corrosion were performed in a K0235 flat cell (Princeton 

applied research) using a platinum counter electrode and standard calomel reference electrode  

(E = 0.242V vs Standard Hydrogen Electrode (SHE) as shown in Figure 22. The working 

electrode was the modified CuONWs and silicon nanowires attached to the substrate of 

synthesis. The CuONWs film tend to delaminate from the substrate of synthesis, and hence for 

the electrochemical tests, the nanowire film was physically restrained to the surface using a 

transparent non-conductive tape to provide physical rigidity to the oxide layer during the 
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experiments.  The corrosion cell was attached to a potentiostat (VersaSTAT 3, Princeton applied 

research), and the potentiodynamic scans are performed at +/- 300 mV from open circuit 

conditions. The scans were performed using a scan rate of 0.333 mV/s to ensure minimal 

disturbance of the electrode surface. The experiment was repeated with at least 3 replicates of the 

working electrode (NW thin film) in each environment. Electrochemical impedance 

spectroscopy is performed at open circuit conditions with no DC bias, at an applied current 

frequency of 100 KHz to 0.01Hz with amplitude of 10 mV/s.  The EIS spectra were obtained at 

0, 3, 6, 12, 18 and 24 hours. Figure 22 illustrates the setup during experimental operation. 100 to 

150 mL of electrolyte was prepared and filled prior to every experiment. The electrolyte was 

sealed for the duration of the experiment. A dummy cell was used to verify the calibration of the 

EIS before the experimental run.  

 

 

Figure 22. K0235 flat cell used in this work and a schematic of the cell indicating the 

platinum counter electrode, reference electrode and working electrode positions 
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6.3 Results  

Figure 23 is an excerpt of a potentiodynamic scan that compares the current response a 

copper, CuO, and copper decorated with BN (using the TBB route of synthesis, explained in the 

earlier chapter) samples. An initial set of screening tests were carried out for coated and uncoated 

copper oxide and silicon nanowire samples to understand their responses under the 12-hour and 

24-hour exposure to the brine solutions.  

 

 

Figure 23. Polarization scan at 12-hour immersion in a 3-electrode setup using SCE 

reference electrode with Cu, CuO decorated BN and Cu decorated with BN as 

the working electrodes 
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Table 3. Corrosion potential and corrosion current density after a 12-hour immersion in 

3.5% NaCl solution 

Substrate E (mV) Current(A/cm2) 

Cu -351.711 54.68 A /cm2 

Cu-BN -307.503 737.124 nA/cm2 

CuO-BN -324.493 295.195 nA/cm2 

 

It is observed from Figure 23 that there is a slight increase in the corrosion potential in 

both the coated samples and the uncoated samples, which might be attributed to the formation of 

porous passive layer or the partial loss of coating causing the formation of active corrosion cells. 

For the BN decorated copper substrate, a possible break of coating in the cathodic region was 

observed, which was followed by an acceleration of the corrosion rate. The increase in corrosion 

potential of surface modified CuO films has also been observed in other systems where it was 

suggested that air pockets and capillary action could be responsible for the increased corrosion 

resistance of the films [357]. Based on the corrosion current at the 12 hour and 24-hour 

immersion, the nanowire substrates had exhibited higher resistance to degradation as compared 

to the other samples.  

 

Table 4.  Corrosion potential and corrosion current density after 24-hour immersion in 

3.5 % NaCl solution 

Substrate E (mV) Current 

Cu -338.891 31.697 A /cm2 

Cu-BN -315.07 1.967  A /cm2 

CuO-BN -271.812 1.586  A /cm2 
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Table 3 describes the corrosion potential and corrosion current observed after a 12-hour 

immersion in 3.5% aerated NaCl environment. The potentiodynamic scan was performed at +/- 

300 mV as described in the experimental section. The Cu-BN and CuONWs-BN outperform the 

bare Cu substrate by an order of magnitude. This is evidenced by the decrease in the corrosion 

current from 54.68 A /cm2 to 737.124 nA/cm2 for the copper decorated with BN and 295.195 

nA/cm2 for the CuO decorated with BN respectively. Further we observe that the corrosion 

potential varies by ~50 mV for the three materials indicating that the increased degradation 

resistance was primarily due to the modification of the surface, thus imparting a kinetic barrier 

(as indicated by the increase in the corrosion current density) to the corrosion [358]. At the 24-

hour time point after immersion we observe as seen in Table 4, a decrease in the corrosion 

current for the bare Cu surface, which can be attributed to the formation of a passive hydrated 

hydroxide layer [359]. However, the coated samples (Cu-BN, and CuO-BN) show marginal 

increase in the corrosion current density as seen in Table 4, which may indicate a degradation of 

the coating because of the immersion.  

Table 5 demonstrates the comparison of the corrosion current density between SiNWs 

and CuONWs. It is observed that the SiNWs offer higher resistance to degradation as compared 

to Cu and CuO as seen by their lower corrosion current density. SiNWs were also decorated with 

BN (using the TBB route) to generate SiNWs-BN. It is observed that after the coating, the 

corrosion current reduced by 60% as compared to the uncoated SiNWs. It is important to note 

that only the macroscopic surface area was used to calculate the corrosion rate and not the 

increased surface area obtained because of the nanostructuring of the surface. It is also seen that 

the in the presence of 5 wt. % NaCl solution and simulated produced water there is an increase in 

the activity on electrode potential. Similar trends are observed at the 24-hour time point after the 
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immersion of the nanowires as demonstrated in Table 6. The polarization scan plots performed 

are available in the Appendix A.  

 

Table 5.  Corrosion potential and current data after 12-hour immersion in 3.5% NaCl 

solution 

Substrate Environment E (mV) Current 

Si 3.5% NaCl -348.073 20.071 nA/cm2 

SiNWs 3.5% NaCl -465.542 1.376 A/cm2 

SiNWs-BN 3.5% NaCl -303.01 330.615 nA/cm2 

SiNWs-BN 5% NaCl -113.728 365.153nA/cm2 

SiNWs Simpro -134.6 244.759 nA/cm2 

 

 

Table 6.  Corrosion potential and current data after 24-hour immersion in 3.5% NaCl 

Substrate Environment E (mV) Current 

Si 3.5% NaCl -338.176 14.717 nA/cm2 

SiNWs 3.5% NaCl -470.945 1.468 A/cm2 

SiNWs-BN 3.5% NaCl -366.354 69.954 nA/cm2 

SiNWs-BN 5% NaCl -253.734 1.205 A /cm2 

SiNWs Simpro -69.136 40.374 nA/cm2 

 

 

After the initial exposure, detailed studies in replicates were carried out for the substrates 

of interest CuONWs and SiNWs in the two simulated environments of 3.5 % NaCl solution and 
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simulated produced water. Figure 24 illustrates the difference in the corrosion current of the 

CuONWs and the SiNWs on exposure to the solutions. It is observed that the highest corrosion 

current is shown by the CuONWs at the 12-hour exposure point. This can be explained by the 

hydrolysis of the copper oxide to copper hydroxide, which, is aggressive at the start due to the 

exposure of the new surface [360]. Additionally, the CuONWs form a porous mat on the copper 

substrate. The porosity may aid the diffusion of the chloride anions to the copper surface to 

generate copper chloride [361]. This provides another reason for corrosion on the surface, 

leading to a higher anodic current, yielding in a higher corrosion rate. It is seen that there is a 

steep decline in the corrosion current from the 24 hour to the 12-hour time point in the 3.5 wt. % 

NaCl solution. This is explained by the passive layer forming a physical barrier on the surface of 

the nanowires, preventing further action of the electrolyte. However, this hydroxide layer 

reduces the anodic current, this reflecting in the reduced corrosion potential. In the case of the 

simulated produced water we observe that CuONWs are slightly more resistant to degradation 

and this may be due to the presence of multiple ions screening the surface leading to a large 

diffusion limitation for the anodic current. However, we observe the same trend as related to the 

corrosion current with time, with a decrease observed at the 24 hour time point.  

The SiNWs, at the outset have a three order of magnitude difference as compared to the 

cupric oxide nanowires in both the 3.5 wt. % NaCl solution and the simulated produced water 

environment. This can be attributed to both the presence of the passivating silicon layer and the 

nobility (as seen by the corrosion potential) because of this passivating layer. Further silicon is 

resistant to degradation to most weak acids, and the susceptibility of this layer is primarily to 

hydrofluoric acid attack. Slow silane hydrolysis possibly leads to a marginal increase in the 

corrosion current with time [355, 362], however it is marginal as compared to the CuONWs. 
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However, on comparing the results of both the CuONWs and SiNWs corrosion current density to 

the bulk materials, we observe significantly low corrosion current density for the silicon 

nanowires. 

 

 

 

Figure 24. Corrosion current density of CuONWs and SiNWs in 3.5 wt. % NaCl solution 

and simulated produced water (SimPro) 

 

 

Figure 25 illustrates the corrosion potential of the two substrates with time in the sodium 

chloride and simulated produced water environments. It provides a contrasting result to the 

corrosion current, with SiNWs showing more activity as compared to CuONWs. However, this 

observation is not in conflict with the earlier observation, since the corrosion potential is a 
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measure of the susceptibility due to the thermodynamics of the reaction whereas the corrosion 

current density is a measure of the rate of corrosion or the kinetics of corrosion. It is apparent 

from Figure 31 that SiNWs are showing higher susceptibility in both the environments as 

compared to the CuONWs. Interestingly, there the corrosion potential with time is relatively 

stable for both the nanowire systems with time, indicating that the systems are in relative 

equilibrium with their environments. Further AES and XPS studies may be used to illustrate the 

specific chemistry of this higher activity exhibited by the SiNWs. Additionally, we see that in the 

complex brine mixture with multiple ionic components the corrosion potential observed can be 

as much as -500 mV (vs SCE). This is an indication that despite having low kinetic susceptibility 

there is a low thermodynamic barrier for corrosion.  
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Figure 25. Corrosion potential of CuONWs and SiNWs in 3.5 wt. % NaCl solution and 

simulated produced water (SimPro)  

 

 

To further investigate the kinetic processes on the surface of the working electrode that is 

the SiNWs and CuONWs, impedance studies were performed with the methods outlined earlier 

and their Nyquist and bode plot (phase and magnitude) were studied. Additionally, to get further 

quantitative insights the data was fitted using Zsimpwin3.60 software to equivalent circuits to 

yield quantitative insights.  
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Figure 26.  Bode magnitude and phase plot of SiNWs immersed in simulated produced 

water for 24 hours  

 

 

In Figure 26 we observe that at high frequency there are several regions of impedance 

observed at the initial time points of immediate immersion and 3 hours, however, as the system 

stabilizes we observe that an approximately constant impedance of the order of ~ 100 /cm2 is 

reached. At low frequencies, we see impedance of the order of ~ 100K/cm2 which is in line 

with the low current densities observed and the high resistance to degradation observed for the 

silicon nanowires. Figure 27 illustrates the same in the Nyquist plot, where we see a very high 
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charge transfer resistance starting at immersion which stabilizes with the progression of time. 

This is observed empirically by the large diameter semicircle formation >250 K/cm2 radius 

which implies > 500 K/ cm2 in charge transfer resistance at immersion. This may be due to the 

dual effects of the silica surface and the presence of a pronounced double layer at the beginning 

of the immersion. 

 

 

 

Figure 27. Nyquist plots of SiNWs immersed in simulated produced water for 24 hours 

 

 

The Figure 28 illustrates the behavior of the SiNWs working electrode in 3.5% NaCl. We 

observe a similar behavior with instability at high frequency at the initial time points and then a 

stable impedance behavior observed with the progression of time. This may indicate that there 

may be mass transfer limitations due to either, the native charges on the surface or due to 

disturbance of the ionic medium. Since the detection principle in a biosensor is the modification 

of the surface potential this may present a challenge to the detection paradigms. As time 
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progresses a stable interface is obtained with defined characteristics. Additionally, it should be 

noted that all the experiments were performed under static conditions; hence the effect of 

turbulence is unknown at this point. Given the charge transfer barrier observed, the impact of 

turbulence would be expected to be minimal over time; however, it is possible that turbulence 

may reduce the initial impedance barrier observed after immersion. Hence, it can be inferred that 

the native charges on the surface and the highly ionic medium result in charge and mass transfer 

resistances. Additionally, the lack of turbulence in the system implies diffusion as the primary 

hydrodynamic consideration.  
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Figure 28. Bode magnitude and phase plot of SiNWs immersed in 3.5 wt. % NaCl solution 

for 24 hours 

 

 

Figure 29 illustrates the Nyquist plot and we observe that immediately after immersion, at 

low frequencies there is noise observed in the data. This may be because of issues with the 

contact or movement, causing noise. Additionally, we see that there is increase in charge transfer 

resistance briefly with time, before returning to the trend as observed before of decreasing to the 

150 K/cm2 value. This aberration in the trend may be due to residual impurities at the nanowire 

surface that may have acted as a resistance to charge transfer that over time are etched or 

diffused away thus revealing the nanomaterial surface. It is important to note that the expansive 
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surface area provided by the nano-morphology also present challenges to keep the surface native 

and pristine under non-experimental conditions due to affinity to electrostatic charges and the 

resultant contamination by organics and particulate matter.  

