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Crude oil pipeline failure due to corrosion processes is a global issue with detrimental
effects on the environment and econoiypre than 10,000 oil spills occur in the United States
alone, eaclyear. These oil spills are so prevalent that they have become the rule rather than
being a #time incident. Many of these oil spills happen as a result ofipgfilure due to
corrosion. Microbialnduced Corrosion (MICxccounts for 20% of the totalumber of
pipeline corrosion incident3 hereforethe mechanismisvolvedand especiallyn the case of

microbial corrosiommust be studied and elucidated



SulfateReducing Bacteria (SRB) are thaain culprits of MIC. The first suggested
me c hani s ms rélabed High 8drdsion rates in buried pipelines to SRB hydrogen
utilization and depolarization of the cathodic areah@metal surfacéddespite its numerous
flaws, it remained the most widely accepted mechanism of MIQ004, a new mechanism
calleddirect electron uptakeras suggested for MIC. It related corrosivity of bacteria to direct
electron uptake from metallic iron. This mechanism is not fully undedshitherto. Only a
few bacteriahave beerisolatedso far that demonstrated direct electigrtake capabilities.
Most of the research has bdenusedon these few isolates. Howey#mdirect-electron uptake
is the main MIC mechanism, othBRB strains should possess similar capabilifibés work
investigate the possibility of direct electronptake as the main MIC mechanism for SRB D.
bastinii, which has not been studied before, and D. vulgaris, an organotrophid88RBare
common bacteria existing in crude oil pipelines.

Studies including electrochemical measurements, immersion cortesiomy, metal
surface monitoring via scanning electron microscapeealed direcelectron uptake
capabilities for both strainsSRB strains were tested under 18 different environmental
conditions. Extremely high cathodic current densities were observed in SRB cultures
confirming electron transfer frotheiron surfaceto bacteriacells. Finally, based on the large
experimentatlataset provideah this work, an artificial neural network model was/el®ped
to predict MIC.This modeldemonstrashigh correlation coefficients comparaldehigher
than existing models for general corrosion prediction in the literature.

Revealing the predominant mechanisms of MIC along with modeapabilities
enables us to design appropriate measures to eradicate pipe failure due to MIC. Additionally
the investigated direct electron uptake abitifythe specificSRB strains studiedan be used

in microbial fuel cells for enhancing the efficiency of biocathodes
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Chapter 1 - Introduction

1.1 Economic importanceand possible pathway®f Microbial -Induced
Corrosion

Corrosionof ironis a pervasive proble@arcross the globe. It costelustry, infrastructure,
andmanufacturingoilli ons of dollaraannually. Accordindo a study by federal highway
administration (FHWA), the annual cost of corrosion in U.S. is 3.1% of Gross Domestic Product
(GDP)[1].

Corrosion is an electrochemical process that happens in presence of water and oxygen.
Cathodic site on iron is oxidized and diwsite is reduced in the presence of an electrolyte.
Oxygen and water are the two main components in the corrosion process. However, if oxygen is
eliminated this electrochemical process becomes biologically influenced. This type of corrosion is
known asmicrobiologically influenced corrosion (MIC). 20% of the corrosion in metals is due to
MIC [2].

MIC is a major concern in oil arghs industry. Carbon stdslthe primary material used
in oil and gas industrf8]. Carbon steepipes are vulnerable to different types of corrosiknch
et al (2001) estimatethecost ofthecorrosion in oil and gas industag$13.4 billion annually,
$2 billion of whichdirectly related to MIG1]. Cost of repair and maintenance of pipelines in the
UK in 1956 estimated to be around $20 million amokt of it was related to MI{3}]. In 2006 a
pipeline failure in Alaska discharged 267,00 gallaris environment. The failure was due to
MIC.

In order to facilitate oil extractioand maintain high pressuseater is added intthe

pipeline stream. Sometimes more than 25% water is added to maintain the pldsswater is



deoxygenated to reduckeetrochemical corrosion inside the pipelin@fater can be supplied
from three different sources; fresh aquifer, seawater, and recoverdnwat oil that can be
reused. In some areas seawater is injected into pipelines due to scarcity of freshhigateater
is the source for sulfur and microorganisms kkefate ReducingBacteria (SRB)Sulfate
reducing bacteriare known to be the main culprits of MJ&][6].

SRB are obligate anaerobic bacteria that are ubiquitous in the environment. They can
grow in a variety of niches. Insided pipelines, due to harsh environment, they form biofilm for
survival. Once SRB is established in the pipeline and biofilm is formed, it is very hard to remove
them. The Interactions of SRB and resulting biofilm with surfaces of metal induces local the
corrosion in the form of pittingThese microorganisms induce corrosion through direct and
indirect mechanisms. As an indirect mechanissg 14 produced as a result of bacterial
metabolism. S is a very corrosive agent. Several direct mechanisms arestegjgethe
|l iterature for Sulfate reducers. The first sugge
rates in buried pipelines to bacterial hydrogen utilization and depolarization of the cathodic area
on metal surface. This theory delmany controersies. Tie experimental data did not confirm
the proposed chemical reactions. In 2004, a new mechanism was proposed. It related corrosivity
of bacteria to direct electron uptake from metallic iron. In the meanwhile, other mechanisms were
suggested for MI@ncluding: catalytic effect of FeS layer, corrosive phosphorous compounds
production by SRB, interactions of biofilm and metallic surface, etc. Experimental evidence for
direct electron transfer has been recently introduce for one SRB species and agesilan
archaea. This mechanism is not fully understood hitherto. Only a few isolates have been found so
far that demonstrate direct electron uptake capabilities. Most of the research has been done on
these few isolates.

There are several preventative (egating) or remedial (e.g. Pipeline Inspection Gauge
(pigs), biocides) approaches for MIC, however there are limits to their effectiveness. Biocides

cannot penetrate and remove the biofilms. Physical approaches like cleaning pigs are very



expensive sinca whole section of the pipe should be shut down to run the pig, which stops the
production for couple of hours. Coating is another approach, which is not feasible to apply inside
the pipelines, besides any delamination and deficiency in the coatingsesitba potential
difference and exacerbates corrosion. MIC is generally localized and hard to monitor, thus it is
important that preventive measures are taken to reduce the risks. In this study we inspect MIC
mechanism to provide a better understandindpisfphenomena.

Two SRB strainsD.bastinii and D. vulgarihave been studied in this PhD work. It
should be noted that D.bastinii had been studied before at alllso, D. vulgarishad not been
investigated fodirect electran uptake based MIC meahiam.Dinh et al. first provided the
experimental proof of this mechanism2004 [27].Since then,a@searchers trie follow similar
approaches ddinh et al. in order to isolaterains with similar capabilitie82][31][7]. Other
researchers tried to-irvestigatehe same strains thBinh et alused,in order to further
comprehend the newly proposed MIC pathwédirect electron mechanisms [19, 28, 29, 34].
However this new mechanism was not investigated for formerly known SRB species found in oil
pipelines. There was only one study, however, showet Etesulfovibrio vulgaris survived for
more than 43 days under organic electron donor starvi@jomn other words, in the absence of
the organic electron donors, these bacteria survived through utilizing electrons from the Fe. Those
authors of this paper suggest elkatibnfagareledtrdne bact er i
source However evidence of direct electron uptake by the bacteria was not provided in this study.
In thisPhD work, D bastinii, a corrosive IRisolated from oil pipelines, wasilturedand the
corrosion process arit$ results werstudied tdfurther investigate the direct electron uptake
process for SRBAIso, in this PhD work, the role of Strain D. vulgaris in the corrosion
proceses was investigated with electrochemical techniques.

Finally, there has been no work focused on building moidelMIC and the models
generated in this work can both help in gaining a better understanding of the mechanism and its

contributing factors and provide a guid# for preventative measures.



1.2 Obijective

This PhD work aims to investigate the possibilitylw# tlirect electron uptake as the
main MIC mechanism for SRB, D. bastinii and D. vulgaris. The mechanism and tbsi@or
rate of carbon steebupons were investigated in the presence and absence of organic electron
donors. Imall experiments in this wér carbon steatoupons were exposed to SRB cells in
agueous media. Bacterial metabolism was monitored by measurements of sulfate consumption in
the cultures. Corrosion products were analyzed using FTIR. Electrochemical experiments
including linear polariation, potentiodynamic scan, corrosion potential monitoring were
performed to elucidate the electron transfer mechanism, and the reactions that take place on the
surface of CS coupons. Finally, data obtained from the experiments was analyzed and used to
build predictive model(s) of MIC.

The main focus of this dissertation isofiold. First, is to elucidate the theory of direct
electron uptakas the main mechanism for bacteiraduced corrosionf D. batiniiand D.
vulgaris Second, data collectedfn corrosion experiments weemalyzed and apprapte
predictivemodel(s) has been developed to preMitt rates based ovarious influencing
parameters such as temperature, exposure time, sulfate consumption rate, pH, media type, and
bacteria type.

Numerots microorganisms are involved in MIC. Studying all these microorganisms is
out of scope of a single PhD dissertation. Tis,sulfate reducing species, D. bastamniid D.
vulgaris that are notorious for inducing corrosion, especially in oil andrghstiy, are selected.
Also, these bacteriaarethe best candidag¢o complete one of the main focuses of this research,
which is to study MIC mechanisms and in particulhe newest discovered processlirect
electron update.

Furthermore, the controlladfluencing parameters (e.gulfate consumption rate, pH,

H.S accumulation, etcare logged as inputs attteresuls of the corrosin process (e.g.



corrosion rateare colected as outputs. These data waralyzed for correlation patterns and
predictive (machine learning) models weteveloped to model the data.

This dissertation aimeat studying direct electron uptake mechanism in corrosion and
developing MIC predictive models and will provide answerthédollowing important
guestions:

1. Can Dbastinii& D. vulgarisdemonstrate direct electron uptake capabilities?

2. CanD. bastinii survive organic electron dorgtarvationin the media?

3. Can electrochemical techniques provide prodfilgctelectron uptakéy D. vulgaris
and D. bastin?

4. Can a pattern be devised based on environmental conditions to predict MIC?

1.3 Approach

In order toeffectivelyprevent MICfrom taking place, its mechanisms should be
elucidated. This thesis aims to provide deeper explanation for MIC mechanisms. Hence,
microbial iron corrosion was investigated through monitoring bacterial activities, and performing
reaktime analysis. The approach of this PhD work can be outlined as follows:

1. Evaluating corrosion rate by mass loss and electrochemical techniques

2. Analyzing carosion products by FTIR

3. Applying electrochemical tests for experimental proodioéctelectron uptake

4. Monitoring microbial activity bymeasuring the decrease of sulfate content as a function
of time and temperature

5. Correlating corrosion rate with badsdractivity under various physical and chemical
experimental conditions.

6. Developing a regression model based on the experimental results

7. Developing a neural network model based on the experimental results






Chapter 2 - Literature Review

2.1 - Abiotic metal corrosion

Corrosion is defined as deterioration of metal due to its interaction with the environment
[8]. In the absence of moisture or an electrolyte, metal stays stable infinitely. However, when it
comes in contact with moisture, chattgansfer reactions lead to metal instabi[Ry. Therefore
abiotic corrosion is an ateochemical process. Electrons flow from anodic sites to cathodic sites.
Presence of an aqueous solution (electrolyte) is needed to carry electrons. Hence, the anodic
current produced due to the electron transfer is equivalent to the corrosififalderefore,
corrosion happens at the interface of metal and electrolyte.

The corrosion process can be initiated with an electrochemical cell, where oxidation
happens at the anodic site and reduction happens at the cathodic site. Cathodic reaction depends
on two main factors; (1) the dissolved oxygen content and (2) the pld sbhlition. Cathodic
reaction can happen througly. 2.2 andEg. 2.3 [11]. In absence of oxygen and in an acidic
solution, due to proton availabilitig. 2.4 is the overall reaction. At high oxygen partial pressure
and neutral pHEQ. 2.5 is the overall reaction.

As long as anodic and cathodic sites are close,dheswitch interchangeably due to
variation in ion contents, diffusion of various compounds, etc. This variation leads to a uniform
corrosion. Otherwise localized corrosion happens.

"O®@ "0Q ¢Q(Anodic Reactioh Eqg.21
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2.2 - Aerobic Microbial Corrosion

Microbial corrosion under aerobic conditions, is a combination of chemical and microbial
processes. It should be noted that during aerobic microbial corrosiavhie process is not
completely aerobic. Oxygen is limited in depth of the aerobic biofilm. This limitation on oxygen
diffusion in the structure of the biofilm, provides the niche for anaerobic microbes to flourish and
contribute to corrosion process alomigh aerobic bacteria. The aerobic biofilm also induces
corrosion.

Pseudomonas species are highly associated with aerobic corrosion. These species are
slime-forming bacteria and they are prevalent in seawa®r Pseudomonas quickly colonize on
the surface of the metal and form a biofilm. Differential oxygen concentration cells are formed
due to metabolic activity of microorganisms in the biofilm. These concentration cells obliterate
the passive film on the sudea of the metal and induce pitting and crevice corroditdis These
differential concentration cells can also lead to the formation of tubercles on the surface of the
metal[14]. According to suggested mechanism for this process, oxygen deficient areas become
anodic sites where iron dissolution happefsodic reactiorEq. 2.6). Electrons released from
anodic reaction react with oxygen and water and form hydroxyl an@ateddic reactioiq.

2.7). This reaction induces locatizH increase. As a result of this pH incre&9€) ions
precipitate in the form of iron hydroxid&bercle formatiorEq. 2.8) [14] [15]. These iron
hydroxide form a prominence on the surface of the metal. Schematic of this process is depicted i
Figure2.1. It can be visualized in this figure thataic reaction happens inside the tubercle
while cathodic reaction occurs outside the tubercle. In other words, in this process anodic site is
surrounded by cathodic sites. Released iron ions from anodic reaction precipitate due to pH
increase in anodictsis.

O® "OQ cQ Anodic reaction Eq. 2.6

0 c¢O0 T1TQO° t0 O Cathodic reactionEq. 2.7
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Figure 2.1-Differential aeration cell formed by oxygen depletiorunder a microbial film

Another group of aerobic bacteria induces corrosion by acid production. Prominent
members of this group is genus Thiobacillus. These species oxidize thiosulfate and elemental
sulfur leading to the production of sulfuric a¢id]. The produced ™) as a result of
Thiobacillus activity plays an important role in carbon steel and concrete corrfisipnT heir
coexistence with SRB can exacerbate MIC. They can also geseitate species required for
SRB metabolismEqg. 2.9) [17]. Figure2.2 represents suggested mechanism in the literature on
how sulfideoxidizers and sulfateeducers induce corrosion. According to this figure,
Thiobacillus ferrooxidans (a common representative of genus Thiobacillus) oxidizes the iron
sulfides (formed due to SRB metabolic activity) in presence of oxygen as terminal electron
acceptor and generates energy and releases acid and sulfate speciesicyomkistence of
SRB and sulfidexidizing bacteria exacerbates MIC in this way accordirfggare2.2:
Sulfurization of metal happens due to reactiofOofy praduced by SRB, and metal. Formation

of "OQ "Myer is exothermic and chemical energy is stored in the iron sulfide layer. Thiobacili



then utilize this energy and provide organic chemical energy by secreting an organic layer. This
organic layer containsofysaccharides, phospholipid, and other compounds. This organic energy
can be used by SRB #&main produce mor® "Yand continue the cycle. Thiobacili can also use
"0OQ as an energy source near the surface and transfer the electrons to oxygen.eks anoth
parallel reaction thiobacili produces sulfate ions by oxidizing the iron sulfide layer.

oY pw ¢OU0O ¢OQ"Y0 ¢O"Y0 Eq. 2.9

Sulfide oxidation by Thiobacilli Stored chemical
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Figure 2.2- SRB and Thiobacilli MIC cycle suggested byl17].