 

 

 

Figure 29. Nyquist plot of Si NWs immersed in 3.5 wt. % NaCl solution for 24 hours 

 

 

Figure 30 illustrates the behavior of CuONWs in 3.5 % NaCl. We see that there is a 

presence of a pronounced charge transfer resistance of ~ 8 K /cm2 followed by a possible 

diffusion controlled resistance. Additionally, we see that there is a diffusion limitation to the 

charge transfer forming with increasing time as the charge transfer resistance decreases from 

about 15 K /cm2 to 8 K /cm2 and then stabilizes after the 18 hour time point. This diffusion 

limitation is inferred from the ~ 45o linear profile at the low frequencies a seen in Figure 30. 
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Figure 30. Nyquist plot of CuO NWs immersed in 3.5% NaCl for 24 hours 

 

 

We also observe in Figure 31 that the initial impedance is high at ~ 1 K / cm2 which are 

consistent through the duration of the experiment. This can be explained by the earlier 

experimental observation of the “flaky”, peeling off characteristic of the nanowire film of CuO. 

This may cause porosity between the NW film and the copper substrate.  This may lead to poor 

contact with the external circuit lead of the working electrode, which is reflected in the relatively 

high impedance observed. Further we observe that at low frequency the charge transfer 

resistance is high initially and then lowers to a stable value. This can now be clearly inferred as 

the slow diffusion of the electrolyte into the porous nanowire film, which ultimately results in the 

decrease in the resistance leading to higher anodic current and degradation.  
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Figure 31. Bode magnitude and phase plot of CuONWs immersed in 3.5% NaCl for 24 

hours 

 

 

Figure 32 illustrates the behavior of the CuONWs thin film in simulated produced water. 

We observe that as compared to the brine solutions used earlier, the charge transfer resistances 

are smaller after the initial immersion and reach a stable value faster at ~ 5 K /cm2 which is 

lower than in 3.5 wt.% NaCl solutions. This can be explained with the composition of the 

simulated produced water which consists of higher levels of aggressive anions such as sulfates 
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and carbonates in addition to the chloride. This may lead to multiple reactions with the copper 

oxide to yield the passive film less resistant and hence leading to higher anodic currents.  

 

 

 

Figure 32. Nyquist plot of CuONWs immersed in simulated produced water for 24 hours 

 

 

We observe in the bode plot shown in Figure 33 that the initial impedance at high 

frequency is an order of magnitude lower in the case of simulated produced water as compared to 

the 3.5 wt.% NaCl solution. This can be attributed to the micro dissimilarity in the samples, 

which may lead to an increase in initial charge transfer resistance, which then is averaged as the 

system reaches steady-state. Additionally, we observe that there is a pronounced difference in the 
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impedance at the higher and lower frequency illustrating the possible effects of charge transfer 

resistance and diffusion resistance. Additionally, it also possibly indicates the presence of 

multiple charge transfer resistance, especially from the electrode to the nanowire film (small ~0.1 

K /cm2), and the nanowire thin film to a passive layer and then from the passive layer to the 

electrolyte itself. This is utilized in the fitting of the equivalent circuit as illustrated in the next 

sections.  

 

 

 

Figure 33. Bode magnitude and phase plot of CuO NWs immersed in simulated produced 

water for 24 hours 
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To further understand the underlying mechanistic limitations an iterative process was 

utilized to fit the circuits to the impedance data obtained earlier. The process was using a 

Randles and modified Randles circuit as the starting point. However, with the observations as 

noted earlier from the Nyquist and bode plot, the introduction of multiple capacitive double 

layers and the presence of a diffusion limitation was introduced (using a Warburg impedance 

element). Finally, as noted in Figure 34 circuit (1) was chosen based on the fit for the Si NWs 

system and circuit (2) was chosen for the CuO NWs system. 

 

 

 

Figure 34. Equivalent circuits for the Si NWs and CuO NWs systems  

 

 

Table 7 illustrates the equivalent circuit parameter values after fitting for the CuONWs 

system. Assuming the two-layer capacitive resistance between the passive layer and the 

nanowires and the nanowires and the bulk substrate, we observe that there is a higher resistance 

at the first charge transfer layer as compared to the second later. Additionally, the double layer 

capacitance observed is also higher in both the cases of the simulated produced water and the 
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3.5% NaCl solution. This is not surprising since both the substrates are immersed in highly ionic 

solutions and although the experiment is performed in the open circuit mode there is always the 

possibility of a strong ionic double layer due to the presence of highly mobile counter ions.  

 

Table 7.  Equivalent circuit parameters for CuO NWs system 

Sample 

R
S
 

( /cm
2
) 

C1
dl

 

(F/cm
2
) 

R1
ct

 

( /cm
2
) 

C2
dl

 

(F/cm
2
) 

R2
ct

 

( /cm
2
) 

Z
W

 

( /cm
2
) 

CuO NWs 

in 3.5 % 

NaCl 

92.07 3.13E-05 5.42E+02 1.15E-06 1.48E+02 4.45E-03 

CuO NWs-

Simulated 

Produced 

Water 

5.31E+01 2.18E-05 3.56E+02 1.03E-07 3.56E+02 1.55E-03 

 

Table 8.  Equivalent circuit parameters for Si NWs system 

Sample 

R
S
 

( /cm
2
) 

C
dl

  

(F/cm
2
) 

R
ct

 

( /cm
2
) 

Z
W

 

( /cm
2
) 

Si NWs in 3.5 % 

NaCl 

5.08E+01 5.17E-06 5.843E+004 N/A 

Si NWs in Simulated 

Produced Water 

3.47E+01 6.53E-05 4.09E+04 2.72E-04 
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For the SiNWs system in the 3.5 wt. % NaCl environment there is a poor fitting of the 

equivalent circuit with the diffusion limitation (Warburg element) as seen in Table 8. This is 

explained by the observations in the Nyquist plot, where the main limitation is observed as 

charge transfer. In the case of simulated produced water, we see the recurrence of a diffusion 

limitation at the nanowire surface.  This is attributed to the complex ionic action (since there are 

multiple anionic and cationic compounds as seen in the composition) of the sulfate and carbonate 

counter ions on the NW system. 

6.4 Conclusions 

An iterative process using an increasing complexity in the models was used to fit the data 

to explain the behavior of the CuONWs and SiNWs in the aggressive salt solutions. EIS allows 

for the estimation of the contribution of the various sensing elements to the response of the 

system. The Nyquist plot allows for the relationship between the real and the complex part of the 

complex impedance to be demonstrated. The bulk corrosion resistance can be estimated by the 

interception of the semi-circle with the real axis [363]. Theoretical models were evaluated to 

explain the behavior of the surfaces. A simplistic model (Randles circuit) followed by multiple 

layer of (resistance – capacitance) and finally a dual diffusion controlled and polarization control 

model was also simulated. 
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 It was observed that the simple Randles circuit based model could not adequately fit the 

experimental data. The impedance element conjugated diffusion state (RCRCRW) model, fit the 

data adequately at higher frequencies, however some amount of divergence was observed at the 

lower frequencies. Similar models fitted to explain SiNWs as working electrode in batteries have 

found to fit impedance observations [364]. It was observed that there was a decrease in the 

corrosion resistance with time (as observed in the Nyquist plot). On fitting of the data, it was 

observed that the best fit was obtained for the RCRCRW to explain the impedance behavior of 

the CuONWs and RCR and RCRW equivalent circuits for the SiNWs. The presence of Warburg 

impedance is also observed on the Nyquist plot. 
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7. DEMONSTRATION OF PROOF-OF-CONCEPT USING NANOWIRES SUBSTRATES 

7.1 Introduction 

The use of nanowires as biosensors and electrochemical sensors has been reviewed by 

multiple authors, apart from the preparation of these nanowires and fabrication of the sensors. A 

review [289] discussed the development and application of the nanowire sensors, various key 

results and mechanisms behind the operation of the sensors. Detailed reviews, specifically of 

microbial biosensors, can also be found in the literature [290]. The use of electrochemical 

biosensors also hold a large opportunity towards point of care diagnostics of life threatening 

diseases, such as cancer, where early detection can be a matter of life and death and vastly 

improve the economics of the situation. A review of these studies  could also be found in the 

literature [291].  

The use of a biosensor-based platform requires a robust platform for immobilizing 

multiple chemical ‘markers’ indicative of MIC. The surface functionalization of the nanowires 

necessary for this purpose can be achieved through conventional self-assembled monolayers and 

the formation of amine terminated surfaces allowing for the bonding of the N-terminus 

molecules such as biotin [277]. Nanowire array-based biosensors have also shown excellent 

stability and reproducibility when used in complex biological environments such as human 

plasma, where it has been applied for determining glucose levels. In presence of competing 

analytes such as ascorbic acid and dopamine, it was still observed to give reproducible results, 

further the loss of electro activity was found to be marginal even after ~ 1 month of storage 

[365].  

To demonstrate the viability of an aggregate nanowire based sensor, a biotin streptavidin 

based proof of concept could be used, and on further identification of biomarkers responsible for 
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MIC, this approach can be extended to the other biomarkers. Initially, the biotin streptavidin 

interaction are studied ex-situ and functionalization are carried out using existing chemistries in 

literature[366]. The use of nanostructured arrays of silicon nanowires have been demonstrated 

using the antibody-antigen interaction [367]. In this study, it is attempted to use large scale nano-

array directly grown on silicon wafers to study the interaction and viability on the sensor 

substrate. This study utilizes the biotin modified SiNWs directly as the working electrode 

without further modification to conduct sensing experiments. It has been observed in 

experiments, that the macroscale CuONWs films show a higher level of brittleness as compared 

to the as-grown silicon nanowires wafer.  Nanowire functionalization is carried out using a 

sandwich assay consisting of aminopropyltriethoxysilane (APTES) linker followed by a 

biomolecule moiety. The detection principle is illustrated in Figure 35. Although it is expected 

that this linker based approach would yield strong covalent bonding between the nanowires and 

biomolecule, a weakening of the sensor response is also expected due to charge screening [304].  
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Figure 35.  Detection principle for the binding event (Biotin – SA) interaction on the silicon 

nanowire arrays 

 

 

Functionalization of the surface reduces the current due to the charge screening  and this 

forms an important design consideration [368]. The functionalization scheme should try and 

limit the level of charge screening for improving sensitivity of the response. The  Debye length 

ensures that the specific binding of macromolecules contribute to the sensor response and this 

length is calculated based on the electrostatic species in the solution [304]. Analyte detection 

must take into account factors such as employing ionic strength feedback control [369]. N-

terminated SiNWs that are synthesized in this work using the APTES linker that are modified 

using biotinlyation with NHS Biotin in PBS buffer solution. It is noted in literature that devices 

with this functional arrangement can be stored without degradation for a period of up to 12 hours 

[277]. The response can be gathered as a resistance change across the terminals and the 

technique has been investigated in CuO based chemical sensors[370]. The usage of two-step 

functionalization using a electroactive monolayer of hydroquinone followed by cyclopentadiene 



103 

 

or a thiol group (based on regions of hydroquinone oxidation) allow for spatially selective bio-

functionalization [371]. This setup (with functionalized SiNWs) is exposed to a biomarker-rich 

liquid environment and the electrical response is characterized with cyclic voltammetry.  