Another aerobic group of bacteria contributing to MIC is iron bacteria. Iron baateria
aerobic microorganisms that oxidize ferrous ions through their metabolic afi®jf¥9]. This,
results in extracellular deposition of ferric hydroxide. Iron bacteria induce corrosion through
crevicecorrosion mechanisii20]. They partition metal surface into multiple snmatlygenfree
zones (anodic sites) surrounded by cathodic gtHs This pathway is similar to tubercle
formation on the surface of metal. Iron bacteria form differential oxygen concentration cells and
induce corrosion. Subsequently, the produced amorphous iron hydroxides deposited on the

surface also impede the penetration of biocides in the carbon steel crude oil pipelines and let the
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corrosion process to carry @2]. This form of corrosion frequently happens at oil refineries,
especially in reservoirs where there is access to oX@nGenus Gallionella is one of the
widely studied iron bacteria in corrosion g&4.

Fungi are amongst other miorganisms that their activity can induce corrosion. Fungi
produce organic acids like citric acid and oxalic 42K]. These acids dissolve iron and
magnesium ions and promote corrosion. Aspergillus and Penicillium are amongst fungi species
that induce MC in presence of hydrocarbons due to their cadssimilating capabilitieg26].

Besides fungi, many microbial geadsiodegrade hydrocarbons. Decomposition of hydrocarbon
requires molecular oxygen. Therefore, most of hydrocatlitimer microbes are aerobfxr].

Fungi are extremely desiccamsistant, so they can survive arid conditions by forming spores
and start growing as soon as water is availgig

Algae can also induce corrosion in oxic environments. They are photosynthetic
organisms. These organisms produce oxygen during the day and consume it during thaisight.
cycle can trigger formation of regions with different oxygen concentrations and enhance
corrosion[28].

Algae also enhance MIC by secretion of organic acids like glycolid2@jdThis acid
secretion dpends on oxygen availability, light absorption, and presence of biocarbonate anions.
Acid production also decrease pH and promote further iron dissolution, since algae
photosynthesis requires sunlight, this type of corrosion does not occur in lighglackin

environments.

2.3- Anaerobic microbial corrosion

Sulfatereducing bacteria are known to play the central role in anaerobic microbial
corrosion[5]. Other anaerobic microorganism also part in inducing corrosion either by their
metabolic activity or by curating suitable conditions for SRB to thrive. Pitting corrosion is

charcteristic of SRHnduced corrosion on stedl]. SRB even contribetto aerobic corrosion
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by germinating under deposits and debris, tubercles, or slimes where oxygen is consumed by
other microorganisms like ireoxidizing bacteria. SRB have been subject of study over the last

centaury, however their corrosion inducing imeaisms are not fully understood.
2.4- Anaerobic corrosion by SRB

2.4.1 What are SRB?

SRB are ubiquitous in marine and terriedtenvironments that contaild . They are
typically abundant in subsurface seawater and sediments that lack oxygen and are Kafe in su
concentration (281M in seawater)30]. SRB can gain energy either hyidizing organic
compounds ofY)  reduction withO (dissimilatory sulfate reduction). Lactate and pyruvate are
common electron donors for the species.

SRB are strict anaerobes, although some sulfate reducers may tolerate oxygen at very low
concentation. SRB are categorized into four phylogenic groups based on analysis of 16S rRNA
gene sequence: Granmegative mesophilic SRB, Grapositive spore forming SRB, thermophilic
bacterial SRB, and thermophilicchaeal SRE31]. The mesophilic SRB are the largest and most
studiedgroup havin@20 genera including Desulfuvibridesulfobacterium, desulfobacter, etc.
Desulfotomaculum is the dominant genus in giamsitive spore forming SREB1]. Due to their
spore forming abilit, they can survive longer in the presence of oxygen. Thermophilic SRB are
generally thriving in temperatures higher than 60°C. Two-tsdwn species in this group are

Thermodesulfobacterium commune and Thermodesulfovibrio yellow$8&jii

2.4.2 Hydrogenase in SRB
Sulfate reducergspecially Desulfovibrio species, have the abilitytibze 'O. Enzyme
hydrogenase is responsible for the metabolism of molecular hydrogen following the rg&8jtion

Dz cO ¢Q
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This enzyme is found in many microorganisnke Imethanogenic archaea, nitrogen
fixing bacteria, sulfateeducing bacteria. There are three different metal containing hydrogenases
associated to SRB: Fe, NiFe and NiF¢®BY. FeNi hydrogenase found to Imore prevalent than
the other two in SRE35]. This enzyme is mostly present peripheral membrane than the
membrane. In dissimilatory sulfate reduction, molecular hydrogen is oxidized by hydrogenase in
the periplasmObtained electrons are transported via cytochrasna geriplasmic low potential
cytochrome, to the cytoplasmic membrane where sulfate reduction hapjgrne2.3) [36][37].
The reductases in the cytoplasm facilitate sulfetieictionreaction in the cell. This process can
be summarized in the following reaatio

TO 'Y ¢O 0Y 100
"O can also be produced as a result of catabolism in cytoplasm. This can be due to

presence of hydrogenases in the cytoplasm.

Periplasm Membrane Cvtoplasm
4H2 2- +
SO4 +8H
8e
8H N
S +4H,0

Figure 2.3- vectorial electron transport in dissimilatory sulfate reduction in Desulfovibrio [Badzjong &
Thauer, 1980)

2.4.3 MIC mechanisms by SRB

2.4.3.1 Cathodic Depolarization:
Evidence of biological corrosion was first obsst by Gainegn 1910. He observed high
sulfur content and organic matter in the rusts collected from steel cofgflJitsle related the

underground corrosion and rapid destruction of buried iron structure to carbon/sulphur fixing
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activities of bacteria. It was not until 1934 that Wolzogen Kuhr & van der Vlugt identified the
SRB as the maiplayers in buriegbipeline corrosia. They proposed the classical theory or the
cathodic depolarizatiof39]. According to their theoryhydrogen depolarizes the cathode

(cathodic polarization) based &j.2.10 & Eq.2.11. This hydrogerformation on the surface of

the metakeduces the potential difference between anode and cathode and impedes corrosion. In
an aerobic corrosion the atomic oxygen O actsdepalarizer and breaks this filQQ 0 ©

"00). In anaerobic solution, sulfate oxygen from biogenic sulfate reduction plays the role of O in
aerobicconditions Eg. 2.12). This theory has several debatable issues. First, hydrogen reduction
is the ratdimiting reaction and hydrogen desorption does not affect the kinetics of hydrogen
evolution. Second, the ratio of iron to iron sulfide should be 4:1 according to the ozacélbn.
However, the ratio was close to 1 in the experiments. Several studies confirmed the classical
theory with electrochemical techniques during the 1960§41]. However, theeommon mistake

in these studies was the presence of organic electrar berides iron. Lactate af@ can both

be electron donors for SRB, besides lactate consumption induces more chemical corrosion due to
the presence of sulfid¢42]. The classical theory hadithotrophy-based concepptt3]. Costello

in his experiments showed that acceleration of cathodic reaction in pre§&RB s more

likely due to thepresence of sulfide species rather than hydrogen utilization of the b§é#dria

He mainly related the corrosivess of SRB to the formation @ "Y In a similar study,
hydrogengrown SRB used to investigate their ability of cathodic depolarization. Polarization
curves shwed depolarization of the cathode after introduction of the SRB. However, the results
were inconclusive to determine what fraction of hydrogen utilization is due to SRB and what

fraction is due to the presence of sulfii€s].

c'ol'j o c"(j) QU'O Eg. 2.10
"0Q c(}’)o O@ CO Eq. 211
0™ oo 0¥ 10D Eq.212
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08 ¢ 00 oOW O Eq. 2.3

Overall reaction: Eq.2.14

1T0Q 0" ¢O0)° g0 O "0OQ~

2.4.3.2 Effect of biogenic sulfides

SeveralO "Ymechanisms have been suggested in the litera@oreosion mechanism by
abiotic’O "Yis different from biogenitO "Y Abiotic "O "Yprovides protons for the cathodic
reaction and accelerates corrosion process. However, biologically prd@utedes not
contribute to acidity of the solution. On tbentrary, it increases the pBRB does not produce
"O "Ydirectly. They producé&'Y through tteir sulfate respiration. Thi®Y combines with the
protons in the solution, which leads to the increase of thE@HThe distribution of abiotic and
biogenic’O "Yis also different in the aqueous solutions. Concentration of bacterial cells in the
biofilm on the surface is much higher than planktonic cells. Thus, concentration of bi@éhic
is much higher on the surfacetb&é coupon. While, in abiatji O "Yis distributed in the bulk
solution.

"0 "Yis a strong cathodic reactant. It reacts with metallic iron rapidly and produces FeS (
H.S + FeA FeS+H, '@G2.5kJ (mol F91) . This reaction is thermodynamically more

favorable tharlO U reacton with water:

00 "0Q° 0 "0QU YO -14.3 Eq.2.15
kJ/mol Fe

'06 "0Q° 0 "0 'O YO -15.6 Eq.2.16
kJ/mol Fe

2.4.3.3 Effect of Biofilm
There is no doubt in the detrimental effect of biofilm on corrosion. Biofilms are

comprised of cells, metabolites, extracellular polymeric substance (EPS), and other dissolved ions
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and substances. EPS imattix of polysaccharides, proteins, and nuckéids[37]. Conditions

under the biofilm differ from the bulk. This includes formation of concentration cells, localized

low pH areas, and trapped bacterial metabolites. This localization induces different potential cells
and indue pitting corrosion. EPS produced by SRB can also be corrosive by itself without cells
being presend7]. Chan et al(2002)suggested EPS binding to metal ions could be the

preliminary mechanism of enhanced corrosion by biofilm.

2.4.3.4 Effect of CorrosivéMetabolites
Another MIC mechanism is the corrosive metabolites. This iodirechanism can
inducepHrede t i on by bacteri ads met aldfietentt e. |t <can
concentration cells on the surface of the metal, affecting the protébtiven metal surface. For
instance, Acid Producing Bacteria (APB) seeganic acid during fermentation that
contributes to the corrosiga8]. For irstance, Thiobacillus is a genus of bactdrat form
sulfuric acid by oxidizing sulfur speci¢$9]. MIC happens in a consortium of bacteria. Thus, the

interactions of bacteria, for instance SRB and APB, may infli&me corrosion process.

2.4.3.5 Direct Electron Uptake:

Direct uptake of electron from metal is another mechanism that can explain high
corrosion rates in the presence of bacteria and has been the center of attention in the last decade.
Dinh et al. (2004) werthe first researchers providing experimental evidence for this mechanism
[50]. They isolated new marine SRB strains that possessed extracellular electron transfer (EET)
ability. This mechanism is known as electrical midotdyically influenced corrosion (EMIC)
[51]. In this mechanism, SRB takes up electron directly or indirectly from metallic iron. The
direct process can be through proteins in the outer membrane or filaments, while the indirect
mechanisnis through mediator compouns?]. Mediators can be exogenous or endogenous.
Zhang et al. (2015) wrestigated the indirect mechanism by addition of riboflavin and FAD (flavin

adenine dinucleotide) as electron mediators in the sol[§RjnThey used nchydrogen
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utilizing bacteria and inspected high corrosion rates in presence of electron mediators. In another
study, one SRB strain and oi@-scavenging strain we grown in lithotrophic conditions, and it

was shown that the latter strain did not induce corrosion in spite of its hydrogen consumption
[42]. So far, a few strains were identified by scientists with capability of direct electron uptake
from metallic iron[51][54][55]. Thus, more studies are necessary to shed light on this peculiar
capability ofSRB.

Metallicironisarecen f or m of i ron on earth from evol ut
capability to corrode and destruct metallic iron is unanticipated. This trait can originate from the
corroding anthropological metds1]. It can also originatefrom the interaction of bacteria by
which they exchange electrons by means of metab@i6sThis trait of microorganisris of
high importance in biogeoelectrical areas to develop fuel cells. Benthic unattended generators
(BUG) are one of the latest discoveries in microbial fuel cell area. BUGs work based on direct
electron transfer between microbes and metal. Thus theyecplaced in remote locations like
bottom of the ocean, buried in sediments to generatériecally power[56].

In summaryMIC is a complex process involving different groups of bacteria. MIC can
be a combination of chemically microbial induced corrosion (CMIC) and EMIC. For instance if
the corrosion is merely chemical, exclusion of organic nutrients can solve the probleaeho
if it is EMIC, this solution does not work since the bacteria can obtain their nutrient from metallic
iron. Determining to what degree each mechanism is responsible helps applying right techniques

to prevent it.

2.5- Anaerobic corrosion by methanogenic athaea

Methanogens (methanogenic archaea) produce methane as part of their metabolic
activity. The main methanogensgathway is the reduction 0f0 in presence 6D as electron
donor Eg.2.17). They are physiologically obligate anaerobes. They inhabit in anoxic sediments,

lakes, paddy fields, animal digestion system, sewages, etc. Methanogens are divided into three
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groups basedrothe substrate they utilize to produce methane. These thrsteased ared U-

type substrates, methylated, and acetotrophic subsiafes 0 -type substrates include GO
formate (HCOQ and CO. Methanogens utilizing tleesubstrates are called hydrogenotrophic.
They combine with Bor other alcohols to form CHMethylated substrates include methanol
(CHsOH), methylamine (CENHsz"), dimethylamine ((Ck)2NH2"), trimethylamine ((Ch)sNH"),
.methylmercaptan (Ci$H), and dimétylsulfide ((CH).S). Methanogens producing methane by
consuming these substrates are called methylotrophic. Methanol reduction reaction by
methylotrphs is presented ky. 2.18. And finally acetotrophic substrates include acetate
(CH;COO) and pyruvate (CECOCOO) [37]. Utilizers of these compounds are called

acetotrophic. The reaction leading to methane formation from acetate is presérge? 9.

TO 060 9 60 00U Eq.2.17
0000 '0° 60 00 Eq.2.18
0006 W O %60 00 Eqg. 219

It has been believed for a long time that MIC is linked to the activity of hydrogenotrophic
bacteria. It was mentioned earlier that according to the cathodic depolariregary, hydrogen
utilization happens at cathode by bacteria to accelerate corrosion. All methanogenesis pathways,
as mentioned in previous section, can proceed by methanogens hydrogen utilization. However it
was shown that hydrogen desorption on theasarbf the metal is not the rdiaiting reaction in
MIC [57]. In another study, it was demonstrated that hydrogen utilization of a hydrogenotrophic
methanogen does not induce iron reducf8]. Therefore biogenic hydrogaurtilization cannot
be a potential mbanogenianduced corrosion pathway.

By isolation of a new methanogen strain in less than 2 decades ago, it was demonstrated
that this strain can use steel as the sole electron gejoAfter this pioneering study, this
capability was confirmed by other researchiér$4, 59, 60] Therefore, methanogens can induce
MIC by direct electron uptake from the metal. Uchimaya et al. (2010) showedarmding

ability in a novel methanogen isolatedr crude oil storage sludge. This strain was cultured
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with iron as the only electron donor. Observed growth rate and iron dissolution rate in the
cultures supported direct electron uptake in methanogsdiated corrosiofb4].

Methanogens can contribute to MIC indirectly. SRB can live syntrophically with
methanogens, i.¢hey can use SRB metabolites as energy s¢@i¢eTherefore they provide a

more suitable environment for SR&8grow by consumin@RB harmful metabolites liKE'Y .

2.6- Anaerobic corrosion by acetogenic bacteria

Acetogens are strictly anaerobic bacteria. The main product of their metabolism is
acetate. They redud®) to acetate via acetfloA pathwa)[37]. According to this pathwa§0
is reduced in two different ways. It is reduced to carbonyl group, and methyl group of acetate.
These two, combine to form acef@bA [37]. The overall reaction is shown lity. 2.20.

TO O OO ©0™@®WOUL TOU Eq. 220

Participation of acetogens in MIC has not been under scrutiny until Mand et al. (2014)
suggested acetogens can incur MIC by catalyzing the reactieo 2221 [62]. Possibility of MIC
by acetogens was earlier suggested, however no evidence was p[68idéda more recent
study, a nely isolated acetogen demonstrated acetogewegiesndent MIC through direct
electron uptake from B¢55]. The acetogenic culture in this study showed significantly higher
corrosion rate than abiotic system in presence ba&¢he sole electron donor.

1T0Q @0 VOO0 MW 1T0Q0 U T00 Eqg.221

Acetogens can also induce MIC indirectly. Acetate can be used by SRB as an energy
source. Therefore, acetogenesis can provide the substrate for SRB to grow on. Acetate is also a
carbon source for hydrogenotrphic methanogbneutrientdeficient environments acetogens
come into play and provide acetate by transforming bicarbonate to acetate. It was shown that co
cultures of D. vulgaris and Acetobacterium woodii are more corrosive than the single culture of
each[62]. Inducing MIC through symbiotic relationship of SRB and acetogens were formerly

shown[64][65].
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2.7- Anaerobic corrosion by iron-reducing bacteria

Iron-reducing bacteria (IRB) reduce feriam (OQ ) for cellular growth. Iron respiration
in these microorganisms happen either through electron transport chain or by fermentation
accompanied byOQ as an auxiliary electron accepi{66]. Facultative anaerobes usually use
the first pathway. These facultative IRB can consume the oxygen and thenteWw@€h
reduction. This provides ecological niches for SRB to grow. Most strict anaerobes take advantage
of the second pathway. Fermentation process in these organisms usually involves an organic
compound as terminal electron accep&dt. Ferric ion in this case enhances the growth
conditions. Iroareducers convert ferric ion to ferrous ion, which is more soluble. The amount of
converted ferric ion is highly dependent on the type and availability of organiernigterefore
organic matter play a role in iron dissolution, and consequently corrosion B&RBE\ study on
Pseudomonas isolated from an oil pipeline showed that this strain enhances MIC by dissolving
the protective Fe (lll) compounds on the surface of the metal and exposing metal surface to any
harsh environmerj69]. These IRB colonized on the surface and inhibited formation of
crystalline coating layer on the metal surface.

On the other hand, the exact role of IRB on MIC is not fully understood. Some researches
have shown that IRB can have an inhibitory effect on MIC. One inhibitory mechanism suggests
that in static environments, reduced Ferrous’i®if)( act as a barrier for oxygen diffusion in
the bulk fluid. They are oxidized in the bulk fluid and therumstl again by IRB. This process

retard corrosion by protecting metal surface from further oxidgfioh

2.8- Other forms of corrosion in oil pipelines

Different types of corrosion (categorized based on appearance) occur in oil pipelines
including pittingcorrosion, crevice corrosion, erosion corrosion, stress corrosion, galvanic

corrosion, etc. In this section frequent forms of corrosion, besides MIC are discussed. Sometimes
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corrosion cannot be attributed to one form of corrosion and a combinationepédiftypes

happen in one spot.

2.8.1 Pitting corrosion

Pitting corrosion is a localized attack on the surface of the metal in form of holes. This is
one of the most notorious types of corrosion. It is hard to detect due to small amount of weight
loss and smabize of pits that are usually covered with corrosion prod8tt§hese small holes
can grow and coalesce and perforate the material finally leading to failure.

Pitting initiates with attack on the passive film formed on the surface of the metal.
Aggressive anionic geies like chloride ions play a key role in pitting corrosion. Chloride anions,
which are abundant in seawater systems, are anion of strong acid and they have high diffusivity
[71]. These anions can induce film breakdown through the pores in the film. Metal dissolution
happens in the pit. Formation of metal anions produces extra positive charge in theopdeChl
ions migrate into the pit to balance the charges. pH decreases in the pit due to the cation
hydrolysis according t&q.2.22[71]. This acidic environment promotes further penetration of
the metal. Pit growth can also be a miaasfercontrolled process depending the rate that
ions diffuse out or into the pit. When the pit is saturated with metallic salt, a salt film precipitates
at the bottom of the pit. Thus pit growth is under control of ions transport across tHig2film

0Q ¢OLODQO ™ ™o HQ O O Eq.222

Pitting can also be described from a defect stand point. Aggressive anions can be
adsorbed into the anion vacancies at the film/solution interfaceo@tigpation of anion
vacancies, generates a flux of cation vacancies at the metal/passive film interface. These cation
vacancies can migrate to the metal/ solution interface and combine and form a hole in the passive

film [72].
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2.8.2 Erosion corrosion

Water is injected into the pipeline stream for enhancement of the oil extraction and for
maintaining high pressure in the pipelines. This water contains sand particles that induce erosion
corrosion in the pipes. These fine particlesiirellocal shear heating at impact. Beneath the
impacted region a workardened zone forms due to the high kinetic energy of particles. When
the surface is covered with platelets and wmakdened zone reaches a stable state, erosion
corrosion continues at steady ratfr3]. Initial stages of platelet formation are depicte&igure
2.4.

In the case of formation of passive layer like iron hydroxide on the surface of the metal,
the surface is considered brittle and erosion pathway changes. The deformation becomes plastic
andcracks are formed. Mechanism of the erosion corrosion on brittle surface is presented in
Figure2.5. In this type of erosion corrosion, elastic deformation doescwmir. Part of the
passive layer is delaminated at impact. Accordingigoire2.5, at the time of impact cracks are
formed in the interface of brittle passive laged metal. These cracks are both planar and in
radial directionThe brittle layer cannot deform elastically to dissipate the energy gained through
impact. After the erodent particle rebounds these crack lead to final knock off of the Eidface

High turbulent flow can also remove the passive layer. This will expose fresh metal
surface and induce further corrosion. Critical flow rates in pipeline that induce erosion corrosion
can be calculated basedBg. 2.25[75]. In this equation, bis the flow rate in ft/s. &, is 450
for pipelines injeted with seawater arid is liquid density in Ib/ft. However this equation
overestimates in case of carbon sféé]. This isa very simplistic model. A more detailed model
was later suggested that named Koutelokyich which is beyond the scope of this work to
discuss. A viable solution to combat erosion corrosion is application of organic coatings. Which
are cheaper than selig erosiorresistant alloys. However, these coatings are endanger of

delamination by sand patrticles in the flow.
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0 Eq. 2.23

FIRST \MPACT

FOURTH IMPALT

Figure 2.4- erosion corrosion meclanism in ductile materials. Different stages of erosion corrosion by particles
on a ductile surface are depicted. Due to ductility surface deforms rather than cracking after impact with
particles[73].

Outer scale

Hydrostatic llndenting angular particle
compression zone

Impact
Radial cracks beginning

Plastic zone

Elastic zone

Compression stress
Radial cracks extending

Plastic zone— L~y
Post impact Tension stresses

Lateral crack zone

Elastic zone

Figure 2.5- erosion corrosion mechanism on brittlesurface. No elastic deformation happens. At the time of
impact the protrusions on the surface detach and expose fresh metal surface to corrosja@B].
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2.9- MIC mitigative measures

2.9.1 Biocides

A very common approach in oilfields to inhibit SRB activity is the application of
biocides. Effective biocides application depends on biocide concentration, frequency of
application, knowledge on targeted microorganisms, and monitoring giocittentratiofi7 7].
Biocides can be categorized as oxidizing and-oxidizing. Oxidizing includes inorgmc
compounds like ozone, chlorine, and rmadizing includes organic compounds like
glutaraldehyde and formaldehyf#3]. Non-oxidizing biocides are known to be more effective
due to their longer persistency in pipelines and inddgecy of pH79]. A combination of both
biocidescan be used for a better control of microbial populations in the pipelines.

There are limitations on biocides application due to their toxicity. These biocides are
finally released into the environment and affect plants and animal life. Therte$bould be
guaranteed that they are biodegradable and are in low concentrations. The efficacy of biocides
has been matter of question in certain conditions, for instance biocides cannot penetrate the
biofilms, or they are effective only in certain pHhges. After frequent injection of biocides,
microbes become resistant to these chemj8als Therefore, their application should be done

basel on knowledge of the pipeline niche.

2.9.2 Nitrate treatment
An environmentafriendly approach to take MIC under control is the injection of
nitrate/nitrite into oil pipelines. Unlike biocides and chemical applications, this approach does not
impose health or toxicity risks on the environment. Nitrate injectitarnates microbial
community from SRBlominated to nitrateeducing bacteria (NRBJominated. NRB compete
with SRB on organic electron don@&al]. Addition of 0 U 70 0 can inhibit MIC tlrough
following mechanisms; Oabmpetition of SRB by NRB for common electron donors, inhibition

of SRB by nitratereducing sulfideoxidizing bacteria (NRSOB) metabolites like nitrite or
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nitrous oxide, SRB switching from sulfatedtestion to nitrate reduction, Suppressiori®iYvia
NR-SOB "0 "“Yoxidation with nitratgd82i 84]. Nitrate reduction is more favorable than sulfate
reduction according tBq.2.24-Eq.2.25[85].

VOB WO O OpfOEL 0 TOD Eq.2.24

Yd t1o®QFaéad

0@V YO © OO0 O Eq.2.25
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Nitrate treatment was performed in injection water on oil platform in the North Sea. Due

to this treatment, activity of SRB was significantly suppressed and corrosion rate dropped more
than 70% after 32 montki86]. Addition of nitrate in produakwater in a Canadian oil field,
reduced sulfides in the brine more than 58%. Schwermer at al. (2008) showed that microbial
corrosion was decreased in lieu of nitrate addition in water injection systemodfield in North
Sed[84]. In a model column study, it was shown nitradiglition to samples did not reduce
weight loss in samplg88]. Authors suspected this was due to low concentration of added nitrate
and NRB population was notirsiulated. Overall, it has beamown by multiple studies that
nitrate is effective in stile suppression in oilfield89i 93][86]. In summary, this method,

proven to be effective in inhibiting MIC, especially in North Sea oilfi§Bdg.

2.9.3 Mechanical cleaning
Mechanical cleaning in oil pipelines is done via special equipmdnteal  Bigureg 6  (
2.6). It stands for pipeline inspection gauge. Pigs were initially developed for application in oil
pipelines; however, their applications were eghinto fluid products and process industries
over the course of time. Pigs are devices inserted into pipelines to remove debris, corrosion
products, and microbial deposits from pipelines. Pigs travel within the pipeline by means of flow.
Different typesof pigs are used in oil and gas industry like mandigd,pmulti diametersolid

cast pigs, etc.
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Pigs can also be used for monitoring and inspection of pgeelh addition to the
cleaning purposes. They can be equipped with cameras, ultrasonic teaaschagnets, etc. to
monitor diameter variation and possible alterations on pipes surfaces. As previously mentioned
that biofilms are resistant to biocides and chemical penetration. Therefore mechanical cleaning is
the only way to remove those entitiegghave disadvantages as well. They can be trapped into
pipelines. They can be trapped due to deposits pile up ahead of the pig, the flow bypassing the
pig, jackknife of the pig94]. These trapped pigs block the flow and sometimes it is hard to
locate them. Subsequently, the line needs to be shut down to remove the pig, which is costly and

time-consuming.

Figure 2.6- Two pigging devices used in oil pipelineshftp://www.tdwilliamson.com/solutions/pipeline-
pigging/pipeline-pigs/cleaningpigs).
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Chapter 3- Experimental Procedure

3.1- Coupon Materials and culture vials

Mild carbon steel is the mamaterial used for crude oil pipelines. C1018 mild carbon
steel wa opted for corrosion couporkne chemical compaosition tifie carbon steel coupons are
listed inTable3.1.

Strains Desulfovibrio bastinii (ATCC BA&03) and Desulfovibrio vulgaris (ATCC
7757)werepurchased from American Type Culture Collection (ATCC). Desulfovibrio
microorganisms are the species resgaadir anaerobic corrosion. Téestrairs waspreviously

isolated fronthe production water of an oil pipeline.

Table 3.1The chemical composition of carbon steel coupons.

Element| C Cu Mn Si P S Cr Ni Mo Fe

Wt.% 0.16 | 0.16 | 0.755| 0.17 | 0.013 | 0.02 | 0.048 | 0.078 | 0.014 | balanced

3.2- Culture Condition and Growth

D. bastinidi i's cul ti v ATE@Cd1250 medidbordainihg ed Baar 6s
MgSQ: (2 g/L), sodium citrate (5g/L), CaSQH;O (1 g/L), NHCI (1 g/L), NaCl (25 g/L),
KoHPOy (0.5 g/L), sodium lactate (3.5 giland yeast extract (1g/L). D. vulgaris is cultivated in
the same medium excluding Na@ITCC 1249 media)The pH of the medium components were
adjusted to 7.5 by addition of NaOH and H®esazurine was added to the medium (4 mg/L) as
redox indicator.Media were pepared in 3 separate compone@smponents were autoclaved
separatelylf nutrients in the media are dissolved and prepared in one component, some
compounds might react and produce harmful compounds for the cells. It was believed that
autochve is harmful for some species for a long time, however it was the chemical reactions that

taking place at higher temperatures amongst nutrients that harmed some species. The dissolved
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0 was removed from the medium pyrgingnitrogen.Depending on medim volume

0 bubblingduration was adjusteth the next stepcysteinesolutionwas added (100 mg/L) to
remove the remaining oxygeffter bubbling, medium was transferred to sterile serum bottles
under N pressure with extra precautions.