7.2 Experimental methods 

7.2.1 Setup of sensor test bed  

A custom sensor test bed was fabricated to assist with the rapid use of nanowire 

substrates. The test bed was fabricated using a modular technique. A three-layer setup as 

demonstrated in Figure 36 was made using polypropylene blocks. These were selected due to 

their biocompatibility and ease of use. Ports were fabricated to introduce the environment 

(electrolyte), the counter and reference electrodes and additionally a substrate holder was 

fabricated to hold the thin film substrate. Additionally, the availability of an analyte injection 

port allows for the continuous injection of the analyte into the holder. The substrate holder 

allows the electrical isolation and direct connection to the working electrode lead of the 

potentiostat. The chamber for the electrolyte is fabricated using a borosilicate glass and sealed 

using Teflon gaskets. The chamber is fabricated in two different sizes allowing for one with a 

volume of 50 mL and another with a volume of 150 mL.  The overall setup allows for leak proof 

long-term exposure of the substrate and minimizes the contamination of the electrolyte or surface 

of the working electrode from the environment. The whole setup is placed in a faraday cage for 

minimal interference from any external electrical fields during the experiment.  
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Figure 36.  (A) Schematic of nanowire-thin-film sensor test bed (B) Top cover of the test 

bed and (C) Front-view of the fabricated test bed indicating the location of the 

working electrode holder 

 

 

7.2.2 Solutions preparation  

Stock solutions of sodium phosphate buffer was made using Stock Solution A (0.2 M 

Sodium Phosphate Monobasic): 27.6 g NaH2PO4*H2O (FW: 137.99g/mol) in 1L H2O and Stock 

Solution B (0.2 M Sodium Phosphate Dibasic): 53.62g Na2HPO4*7H2O (FW: 268.07) in 1L 

H2O. These two phosphate buffer solutions were prepared with deionized water (Milli-Q water 

systems, 18.2 MΩ-cm resistivity at 25 oC) and stored at ambient conditions. Streptavidin 

solutions of two concentrations, 10nM and 10,000 nM were prepared in 0.01M phosphate buffer 

solutions (PBS).  

7.2.3 Functionalization  

A 1% and 2% solution by volume of APTES was prepared in hexane/toluene and 

exposed in a stepwise manner to the nanowire substrates. The biotin functionalization was 

carried out in a 0.01 M PBS solution (~ pH = 7.4) at 0.5 mL of biotin, at a concentration of 5 
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mg/mL in 0.01 mol/L phosphate buffer (pH= 7.4). The exposure of the Streptavidin (SA) was 

conducted in a phosphate buffer of 0.01 M for 2 hours ex-situ.  

7.2.4 Cyclic voltammetry  

CV characterization was performed using a three-electrode setup with a standard calomel 

reference electrode and a graphite counter electrode. The system was connected to a high internal 

resistance potentiostat (Versastat 3, Princeton applied research) and CV was performed with the 

modified silicon nanowires as the working electrode. The studies were performed under DC 

voltage with no AC frequency and the measurements were carried out at -0.8 V to + 0.8 V at a 

scan rate of 100 mV/s.  

7.3 Results  

The Figure 37 illustrates the current response for the CV carried out for the bare Si NWs 

to the functionalized Si NWs at 10000 nM concentration. It should be noted that two 

concentrations of the primary molecular linker of APTES are utilized as a method to investigate 

the surface coverage effects of the molecular probes biotin in this case. 1% and 2% 

concentrations of the APTES are utilized. It is observed that there is a clear difference between 

the bare Si NWs and the coated Si NWs and hence this indicates its sensitivity to even small 

changes on the surface. Additionally, we observe that as the density of molecules increase on the 

surface because of functionalization the current response at maximum voltage decreases. This is 

as expected because of the resistance to charge transfer and the diffusion barrier. After exposure 

to the streptavidin and the formation of the immuno-complexes we observe a stable response at 

~150 A at 10,000 nM SA concentration and ~64 A at 10 nM SA concentration. Additionally, 

we observe that there is a difference in the response to the peak loadings of 10 nM as against the 

three-fold higher 10,000 nM of SA. 
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Figure 37.  Variation of CV response with change in working electrode at time of initial 

immersion 

 

 

Additionally, to investigate the effect of the exposure time on the response, the substrates 

with the full functionalization of APTES-biotin and the SA probe exposure were investigated at 

four time points after immersion until 3 hours. It was observed as seen in Figure 38 that at low 

loadings of the current at peak voltage increases slowly with time and stabilizes after 2 hours. 

This may be explained to the equilibrium achieved by the system, which is static (no stirring 

induced turbulence). Additionally, it should be noted that the experiments are performed at room 
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temperature and hence there is a potential of degradation of SA with time which is the case of 

large proteins [372]. This might release more counter-ions in the solutions allowing for a 

decrease in solution resistance. The time dependent behavior is a consequence of multiple factors 

which may not be completely captured using only CV.  

 

 

 

Figure 38. CV results at 10nM exposure of functionalized Si NWs to SA  

 

 

Figure 39 illustrates that at higher loading the response is more stable with time. This is a 

consequence of exhaustion of all probe sites, hence the change in the response might be due to 
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externalities such as degradation of excess protein. Additionally, we observe that other than 

immediately after immersion, the current response is extremely stable.  

 

 

 

Figure 39.  CV of exposure of functionalized NW-Biotin-SA substrate to 0.1 PBS at 10knM 

loading 

 

 

Figure 40 illustrates the combined response of the sensor substrate with time and 

concentration. We observe that there is a joint variation of the current at peak voltage with time 

and with SA loading. This illustrates the need for a further investigation into the response range 

and the sensitivity limitation of the SiNWs substrate. Although the NWs provide large and robust 

surface area for functionalization, this also leads to challenges of NSB even under controlled 

conditions. The binding in the current case can be due to the affinity of the SA to directly block 

some charge transfer pathways on the SiNWs. Additionally, there may be un-reacted SA which 
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provides additional challenges of noise and interference with the electrochemical measurements. 

The nanowires are typically more effective at detection of low concentrations of analyte (species 

to be detected) due to linear dose-response observed.  

 

 

 

Figure 40. Combined response with time of CV of functionalized SiNWs substrate in 0.1 M 

PBS for 0,1,2,3 hours of exposure.  
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Figure 41 shows the current response at the peak negative voltage of ~-790 mV over the 

3-hour period of exposure of the working electrode to the 0.1 M PBS. We find a stable response 

over time with minimal degradation in terms of the current. For the 10000 nM SA concentration, 

it is observed that the current response is stable at ~ 150 A over the time. For the 10 nM 

concentration, it is observed that the response is initially ~64 A increasing to 80 A at hour 3. 

This difference can be attributed the changing ionic concentration of the solution due to 

degradation of the SA, and excess SA that may be remaining on the surface (Due to saturated 

binding sites).  

 

 

 

Figure 41. Current response at peak voltage negative voltage over time for SiNWs 

functionalized with 1%APTES-Biotin and exposed to SA 
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7.4 Conclusions 

The proof of concept studies were performed using a SiNWs array synthesized on a Si 

wafer using the electroless etching synthesis process discussed in section 5. This is one of the 

few studies in which the nanowires are used directly after synthesis without the need for clean-

room based fabrication or metal deposition for contacts. A custom nanowire-thin film test bed 

was fabricated using polypropylene sheets and coupled with a three-electrode probe setup. To 

test the viability of the substrate for sensing, a model system was selected with biotin as the 

probe and streptavidin as the analyte. This selection was made because of the low dissociation 

constant (irreversibility) observed for the biotin-streptavidin couple. Streptavidin was chosen as a 

demonstration probe (biomarker), due to the presence of multiple binding sites for biotin [373]. 

The functionalized silicon nanowires were used as the working electrode. The SiNWs were 

functionalized using a one-pot, three-step process. A molecular wire was built through first, a 

covalent functionalization of APTES followed by a buffer based functionalization of NHS-

biotin.  
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On exposure of the functionalized substrate with the biotin probe to two concentrations of 

SA of 10 nM and 10,000 nM clear changes at peak negative voltage of ~-790 mV were observed 

for both the loadings. The current response was observed to be at ~150 A at 10,000 nM SA 

concentration and ~64 A at 10 nM SA concentration. Additionally, the functionalized 

nanowires showed higher charge transfer resistance as compared to their non-functionalized 

counter parts. This was explained due to the blocking of charge transfer sites by the covalently 

bonded APTES molecules and the NHS biotin. In addition, effects of both time and 

concentration were observed in the case of the functionalized substrates. This may be due to the 

artefacts presented by the degradation of the protein at ambient temperature, or may be a 

consequence of a steady state reached over time in the static system. It was observed that over 

time, stable current response was seen for the 1%APTES-NHS-biotin functionalized SiNWs and 

this optimized configuration of the model system can be further evaluated for non-specific 

binding and dose-response calibration studies. 
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8. CONCLUSIONS  

The following are the conclusions of the study. The meta-analysis of 77 studies of MIC 

from the literature elicits the general methodology of the combined use of morphological, 

compositional analysis, electrochemical analysis, and biological analysis for its detection. 27% 

of the studies used 6 or more analytical tools to determine and analyze MIC. The tools used 

currently require expertise to integrate into a MIC assessment and management program [374-

376]. The studies require the use of dedicated offsite facilities, limiting any on-site deployment 

for rapid evaluation and are often prohibitively expensive and use simulated environments, 

which lacked the fidelity of field environments.   

Furthermore, the analysis also shows that mere presence of microbiota in a system does 

not necessarily imply MIC activity. Therefore, traditional culture-based techniques that depend 

on the use of selective media for detecting the presence or absence of bacteria may lead to 

erroneous results [303]. Microbiological assay techniques, such as the metagenomic and 

metabolomic techniques, provide a way of moving to a more robust determination of MIC. This 

has been corroborated in several studies which seek to use biological assays as a rapid tool to 

evaluate microbiological communities from industrial samples [377]. In addition, even at the 

laboratory scale it is challenging  to accurately and precisely simulate field conditions for 

reproducible results [378]. A key to rapid detection of MIC in pipelines includes characterization 

of the microbiological diversity from possible affected sites in the field directly on-site, without 

transporting them to off-field characterization facilities. In such instances, on-site samples 

include pipeline debris, produced water and crude oil.   

This thesis provides several novel advances to the state of understanding of nanowire use 

in industrial scale sensors and their application as a technology for the detection of MIC. The 



114 

 

thesis advances three areas (1) Use of aggregated nanowires as a scalable sensor substrate, 

fabricated using facile (simple) techniques (2) Electrochemical characterization study and 

stabilization of nanowires in simulated industrial environments (3) Extension of nanowire-based 

substrates in modified flat corrosion cell as a sensor for the detection of biomarkers as a proof of 

concept for MIC detection.  The conclusions of the studies in the three areas are as follows: 

(1) Copper (II) oxide (CuONWs) and silicon nanowires (SiNWs) were synthesized in facile 

and at relatively large scale (wafer scale for SiNWs, and commercial scale copper sheets) 

to yield high aspect ratio NWs. The CuO NWs synthesized were 25 to 30 m in length 

and 50 to 100 nm in diameter and the Si NWs were 5 to 8 m in length and 45 to 100 nm 

in diameter. Additionally, two routes for stabilization with BN using ammonia borane 

and tribromoborazine were used.  

(2) The electrochemical degradation studies showed that the SiNWs had much lower 

corrosion current density in extremely corrosive environments of 3.5 wt. % NaCl and 

simulated produced water. Additionally, CuONWs showed 1-fold higher corrosion 

current density, however demonstrated stability. Both the nanowire systems showed 

robust resistance to degradation despite, their considerably higher surface area as 

compared to bulk counterparts. The mechanistic investigation revealed the presence of 

two double layers and a diffusion limitation in the case of CuONWs and a single double 

layer and diffusion limitation in the case of the SiNWs. The two double layers can be 

attributed to the resistance provided by the passive films and the porous nanowire mats 

formed in the synthesis process. The SiNWs demonstrated extremely high charge transfer 

resistance > 50 K/cm2 (based on equivalent circuit fittings) indicating their robustness 

even in aggressive environments. Equivalent circuit with a single double layer-element 
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was fit for the SiNWs.  For the CuONWs we observe a charge transfer resistance of ~ 8 

KW /cm2 and an increasing diffusion limitation to charge transfer with time of 

immersion. Equivalent circuits with two double layer elements and a Warburg element 

for the diffusion limitations were used to explain the electrochemical impedance behavior 

of the CuO nanowires. 