The cells werénitially cultured in anaerobic chamber under 0.0%a6d a constant flow
of N.. After transferring the cultures from original vials to stoppered tube, they were transferred
to incubator in an anaerobic jar. Thdtares werallowed togrow at 35°C for 48 to reach
exponential phaser early stationary phasgor the growing process, alimples werg@lacedin
rubberstoppered tubes. Transfers were performed by nitrfilgehed sterile syringes.

For each strain, 3 different media were prepared. Firdiamweas the original cultivation
media; ATCC 1250 media for D. bastinii and ATCC 1249 media for D. vulgaris. Iftheegia
lactate was eliminated; 128 for D. bastinii and 1249F for D. vulgaris. For the last media,
besides the elimination of lacgatriboflavin was added (10 ppm); 12BBR for D. bastinii and

1249LFR for D. vulgaris.

3.3- Immersion Corrosion Experiment Setup

The carbon steel coupons were placed in 100% ethyl alcohol for 30 minutes under UV
light. This was done for the following two purposes; first, is to ensure the removal-of anti
corrosive products on the surface of coupons. Coupons were wrapped in amcsiNiepaper at
the time of arrival to prevent the oxidation of the metal during storage time. Second, is to fully
sterilize the coupons. Modi fi ed Baar 6s medi um i s
thus all steps should be done under stedlizonditions to inhibit the growth of any unwanted
species.

Coupons were hung in serum bottles while a 2/3 of the coupon was immersed in culture
medium.Picture of serum bottles setapthe beginning and end of immersion testsshvn in

Figure3.1 andFigure3.2. This process is done undes fow. 0.2 ml 0.5% cysteine is addi¢o
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scavenge any remaining @fter placing the coupons. After complete exclusion 10 mL of
fresh culture was added to each serum bottle. Samples were then transferred to incubator, and
were left to stay at 3& overnight. During immersion periothe sulfateconcentrations were

guantified on a daily basis.

Figure 3.1- Serum bottles containing carbon steel coupons fat the beginning ofimmersion corrosion
tests.
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Figure 3.2- Serum bottles containing carbon steel coupons for at the end of immersion corrosion tests.

3.3.1 Sulfate Quantification Procedure
Sulfate in the cultures was quantified via turbidimetric metid@ sulfate ions (S0)
detectiorrange of this method is40 mg/L. BaCl is used as the reagent in this method. Sulfate
ions are converted to barium sulfate during the reaction with the re&getl). This reaction
disturbs the solution and the turbidity can be measured at a specific wavelength with a
spectrophotometer (420 nm). Steps of the designed procedure are summarized in the following
section.

66 GOn b ORP 6 OOY Eq. 31

1. A 0.4ml aliquot was taken from each sample. To ensure exclusion of any corrosion

particles samples werefiltee d wi t h 0. 2 Igeroorresiom produgtearef i | t er .

highly absorbent anthey affect the readings from spectrophotometieerefore any FeS

or Fe associated particle should be removed prior to testing
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A conditioning reagent was prepared according as follow. 30 ml concentrated HCIl was
added to 300 ml DI water. 75 gr of Nadi$solved in DI water and was mixed with 100

ml 95% isopropyl alcohol and 50 mL glycerol. DI water was added to reach a final
volume of 500 ml.

5 mL of conditioning reagent was added to 100/olumetric flask. Sample aliquot was
added to 100 mL volumetriflask.

0.1 g of BaClwas added to the flask.

Flask was stirred via a vortexer immediately after addition of the reagent. It was vortexed
for exactly 1 minute. BaGteacts spontaneously with the solution. Thus the steps must

be followed quickly and im timed manner. Any delays can lead to erroneous reads due
to BaSQ precipitation.

After mixing, 1.5 mL aliquot from the flask is transferred to a clean cuvette. The cuvette
is placed in the spectrophotometer.

8 reads are performed for each sample a&a&e80nd intervals. Readings are made at 420

nm wavelength.

Maximum read amongst these 8 reads is selected to reflect the sulfate concentration in the
sample.

To determinghe sulfate concentration, a series of sulfate standards were prepared. To

prepare sulte standard stock solution, 1.479 g8, dissolved in 1 L DI water (1 mL=1 mg

SQ?). This stock solution then was diluted 10 times. Each day a set of 5 standards was measured

along with samples. Standards were measured in between samples to agoidtaystrrors in

readings.

3.4- Corrosion Rate & Corrosion Products Analysis

After coupons were withdrawn from serum bottles, corrosion rate was calculated via

gravimetric methods. The powdered attained from the coupons is investigated via Fourier
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Transform Infared spectroscopy (FTIR). A Nicolet Nexus 670 FTIR equipped with a liquid
nitrogen cooled mercury cadmium telluride (MCT) detector has been used. Background was
collected every 30 minutes and prior to testing. ATR module was cleaned with organic solvent
before placing each sample. The surface of the coupons was also inspected under SEM. Before

SEM monitoring, cells were fixed following askep protocol.

3.4.1 Gravimetric Method
Corrosion rate was calculated based on mass loss as a function of time, inithetgav

method. Coupons weights were measured before immersion. After coupons were taken out of the
test media, they were cleaned before final weighting. Coupons were cleaned according to ASTM
G1-03[95]. Based on this ASTM standard coupons were sonicated in distilled water for 5
mi nutes. Then they were transferred to Clarkeobs
concentrated HCL+ 500 ml DI#® + 3.5 g hexamethylenetetramine). Thepsivas followed by
another 5 minutes of sonication. Electrolytic cleaning was performed if corrosion products still
remained on the surface. Then coupons were left to dry in a desiccator. Then they were weighted.
Corrosion rate was calculated based orfdhewing equation:

o8 v pTt Y&
Q o0 0

0€il 1 €l A w

where: om= mass di ff er et enmérgion duratibr(hrme t al den:

and A= cross sectional area of exposure?{cm

3.5- Electrochemical Experiments

A Specific anaerab electrochemical cell was designed for the purpose of this study.
Conventional cells does not allow fop €clusion.Thecell is shown irFigure3.3. This design
is completelyair-tight. The cell was filled with the media in the anaerobic chamber.

Electrochemical tests shed light on the corrosion kinetics, and the reactions that grpléaden
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on the surface of metal. Four electrochemical tests were performed; Tafel scan, linear polarization

resistance, potentiodynamic sweep, and corrosion potential monitoring.

S

Figure 3.3- Anaerobic electochemical cellused in this work

3.5.1 Tafel Scan
The purpose of this test is to extract Tafel constants. In a corroding system, two main
reactions are present; one is the corroding metdtd43.2), and the other one is the reduction of
species Zin the solution Eq. 3.3)[96].
0 QP D Eq. 3.2
d QPO Eq.3.3
Considergm and bwm as metal reduction current, and metal oxidation current,
respectively. Also consider the same thing for specieszAand bz At the steadystate
condition, the total rate of oxidation and reduction is edual3.4). At corrosion potential
(Ecorr), the measured current is zero. When an external voltage applied in a way that corrosion
potential is sufficiently removed from equilibrium, reduction rate of dh)iand oxidation rate of

Z (io,z) become insignificarfi97]. Therefore, the corrosion rate would be equal to the oxidation
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rate of M (b,m), or reduction rate of Zg}). This current can be measureda@ucling toEg. 3.5.

Relationships between current and potential in the ongoing reaction in this system are illustrated

in Figure3.4.
[ TN T T Eq. 34
0 QO Eq.35
ThusTaf el constants can be obtained from follo
overvoltage):

_ 4 & % Eq.36
_ & & ZI%“ Eq.3.7
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Figure 3.4-Overvoltage vs. current for a corroding systen{taken from
www.princetonappliedresearch.com)

In this study, samples were polarized about 250 mV anodically (poegiing potential)
and cathodically (negativgoing potential) about the corrosion potentialdgg). The scan rate

was 0.167 mV/s.
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3.5.2 Linear Polarization Resistance
Polarization resistance curves are obtained through a potential scan £ 20 mVahaut E
Slopeof the potential vs. current plot attained from these experiments, is known as polarization
resistance (. Ryis inversely proportional tebrr The relationship is demonstratedsq. 3.8.

Corrosion rate can be obtained from the corrosion current accordity 3®.

Eq. 3.8
0 (I ﬂ q
CoT oy
Wi v aar werzeas s G0 a8 Eq. 3.9
0€1 1 €l A& w i 9
ba, &= Anodic and cathodic Tafel constantgsgdr= CcoOr r osi on current i n

equivalentweight of the corroding species, g., d = density of the corroding species$, -
corrosion curfent density A/ cm
Tafel constants were obtained from the preparatory Tafel scan. Polarization resistance

tests are performed starting frodOmV to 40mV about Eorrat a rate of 0.167 mV/sec.

3.5.3 Cathodic Potentiodynamic Sweep
Samples were also polarized cathodically (in the negative dirgétiod0 mV. It was
performedn the same way as the polarization resistance scans were conducted , except for the

sample which was not polarized in the positive direction.

3.5.4 Corrosion Potential Monitoring
Open circuit potential of the carbon steel coupon was monitored daily for a continuous 1

hour. Gamry potentiostat was used to monitorERleevolution by time.

3.6- SEM Fixation and Visualization

Samples were fixed following a glutaraldehyde fixation protocol after they were taken
out of the test media. Samples were placed in 2% glutaraldehyde and 0.1 M phosphate buffer for

2houron t he bench and then were kept in the fridge
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performed in ethanol series for 2 days (50%, 70%, 85%, 95%, 100%). Summary of the steps are
as follows:

1. 1 hour and 30 minutes €0°C in 50% ethanol

2. 1 hour and 30 minugeat-20°C in 70% ethanol

3. 1 hourat £Cin 8%% ethanol

4. 1 hourat £C in 95% ethanol

5. Overnight at 4C in 95% ethanol

6. 1 hourat £Cin 100% ethanol

7. Overnightat £C in 100% ethanol

8. 2 hoursat room temperatuti@a 100% ethanol

When the draining steps werempleted, samples were placed in a desiccator to achieve
complete dryness. Then they were taken to SEM for visualization and imaging tests. Imaging
was done under 15K accelerating voltage. Probe current was alternated to get thadeest i
possible fromB8-7 0 ¢ A analisB ®ere performed along with SEM. Some of the imaging

were done in low pressure mode.
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Chapter 4 - Microbial -induced corrosion on C1018 carbon steel

by D. vulgaris

4.1- Background and motivation

D. vulgaris is a common SRB strain that has been extgstudied so far. It was
generally believed that SRB induce corrosion by consuming hydrogen formed on the surface of
the metal, based on the cathodic depolarization theory ((8BP)For the mechanism of the

cathodic depolarization, the follémg anodic, cathodic and water dissociation reactions were

suggested:
Anodic dissolutionT™O® 1°'0Q  (iQ Eq. 4.1
Water dissociationyjO 0 © (O o O Eq. 4.2
Cathodic reactionyjO  ¢iQ © (O Eqg. 4.3
Cathodic depolarizationjO "y O 100 Y Eq. 4.4
Overall reaction: Eq. 4.5

770Q '0°Y 000 gOQ) "0 '0Q"Y

However, this theory has faced serious flaws. In the lasddeaanew mechanism was
proposé to fill in the gaps for the previous suggested mechanisms. A fewsstragently have
been isolated, and have demonstrated capability to oxidized metallic ifpuligEetly [50].
Metallic iron utilization by SRB is depicted kigure4.1. Electrons are directly transferred across
cell walls via proteins in the cell membrane likeype cytochromg99]. According to this figure,
SRB utilizemetal electrons by aid of proteins in their cell wall. These electrons can either be used
by sulfate reduction system in SRB or they can be used by enzyme hydrogenases. This discovery
has led to a new proposed mechanism for MIC called direct electroreuptaky. According to
directelectron uptake theory, hydrogen does not have to be the intermediate for the electron

transfer. If we assume that this is the predominant mechanism, one would expect that other SRB
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strains inducing MIC, possess similar captbs of direct electron uptake. However not many

studies have been conducted on other common SRB strains. In this work, D. vulgaris is selected
as a common SRB. Organic electron donors play the key role in determination of MIC

mechanism therefore thigain is tested in presence and absence of organic electron donor. The
corrosion rates of metal samples as a function of time, temperature, and different media were
studied. Carboisteel sample powders were analyzed by FTIR after the coupons were ta&én out

the aqueous solutions. In another setup, D. vulgaris was subjected to various electrochemical tests
under starvation conditions. This chapter discusses the results from these experiments, and

proposed mechanisms.
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Figure 4.1- Schematic of direct electron uptake by SRB adapted from Hang (2003). Direct electron transfer
happens via cell bound proteins (X). These electrons are yielded to sulfate reduction system (SRS) of SRB. H
evolution via enzyme hydrogeases happens as a side reaction. There could be other carriers (Y) that utilize this
electrons for SRS.

4.2 - Experimental set-up

The following three different media were prepared for D. vulgaris:
1. The first media was the original growth media (ATCC 1249 media). Since this is the

original media, whenever the name of the media is not mentioned in the graphs and texts
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throughout this chapter, it means ATCC 1249 media was used or it will be referred as
1249.

The second media was designed to study the starvation conditions. In the second media,
lactate was eliminated from ATCC 1249 media. This media is referred @gadifte
free)throughout this section. Lactate was eliminated from the media to crgaté®
electron donor scarcity. Citrate can be utilized by SRB as a potential electron donor
source. However its utilization is only possible in a microbial microcosm where other
cells convert citrate to acetate or formate. Hence it can be used hYCBRE itrateis

added to the medium to prevent FeS particles to precipliaig

The third media was designed to study one specific pathway in direct electron uptake
mechanism. One of the pathways for direleictron uptake mechanism is the electron
transfer through mediataompounds. These compounds act as electron shuttles. They
are oxidized inside the cell. Then, they are diffused out of the cell, where they are
reduced by taking up electrons directly from the metallic iron. Vitamins can act as these
mediator compoundsn lorder to study this mechanism riboflavin was added to LF

media. This media is referred as LA&ctatefree plus riboflavinthroughout this

section. Riboflavin is the precursor of flavin mononucleotide (FMN), and flavin adenine
dinucleotide (FAD), whiclare coenzymes participating in electron transfer reaction
inside cell membranl02]. They ae reduced when they accepti28H" and they are

oxidized as they pass on the @&gure4.2) [37].
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Figure 4.2- FMN structure. The dashed section shows the oxidatiereduction site for electron transfer[37]

Besides thostests performedh 1249, 1249 F, and 1249 FR media, a series of
additional tests were conducted on samples without SRB incubation. These are called control
tests. The control tests were performed on ATCC 1250 M€&Hia.media is the incubation one
for D. bastinii, which is another strain studied in this work. Components in this media are exactly
the same as ATCC 1249 media except for NaCl. The ATCC 1250 media contains NacCl, since D.
bastinii is a halophilic strainnlthe absence of SRB cells, corrosion rate is not expected to be
different in these two media, since all the used salts are completely dissolved and ionized, and do
not precipitate out of the solutions during the experiments. In addition to steril@sestsitrol
experiments, D. vulgaris was grown in 1249, 12#9 and 1249 FR media in the absence of
carbon steel couponghis last set up determines whether SRB can survive in absence of both
organic electron donors and iron or not.