(3) The use of biotin-streptavidin (SA) complex was chosen to demonstrate the viability of 

the substrate for sensing. A custom test bed was built to easily and reproducibly introduce 

functionalized substrates to bulk solutions. Cyclic voltammetry studies revealed a stable 

current response at peak negative potential of ~-0.79 to be ~150 A at 10,000 nM SA 

concentration and ~64 A at 10 nM SA concentration for SiNWs functionalized with a 

SA sensitive molecular wire. 
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9. SUMMARY AND FUTURE WORK 

Generation of dose response calibration curves to evaluate the linear response range of 

the sensor substrate. The current study focused on the evaluation of the response at two discrete 

concentration levels (10 nM and 10,000 nM) of the model analyte (Streptavidin). Hence, the 

future work needs to evaluate response of the substrates over a wider range of analyte 

concentrations. Such data would provide the range of operating conditions for the sensors and 

sensitivity range. The calibration curves should also be generated to study the effect of the sensor 

substrate‘s response to variations in time, pH, ionic strength and temperature. This study also 

needs to be repeated for other nanowire substrates, and the data set will establish the region of 

sensitive response to allow for selection of sensor substrates for field deployment. Table 9 

provides the variables for evaluation and a range of the parameters to perform a design of 

experiment for the generation of the dose response curves.  

Study of NSB under increasing complexity in the sensing environment is critical to 

evaluate the scalability of the substrate to the industrial scale. The current work focused on 

obtaining a proof of concept in a controlled buffered (PBS) environment and using a model 

system of biotin and streptavidin. The next step would be to evaluate the sensor response in 

varying buffer concentrations (to raise the ionic strength) and generate response curves for the 

model system. Following this steps, the next step is to test the sensor response with the presence 

of possible interfering biomolecules, which either compete with SA for the biotin probe, or 

present a degradation risk to the biotin probe. Additionally, the evaluation of a terminal methyl 

based blocker on NW surfaces to reduce the risk of NSB needs to be evaluated. Following the 

complete characterization under abiotic scheme, the next step would be to evaluate the sensor 

response in the presence of single species, co-cultures and the finally diverse microbiological 
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environment. The biomarkers can initially be introduced ex-situ to the environment, and 

ultimately an in-situ biomarker can be detected. The final step before pilot scale testing is the 

introduction of oil and water mixtures to evaluate consequences of fouling presented by oily 

residues in combination with the biotic environments. Table 9 provides some examples of 

variables that can be tested to evaluate non-specific binding.  

Equivalent circuits obtained from the impedance studies and the sensitivity and 

specificity of the sensor response are two areas which provide opportunities for further 

investigation. The equivalent circuits revealed the presence of charge transfer and diffusion 

resistances, which may be intrinsic to the nanowire systems, or may be a time dependent 

consequence of the action of the brine electrolytes. By designing experiments to systematically 

investigate the evolution of these circuit elements and in parallel to the sensor response studies in 

these environments, it is possible to identify design parameters for optimal sensor response. 

These include impedance studies in a step-wise manner of the molecular wire (surface 

functionalization), and the dose-response studies under a variety of external stressors (change in 

pH, salt concentrations). Ultimately, these studies need to progress towards the introduction of 

initially controlled biotic environments (single, and co-cultures) and progress towards 

naturalistic environments such as field produced water and oil-water-biota mixtures.  
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Table 9.  Future work direction with parameter and range of evaluation of variables 

# Future work Parameter Range 

1 

Dose response 

calibration curves 

Analyte concentration (Proof-of-

concept-Streptavidin) 

1, 2, 5, 10, 100, 1000, 

10000nM 

Temperature 25 to 50 oC 

Ionic Strength 

0.01 M PBS to 1 M PBS / 

Simulated produced water 

pH 5.5 to 8.5 

2 

Non-Specific Binding 

evaluation 

Presence of Streptavidin degraders  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Proteins, amino acids 

Long chain fatty acids 

Produced water residues 

Biotic environment (single species 

and co-culture, laboratory based) 

Oil Field water mixture 
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Table 9. Continued 

# Future work Parameter Range 

 

3 

 

Degradation 

mechanism 

Elemental composition change at 

nanowire surface 

 

Equivalent circuit parameters 

change with time 

Oil-water mixtures 

Biotic environment (single species 

and co-culture, oil-field water) 

 

 

Extensive characterization of both the substrate and the electrolyte microenvironment are 

required to explain the fundamental mechanisms of degradation of these nanowire substrates. 

This would allow for the development of better functional chemistries which utilize the 

electronic and chemical properties yielded by these materials. A continuing challenge is the scale 

up of the nanowire system to a bulk scale without loss of properties. Industrial systems require 

more robust, and fouling resistant architectures [302], which need to be explored to bring 

nanowire/and nanomaterial systems to scalable sensing in process industries.  

Data mining on microbiological community data can yield insights into organisms which 

show the highest proliferation and largest possible impact to MIC, and biosensors specifically 

targeting these can be deployed in field. Biosensors can overcome the limitations of size using 

embedded and lab on chip architectures to give outputs in scales of electric current, voltages or 

numeric scales which would allow the rapid assimilation of data [379-382]. The possibility to 
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couple the active sensing element with wireless transmitters using radiofrequency (RF)[383] 

promise reliable tool for non-destructive and real-time monitoring. This can be combined with 

risk-based inspection methods [384] such as fuzzy-logic and probabilistic techniques for 

improved MIC threat assessment [385].This can lead to intelligent process control and mitigation 

systems.  

Identification of biomarkers is the key to the development and deployment of such 

biosensors. This includes the exploration of aptamer chemistry for more robust probes [386, 

387], as compared to the immunosensors (or ELISA) based chemistries. This would render them 

much more resistant to degradation and allow for long term storage. Current efforts include the 

improvement in the biomonitoring standards which promise to yield more complete data sets of 

the microbiological community. This ultimately yields key performance indicators and actions 

for consistent reporting across the industry [388]. 

The advent of nanomaterial-based platforms [389-393] provides an opportunity to use 

this data and achieve reduction in costs related to MIC and the improvement in the asset integrity 

management programs [394, 395]. There is a major opportunity for research aimed at mass 

producing reliable technologies for detecting MIC in dynamic environments such as crude oil 

pipeline, storage tanks, water networks, offshore oil platforms and others. If realized, they 

provide large economic benefits to many industries affected by MIC. The impact of research in 

this area would be the reduction of incidents in an environment of increasing economic pressures 

due to oil process fluctuations and reduction in maintenance budgets, thus increasing the 

possibility of failures and lapses. 
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APPENDIX A 

POLARIZATION PLOTS 

 

 

Figure 42.  Polarization scan at 12-hour immersion in a 3 - electrode setup using SCE 

reference 

 

 

 

Figure 43.   Polarization scan at 12-hour immersion in a 3 - electrode setup using SCE 

reference 
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Figure 44. Polarization scan at 24-hour immersion in a 3 - electrode setup using SCE 

reference 

 

 

 

Figure 45. Polarization scan at 24-hour immersion in a 3 - electrode setup using SCE 

reference 
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APPENDIX B 

ELECTROCHEMICAL IMPEDANCE SPECTROSCOPY AND EQUIVALENT CIRCUITS 

FITTING USING ZSIMPWIN 

 

Figure 46. Example of a Bode phase and magnitude plot fitting with experimental 

impedance data fitting using Zsimpwin 3.60 with RCRW model 

 

 

 

Figure 47. Example of the fitting of an equivalent circuit with experimental impedance 

data to a RCRCRW circuit with the deviation between experimental and 

calculated values observed at lower frequencies 
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APPENDIX C 

SUMMARY OF RESULTS FROM ANALYTICAL TOOLS EMPLOYED FOR MIC STUDY OF ENGINEERING MATERIALS 

USED IN THE OIL AND GAS INDUSTRY WITH RESULTS FROM THE CHARACTERIZATION AND THE INFERRED 

CONCLUSIONS OF 23 STUDIES. 

 

No. Material 
Type of 

Characterization 
Result from the Characterization Overall Conclusion 

1 2304 DSS[60] Morphological 

FESEM was used to characterize the adhesion of P.aeruginosa 

cells on the coupon. The rod-shaped cells were 1 -3 µm in 

length and pitting was observed below the biofilm after 14 

days. CLSM images after live/dead staining showed dense 

biofilms at 7 –days, with increase in sparseness and porosity at 

14 days with a reduction in thickness from 59.1 µm to 47.5 

µm. The average pit depth in the biotic environment was 

5.6+/-2.4 µm as compared to 3.1 +/- 1.0 µm in the abiotic 

control 

The presence of aerobic 

marine P.aeruginosa 

biofilm was implicated 

in the MIC of 2304 

DSS. It was concluded 

that the formation of 

hexavalent chromium by 

the catalysis enabled by 

the biofilm as a 

contributing cause of 

severe pitting corrosion.  

  

Chemical/Instrume

nted 

EDS analysis showed elemental content in not change after 14 

days of immersion indicating stable passive films, with 

increase in organic elements on the surface (C/N) due to the 

biofilm proliferation. HR-XPS spectra indicated the presence 

of hexavalent chromium in the abiotic coupon, and a relative 

increase of Fe from 9.5% to 34.7 % in the biotic sample 

  
Electrochemical 

Polarization resistance testing provide a RP value of 10kΩ cm2 

in the presence of P.aeruginosa indicating severe MIC attack. 

EFM monitoring indicated an increase from 0.029 mm/year to 

0.216 mm/year corrosion rate for the biotic environment 

validating the polarization results. EIS analysis indicated an 

increased diameter in the capacitive semi circles at the 4-7 and 
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14-day time points, indicating influence of the biofilm on the 

surface. Polarization curves indicating a significant increase 

(76.5 times higher) of the corrosion current density in the 

presence of P.aeruginosa as compared to the abiotic control. 

Pitting potential also shifted in the negative direction 

indicating film breakdown.  

2 2707 HDSS[61] Morphological 

Optical micrograph revealed the microstructures containing 

50% of austenite and ferrite phases. CLSM and SEM images 

indicated dense biofilm coverage after 7 days with decrease in 

coverage at 14 days. Average pit depth at 7 days was 0.42 +/- 

µm and 0.52 +/- µm at 14 days. 

Aggressive MIC pitting 

corrosion was found on 

the surface of 2707 

HDSS but was found to 

be more resistant as 

compared to 2205 DSS. 

  
Electrochemical 

OCP vs. time data revealed significant variations in OCP in 

the initial 24 hours, with EOCP stable at ~-228 mV (vs. SCE) 

for the P.aeruginosa exposed coupon compared to -442 mV  

(Vs.SCE) for the abiotic control. Corrosion rate obtained with 

polarization curves determined the corrosion current density 

for the biotic environment to be four times the abiotic sample 

(0.328 vs. 0.087 µA cm-2). LPR study revealed a iCorr value 

for the P.aeruginosa was higher by 1 order of magnitude as 

compared to the abiotic control. EIS analysis revealed a 

decrease in the Nyquist loop diameter in the presence of 

P.aeruginosa. An increase in total impedance magnitude was 

observed in the Bode plots.  

  

Chemical/Instrume

nted 

EDS analysis revealed higher amounts of C,N,O,P in the 

biofilm and corrosion products as compared to the bare metal. 

High levels of Cr and Fe in the biofilm indicated loss of metal 

due to corrosion. XPS analysis revealed the presence of Cr6+ 

and a relatively higher portion of Cr(OH)3 beneath the biofilm 

as compared to the abiotic coupons.  

3 2205 DSS[64] Morphological 
FESEM revealed bacterial adhesion in specific regions with 

complete coverage by biofilm in 30 days.  
2205 DSS alloys were 

observed to be 

susceptible to MIC by 

Pseudoalteromonas sp   
Electrochemical 

EOCP in the presence of bacteria (Pseudoalteromonas sp) 

showed an initial shift towards negative direction reaching a 
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constant value of -0.41V vs.SCE after 5 days.  in artificial sea water 

environment.  

  

Chemical/Instrume

nted 

EDS analysis revealed high carbon concentrations and low 

Cr concentration in the biofilm. Depletion in Cr and Fe in 

cracks revealed the effect of biofilms on the alloy 

microstructure. 

4 Pd [155] 

Morphological 

SEM was used to characterize the D.desulfuricans 

morphologically, involved sample preparation including fixing 

of biofilm with glutaraldehyde and osmium tetroxide, followed 

by dehydration and the metallized with gold. The 

characterization was used to show that the biofilm 

development was efficient, regardless of polarization. The 

combination of SEM and EDS showed high sulfur content and 

small heaps with the compound kansite which has poor 

protective properties. 

SRB activity was 

evaluated using the 

hydrogen permeation 

technique and is shown 

to be useful for 

mechanism studies. It 

increases hydrogen 

permeation significantly 

and the electrode is 

susceptible to hydrogen 

embrittlement 
Electrochemical 

Permeation current measurement was done using oxidation at 

300 mV vs. standard calomel electrode. 

5 316 SS [156] 

Morphological 

SEM and EDS together of the bottom surfaces of the pits 

(Along the cross section of the sample) covered with a layer 

consisting of fiber like long rod shaped particles. The SEM 

observation allowed to observe the bottom surface and the rod 

like particles, The EDS analysis showed large amounts of 

organic matter in the slime, the SEM showed that the typical 

seawater bacteria was only observed, The EDS analysis with 

the high concentration of S and Fe indicated the type of 

microorganism may be desulfovibrio desulfuricans as well 

cited in the literature 

Based on the combined 

FTIR, SEM and EDS 

measurement along with 

the severe positive in the 

microbiological assay it 

was implied that MIC 

had a role to play in the 

corrosion of the plugs. Biological 
FGS Microbiological test kit analysis was done and it 

registered a severe level of anaerobic bacteria condition, 

Instrumented/Mate

rials 

characterization 

FTIR analysis was done on the scale deposit at the bottom of 

the heat exchanger, The analysis showed typical bond 

presence of the calcium carbonate and calcium chloride 
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6 C-Steel[27]  Electrochemical 

  

Surface mapping was carried out using two microelectrodes 

for measuring current around corrosion pits. The carbon steel 

coupon was incubated in a SRB culture and the mapping of the 

surface current density was carried out periodically to generate 

maps  

The utilization of the 

probe allows for the 

detection of bio-

corrosion pits and 

accurate corrosion rate 

determination 

7 

Type 304L SS, 

Type 316L SS, 

Ni-Cr Alloy 

(UNS No.7718) 

Beryllium, 

Aluminum 

6061-T6, 

Zirconium alloy 

(UNS 60804), 

Carbon steel 

and duplex SS 

(UNS S32550) 

[396] 

Biological 

  

Examination of the coupons and the soil showed the presence 

of heterotrophs (1 year coupons), which produce organic acid. 

SRB was found in the soil but not on the coupon, for the 3 

year coupon there was colonizing by the SRB on some of the 

carbon steel, aluminum and beryllium coupons 

Carbon steel and 

beryllium showed 

highest corrosion rates, 

corrosion rate of 

aluminum, austenitic S.S 

(type 304 L and type 

316 L), Ni-Cr alloy and 

duplex S.S was low but 

detectable after 3 years. 

Corrosion rates of Zr 

alloy were very low and 

below detection limits. 

Pit characterization was 

not performed. By 

inference it was 

concluded that MIC 

potential was there, 

since there was organic 

acids and colonization 

Instrumented/Mate

rials 

characterization 

Environmental factors such as soil resistivity (ASTM G 57) 

were reported, soil was found to be mildly alkaline. 

Temperature was also measured at around 40 F 

8 
Carbon steel 

[397] 

Morphological 

Surface analysis was performed with SEM and EDS, to 

observe the surface of the steel coupons, Dense sulphide film 

observed after 148 days, bacterial cells on the surface, further 

removal of the film exposed large pits 

Multidisciplinary 

approach required 

combining 

microbiological, 

electrochemical and 

microscopic approach 
Modeling 

The Cathodic protection used to protect the pipe was 

disbonded and numerical modeling using two dimensional 

boundary element method was done    
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Electrochemical 

TFER probe used to monitor the corrosion in the buried soil 

environment ,It was observed on the basis of data the larger 

the population of the bacteria more is the corrosion rate, MIC 

risk assessed in short term  

9 

Stainless steel 

(UNS S31803) 

Nickel alloy 

(UNS 

N08825)[398] 

Morphological 

Fluorescence microscopy images revealed the attachment of 

biological material that was distributed along the outer edge of 

the crevice area, with limited attachment in the crevice area. 

Microbial colonization was found to be patchy 
The crevice corrosion 

was found to be affected 

by the biofilm in the 

presence of oxygen. 

Biofilms developed 

under anaerobic 

conditions were found to 

be more potent than 

aerobically grown 

biofilms 

Electrochemical 

The alloys maintained under open circuit conditions did not 

lead to corrosion initiation regardless of oxygen concentration 

or biofilm coverage. Ennoblement of the nickel alloy likely 

initiated crevice corrosion, where the stainless steel remained 

protected until a trans-passive region was reached  

Biological  

PCR-DGGE analysis and DNA sequencing data indicated that 

biofilm diversity was higher under aerobic conditions than 

under anaerobic conditions. The stainless steel alloy showed 

higher biodiversity in aerobic conditions and the nickel alloy 

showed higher biodiversity under anaerobic conditions 

10 

X65 carbon 

steel coupons 

[399] 

Morphological 

SEM images of the incubated coupons showed kidney bean 

shaped Srb cells and an EDS analysis showed the presence of 

Iron sulfide- pits characteristic of the MIC attack was seen 

after cleaning the coupon 

A framework for 

laboratory testing of 

hydro testing water was 

developed. Offshore 

seawater samples was 

found to have 

insufficient inoculum, 

and hence enriched 

inoculum was used in 

the lab scale 

environment for 

accelerated testing 

Biological 

The total organic carbon was measured in the seawater and it 

was found in the range of 1 to 2 ppm for typical seawater, the 

Qurrayah (SA) water had organic content 500 times higher 

than comparable seawater 

Modeling 

By using charge transfer and mass transfer theories and 

electrochemical kinetics a mechanistic model has been created 

and solved numerically. A single pit depth was used to model 

the biofilm aggressiveness, further validations required 
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11 

API 5L X-70 

carbon steel 

[39] 

Morphological 

FESEM was used to after drying with supercritical CO2 and 

gold coating. Typical SRB cells (1.5 to 2.0 micrometer 

samples were observed) and the cleaned surface analysis 

showed pits of 20 micrometer. EDS analysis of the corrosion 

product revealed sulfur and iron peaks and oxygen peaks, 

Pitting corrosion was observed and the SRB could be seen on 

the surface 

The SRB activity was 

more related to 

corrosion than the SRB 

itself, the ennoblement 

of the surface was 

observed along with 

pitting corrosion 

morphologies. The study 

allows for the use of a 

laboratory strain to 

observe similar results 

as the field 

Biological 
Cell counts were taken with planktonic cell enumeration done 

to enumerate the growth of the bacteria 

Electrochemical 

Open circuit potential was obtained and the experiments were 

conducted in an ASTM standard cell. Polarization curves were 

also taken and extrapolated to observe the effect on the 

corrosion, SRB growth shifted the Ecorr to a more positive 

value - ennoblement of the surface was observed - Polarization 

curves (tafel plots) showed increase in Icorr with time (21 days 

more than 7 ) 

12 

SAE 1018 

carbon steel 

corrosion [50] 

Morphological 

SEM was used to study the biofilms after varied times of 

incubation, Morphological analysis showed well defined 

architecture with protection of the cells by the EPS  

Study of biofilm 

production was done 

and it was observed that 

biofilm production was 

enhanced is 

dissimilative conditions 

- analysis of equivalent 

circuits helped propose 

mechanisms of steel 

oxidation - strong 

adhesion to carbon steel  

Instrumented/Mate

rials 

characterization 

EIS was done to study evolution of the electrochemical 

interfaces to compare the polished S.S and S.S in incubated 

medium. 3 cell configuration was used, Nyquist plots to obtain 

the impedance values and bod phase angle plots were 

generated, observations include an increase in the impedance 

values with biofilm growth which may indicate passivation or 

steel surface modification, observations such as biofilm aging  

were also obtained. 
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13 
316 L seawater 

pipeline [68] 

Morphological 

Visual examination - shallow pits at the weld (heat affected 

zone) , leaky regions confined to 5 to 7 PM position in ID ,Pit 

morphology (shallow pits) clearly indicated MIC, sulfide 

stringers indicate favorable sites for attack EPMA allowed for 

chemical signature of 

the pit to be obtained 

and inferred that it was 

MIC in action 

Biological 
Microbial analysis using bacterial culturing indicated SRB 

apart from nitrogen manganese and iron oxidizing bacteria 

Electrochemical 

Electron probe microanalysis was done across the cross 

section of the pitted region, Profiles indicated decrease in 

chromium content within the pit and decrease in iron content 

at the edge of the pit 

14 

Cu - 10 % 

Nickel alloy 

[72] 

Morphological 

SEM analysis was done, dense populations of various kinds of 

bacterial cells bacilli, vibrio’s and filamentous bacilli was 

entrapped amongst the corrosion products , EDX analysis was 

also performed, SEM analysis showed that chlorine had an 

important effect on Cu2O development. Hemispherical MIC 

holes were seen , chlorinated water showed severe localized 

and general corrosion , EDX analysis reveals sloughing off of 

the deposits  Chlorination increased 

corrosion by increasing 

oxidative capacity, and 

should be restricted for 

treatment of MIC of 

copper alloys  

Biological 

Pretreatment planktonic and sessile counts were taken, also the 

sulphate concentrations indicated high loads (223 to 720 ppm) 

which provide for a good environment for the heightened 

activity 

Electrochemical 

Open circuit potential, cyclic polarization and the polarization 

resistance were measured ,OCP showed peak movement -may 

be attributed to biofilm movement , and localized corrosion 

dynamics , PR in untreated water is less than treated water, CP 

tests negative hysteresis at high current density (10 

micrometer/cm2. greater corrosion density in chlorinated 

water as compared to un chlorinated water 
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15 
Carbon steel 

[24] 

Morphological 

The cleaned surfaces were examined using optical 

micrographs at various magnifications ( 50 100 X), laser 

profilometer and also SEM,SEM photographs do show the pit 

formation and the biofilm which was produced  

Carbon steel susceptible 

to corrosion in synthetic 

produced water and in 

water containing 

dissolved CO2 alone or 

SRB alone , 

susceptibility for 

synergistic effect was 

seen maximum at 10 % 

concentration CO2 

Biological 

Bacteria was counted using serial dilution technique by 

detaching the biofilm from the coupon, also by enumerating 

the SRB concentration from produced water and planktonic 

initial and final and sessile final was taken from each of the 

runs, Synergistic effect observed at a concentration of 10 

percent CO2 , CO2 concentration was seen affecting the SRB 

growth at higher concentrations and at no CO2 it was primarily 

seen to be SRB alone 

Instrumented/Mate

rials 

characterization 

Mass loss measurements were primarily taken to determine the 

corrosion rates, concentration of sulphates pH sulphide 

calcium and magnesium, iron were also measured. EDS was 

taken , XRD also showed the elemental composition of the 

coupons, EDS showed the presence of FeS CaCO3 and MgCO3 

, XRD showed the elemental composition of the coupons 

change with the change in the environment, with MgCO3 

formation in CO2 only and FeS formation in the sulfide SRB 

inoculated and SRB + CO2 inoculated 

16 
Carbon steel 

alloys [178] 
Morphological 

The study was done using an ESEM and EDS, EDS revealed 

that the corrosion deposits mainly contained iron and sulfur, 

The incubation was for between 7 and 42 days. It was seen 

that the pits were of more depth in the 5XL52 alloys 

It was seen form the 

three pronged analysis 

that the ENM, EIS was 

in good agreement with 
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Instrumented/Mate

rials 

characterization 

The Ecorr was monitored for the first 7 days and it was 

observed that there was a steep decrease after the first 40 - 54 

hours, EIS was also performed to obtain the bode and Nyquist 

plots, Ecorr decrease This was attributed to the establishment 

of the biofilm, accumulation of the metabolic products - The 

data from the EIS showed that there were other 

electrochemical transfer processes in play other than metal 

oxidation and sulfides or some other metabolic product 

accelerated the anodic reaction. 

the Ecorr and Rp 

techniques and that that 

there was susceptibility 

for corrosion of the API 

5XL52 alloy. Moreover 

EIS was able to 

differentiate  the 

corrosion process taking 

place in different media 

17 

Niobium 

bearing 

stainless steel 

[400] 

Morphological 

SEM and XRD were performed to get an insight into the 

change in the surface- Chloride solutions pit the surface and 

hence this had to be analyzed, The SEM showed that the 

surface distribution improved with the addition of niobium, 

with no pitting cracking found after two weeks of immersion 

in 3.5% Sodium Chloride (NaCl) 