Two different immersn periods were chosen for the corrosion tests. These two time
frames were chosen based on preliminary experimergéminary tests were performed to find
the optimum initial sulfate concentratiofit should be mentioned that although the bacterial can
survive high sulfate concentration, however, their reactions with the sulfate give rise to the
formation of BS. The bacteria cannot survive higbS—toncentrationThe preliminary

experiments had showed that the added sulfate in the designed mediaseitisdy consumed
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within the first four days of culture growth and cells start to die after that. Thus, it can be said
that, in the first 5 days metabolic activity was very high and it depreciated slowly after that.
Therefore, 7 days and 14 days weredel as immersion periods. During the seven days,
bacteria were still in exponential phase. Cells started dying gradually after the 5th or 6th day.
These results clearly demonstrate that how corrosion rate evolves and continues even after the
cells deathBesides, it can be inferred whether SRB survive longer periods of starvation.

Experiments were performed at three temperaturé€(25 3 5 ¢ €C). BBAwag 5

chosen because it is the incubation temperature for both D. bastin). vulgaris. This is the

optimal temperature for these strains. It is expected that their metabolic activities reach their

maximum potential at this temperature.°Q@&as chosen to study the corrosion at aatimal
temperature for SRB growth. A&ft completion of these tests at two temperatureX;(2hd

35°C), another temperature was added()30 draw a more comprehensive conclusion and

gather more data for the modeling section.
These experiments were conducted under different conditionsgMade, temperature),
which comprise of 18 unique environmental conditions. Each environmental condition was

repeated times to attain statistical significance.

4.2.1.1 Sampling nominal process
In the next sections, samples were named with five digits. Fipgatketter digit refers
to the SRB strain in that sample, i.e. V refers to D. vulgaris and B refers to D. bastinii. The
second two digits refer to temperature. And the final two digits refer to duration of the
experiment, i.e. 07 and 14 for seven days famirteen days, respectively. Sulfate concentration,
mass loss, and corrosion rate plots were averaged for three samplemincktegory. They
were averaged for 6 samples hildy category (14lay samples andday samples were averaged

together durindirst 7 days). Individual samples (repeated experiments) were nameiayvitt -
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c. Sterile tests are identified as control; the remaining naming agenda for sterile samples are

similar to incubated samples.

4.3- Results

4.3.1 Corrosion results in media 1249

Duringimmersion corrosion experiments, the sulfate content was quantified on a daily
basis. Sulfate quantification graph for D. vulgaris in media 1249 is shokigune4.3. More
than 70% of the sulfate was consumed within the first 3 days. Cells metabolic activity maximized
at day 2. Then, the sulfate reduction (sulfate consumption) followed a distinctively slow rate
(sulfate consumption slope reaches almost zero). Sibelaavior was observed in all three
temperatures. Average values are depictddgare4.3. All individual samples had the same
trend. It can be seen from the errardin the figure that there was not much deviation amongst
samples. These results suggest that the temperature did not have a significant effect on metabolic
activity of D. vulgaris in media 1249.

Figure4.4 shows the changes in the corrosion rate as a function of time. Corrosion rates

for sterile samples at 25 and°85are included in this graph as control.

Relatively higher corrosion rates were observed in thegdasod (7 days). This is
because D. vulgaris reaches exponégtiawth phase after-8 days according to preliminary
testsand the SRB population diminishes after that due to depletion of sulfate in the media.
Therefore the corrosion rate did not riggn#ficantly in the second week. This can also be
interpreted from sulfate consumption gragBased orfFigure4.3, cells consumed most of the
sulfate in the media wiin the first couple of days. Since these experiments were conducted
under anaerobic conditions, hence, the main corrosion pathway is biocorrosion by SRB. It is
expected that less active cells result in less corrosion. These results demonstrate tAetimport

relationship between the bacterial activity and the metal corrosion. Sulfate reduction stopped after
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day 35, or significantly slowed down. This initial 3 days seem to be the peak of the corrosion
rate period. When sulfate reduction stopped the ratemdase in mass loss almost ceased too.
As expected, the corrosion rate has a direct relationship with the temperature in this

media. However, this conclusion is only based f&C285°C range and should not be

extrapolated to other temperatures, siDc&ulgaris does not survive at very high temperatures.
Figure4.5 shows mass loss vs. time for samples at various temperatures. Mass loss in all

samples increased thitime as expected, even though the corrosion rate decreased. Control

samples also had significantly lower mass loss. In this graph it can be seen that there is an

ascending trend for mass loss based on increasing temperatures.
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Figure 4.3- Average sulfate concentration vs. time for D. vulgaris in 1249 media
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Figure 4.5- Average mass loss vs. time for D. vulgaris in 1249 media
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4.3.2 Corrosion results in media 1249 F
The decrease of the sulfate concentration as a function of time iFLE24&ctate free)
did not follow a similar pattern to med1249. It can be noticed froRigure 4.6 that the sulfate
concentration plot as a function of time had a4itepshape with more than one break point at

35°C. Thee was a high sulfate consumption rate in the first two days. Then the rate slowed down

significantly and peaked again after 4 days. Then the rate slowed down again (This can also be
visualized from individual samples included in appendix). It seemshbaclusion of organic
electron donor suppressed SRB population partially, however it did not impede growth of SRB.
The SRB population was affected by exclusion of organic electron donor and there was a
reduction in activity of SRB. However a portion afqulation survived and remained active by
switching to Fe utilization. Xu and Gu conducted a series of starvation experiments on D.
vulgaris and observed that with exclusion of lactate, there was reduction in SRB cell counts. In
spite of sessile populatidass, authors observed that the corrosion rate increased in the starved
samples in comparison to ngtarved onefl03]. They related the increase in corrosion rate to
SRB utilizing metallic ironThis conclusion was further corroborated by work of Dou et al.

(2019) where they tested organic electron donor starvation on SRB on Cu coupons. They
observed a decrease in the corrosion rate in the starvation experiments conducted on D. vulgaris.
D. vulgais did not survive in the absence of both Fe and organic electron donor in their
experiments. And the MIC rate on the Cu coupons decr¢b8éH This suggests that the

survival of SRB in absence of organic eleatdonor is dependent on Fe.

Two distinctive sulfate consumption periods were also subjected to kinetic studies to gain
further insights into the reactions happening ir
exhibits two distinctive slopes. Thedt slope is relatively small followed by a much faster
consumption rate. Therefore log of sulfate concentration were plotted vsFignee4.7). The

linear slopes in IAYU ] vs. time graph shows that consumption rate of té [] follows a
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Pseuddfirst-order. Similarly, the data shows there are two distinctive first oedetions with

clear different haHives. It should be mentioned that these two first order decays may be pseudo,

and the ultimate second order decay can be calculated by dividing the determined observed

pseudo first order reaction rate constant oveirtiial ["Y0 ] concentration. The consumption

rates do not fit second order as 1/[8as a function of time. The higher slope can be attributed

to SRB utilization of iron electrons that leads to more sulfate consumption by SRB. In this media

SRB neds to be very close to metal surface to utilize electrons from iron because these electrons

are not soluble in the media. After the SRB form the biofilm they start utilizing iron electrons,

hence more sulfate is used by the sulfate reduction system inT®REforethe first small slope

is before SRB establish biofilm on the surface of the metal. It takes at least 3 days for D. vulgaris

to establish a mature biofild05]. After biofilm formation the sulfate consumption rate

increases and thatés why aFiduedr i nctive higher
As mentioned before, temperature plays an important role in this media. It was observed

that in media 1249, cells kept growing at the same rate at all temperafoweever, in 1249F

media, cells do not seem to prosper much atopiimmal temperatures (26 & 45°C). There is a
minimal bacterial activity at £&, and negligible activity at 2&. The ideal condition for SRB is
at 35eC in 12429pgrosvidgwith adé€ay InL24RF snedia lat|3%C kHewveever,
at the other two temperatures {€5& 45°C) less SRB activity is observed.

Corrosion rate in this media is depictedrigure4.8. Samples at 3& had higher
corrosion rates than samples at the two other temperatures. Corrosion réte sdr2ples barely
exceeded 16 mpy, while 35 samples corrosion rate reached up to 26 mpy. Corrosion rate at

45°C, samples we close with ones at 35 samples in spite of less growth. This can be

explained by the fact that the kinetics of reactions increases at higher temperatures. An interesting

pattern in the corrosion rate graph was that, corrosion rate during 7 daysamd iMas almost
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the same at each temperature. This result is evaluated in the next section, based on sulfate
consumption curve and mass loss data.

Mass loss graphs for samples are illustrateeignre4.9. Mass loss in 1248F during
the second-flayincreases (in 1249 media it was observed that there was not much increase in
mass loss in the second periodlass loss for samples at differéamperatures increased almost
linearly with time i.e., after 14 days of exposure, the mass loss approximately doubles with
doubling of time. This is due to the evenly distribution of cell active population over tiayl4
period. For sample V3B, for insaince, almost similar mass was lost during the first and second
7-day period (Individual mass loss of samples are included in the appendix). This agrees fairly
well with the sulfate concentration plot (Individual sulfate content graph is added in the
appendk). Figure4.6 showed that SRB were active during the wholalay period. Samples at
25°C had lower corrosion rate than°85samples. The corresponding sulfate esi@ation curve
showed | ower SRB activity at 25eC than 35e¢eC.

during the first 7 days rather than the wholedd¥ period, therefore there was a slight drop in

corrosion rate for longer exposure time.
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Figure 4.9- Average mass loss vs. time for D. vulgaris in 1249 media

4.3.3 Corrosion resultsin media 1249LFR
Sulfate consumption curves in 12UBR media were similar to those in 1248 media.

There was no instant sulfate consumption at the beginning of the incubation ibAR48edia
(Figure4.10). Samples at £& showed little SRB activity, while samples at’Z5showed

negligible activity. SRB activity can be compared at these two temperatures by analyzing the

sulfate consumption rates. In the first tdays, sulfate was consumed at a rate of 8 mmol/L/day
at 45C while the rate was only 018 g/L/day in the 28C samples. Meanwhile sulfate
consumption rate was almost zero during the first 3 days’&t ®5peaks up after this delay, and
sulfate consumpin continues to take place till day 10. One thing to notice is the relatively large
error bars for 14lay samples at 36. Based on the individual sulfate concentration curves at
35°C, sample V3514 had a steady declining consumption rate (a very sltay 085

mmol/L/day), while samples V353aand V3514 had a stefike curve with higher
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consumption rates at each step, about 1 mmol/L/day at each step. This leads to higher error bars
for V3514 curve (individual sulfate concentration curves are includdte appendix).

These results suggest that in spite of the absence of organic electron donors, the SRB
growth did not stop. Differences in sulfate consumption rates depend on survival strategies taken
by the bacteria. If the cells do not switch to tekup electrons directly from the metal, there is no
alternative source of electrons in the media. In the absence of oxygen, electron diffusion from the
metal into the bulk solution is a very slow process. Thus, the only viable option for cells to grow
is to utilize the electrons from the metal. Riboflavin was added to this media as potential electron
mediators. Flavins, which are the derivative of riboflavin, have three oxidation states: fully
oxidized flavoquinone"Qd ), flavosemiquinone radical@ ), and tweelectronreduced
flavohydroquinone™@d ) [37][106i 108]. Schematic of electron/proton transfer pathways by
flavins is presented iRigure4.13. This figure demonstrates sensitivitiytbe flavin redox
reactions on pH values. There are more than 45 pathways for these redox reactions according to
this figure. Therefore detecting the pathway is beyond scope of this study. However by
investigating pH values in further sections, potemg&hways can be identified. These
compounds shuttle electrons from interior cell to external terminal electron acceptors. The
mechanisms of electron shuttling by bacteria has not been fully understood. First evidence of the
riboflavin role as an electromsttle was demonstrated for Shewanella spgtieg]. These
species secret riboflavin to reduce insoluble Fe(lll) minerals in absence of oxygen as electron
acceptor to provide requireshergy for growth. However it is not known how riboflavin
accelerate Fe(lll) oxidd410]. The mechanism of these compounds effectiveness is complex.
Many factors contribute tthe efficiency of these compounds including temperature, pH,
solubility of targeted electron donors, dicl1]. SRB strains did not show capability of excreting
these compounds by themselves, howeaverconsortia of a microorganisms they can take
advantage of mediator compounds secreted from other species. Corrosion rate from this media

(Figure4.11) shows that riboflavin was mostly effective at higher temperature. Corrosion rate
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decreases after 14 days in this media at all ter
significant than the other two temperatures. Dos Santos et al. showetdHavim efficiency of

mediator compounds including flavins increases with tempergtli. This could explain

hi gher Dbiocorrosion at 45eC. Addition of flavin
25eC and 35eC. As explained before, tmhmis can be
efficiency.Besides, studies show that most bacterial cell walls arerimpable to external

riboflavin [113]
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Figure 4.10- Average sulfate concentration for D. vulgaris in 1249 FR media
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Figure 4.12- Average mass loss vs. time for D. vulgaris in 124FR media
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Figure 4.13- Possible pathways of flavins oxidatiosreduction in aqueous solution adapted from[108].

4.3.4 Growing of D. vulgaris in the (1249, 1249 F, and 1243LFR media) absene of
carbon steel coupons

D. vulgaris was grown in 1249, 124%, and 1249_FR media in the absence of any
carbon steel coupons. These experiments reveal whether D. vulgaris can grow in the latter two
media without the presence of iron as a potential electron donor, or not. Sarapteplaced at
35eC, the opt i maHgurgdrldshoivhthetswdfatgpcenteat tuveseas a function
of time for D. vulgaris in these three media. Chedhnlere is no growth in 1249F and 1249 FR
media based on this figure. Also, there is no observed consumption of sulfate-oegrdetiod.
In absence of Fe and organic electron donor SRB did not grow. It was previously demonstrated in
sectiond.3.2and4.3.3that D. vulgaris survived in 1249 and 1249_FR media in the afence
of organic electron donor and presence of carbon steel coupons. This shows D. vulgari§ used Fe
as the only potential electron donor, in order to thrive. As the iron was eliminated from samples
along with organic electron donor, D. vulgaris did sutvive. The growth of D. vulgaris in 1249
media, in presence and absence of iron, is the same with a consumption rate of 12.5 mmol/L/day
for both conditions. This shows lactate is a competitive electron donor for metal. As long as
lactate is present SRRilize that as a source of energy and does not exploit metallic iron. As

soon as lactate was eliminated, cells attack the iron for survival. These data validates the
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conclusions made in the previous sections and confirms D. vulgariselieetion uptake

capabilities.
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Figure 4.14- D. vulgaris in 1249, 1249 F, and 1243LFR media without coupon

4.3.5 Comparison of different conditions

4.3.5.1 Effect of types of growth media on mass loss

Three different media in this stydvere selected to evaluate possible pathwaysIGf M
full ATCC 1249 mediumATCC 128 medium minus lactate, add CC 1249 medium minus

lactate plus riboflavin.
Figure4.16 categorizes weight loss based on different immersion duration (7 & 14) and

temperature (25, 35 & 48). In each category, three different media used in this study can be

compared. For longer immersion periods of 14 days, there is more lveggin LF media in

comparison to original media. It was shown in secid2that SRB remains active during the

whole period of 14 days in 1249 media, in sfi of organic electron donor exclusion. This
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agrees with the results of Xu and Gu (2014). It was shown by Xu and Gu that more weight loss
was observed under carbon source scarcity conditions with D. vulgaris, although there were less
sessile cell coveragm the couponEL03]. They concluded that D. vulgaris becomes more
aggressive towards the metal in absence of organic electron donors, and in spite of the decrease in
the cell population, weight Issncreases. This phenomenon can be described by SRB cell
induced oxidation of the metallic iron. Cells can utiliz8 fheough direct electron transfer (DET)

or indirect mechanismg$-jgure4.15). Direct mechanisms include attaching to the surface of the
metal or enabling transfer through bacterial nanowires. Indirect mechanisms happen through
electron mediator compounds. These mediators facilitate electron transfighé metal surface

to the cells. Vitamins generally play the role of these mediator compounds. In this PhD study, we
investigated riboflavin as a potential mediator compound. However mass loss figiaé4.16

did not indicate any rise in corrosion in presence of riboflavin. Corrosion was only enhanced at

45°C in LFR media in presence of riboflavin. The rise in mass loss at this temperature can be

related to how radiator compounds interact with SRB cells. It was shown previously that

mediator compounds including flavins are more effective at higher tempeietaie

Sulfate reducing bacteria (SRB) 1=

Reduction Oxidation

Figure 4.15-Schematic of Direct and indirect electron transfer mechanisms. Two SRB cells
demonstrate direct e uptake and the one on the left demonstrate e uptake through mediator compounds.
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Figure 4.16- Mass loss after 7 and 14 days in different media

4.3.5.2 Determiningthe MIC Activation Energy
Activation energy (Ea) was calculated basedzon4.6. The Arrhenius plots are
presented ifrigure4.17 (Arrhenius plots in each media with error bars are included in the
appendix).

Eq. 4.6

1 6i

604 e
Gaga ONP2Rw

Activation energy values are shownTiable4.1. No meaning full values were obtained
in 1249LF and 1249.FR media during ®tlay immersion period. As it was observed before there
were not a distinctive increase in corrosion rate vathgerature in these two media. However a
clear increasing pattern in corrosion rate with temperature was seen in 1249 media.

During longer immersion periods, goodness of fit for 22&%And 1249 FR media was
significantly higher. This is mainly becausete was an increasing trend in corrosion rate with
rising temperatures. How the corrosion behavior changes at different conditions were already

discussed in previous sections.
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Figure 4.17- Arrhenius plot of corrosion rate; Left: 7 days, right: 14 days.
Table 4.1- Activation energy for D. vulgaris in kJ/mol
Media/ Y 14 Y
Immersion time 7 days days
1249 33.487 0.792 25.838 0.868
1249LF 0.296 0.0004 13.545 0.7248
1249LFR 0 0.0016 21.149 0.872

4.3.5.3 The changes in pH
It was mentioned before that in SRB cultures, pH is expected to increase in spife of H
production. Because the sulfate reduction system in SRB pro@ii¢esvhich consumes protons
in the aqueous solution to prodd@eY(OY O © "O"Y. Thus, the pH increases during this
process. pH has an increasing trend in media 12B@ime4.18-a due to the reason mentioned.

The decreaseinpHintheseconddy peri od at 45eC in 1249
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activity during this period. However, the total pH change over the whole 14 days is still positive
(+0.5).
In media 1249_F, however, pH decreases af35 in spite of SRBOs

In the LF media, there is no organic electron donor in the bulk solution. Thus SRB need to utilize
electrons from the iron to survive. We have already observed in séc3i@that SRB stays

active in the absence of organic electron donors. In order to utilize the iron, SRB need to be close
to the iron surface. They cannot find electrons in the bulk solution. \ttegrcolonize on the

iron surface, most of tH®'Y produced through SRB sulfate reduction system is concentrated on
the surface of the metal rather than in the bulk solution. Thus this bisulfide species is adsorbed to
the surface of the metal. This adseutbisulfide species can react with iron to produce iron

sulfide and protoffil14]. These species can be formed through chemical or eleetmicdl

pathways Eq.4.7 andEqg.4.8) [115]. This explains the decrease in pH in LF media &C3%he

suggested chemical reactions are as follows:

"0Q '0Y © '0Q"D Eq.47

'0QP °'0Q®  Q Eq. 4.8

'0QP ° oty O Eq. 4.9
a b.
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Figure 4.18 Average pH values vstime in (a) Media 1249. (b) 1249 F. (c)1249LFR.

Unlike the decrease in the pH values &35t 25C the pH increased. As shown

previously in sectiod.3.2 based on the sulfate content as a function of time graplt@i 3RB

did not display that much activity, which means [€¥¥ production. When coupons were

retrieved from the media at 25eC, slight

orange

FeSl ayer was very thin, unlike the 35e¢eC sampl es.
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formed on the surface of VA3 samples and most &Y was diffused through the solution and

consumed protons. Another explanation is @0 was formed though the chemical

reaction inEq.4.11 ("OQ)"O s identified with reddish orange colqd)16]. Then the O'Q) "O

reacts witiOY and produces hydroxyl ions (OHhat promote pH increase. Same reasoning
canbeusedforcouons at 45eC in LF media. Traces of redd

7-day and 14ay coupons from both LF and LFR medtiglre4.19).
A B

I

Eqg. 4.10- A. coupons retrieved from media 1249 F after 7-days (3 coupons on the left were at 36
and 3 coupons on the right were at 2&) B. coupons retrieved frommedia 1249LF after 14 days (3 coupons on
the left were at 25C and 3 coupons on the right were at 3%).

1?..\2.‘

v ¥

.,‘ Aﬂ

Figure419Coupons tested at 45eC f B Wi507€FRI V4514 VA5i4ght 1 V4507 .
LF, V4514LFR.

"0Q OGO 0O ¢Q O Eq. 411

"0 0 'OY ©'0QYS'0 00 Eq. 4.12

pH decr eas ed-LERimedasSintlar tremd waobserved for this

temperature in 124BF media. Similar explanations can be attributed to the pH decrease in this
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media as well. Growth was mainly otusderr ved at 35c¢
biofilm and formationof FeH@| ayer can be the cause of pH decre

which can be interpreted in terms of proton scavend®byspecies.

436 SEM Analysis at 45e¢eC
Coupons at 35eC were most !l y heoweewitdrawwi t h cor |

from the solution. Samples at 45eC demonstrated
selected for SEM analysis. It can be seen fragure4.20-a SRB colonized on carbon steel
surface. Visualization of the cells was hard in this media because there were more SRB activity
(sulfate consumption) in this media and coupons were covetbd~a& Figure4.20-b shows
carbon steel coupon in media 1248R. SRB cells were not detected on the surface of this
coupon. It was mentioned in sulfate consumptialicwation in LFR media, SRB did not
demonstrate much activitifzigure4.20-c shows carbon steel coupons in 1-249media. SRB
cells were clearly visualized on thisngale. It shows that despite of organic electron donor

elimination, cells survived and colonized on the surface of metal to acdess Fe

Figure420-( a) SEM i mage of car b o249 nediagde 7 days.dh) pEdMrimagetof 4 5e C i n 1
carbon steel couporat 4 5 e GLFR medih r47 3lays

C.
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Figure 4.21- SEM image of carbon steel coupoa t 4 5 ¢ GLFimediaTo? Adays

4.3.7 Pitting Corrosion
Coupons were analyzed under SEM after cleaning for detection of pitting corrosion
patterns. Coupons were cleaned and dried before SEM measurements. Pitting analysis was
performed on coupons at 25eC and 35edudedn all 3 r
at two different magnifications. First image is at 350X magnification to give a vision of pitting
pattern at each spot. Second image is the same spot at 1.5K magnification to better visualize pits
depth on the coupon surface.
Figure4.22andFigure4.23depi ct coupon surface at 25eC in
this condition were covered with pits at different spots. Similar trend was observed for coupons at
35eC i n 1FydrA.24ardiFigueesd.q5). Dense pitting patterns were observed on the
surface of the coupons. However pits seemed deeg
In 1249LF media pitting patterns seem to alter slightly. There was less deitiely
clusters. Pits were more scattered on the surfagere4.26-Figure4.29). Another clear trend in
this media was deeper pits at longer exposure times. In this media, partial population of SRB are
supressedue to the elimination of lactate as it was mentioned in se4t®8 This explains less
pitting clusters on the surface. However less pitting does not mean less corrosion. Pits are deeper
in this media due to higher affinity of SRB to metal surface. This is another pro@f. thalgaris
extract electrons directly from Fe. D. vulgaris needs to stay close to the iron surface to survive. It

takes up electrons from the metal and induces deeper localized pits on the surface. Deep pits are
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more critical than wide pits because deép gan finally perforate the material. This leads to
disastrous pipe failures in oil and gas industry. SRB initiated a more critical attack in LF media.
Corrosion rate might be comparable or even less than 1249 media, however SRB triggers a more
aggressie attack by penetrating deep into the metal. This type of corrosion is of crucial
importance. Uniform corrosion or general loss of material does not necessarily lead to failure of
material. This clearly reveals why the MIC pathways should be fully understadesign
appropriategreventive measures.
Figure4.30andFigure431li | | ustrate pitting in LFR media a
pattern is similar to LF nuka. There are scattered localized pitting spots. This suggests that there
was a patchy less populated biofilm on the surface of the coupon. A clear distinction of pitting

pattern could not be made between LF and LFR media.

bLab 13 BRV 11 Brg a0 SE ¢
b y S = S W

Figure4222Coupon at 25eC and 7days in 1249 medi a

Figure423Coupon at 25eC and 14 days in 1249 medi a
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Figure428Coupon at 35eC dRmedi@ days in 1249
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Figure431-Coupon at 35eC dRRdnedia days in 1249

4.3.8 Identification of the corrosion products using FTIR spectroscopy
The chemical structures of the corrosion products (in form of powder) were identified

with FTIR after the samples were taken out from the solutions. Samples were left to dry for one
day in the desiccator to reach complete dryness. Then the powder was scraped off and grinded for
FTIR analysis. The powders were partially oxidized during these processes. Thus iron (oxyhydr)
oxide minerals peaks were observed in the FTIR spectra. Sulfide isalbgpof SRB metabolic
activity. Mackinawite (FeS), and pyrite (F@&re expected to be the main corrosion products.
Mackinawite is a metastable and can transform to greigitS{Fand pyritg/117]. Under
reducing conditions, iron sulfides are stable. However when they are exposed to humidity and
oxygen they corrode and form iron sulfafg$8]. Pyrite oxidation can occur through various
pathways. @and Fé* are generally the oxidant agents. However under anaerobic conditions the

dissolved @in H,O can be the only oxidant. Pyrite can react with water to form sulfate anions
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through these half reactiox). 4.13-Eq.4.14[119]. The presence of sulfate group bands in the

FTIR spectra of samples veeconfirmed. FTIR spectra were analyzed for all samples. At each
condition, one FTIR spectra is selected from the experiments that repeated three times. The FTIR
spectra of samples fori'dayand 14dayimmersion period were shown kigure4.32 and

Figure433. The spectra are shown at deéftombdter ng t empe
to top. Each temperature range belongs to one media; the first three bottom spectra are in media
1249, the second three spectra are in media-LE4@nd the last top spectra are in media 1249

LFR. No variation in the peaks observed basedamying temperatures in each media. The

narrow temperature range can explain for these observations. The FTIR spectra for different
samples were also compared based on the duration of immersion at each temperature. Immersion
period did not induce much ofdifference in the FTIR spectr&TIR spectra of all samples are
included in appendixThe characteristic absorption peaks of mackinawite can be detected in the
spectra with the following wavenumber (168070, 1412, 1560, 1640) chfil17]. Three

absorption peaks are observed in the 10020 cmt range that can be assigned t& 8nd FeS
stretch[117]. The absorption peak at 1168r* canbe assigned to Fe=S stref¢di7][120][121].

The peak at 1622 suggests the presence-8z@roup[122]. The absorption peak at 3150tm

can be assigned to OH stretch in the goethite which can be folumed the oxidation of the

powder of the corrosion products during the preparation process. Additionally, there are two
peaks in the range of 78Y7 cm appear in the FTIR spectra of 1248 and 1249 FR media.

These absorption peaks can be assignggethite structurfl23]. As mentioned in the previous
section, orange powder was observed in 128@&nd 1249 FR samples that is the typical color

of goethite. The powder from 1249 media was completely bladkhvwxplains the absence of

these peaks.

Oy Youo° 0Q ('Y PO p@ Eq. 4.13
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Oty 0 "0Q 'Y 0Q Eq. 4.14
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Figure 4.32- FTIR spectra of 7-day samples
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Figure 4.33- FTIR spectra of 14day samples

4.3.9 Electrochemical measurements
In order to shed further lights on the mechanisms of MIC by SRB, a series of
electrochemical measurements were performed. These tests were performed in a-§pan of 2
weeks on sterile (abiotic) and incubated samples. Media 1250 was used for sterile samples.
Abiotic tests were conducted anaerobically with deoxygenated media. In biotic tests, D. vulgaris
was cultured and added to 124B media in the electrochemical cell. Media 1249was used

for the electrochemical tests for the purpose of stimulating [Davis electron uptake
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capabilities. In this test, electrochemical cell was filled with 750 ml 1 tnhedia. 2 ml of D.
vulgaris culture was added to the solution in the anaerobic chamber and left in the incubator for
24 hrs. Then the electrochemical agls connected to potentiostat for electrochemical
measurements. In addition to these test conditions, aftereeel span for solution with D.

vulgaris, working electrode was taken out and immersed in 2% glutraldehyde solution to
inactivate SRB cells. Timeit was placed back in the electrochemical cell with fresh media for

further testing.

4.3.9.1 Polarization resistance vs. time

Evolution of polarization resistance (Rp) was monitored over time. Rp in the solution
with D. vulgaris increased till day &igure4.34). Then it started dropping significantly to 300
MR & . The primary increase in Rp can be related to formation of a film on the surface of the
metal by cell§124]125]. This film contains macromolecules like proteins and lowers the
corrosion current due to its n@onductivitf126]. However biofilm has agichy structure and
does not provide a protection layer on the metal over time. Polarization resistance is inversely
proportional to corrosion current. Drop in the Rp is an indication of high current on the surface of
the metal. This high current can béated to electron transfer from the metal to SRB cells. The
Rp drops after SRB colonize completely on the surface of the electrode. As the cells continue
metabolizing, they require the electrons from the metal and start utilizing electron from metallic
suiface. The current can also be related to the formation of conductive FeS layer.