The cold deformation 

increased corrosion 

resistance up to 23% and 

the percentage of 

niobium increased 

corrosion protection of 

austenitic stainless steel 
Electrochemical 

EIS and polarization curves were generated, EIS data showed 

that the 1.24% niobium metal had the best corrosion protection 

18 Mild steel [47] 

Morphological 

SEM was performed along with EDS and on samples which 

were incubated over 21 days after the removal of the deposits, 

The pits generated in the lactate/sulfate were uniform in shape 

and the lactate/nitrate medium was bigger in size and more 

random 

Lab scale studies to 

identify the effect of the 

media  

Electrochemical 

Open circuit potential was measured / potentiodynamic 

measurements and redox measurements were also taken, OCV 

showed that the increase is more rapid in the lactate nitrate 

media and slower in the lactate sulphate media - 

Potentiodynamic measurements showed that the Ecorr and 

Icorr changed dramatically in the lactate/nitrate media as 

compared to the lactate/sulfate media  
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19 
Copper tubing 

[401] 

Morphological 

The surface analysis was performed using a CLSM, the 

bacterial samples were stained and then used, The CLSM 

allowed for study both of the substrate and the biofilm 

formation in tandem (as against the SEM in which the biofilm 

needs to be removed in order to study the base layer)  The images confirmed 

the heterogeneity of the 

biofilm and the CLSM 

presented a good way to 

look at the 

microenvironment as 

against the techniques 

such as SEM and AFM 

 

Biological 

Bacterial metabolic activity was analyzed using CDF and 

RITC to analyses the bacteria 

The biofilm samples were collected from 21 sites and DNA 

extraction was performed and PCR was performed. Screening 

of functional genes and specific bacterial groups were 

identified,2500 sequences were analyzed representing one of 

the largest surveys - proteobacteria was the most abundant 

phylum  present, there was also archaea and fungi identified 

apart from methanotrophs - the phylogenetic diversity was 

connected to the metabolic diversity   

20 
Carbon steel 

st3S[402] 

Morphological 

SEM images were taken of the coupons - placed at various 

locations-  EDS analysis was also performed on the corrosion 

products, The at the water fuel interphase showed the most 

aggressive corrosion (uniform) EDS analysis showed the 

presence of iron in the products - over a period of 47 days the 

tests was performed - at the water fuel interphase Surface of 

the coupons characterized by pits up to 130 micrometer deep 

Studies on the corrosion 

of the steel using feel 

water interface was 

studied and it was 

recommended that the 

tanks should be mixed 

and cleaned well - and 

the whole installation 

needs to be maintained 

well 
Biological 

Chemical analysis of the water followed various parameters 

such as COD, ether extract, and total nitrogen. The 

microbiological assay detection was done on the basis of the 

standards such as API 20E, API 20NE and API STAPH ,The 

microbiological assay showed various species such as iron 

bacteria, fungi and SRB ( only CFU/ml) values were available 
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21 
304L - Cu SS 

[403] 

Morphological 

SEM image was taken also the maximum pit depth profiles 

was taken with a CLSM , XPS was also taken ,SEM image of 

the surface showed a maximum pit depth reduction of 38% for 

the copper alloyed SS. The surface roughness was two times 

as the 304LSS cu alloys. There was a change in the valence 

state of Cu which may indicate why the corrosion process had 

slowed down Possible causes for the prevention of corrosion is 

the release of copper ions or the presence of a Cu2O layer 

which was formed on the surface  

The presence of Cu 

resulted in less 

formation of E.coli and 

pitting corrosion - The 

passivation is linked to 

formation of oxide - 

significant reduction in 

the risk of bio corrosion  

Electrochemical 

OCV values were taken and also polarization techniques were 

used to analyses the sample, The open circuit voltage used to 

characterize the MIC behavior showed that the value was 100 

mV higher for the 304L-Cu SS than for the 304L- Cu. 

Potentiodynamic curves showed that the Ecorr value decreased 

rapidly for the sample without Cu than for the sample with Cu  

22 
1018 Carbon 

Steel [219] 

Biological  

LASCA mass spectroscopic imaging combined with 

metabolomic HPLC was obtained with 3000 features for 

anaerobic incubation and 1500 features for aerobic incubation. 

Spatial distributions of metabolites/organic residues  were 

obtained to identify localized concentrations. Abundances of 

glycophospholipids, as well as metabolites relating to amino 

acid metabolism were observed.  

In the anaerobic 

exposure study strong 

correlations were 

observed between the 

biofilm metabolome and 

the occurrence of 

corrosion, and no 

correlation was detected 

for the aerobic sample 
Instrumented 

3D non-contact axial chromatism profilometry was performed 

and roughness in the range of 0 to 260 m was observed on 

the anaerobically incubated sample and 0 to 35 m was 

observed for the aerobically incubated sample 
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23 

Stainless steel 

alloys 

UNS S31803  

UNS N08825 

[168] 

Electrochemical  

Cyclic polarization scans were conducted with a final voltage 

of -0.1 V vs. Ecorr. Under anaerobic conditions a shift of Ecorr 

towards negative values over 30 days (300 mV lower) was 

observed. On exposure to aerated water the Ecorr showed 

stability. For UNS N08825 alloys the anaerobic test yielded 

negative values of -100 mV, however under aerobic conditions 

it moved towards positive values. The cyclic polarization 

curve for UNS 31803 alloy under anaerobic conditions yielded 

linear increase with potential in the anodic scan. In the case of 

UNS N08825 alloys no passivation region was observed.  

Passivity breakdown 

was observed due to 

crevice corrosion and it 

was found to be initiated 

by the ennoblement of 

the Ecorr. Crevice 

corrosion was found to 

be more severe under 

total anaerobic  

conditions and was 

exacerbated by the 

biofilm only under 

external polarization 

Morphological  

Surface images obtained by optical microscopy indicated 

crevice attack was restricted to border areas, and anaerobic 

conditions were found to be more aggressive than aerobic 

conditions 

Biological 

PCR-DGGE analysis of the 16S rRNA gene fragments was 

carried out along with DNA sequencing. The biofilm 

composition was strongly dependent on the oxygen 

concentration of the environment and only Marinovum 

algicola  was encountered in both the samples with all other 

populations highly specific to their microenvironments 
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APPENDIX D 

SUMMARY OF ANALYTICAL TECHNIQUES USED FOR THE STUDY OF MICROBIOLOGICALLY INFLUENCED 

CORROSION IN MATERIALS/SYSTEMS DEPLOYED IN THE OIL AND GAS INDUSTRY 
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Others 

(Specialize

d 

techniques) 

Microbial Corrosion of 
2205 Duplex Stainless 

Steel in Oilfield 

Produced 
Water[62] 

2205 

Duplex 
stainless 

steel 

Oilfield 

produced 

water 

Investigation of 
MIC of SS in 

simulated 

oilfield produced 
water 

2017 1 1         1 1 1   
Optical 
micrograph 

Corrosion behaviour of 

2205 duplex stainless 

steel in pure cultures of 
sulphate reducing 

bacteria: SEM studies, 

electrochemical 
characterisation and 

biochemical analyses[63] 

2205 
Duplex 

stainless 

steel 

Desulfovibrio 

desulfuricans 

Effect of biofilm 
and corrosion 

behavior on 

stainless steel 

2017 1          1  1   

Total 
protein 

concentratio

n 
 

 

 

Microbial corrosion of 
AL 2024 alloy[404] 

Aluminu

m alloy - 

AA 2024  

Bacillus 
Cereus ACE4 

and Serratia 

Marcescens 
ACE2 

MIC and 

electrochemical 

behavior of 

Aluminum alloy 
in presence of 

hydrocarbon 

degrading 
bacteria 

2010 
   

                
  

  
 
1 

Bacterial 

adhesion to 
hydrocarbo

n assay 
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MIC of 304 Stainless 
steel [145] 

304 

stainless 

steel 

Aerobic 

pseudomonas 

NCIMB2021 

MIC study of 
stainless steel 

under aerobic 

conditions with 
pseudomonas 

2007       
 

                      
 

Corrosion of antibacterial 

Cu-bearing 316L 

stainless steels in the 
presence of sulfate 

reducing bacteria[67] 

Cu-

bearing 

316L 
stainless 

steel 

Sulfate 

reducing 
bacteria 

Evaluation of 
corrosion 

resistance to 

SRB 

2018 1 1  1       1 1 1    

A comparative study of 
corrosion of 316L 

stainless steel in biotic 

and abiotic sulfide 
environments[160] 

316 L 

Stainless 

steel 

SRB media 

(extracted 

from oil 

sludge) 

Comparison of 

corrosion in 

biotic and abiotic 

environments 

2017 1 1       1    1  1 

Cyclic 

voltammogr

ams 

Geo bacter enhances pit 

depth on 304L stainless 
steel in an electron donor 

scarce media[168] 

304 L 

stainless 

steel 

Geobacter 

sulfurreducen

s 

The effect on the 

corrosion of 

stainless steel in 
acetate rich and 

deficient media 

was evaluated to 
explain pitting 

corrosion 

observed 

2009                 

Anaerobic Corrosion of 

304 Stainless Steel 

Caused by the 

Pseudomonas 

aeruginosa Biofilm[59] 

304 

stainless 

steel 

Pseudomonas 

aeruginosa 

Anaerobic 

corrosion under 

Pseudomonas 
aeruginosa 

biofilm 

2017 1     1  1 1   1 1   

Infinite 

focus 

microscope 

The effect of metal 
microstructure on 

attachment of 

bacteria[405] 

1010 

Carbon 
steel 

Escherichia 

coli 

The effect of 
metallurgical 

features on the 

attachment of 
bacteria to metal 

surfaces was 

studied 

2013                
Optical 

microscopy 

Corrosion behavior of 
carbon steel in the 

presence of algae[406] 

Carbon 
steel 

(Q235) 

Chlorella 

vulgaris 

The investigation 
of algae on the 

corrosion rate 

was performed 
and the impact of 

photosynthetic 

mechanisms on 
corrosion was 

observed 

2015           
 
 

 

     

Crevice corrosion in 

duplex stainless steel 

[398, 407] 

Duplex 
stainless 

steel 

(UNS 
S31803) 

Naturally 

occurring 
marine 

bacteria 

Artificially 
creviced 

stainless steel 

was used in an 
immersion test to 

2012                

DGGE, 

Optical 

micrograph 
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investigate the 
impact of 

naturally formed 

biofilm on 
crevice corrosion 

Field study of MIC in 

mooring chains[408] 

Steel 

(C0100) 

Gulf of guinea 

sea water 

A case study of 

MIC of mooring 

chains to develop 
mitigation 

methods using a 

microbial baiting 
kit 

2016                DGGE 

Effect of soil microfloras 

on copper corrosion[118] 
Copper 

Actinomyces, 

fungi and 
bacteria from 

enrichment 

cultivation 

Copper corrosion 

was compared 
between three 

micro floras. 

Pitting and 
cratering was 

observed with 

bacterial groups 
showing 

aggressive 

behavior 

2016                 

Corrosion of carbon steel 
C1010 by iron oxidizing 

bacteria[48] 

Carbon 
steel 

C1010 

Acidithiobacil
lus 

ferrooxidans 

Corrosion 
behavior was 

investigated with 
severe pitting 

observed on the 

surface of the 
C1010 coupons 

2014                

pH 
measureme

nt, confocal 
microscopy, 

Ion 

determinati
on assay 

Anaerobic metabolism of 

biodiesel and its impact 
on corrosion[409] 

Carbon 

steel 

Aquifer 

sediments, 

alkane 
degrading 

consortia, 

marine oil 
degrading 

consortia, 

unenriched 
natural 

ballast water, 

natural 
coastal 

seawater 

The 

suspectibility of 
biodiesel in 

anaerobic 

conditions was 
evaluated for a 

time period of 1 

month in 
naturally 

occurring 

microbial 
consortia 

2010                 

GC-MS, 

H2S 

concentrati

on 

measureme

nt 

Corrosion behavior of 
copper in sulfide 

containing solutions[410] 

Copper  
Desulfovibrio 

sp 

Effect of SRB on 
corrosion 

behavior of 

copper in sulfide 
containing 

solutions 

2015 
   

        
 

              

Copper - 
inductively 

coupled 

plasma, 
EPS 

extraction 
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and 
carbohydrat

e analysis 

Evaluation of MIC 
inhibition on Ni-Co 

coatings [411] 

Ni-Co 
alloy 

coatings 

Aeromonas 

Salmonicida 
and 

Clavibacter 

michiganensis 

MIC inhibition 
study on Ni-Co 

alloy 

2012 
   

            
 

  
  

    

Quartz 

crystal 

microbalanc
e (QCM) 

MIC in stainless heat 
exchanger[412] 

Stainless 
steel  

SRB 

MIC in a 

stainless steel 

heat exchanger 
was investigated 

(microstructural 

analysis) 

2012 
  

    
  