Rp was measured after glutaraldehyde treatment to evaluate only the role of the corrosion
layers without the presence of SRB. Recorded values show a rise in Rp. It reackesial
500nm@» ¢ after inactivation of SRB cells. This shows that elimination of SRB reduces the
corrosion vulnerability of the electrode.

The trend in sterile solution was the opposite. At the beginning of the measurement, there

was an increase in Rpigure4.34). This was due to the hydrogen film formation at the initiation
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of corrosion process. Literature suggests 3 major hydrogen reactions idiguedadystens:
hydrogen ion reduction, adsorption, and diffusion of hydrogen atoms into metal[E2{f¢eln
aqueous solution the surface of metal is charged due to polarity of water molecules. Hydrogen
ions adsorbed to the metal surface and form a double layer with capacitor pr¢p28&jesn
essenceéP U ions are discharged on metallic phase and provide protection for the metal.
Then polarization resistance in abiotic system started decreasing over first Bldays
due to hydrogen evolution reaction when hydrogen atoms are combined and return into the
solution in form of gas. After day"®Rp started increasing up to TBSb & . The increase in Rp
in the sterile solution is due to the precipitation ofllmecomponents on the surface of the
electrode that remained unused in absence of SRB. (Note: abiotic test was conducted for 2 weeks

and biotic test was continued for 3 weeks)

18.0 ~
16.0 -
14.0 -
12.0 -

10.0 -

8.0 - =D, vulgaris

Rp, km.cm2

6.0 - = ADiotiC

4.0
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0.0 T — T T T 1
0 5 10 15 20 25
Time, Day

Figure 4.34-Daily measured pohrization resistance values in span of-3 weeks for D. vulgaris and abiotic
system.

4.3.9.2 Potentiodynamic current monitoring
Cathodic current was recorded during 2 weeks for two separate systems; system

incubated with D. vulgaris and abiotic syste@athodic arrent density is a very good measure
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of quantifying electron transfer due to SRB activity. SRB activities affect the cathodic reaction.
Therefore any increase in cathodic current can be interpreted in terms of enhancement in electron
transfer Working elestrode was polarized in negative direction for up to 0.4 mV during these
experiments. Direct electron transfer in SRB cells are usually ascribed to proteins called
cytochromg126]. These proteins go through oxidatireduction rea@ns througtiron ions
presents in their heme structyi8g]. The iron in cytochrome structure can alternate between Fe
(I and Fe(lll) oxidation states to transfer electrdfigire4.35). It was shown that these
proteins operate at low redox potentials to enable electron transfer in bacterial outer membrane
[129][130]. Studies have shown thaese proteins enable electron transfers in the ran@el@b
to-0.4V vs. SHH131i 134]. More specifically redox potential of cytochrome c¢3 in D. vulgaris
was in the range 60.120 to-320 V vs. SHE-0.32 t0-0.520 V vs. Ag/AgCIY131]. Thus carbon
steel electrodevas polarized to very low potentials to attain suitable conditions for these proteins
to operate.

Cathodic current density is displayed at 5 different time poirfguare4.36. Two-time
points were selected at the beginning of the experiment (day 1 and 2mevpoints where the
Rp trend in both systems transform (day 9 and day 12) and one time point at the end of
experiment. On day 1 and 2, cathodic currentitiefor incubated system is higher than abiotic
system Figure4.36a). On day 9 and 12, cathodic current density even diverges more from abiotic
system and the highestirrent recorded is more than one order of magnitude greater than abiotic
system Figure4.36b). This indicates the biological cathodic activity in the kisiistendue to
more cell activity{42]. This current density in the biotic system edsp bedue to
semiconductive FeS layer. Similar trend is observed at dayiddré4.36¢). The céhodic
current density in biotic system dominates the abiotic system. It can be seen as the potential
moves towards the more negative the current increases exponentially. As previously mentioned,
this is in agreement with operation of cytochrome at lowxgmbtentiald135]. In contrast, in

abiotic system the variation in current has a much smaller range due to absence of bacteria.

72



Redox site
(Fe?* ==Fe®)

Heme

Figure 4.35- structure of iron-containing cytochrome. Cytochromes undergo redox reactions through
loss or gain of electrons by the iron atom in their structurg37]).
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Figure 4.36-Cathodic current density vs. applied potential (displayed vs. standard Ag/AgCl reference electrode,
E (Ag/AgCl)) for incubated system with D. vulgaris and abiotic system at different timgoints. (a) Day 1 & day
2. (b) Day 9 & day 12. (c) Day 14. Abiotic system is shown with dashed line in all figures.

4.3.9.3 Corrosion potential monitoring

Corrosion potential was measured daily every 20s for duration of 1.5 hr. There was not
much of a change in owsion potential in 1.5 hr. The.dz values were averaged for that duration
and depicted ifrigure4.37 (error bars are very small as you can see due to littletioaaseof
Ecor). It can be visualized from this figure that there is positive shiftjnaiier 8 days. & in
biotic system, shifts fror694 mV/Ag/AgCl to-523 mV/Ag/AgCI at this point and reaches a
steady state. This shift is an indication of S&fivity that promoted redox quality of the medium
[124]. This positive shift in kris called ennoblemeifit36]. This is due to biofilm formation on
the surface of the metHl37]. Ennoblement lead to higher proba for pitting corrosion for
passive alloy$138]. The colonization of SRB on the metal surfaces affect the electrochemical
process by accelerating cathodic reacfi89]. Acceleration of cathodic reaction was also
exhibited in light of ennoblement by numerous researchers studying different alloys
[140][141][142]. There is also a positive shift indkin abiotic system, however this shift is very
small in canparison to biotic system (25 mV).

Two red points displayed irigure4.37 are measured:k: values after glutaraldehyde
treatment. When the®eek experiment for Dulgaris was finished, carbon steel electrode was

taken out of the aqueous solution and placed in glutaraldehyde solution to deactivate SRB cells.
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After one day, it was placed in electrochemical cell with fresh 1Ffhedia to measure.k&

There was a ghificant drop in B posttreatment. This confirms that the ennoblement was due

to SRB cells and the acceleration of cathodic reaction by cells. The corrosion potential data also

agrees with that of Rp measurements. The shift in both data occurred3atAdabbas et al.

also observed initiation of ennoblement after 7 days duripgrieasurements in their biotic

system[124].
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Figure4.37- Corrosion Potential (displayed vs. Ag/AgCI referertactrode) for D. vulgaris and
abiotic system. Two red dots are for pghkttaraldehyde treatment.
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Chapter 5 - Microbial -induced corrosion on C1018 carbon steel

by D. bastinii

5.1- Background and motivation

Introduction of direct electron uptake theory has receivetl @ lattention from many
researchers. In 2004, Dinh et al. enriched sulfide marine sediment samples that led to finding
of a novel SRB strain that could corrode iron without utilization of hydrogen. As mentioned
earlier, cathodic depolarization thepwhich is generally accepted as the main MIC mechanisms,
explains MIC by SRB removal of the hydrogen from cathodic sites to accelerate cathodic
reaction. In Dinh et al. (2004) study, iron was used as the sole electron donor. He successfully
isolated two ovel strains that demonstrated direct electron uptake capabilities. This opened a
new path in MIC research. However, this mechanism has only been tested for a few SRB strains.
This leaves the question whether this mechanism is the dominant pathway fdf ¥k then
other SRB strains should posses the same capability of direct electron uptake from metallic iron.
In order to answer this question, in this PhD work, D. bastinii, a common SRB strain, is subjected
to various designed experiments includimgrosion immersion tests and electrochemical analysis
to investigate possibility of the direetectronuptake theory. This chapter summarizes and

discusses the results for D. bastinii.

5.2- Experimental Setup

The following three different media were tested for D. bastinii:

4. The first media was the original growth media (ATCC 1250 media). Since this is the
original media, whenever the name of the media is not mentioned in the graphs and texts
throughout this chdpr, it means ATCC 1250 media was used.

5. The second media was designed to study organic electron donor starvation conditions. In

the second media lactate was eliminated from ATCC 1250 media. This media is referred
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as LF throughout this section. Lactate wasinated from the media to create organic
electron donor scarcity.

6. The third media was designed to study electron transfer through mediator compounds.
These compounds act as electron shuttles. They are secreted from the cell. They oxidize
metallic ironby extracting electrons from it. As a result, theses compounds are reduced.
Then the reduced forms of these compounds enter the cells and are oxidized by giving up
electrons to the cell. Vitamins can act as these mediator compounds. In order to study
this mechanism riboflavin was added to LF media. This media is referred as LFR
throughout this section.

Experiments on D. bastinii are similar to that of Digauis. Please refer to section
4.2 -for detailed explanation of the tests set up. The nominal process is also similar to that of

D. vulgaris. Plase refer to sectioh2.1.1for detailed explanations.

5.3-Results

5.3.1 Corrosion results in Media 1250
In this media, due to abundance of nutrients SRB grow very well. They consume more
than 90% of the sulfate in the first 2 days as it can be seerFigure5.1. Sulfate consumption
rate for all the samples ranges from 5 mmol/L/day to 7.5 mmol/L/day.
Corrosion rate results are illustratedrigure5.2. Corrosion rates for sterile samples at

25 and 38C are included in this ploCorrosionratettht he hi ghest val ue at 35ecC

media. The expected result of increase of corrosion rate with tempesatigkated. We must
not forget however that the corrosion is not merely chemically influenced here. Bacteria are
i nducing most of the corrosion and we know D. be

the corrosion models fail to predict MIC. Ibes not follow general rules of chemical corrosion as

Y

it can be seen in this case. Corrosion rate at

rd
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temperatures at 7 days. Corrosion rate dropped during the sedaydériod, which is expected
based on suite consumption curves. Sulfate reduction slowed down after the first 2 days. This
halt in metabolic activity shows that cells start to die, and with MIC being the main pathway,
corrosion rate slows down. Similar information can be attained from massulees Figure

5.3). The amount of weight lost during secorda¥ period was smaller than the first 7 days. This
can be explained by the fact the most of the sulfate had consumed in the initial days and

consegently themetabolic activitydid not increase afterwards.
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Figure 5.1- Sulfate concentration vs. time for D. bastinii in 1250 media
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Figure 5.3- Mass loss vs. time for D. bastinii in 1250 media

5.3.2 Corrosion results in Media 1256LF
In this media a different SRB activity pattern is depicteBigure5.4. There is no sharp
decrease in sulfate content within the first couple of days. Instead there is a steady slow reduction
in amount of sulfate. Any specifdistinction cannot be made based on temperature of the
samples.
Interestingly in this media like 1249 media (original growth media for D. vulgaris),
corrosion rate did not necessarily increase with temperature. This is because that the MIC is the
main corosion pathway in these experiments, and the absence of the chemical corrosion. Again
35eC samples had the | argest ¢igureb.s.Jhisasrther at e amor
optimal temperature for D. bastinii.
Figure5.6 shows the mass loss in this media. Mass loss in this media, unlike 1249 media,
did not drop during day-I4. Mass loss doubled for most of individual samples during the second
week. These redts very well agreed with sulfate content curves. There was a steady decrease in
amount of sulfate in the cultures. The sulfate consumption did not stop after the first week,
neither did the mass loss curve. Since the sulfate was continuously being edmkuring the
whole 14day period, the mass loss in the first and second week was almost the same for each
period. This trend is similar to what was observed in 22#9media for D. vulgarisThe rate of
sulfate consumption in most of teamplesvas aroad to be 12 mmol/L/day. The rate of mass
loss had a narrow range of 0:0:01 g/day. The sterile samples mass loss rate was significantly
small er than the cultured samples with steril e ¢

0.0037 and 0.0039 dgy, respectively.

8C



o B B—25°C
20 \ . w 35°C
| B—45°C
i —n
L a N L
j . N . 1
é 15 - o \; |
T \ — il
E | I u 4w
= 1
ie] 1
® 10k .\
e T I
(]
o
2 L
Q
o
N'Ov 5L
w
0 [P DRI SR SR SR S SR SH B
0 2 4 6 8 10 12 14 16
Time (day)
Figure 5.4- Sulfate concentration for D. bastinii in 12560LF media
65
60 N . 25°C
5 35°C
55 |- . 45°C
[ Sterile-25°C
50 L Sterile-35°C
_ 45
a
é 40
9 35 |
o
p 30
§e)
w 25
o
2 B
o 20
(@) L
15
10
5
0
Time (day)
Figure 5.5- Corrosion rate vs. time for D. bastinii in 1250LF media
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Figure 5.6- Mass loss vs. time for D. bastinii in 125Q.F media

5.3.3 Corrosion results in Media 1256LFR

In this media not much SRB activity was observed accordifigire5.7. There was
negligible activity in 25eC samples. I n the 35e(
observed. Sulfate consumption rate for the samples within first two days ranged f#@r251.9
mmd/L/day amongst samples. Then sulfate consumption stopped and went through second
consumption phase from day 6 to day 8. Consumption rate in this second period ranged from
1.464.6 mmol/L/day. At the end of-day and 14ay experiments more than half oétsulfate
remained unused in cultures. This indicates that very small population of SRB thrived in this
media. We can deduce from these results that riboflavin did not enhance SRB growth and did not
promote MIC for D. bastinii. As noted before, riboflaigra complex vitamin that can go through
multiple redox pathways depending on environmental conditions. In a similar study, riboflavin
was added to methanogen cultures to determine whether this enhances MIC through these

mediator compoundd.43]. Measured weight loss comparison of bacterial cultures with controls
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showed no significance increase in corrosion in
can also be attributed to the fact that most microbial cells are relatively impermeaktiertal
flavins[113]. This could be the reason these vitamins did not enhance corrosiboflévin
cannot enter D. bastinii cell wall, then it cannot transfer the electron. Iron can also pose an
inhibitory role in biosynthesis of riboflavin inside bacterial cell wHlE3].

Corrosion rates in this media are also less than the other two media. There was less
sample variability in the corrosion ratekigure5.8.