                  
Optical 
microscopy 

Effect of SRB on 

corrosion of carbon steel 

Q235[55] 

Carbon 

steel 

Q235 

Soil extract 
solutions 

Study of SRB on 
the corrosion of 

the carbon steel 

under simulated 
disbonded 

coating in the 

soil extract 
solutions 

2011 
  

                
  

        

MIC of copper pipes in 

low pH water[413] 

Copper 

pipes 

Water 

sampled from 

Talca city, 
Chile 

Influence of 

microbial 
biofilms on the 

high copper 

levels measured 

in the drinking 

water of rural 

houses 

2008 
  

        
 

                  

Effect of biofilm on cast 

iron pipeline 
corrosion[192] 

Cast iron  

Iron bacteria 
and iron 

reducing 

bacteria 

Cast iron 
pipeline 

corrosion by 

biofilms  

2008       
 

  
  

                DGGE 

Effect of SRB on the 
corrosion behavior of 

carbon steel[414] 

D36 
carbon 

steel 

Mixed SRB 

culture 

The effect of 

mixed culture 

SRB on carbon 
steel was studied 

2007                     
   

    
pH 

monitoring 

Microbiological 

corrosion of aluminum 

alloys[71] 

Aluminu

m alloys - 

V65,D16 

and D16T 

alloys 

Fungi and 

bacteria  

The bio 

corrosion was 

investigated on 

aluminum alloys 

from several 

fungi and 
bacteria 

2006                   
 

          

Visual 

examination 

of corrosion 
and 

corrosion 

products, 
pH 

monitoring 

was 
conducted, 
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Pitting corrosion of 

carbon steel caused by 
iron bacteria[415] 

1020 AISI 

Carbon 
steel 

Mixed Culture 
of iron 

oxidising 

bacteria 

Corrosion 
mechanism of 

1020 AISI 

carbon steel in 
iron 

contaminated 

water 

2001 
 

                
  

  
 

      

AFM study of MIC of 

mild steel [416] 
Mild steel  

Seawater from 

Victoria 

Harbor Hong 
Kong  

AFM study of 
MIC on 

corrosion of mild 

steel in a natural 
mixed culture 

media 

1999 
  

            
  

          
 

Corrosion of a drilling 
pipe steel in an 

environment SRB[51] 

N-80 

Steel  

Desulphovibri

o sp 

MIC by SRB on 

drill pipe steel  
1997 

  
      

 
      

  
          

Production of sulfide 

minerals by SRB during 
MIC of copper[417] 

99 

Copper, 
90Cu:10N

i, 

70Cu:30N
i 

Mixed culture 

of facultative 

and obligate 
anaerobic 

bacteria  

Study of sulfide 

minerals by 
sulphate 

reducing bacteria 

during MIC of 
copper 

1991 
  

      
 

                    

Effect of hydrogenase 
and mixed SRB on the 

corrosion of steel[93] 

Steel 

Sulphate 

reducing 
bacteria ( 

Mixed 

culture) 

Hydrogenase and 
mixed SRB 

culture effect on 
steel 

1991 
 

            
 

              

Robbins 

Device/Acti
ve 

hydrogenas

e kit 

Detection and mapping 
of SRB influenced 

corrosion of C-steel[27] 

API 5L 
Carbon 

steel 

Desulfovibio 

gabonensis 

SRB influenced 

corrosion of 

carbon steel 
study 

2002                         
 

      

Microbial corrosion of 
P235GH steel under 

geological 

conditions[418] 

P235GH 

Steel 

SRB isolated 

form clay rock 

Corrosion of 
steel used for 

nuclear waste  

disposal 

2010 
                

EN noise study on the 
corrosion process of 

carbon steel by SRB 

[227] 

SAE 1010 

Carbon 
steel  

Desulfovibrio 

alaskensis 

EN noise study 

of the corrosion 

process of 
carbon steel by 

the SRB in a 

nutritionally rich 
and oligotrophic 

culture medium 

2006             
 

            
 

    

Effect of SRB 

metabolites on the 

corrosion of Q235 steels 
in 3.5% NaCl media[54] 

Q235 

steel 
EPS, sulfides 

The direct 
influence of two 

metabolites were 

investigated 
separately to 

identify effect on 

the rate of 
corrosion of steel 

2012                 
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Aluminum AA2024 

T351 aeronautical alloy - 
part 1 - MIC analysis[70] 

Aluminu

m 
AA2024 

T351 

aeronautic
al alloy 

Hormoconis 

.resinae 
fungus 

Study of the 
elemental 

distribution of 

alloy elements 
with the MIC 

attack 

morphology 

2008 
  

                    
 

    Drop test 

Reversible acceleration 

of corrosion of stainless 

steel exposed to seawater 

induced growth [419] 

AISI 304 
Stainless 

steel 

V.natriegens, 

V.anguillarum 

The reversible 
corrosion of 

stainless steel by 

extracellular  
accumulations of 

SS exposed to 

seawater and non 
SR – marine 

bacteria 

1986 
                

Effect of chlorine 

bromine biocide 
treatment on carbon steel 

- srb[420] 

Carbon 
steel 

SRB 

The effect of 
chlorine and 

bromine as 

biocide for 
carbon steel 

1991 
                

The effect of organic 

matter associated with 

the corrosion products on 
the corrosion of mild 

steel in the Arabian 
Sea[421] 

Mild steel  

Arabian Sea 

(Natural 

culture) 

Effect of organic 
matter associated 

with corrosion of 

mild steel in the 
Arabian sea 

1992 
 

        
 

      
 

          

Carbohydra
te analysis, 

Water 

sampling 
(Titration) 

Electrochemical and 

microbiological 

characterization of 
biofilm formation on 

stainless steel in Baltic 

seawater[422] 

Austenitic 

stainless 

steel, 
Duplex 

stainless 

steel 

Mixed culture 

( Baltic 

seawater) 

Baltic seawater 

environment on 

stainless steel 

1997 
  

            
 

  
 

  
 

      

Improved Most-

Probable-Number 

Method To Detect 
Sulfate- Reducing 

Bacteria with Natural 

Media and a 
Radiotracer[423] 

  
Desulfobulbus 

propionicus 

The MPN 
method was 

modified using a 

radio tracer, only 
the sediments 

were evaluated 

1998               
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Mossbauer spectroscopy 

of corrosion products of 
mild steel due to 

MIC[424] 

Mild steel  

Hydrogenase 
positive strain 

- 

Desulfovibrio 
desulfuricans 

and 

desulfovibrio 
vulgaris 

Hydrogenase 

negative 
strain - 

Desulfotomac

ulum orientis 

and 

Desulfotomac

ulum 
nigrificans 

Mossbauer 
spectroscopy of 

corrosion 

products of mild 
steel due to MIC 

1999     
 

            
 

          

Mossbauer 

spectroscop

y 

Influence of surface 

characteristics and 
microstructure on 

adhesion of bacterial 

cells on a type 304 S[58] 

AISI 304 
stainless 

steel 

Pseudomonas 

sp. 

Influence of 

surface 

characteristics 
and 

microstructure 

on bacterial 
adhesion 

2002               
  

  
 

        

Electroche

mical 
potentiokin

etic 

reactivation 

Methanogen population 

in a marine biofilm 

corrosive carbon 
steel[43] 

Mild steel  Methanogens 

Methanogen 

population study 

in a corrosive 
mild steel 

2003             
 

                

FISH - 

Fluorescenc

e in situ 

hybridizatio

n 

Corrosion behavior of 

carbon steel influenced 

by SRB in soil 
environments[397] 

X65 
Carbon 

steel  

SRB active 

soil  

MIC study in 

soil 

environments 
induced by SRB 

2003 
  

                
   

    

Linear 
polarization 

resistance, 

and 
Corrosion 

potential/ 

Thin film 
electrical 

resistance 

An impedance study on 

admiralty brass 
dezincification originated 

MIC[425] 

Admiralty 

Brass 
(UNS 

C44500) 

Fresh water 

media from 
River Tagus 

in Spain 

Impedance study 

on 

dezincification 

of admiralty 

brass typically 
used in heat 

exchangers 

2004 
 

        
 

      
 

  
  

    

Kamers 

Kronig 

transforms 

for EIS 

study, 
Polarization 

resistance 
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Microbial consortium 

influence upon steel 

corrosion rate using 
polarization resistance 

and EN[426]  

API XL52 

steel 
coupons 

Mixed culture 
from marine 

region of 

PEMEX 

Electrochemical 
noise and 

polarization 

resistance 
techniques for 

microbial 

consortium 
influence on 

steel corrosion 

rate 

2004 
 

          
   

      
  

    

Influence of a dual 

species biofilm on the 
corrosion of mild steel 

[46] 

1018 Mild 

steel 

coupons 

S.oneidensis 

MR-1 and 
D.desulfurica

ns 

The effect of a 
dual species 

biofilm on the 

corrosion of 
carbon steel 

using an iron 

reducer and 
sulfate reducer 

2005 
 

                  
  

      
 

Microbial corrosion of 

galvanized steel by a 

freshwater strain of 
sulphate reducing 

bacteria [427]  

Galvanize
d steel  

Desulfovibrio 

sp (isolated 
from cooling 

towers) 

The study of 

SRB on 
galvanized steel 

by corrosion 

coupons in 
anaerobic lab 

scale 

2006 
  

          
 

  
 

          
Carbohydra
te analysis  

Biodegradation and 
corrosion behavior of 

manganese oxidizer 

Bacillus Cereus in diesel 
transporting 

pipeline[428] 

API 5LX 

Steel 

Bacillus 

Cereus 

Study of 
manganese 

oxidizer bacteria 

in diesel 
transporting 

pipeline 

2006 
 

  
 

    
  

    
  

  
 

      

Bio corrosion of carbon 
steel alloys by an 

hydrogenotrophic SRB 

[178] 

API - 

5XL52 
steel alloy 

and st-

35.8 steel 
alloy 

Desulfovibrio 

capillatus  

Bio corrosion of 

carbon steel 

alloy from a 
SRB isolated 

from the field 

2006 
  

              
   

  
 

  

Ecorr 

measureme
nt 

Microbial  assisted SCC 

of carbon steel in mixed 
and pure culture of 

SRB[429] 

Carbon 
steel  

Mixed and 

pure culture 

from 
Merimbula 

river estuary, 

Australia 

Microbiological 

environments 
containing pure 

and mixed 

cultures of SRB 
in SCC of carbon 

steel in biotic 

and abiotic 
environments 

was investigated 

2006 
  

                
 

  
 

    

Slow strain 

rate 

tests/reflect

ed light 
microscopy  
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Role of serratia 
marcescens ACE2 on 

diesel degradation and its 
influence on 

corrosion[430] 

API 5LX 
steel 

Serratia 

Marcescens 
ACE2 

The effect of 

biota isolated 
from diesel 

pipeline  

2007     
 

    
 

      
    

    

GC-

MS/Hydrog
en peroxide 

and pH 

Srb biofilm influence on 
active corrosion sites in 

steel electrolyte 

interface[263] 

SAE 
Carbon 

steel - 

1018 

Mixed culture 

of 
Desulfovibrio 

gabonensis 

and D. 
Capillatus 

Interface study 
of carbon steel 

exposed to 

artificial 
seawater with 

mixed SRB 

culture 

2008 
  

                  
  

    

Gas 

secondary 
electrons 

detector for 

environmen
tal mode 

Accelerated low water 

corrosion of carbon steel 
in the presence of a 

biofilm harboring 

sulphate reducing and 
sulphate oxidising 

bacteria recovered from a 

marine sediment [431] 

43 A - 
Carbon 

steel  

Sulphate 
reducing 

bacteria and 

sulphate 
oxidising 

bacteria 

Accelerated low 

water corrosion 
of carbon steel in 

the presence of a 

biofilm  

2008 
  

          
 

  
 

          

Linear 

polarization 

resistance 
and 

Inductively 

coupled 
plasma 

Corrosion behavior of 

low alloy steel ion the 

presence of 
desulfomaculum sp[31] 

Low alloy 

steel 

Desulfotomac

ulum sp 

Effect of SRB on 
corrosion of low 

alloy steel 

2009 
  

                  
  

      

Microbial corrosion of 

galvanized steel in a 
simulated recirculating 

cooling tower 

system[432] 

Galvanize

d steel  

Mixed SRB 

culture 

Study of 

microbial 

corrosion of steel 

used in cooling 

towers over 10 
month in a 

simulated 

environment 

2009 
  

              
 

          

Absorbance 

spectra 

(Biofilm 
quantificati

on), 

Carbohydra
te analysis 

Characterizing the effect 

of carbon steel exposure 

in sulfide containing 
solutions[433] 

Carbon 

steel 

Bacterial 

consortium 

Comparison 
between biotic 

and abiotic 

sulfide  on 
carbon steel 

corrosion 

2011 
                

Heterogeneous corrosion 
of mild steel under SRB 

biofilm characterized by 

electrochemical 
mapping[42] 

Mild steel  SRB 

Heterogeneous 

corrosion by 

SRB was studied 

2011 
 

                  
 

      
1
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Characterizing the effect 

of carbon steel exposure 

in sulfide containing 
solutions to MIC[433] 

X65 
Carbon 

steel  

SRB consortia 
from oil well 

in western 

Canadian 
sedimentary 

basin  

A study of the 
electrochemical 

effects induced 

by inorganic 
sulfide and 

sulfate reducing 

bacteria on the 
corrosion of 

carbon steel  

2011 
   

                        
Optical 

microscopy 

Microbial corrosion of 
Ni-Cu alloys by 

aeromonas eucrenophilia 

bacterium[434] 

Ni - Cu 

alloy 

Aeromonas 

eucrenophilia 

Corrosion 

behavior of Ni - 
Cu alloys by 

aeromonas 

eucrenophilia 
bacterium 

2011 
   

      
 

      
   

    

pH 

monitoring/
Quartz 

crystal 

microbalanc
e 

Neutrophilic IO and Mils 

steel corrosion in near 

shore marine 
environments[45] 

Mild steel  

Zetaproteobac

teria - 
Enriched from 

isolate 

obtained from 
Great salt 

bay, 

Newcastle  

Examination of a 

marine Iron 
oxidizing 

bacteria is 

involved in MIC 

2011 
  

            
 

            

pH 
measureme

nts Fe 

concentratio
n/Eh redox 

potential  

Correlation between the 
growth of mixed culture 

of SRB in produced 
water and the corrosion 

of carbon steel[435] 

Carbon 
steel 

D.desulfurica
ns 

Produced water 

carbon steel 
corrosion 

2012                   
 

          

Rotating 

cage 
/optical 

microscopy 

Corrosion of carbon steel 

under sequential aerobic 

and anaerobic 
conditions[436] 

Carbon 

steel  
  

Sequential 

aerobic - 

anaerobic 
conditions 

2013 
 

  
 

    
 

                  
Ion - 
Chromatogr

aphy 

Severe pitting corrosion 

caused by SRB on 
carbon steel and effect of 

surface roughness[437] 

Carbon 

steel 
(UNS 

G10100) 

Desulfovibrio 

Vulgaris 

ATCC 7757 

Study of severe 

pitting corrosion 

by starving SRB 
on carbon steel 

including surface 

roughness 

2013 
 

  
 

            
 

          

IFM - 

infinite 

focus 
microscopy 

and HPLC - 

supernatant 

Long term desulfovibrio 

vulgaris on carbon steel 
and associated pitting 

corrosion[105] 

Carbon 
steel 

Desulfovibrio 
vulgaris 

Long term SRB 

survival study 
under electron 

donor starvation 

2015 
 

  
 

          
  

          

Ion 
exchange 

chromatogr

aphy - for 
ion 

detection/Bi

ofilm 
viability 

kit/pH 

measureme
nt 
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Carbon source starvation 

triggered more 
aggressive corrosion 

against carbon steel by 

the desulfovibrio vulgaris 
biofilm[438] 

C1018 

Carbon 
steel  

Desulfovibrio 

Vulgaris 
(ATCC 7757) 

MIC mechanism 
study by using 

carbon source 

starvation 
triggering 

aggressive SRB 

related corrosion 

2014 
 

            
 

  
 

        
 

Infinite 
focus 

microscope 

profilomete
r/pH 

Measureme

nt 

An assessment of 

alternative diesel fuels’ 

corrosion and 

microbiological 
contamination[409] 

Carbon 

steel 
(C1020) 

Stainless 

steel 
(SS304L) 

Aluminu

m alloy 
(AA 

5052) 

Niastella, 

Acinetobacter, 

Bacillus, 
Rhodotorula, 

Mycosphaerel

la  
Sphingomona

s 

Aureobasidiu
m  

Paecilomyces 

Rhodotorula 

Experiments 
were performed 

to evaluate 

nature and extent 
off MIC in 

conventional 

high sulfur 
diesels and 

alternative fuels 

including 100% 
biodiesel, ultra 

low sulfur 

diesels and 
blends 

2010                

pH 

measureme

nts, DGGE-
qPCR, 

optical 

micrograph 

     Two analytical 

techniques (AFM and 
ESEM) was used for the 

study of biofilms on steel 

surfaces[439] 

Mild steel 

and AISI 
316 

stainless 

steel  

Marine SRB 

isolate 
(Indonesia 

and 

Portsmouth) 
Acidophilic 

microbial 

consortia 

AFM and ESEM 

were compared 
for the 

observation of 

the surfaces to 
reveal surface 

topography and 

deterioration  

1996                 

Complementary 
microorganisms in highly 

corrosive biofilms from 

an offshore oil 
production facility[110] 

Steel pipe 

Biofilm from 

pipe carrying 

oily seawater 

Bacterial and 

archaeal 
community were 

investigated 

using genomic 
techniques and 

microbial taza 

and functional 
genes were 

identified.  

2016                

Optical 

micrograph

y  
Automated 

ribosomal 

intergenic 
spacer 

analysis 

(ARISA) 
Illumina 

M1sequenci

ng 

MIC caused by consortia 

of bacteria and archaea in 
oil production 

facilities[74] 

Carbon 
steel 

SRB, SRA, 
methanogens 

A case study of 
MIC in a HP 

separator at an 

oil production 
facility 

2010                 

Carbon steel corrosion in 

Northsea offshore 
seawater injection 

systems[440] 

S235JR 

Carbon 

steel 

Anaerobic 

bacterium – 
genus 

Caminicella 

A case study on 

the influence of 
the sulfidogenic 

bacteria on a sea 

2014                
LPR, 
DGGE 
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water injection 
system studied in 

a flow bioreactor 

operating 
anaerobically for 

100 days 

Corrosion of low carbon 
steel from pigging debris 

in water injection 

pipelines[441] 

Low 

carbon 

steel 
(AISI 

S235JR) 

SRB and 

Clostridiales 

Microorganisms 

from the pigging 
debris were 

tested to analyze 

the effect on 
carbon steel  

2014                DGGE 

Corrosion consequences 

of biodiesel and natural 
sea water mixture[442] 

Carbon 

steel 
(C10200) 

Native 

bacteria from 

biodiesel and 
seawater 

samples 

The corrosion 

behavior was 
examined of 

unprotected 

carbon steel with 
pure diesel in the 

presence of 

natural coastal 
waters 

2010                LPR 

The involvement of 

thermophilic archaea in 

the biocorrosion of 
pipelines was 

investigated [443] 

- 

Thermophilic 
archaea strain 

PK and strain 
MG 

The 

physiological 

characteristics 
were 

investigated to 
reveal possible 

corrosive 

mechanisms  

2012                

Ion 

Chromatogr

aphy, Gas 
chromatogr

aphy 

Corrosive activities of 

fungi in a diesel – mild 
steel – aqueous 

system[444] 

Mild steel 

(ASTM A 
283 – 93 – 

C)  

Aspergillus 

fumigatus, 

Hormoconis 
resinae, 

Candida 

silvicola 

The degradation 
ability of the 

fungus along 

with the 
corrosion study 

of the metal 

substrate was 
investigated for 

60 day 

incubation 
period 

2005                

Solid phase 
micro 

extraction 

(SPME), 
GC-MS 

Effect of fungus on 
magnesium alloy 

corrosion in artificial sea 

water [116] 

Magnesiu

m alloy 
AZ31B 

Aspergillus 

Niger 

The fungal threat 

to magnesium 
alloys was 

evaluated and 

pitting corrosion 
was observed 

2015                

pH 

measureme
nts 

Effect of non-oxidizing 

biocides was evaluated in 

a produced water 
injection plant[445] 

Carbon 

steel  
SRB 

The 

effectiveness of 

biocides was 
evaluated on 

2015                 
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sessile SRB on 
carbon steel 

surfaces 

Filtration – UV 

irradiation to mitigate 
MIC in subsea alloys in 

seawater [446] 

Carbon 

steel, 
stainless 

steel, 

nickel 
base 

alloys 

Sea water 

(New South 
wales, 

Australia) 

The effect of 

filtration – UV 

irradiation of sea 
water on biofilm 

activity was 

evaluated 

2013                

DGGE, 

optical 

microscopy 

Iron corrosion activity of 

anaerobic hydrogen 

consuming 
microorganisms isolated 

from oil facilities [447] 

Iron 

granules 

Acetogens, 
sulphate 

reducing 

bacteria, 
methanogens 

isolated from 

oil facilities 

The study was 
used to establish 

that hydrogen 

consumption 
foes not strongly 

stimulate iron 

corrosion 

2010                

Gas 

chromatogr
aphy 

Online monitoring of 

corrosion behavior of 
alloys in a chlorinated 

condenser cooling 

circuit[193] 

CuNi 

70:30 and 

Al brass 
alloys  

Marinobacter, 
alteromonas, 

pseudomonas 

A case study of 
the role of 

microbiological 

components and 
the role played 

by biofouling 

deposition 
against passivity 

of the alloys 

                

BIOX 

electrochem
ical probe, 

DGGE, 

LPR 

Biofilm formation 
prevention by ultra-

sonication of natural 

waters[448] 

Titanium  

Pseudomonas 
sp 

Flavobacteriu

m sp  
Bacillus sp 

Micrococcus 

sp 

Investigation of 

anodization of 

titanium and 

biofilm 
formation 

density in ultra 

sonicated water  

2014                 

Effect of magnetic field 
on bio mineralization and 

corrosion behavior of 

carbon steel [449] 

Carbon 

steel 
Q237 

Iron oxidizing 
bacteria 

isolate from 

oil field 

Investigation of 

magnetic field on 

corrosion 
behavior of 

carbon steel 

2016                 

Impact of fungi on 

morphology and 
structural properties of 

carbon steel[49] 

Low 

carbon 

steel 

Penicillium 
palitans 

Arthrinium 

phaeospermu
m  

The consumption 

of chlorine by 
the fungi and the 

deposition of 

products on the 
surface was 

observed 

2014                 

The study of iron 

tubercles formed in fresh 
water was 

investigated[447] 

Carbon 
steel 

Natural fresh 

water 
(estuary) 

exposure 

Structure and 
mineralogy of 

the corrosion 

products were 
investigated 

2010                 
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Microbiologically 
influenced corrosion of 

C1018 carbon steel by 

nitrate reducing 
Pseudomonas aeruginosa 

biofilm under organic 

carbon starvation[53] 

C1018 

Carbon 
steel 

Pseudomonas 

aeruginosa 

The 

experimental 

data support for 
the BCSR theory 

was elicited 

2017                

Infinite 
Focus 

Microscope 

(IFM) 

Microbiologically 
influenced corrosion 

behavior of S32654 

super austenitic stainless 
steel in the presence of 

marine Pseudomonas 

aeruginosa biofilm[73]  

S32654 

super 

austenitic 
stainless 

steel 

Pseudomonas 

aeruginosa 

Investigation of 
pitting corrosion 

acceleration by 

bacteria  

2017                 

Onset of Microbial 

Influenced Corrosion 

(MIC) in Stainless Steel 
Exposed to Mixed 

Species Biofilms from 

Equatorial Seawater[143] 

304 and 

2507 
Duplex 

stainless  

Equatorial 
seawater 

Investigation of 
the onset of MIC 

2017                 

Effect of sulphate-
reducing bacteria on the 

microbiologically 
influenced corrosion of 

ten different metals using 

constant test 
conditions[220] 

DH 36, 
316, 

904L, 254 

SMO, 
2507 SS, 

2205 SS, 
CuNi 

90:10; 

CuNi 
70:30, 

Inconel 

625, 
Titanium 

Desulfovibrio 

desulfuricans, 
in modified 

Baar's 

medium 

Study of MIC 
under same test 

conditions of 
alloys 

2017                
Optical 

Images 

Influence of H2S-

producing chemical 

species in culture 
medium and energy 

source starvation on 

carbon steel corrosion 
caused by 

methanogens[450] 

Carbon 

steel 

Methanogens 
(M. barkeri, 

M. 

maripaludis) 

Biocorrosion of 
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