Mass loss increased linearly in this mediawgh doubling of time mass loss doubled.
This is because similar amount of sulfate was consumed in the first and sedangétiods.
Which shows almost similar SRB population were metabolizing in each period. The SRB did not
contribute much to the corrosion of the carbon steel in this media because they were not thriving
in this media.
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Figure 5.7- Sulfate concentration for D. bastinii in 1256LFR media
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Figure 5.8- Corrosion rate vs. time for D. bastinii in 1256LFR media
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Figure 5.9- Mass lossvs. time for D. bastinii in 1250LFR media

5.3.4 Growing of D. bastinii in the absence of carbon steel coupons (1250, 12589
and 1256LFR media)
As control samples, D. bastinii was grown in 1250, 1P5pand 125€_FR media

without any carbon steel coupons €8k experiments reveal whether D. bastinii can grow in the
latter two media without the presence of iron as a potential electron donor. Samples were placed
at 35eC, the opt iHgaré5l@showsihelsulfateecompuenptiasta luncdon
of time for D. bastinii in these three media. Clearly there was no growth inL286d 1250
LFR media based on this figure, since there was serebd consumption of sulfate overday
period. Sulfate concentration fluctuates near initial 20 mmol/L concentration, which indicates not
much sulfate was consumed. In the absence of Fe and organic electron donor, SRB did not grow.
It was previously deonstrated in sectioB.3.2that D. bastinii survived in 1250F media in the
absence of organic electron donor and presence of carbon steel céigtomss thatrion plays a
key role in D. bastinii survivallhis confirms the electron utilization from iron by D. bastinii.
Once the iron was eliminated from these samples along with organic electron donor, D. bastiinii
did not survive. The growth of D. bastinii in8@ media, in the presence and absence of iron, is
the same with a consumption rate of 7.3 mmol/L/day for both conditions. These data corroborates

conclusions made in previous sections and confirms D. bastinii direct electron uptake capabilities.
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Figure 5.10- D. bastinii in 1249, 1249 F, and 1256LFR media without coupon

5.3.5 Comparison of different conditions

5.3.5.1 Effect of types of growth media on mass loss
Figure5.11 grouped weight loss data based on temperature and duration of immersion. In
each group three different media can be comparec
weight loss is obsged. This can be explained by the abundance of nutrients and the ideal
temperature at these conditions. The weight loss dissipates as we deviate from these conditions.
In the absence of lactate, D. bastinii switches to electron uptake from the metal after
delay. There is more weightlossindday sampl es in LF media at 35e¢C
media as it can be seen fréiigure5.10. It shows elimination of laate did nodeceleratéIC
in cultures in LF media. It actually forced the cells to switch to exploitation of metallic iron as
electron source. Xu and Gu conducted a series of experiments with exclusief0aRe®f

carbon source in SRB media, and observed more weight lestutions containing 10% and 1%

86



of the carbon source in the original mefi@3]. These two media contained less sessile cell
counts than the original media, however more microbial corrosion wasadd.03]. This higher
corrosion rate with less cell counts, thus, has to be related to otherhaméuced corrosion.
Because of the reduced cell numbers, metabolic activity decreasessaHgblés produced. This
has to be due to SRB attack on metallic iron. Observation similar to that of Xu and Gu were
observed in this PhD work i.e. elimination of lactate during-@mg immersions induced more
mass loss. Thus we can say D. bastinii sweiscto electron uptake from metallic iron during
organic electron donor starvation period.

Weight loss data in 1250FR media did not show any enhancement in the corrosion rate.
Riboflavin was added to this media to test the indirect electron transfergyathw a possible
mediator compound. These types of compounds transfer electrons from outside the cell into cell
membrane structure. However the adsorption of flavins on the metal surface for electron uptake
depends on various parameters like: tempergpiifemetal surface, redox potential of the
solution, etc[144, 145] Riboflavin inefficacy can be due to impermeability of D. bastinii to

these compounds.
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Figure 5.11- Mass loss after 7 and 14 days in different media
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5.3.5.2 Determiningthe MIC Activation Energy
Activation energy in each media for 7 days and 14 days is calculated based on the slope
of Arrhenius plot Figure5.12). These values are presented @ble4.1. Activation energy was
calculated for mean valueseach condition. The activation energy in media 1P5@t 14 days
is not presented here due to very low goodness of fit statistics (less than 0.2). The activation
energy in 1250 F media idower than 1250 media at 7 days. Other experimental data were in
accordance with this result. D. bastinii electron uptake capabilities facilitates corrosion.

Elimination of electron donors acted as a catalyst and reduces the energy barrier for MIC.
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Figure 5.12- Arrhenius plot of corrosion rate; Left: 7 days, Right: 14 days.
Table 5.1- Activation energy for D. bastinii in kJ/mol
Media/Immersion time 7 days Y 14 days Y
1250 26.448 0.41 12.28 0.6
1250LF 16.4543 0.8543 - -
1250LFR 20.251 0.901 22.196 0.9011

5.3.5.3 The changes in pH
Metabolic activity of SRB induces pH increase in the culture. SRB sulfate reduction

system produceé®"Y, that later combines with protons in the solution and produg®slihis
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H.S is trapped in the biofilm, it incurs pH reduction due to its acidity. However if is in the bulk

solution, it eventually goes into headspace and cause pH increase due to consumption of protons.
Figure5.13shows pH trend in 1250, 128F and 1256LFR media. Inmedia 1250, the

pH trend is increasing for all temperatures. In media42%0, at 25eC there is a s

pH after 7 days. This is due to entrapmdrdudfides in the biofilm. In the next section, SEM

i mage of the coupons at 25eC in the LF media shc

t he coupon at Fgbrebdil Thisextehsive binélnd ¢ozerade on the surface led

to entrapment 6O Yspecieon the surface. Therefoi@"Y species did not scavenge protons in

the bulk solution. Therefoithie pH did not increase. More biofilm coverage was observed in LF

media, which is due to the absence of organic electron donors that forces SRB to seek it from the

metal. In the 125Q.FR media, the pH trend is increasing due to the consumption of tlenprot

by O'Yspecies. There is again a decrease in pH at

observed at 35e¢eC and biofilm was formed only at

in this media, and at low43 pressure, more Oxygen diffused ittie media. Oxygen diffusion

leds to the formation of goethite, which can be identified by the color and FTIR spectroscopy.

Geothite reacts witfD"Yto produce more "O according tdeq.5.1-Eq.5.4 [146] , leading to the

pH increase.
9 9 9
85 8.5 8.5
8 8 8
3 3 z

7.5 7.5 \ F— |75
B25 7 7 —

B35

e B45

6.5 T T , 6.5 T T 1 6.5

0 7 14 0 7 14 0 7.00 14.00
Time, Day Time, Day Time, Day

89



Figure 5.13- Average pH values vs. time. From left to right: Media 1250, 1250F, 1250-LFR.

‘08 ¢'0Q0 6 WYO Y ¢OoQ®  ob O Eq. 5.1
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o0l YoQu §'O0YO Y  YoQ® p O Eq. 5.3
o0l Yol §'QOYOC Y§  yoQ®h b o Eq. 5.4

5.3.6 SEM Analysis
Samples at 25eC an-F f& 6ne Week and tlo2vbeswara d 1250
visualized undeSEM. Samples were prepared according to guidelines explained in chapter 3 for
biofilm visualization.Samples in 125QFR media were not visuakd due to little/no growth of
cells on the surface of the coupoRgure5.14d e pi ct s s amp l-l&FmadiafoBlde C i n 12!
days(B3514LF). The surface of the coupon is covered with SRB cells. It was shokigure
511t hat the weight | o0oss in LF media aen 35eC compe
slightly surpasses,iin spite of organic electron donor eliminatidine weltestablished
colonization of SRB on the surfacéthecoupon corroborates this and explains high corrosion
rate in LF mediaFigure5.15s hows t he sampl e at 2B2@)SRB 1250 mec
cells can be visualized amongst the corrosion products not as dense as . B8bityire5.14).
It is a bit hard to visualize the celtsthis figure The transparent rod shapes are the SRB cells
(This is due to nonconductive nature of SRB cells. They are better visualized by ajind,co
however this process is costly and tio@suming. Therefore, glutaraldehyde fixation method
was chosen for imagingBy referring totheweight loss comparison figure5.11, it can be seen
thatB2507 category had the lowest amount of mass Wisikh can be explained via poor
colonization of SRB on carbon steel surface.
Figure5.16s hows sampl e at 25e@2514F).Utlvasmedi a for 14
previously mentioned that for longer durations there were more weight loss in LF media than in

1250 media in spite of nutrient limitatioRigure5.16 shows massive colonization of D. bastinii
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on the surface of the coupd®RBcompletely covered the surface. SRB colonized better on the
surface of the metal during lactate limitation for lengeriods becauseetal is vital for their
survival. They bound to the metal to consume electrons from it. Thus they trigger a more
aggressive corrosion attack to the metal.
Figure5.17s hows sampl e at 25e¢eC in LF media for 7 ¢
show much of an aggressive attack on carbon steel samples. This can be seen from mass loss
comparison graphgure4.16). SRB cells can steel be visualized on the surface of the metal, but

they areratherscarce7-day period did not prompt metatilization capabilities of SRB.
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Figure515-SEM i mage of sample at 25e¢eC in 1250 media for 7 days

SE MAG: x HV:15.0kV WD: 12.0 mm Px:.69 nm g
Figure516cSEM i mage of s amplFmedaforl2dysC i n 1250
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Figure517-SEM i mage of SampUFemedafor72i&g C in 1250

5.3.7 Identification of corrosion products using FTIR spectroscopy

Samples powder were tested with FTIR after samples were taken out of the solutions.
Samples left to dry for one day in the desiccator to reach complete dryness. Then the powder was
scraped off and grinded for FTIR analydibe powders werpartially oxidized during these
processes thus iron (oxyhydr)oxide minerals peaks were observed in FTIR spectra. Sulfide is a
byproduct of SRB metabolic activity. Mackinawite (FeS), pyrite ¢hefhd greigite (F&) are
expected to be the main corrosion products. Mackinawite is metastable and can transform to
greigite (FeSs) and pyritgf117]. Under reducing conditions, iron sulfides are stable. However
when they are exposed to haity and oxygen they corrode and form iron sulffids]. Pyrite
oxidation can occur through various pathwaysa@d Fé* are gengally the oxidant agents.
However under anaerobic conditions the dissolveth®;0 can be the only oxidant. Pyrite can
react with water to form sulfate aniofis9]. The presence of sulfate group bands in the FTIR

spectra of samples were confirmed. FTIR spectra were analyzed for all samplé3.IRne
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spectra is selected from the experiments that repeated three times is depicted. Similar peaks to

that of D. vulgaris were observed for D. bastinii. Pleager to sectiod.3.8for more detailed

analysis.
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Figure 5.18- FTIR Spectra for 14-days
5.3.8 Electrochemical measurements

A series of electrochemical measurements were performed to delve deeper into MIC

mechanism®y D. bastinii. These tests were performed in a spar3oiv@eks on sterile (abiotic)
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and incubated samples. Media 1250 was used for sterile samples as mentioned before. Abiotic
tests were conducted anaerobically with deoxygenated media. In bioti©tdsastinii was

cultured and added to 1256 media in the electrochemical cell. Media 1230was used for

the electrochemical tests for the purpose of stimulating D. bastinii electron uptake capabilities. In
this test, electrochemical cell was filled wit50 ml 125€LF media. 2 ml of D. bastinii culture

was added to the solution in the anaerobic chamber and left in the incubator for 24 hrs. Then the

electrochemical cell was connected to potentiostat for the electrochemical measurements.

5.3.8.1 Polarization regstance vs. time

Polarization resistance was measured overtime in both biotic and abiotic systems. At the
beginning of the incubation period the biotic system starts developing a higher resistance than the
abiotic system, It was mentioned in D. vulgarislgsis in sectiod.3.9that this resistance is due
to biofilm formation on the surface of the electrode. Previous studies have shown that biofilm
(both aerobic and anaerobic) can have a protective role against cofidsiobb2]. Jayaramante
al. (1999) showed that inhibited anaerobic biofilm of SRB can reduce corrosion of stainless steel
[152]. According toFigure5.19, in the first 4 days there is a resistance development due to
formation of biofilm. It slowly starts to decay after day 5. The decay is mainly due to aggressive
sulfide anions and D. bastinii switching to electron uptake from metal surface. Rp reaches 0.2
‘OB at the end of 2 weeks. In the D. vulgaris culture there was a more pronounced drop after
day 9, however in bastinii cultures the change happened gradually.

In the abiotic system, unlike the biotic one, Rp starts rising at the end of the test period.
This is an indication of protective corrosion layers formation on the surface of the electrode. Iron
sulfide is the main mineral formed during anerobic corrosion by SRB. Iron sulfide film protective
ability depends on the type of iron sulfide fornj&83]. However in absence of sulfide in the

abiotic media, the increase in Ran be due to precipitation of media components on electrode
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surface. Since in the abiotic system nutrients are not consumed and during electrochemical cycles

and longer exposure time they are likely to precipitate.
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Figure 5.19-Evolution of Rp over time for D. bastinii and abiotic system

5.3.8.2 Potentiodynamic current monitoring

Cathodic current was measured for D. bastinii dusi®gveek periodFigure5.20 shows
cathodic current density at three time poifigure5.20a shows cathodic current density a th
beginning of incubation on day 1 and 2. This is when Rp is high for the biotic system. The
cathodic current density in biotic system is larger than abiotic system but they are close in value
especially on day 1. At the midpoints (day 8 and 9) differemcathodic density of biotic and
abiotic systems diverges more. Biotic system has more than 1 order of magnitude higher current
than the abiotic system. SRB is inducing massive changes on the surface of the electrode. This
can be due to FeS formation agldctron uptake by D .dstinii. It was previously shown that
other potential MIC pathways (e.g cathodic depolarization) does not lead to cathodic current
surge[42]. This surge can be related to electron uptake from the electrode if it is not due to H
utilization bagd on cathodic depolarization theoryHigure5.20c cathodic current density in

biotic system even deviated more from abiotic sample. It was previously showrtibii bas
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remained active in 1250F media during 14 days and mass loss did not decrease after the first 7
days. The electrochemical results confirm this by continuous increase in amount of cathodic
current density. It can be inferred D. bastinii colonizethensurface of electrode and keep

consuming electrons from the metal surface inducing high currents on the surface of the

electrode.
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Figure 5.20-Cathodic current density vs. applied potential (displayed vs. standard Ag/AgCl reference electrode,
E (Ag/AgCl)) for incubated system with D. bastinii and abiotic system at different time gints. (a)Day 1 & day 2.
(b) Day 8& day 9. (c) Day 14. Abiotic system is shown with dashed line in all figures.

5.3.8.3 Corrosion potential monitoring
Corrosion potential was measured daily every 20s for duration of 1.5 hr. There was not

much of a change in corrosion potential in 1.5 hr. Thelues were averaged for that duration
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and presented iRigure5.21. Corrosion potential in the biotic system increased with time based
onFigure5.21. The corrosion potential started-693 mV (vs. Ag/AgCI). It quickly moved

towards more positive potentials within two days. It jumped more than 100 mV in two days and
reached524, which is greater than abiotic system potent&d2). Ennoblement happened in the
biotic system. As explained before, the shift of corrosion potential towards positive values is

called enobblement. This is an indication of accelerated cathodic red&8in
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Figure 5.21- Corrosion Potential (displayed vs. Ag/AgCl reference electrode) for D. bastinii and abiotic
system.
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Chapter 6 - MIC Modeling

This chapter is divided into two main sections. In the first section, initially a sensitivity
analysis is performed to evaluate the correlation of measured environmental parameters with
corrosion rate. Intercorrelation of environmental parameters is alsoigatest Then
experimental data were compared with field data to confirm the validity of data for developing a
predicting model. In the second section the modeling procedure is explained and final produced

models are discussed.

6.1- Sensitivity Analysis

6.2 - Background and motivation

Melchers and Wells (2005) suggested a phenomenological model for general corrosion in
marine environmerftL54]. This model consists of two main sections: aerobic and anaerobic
corrosion as shown iRigure6.1. There are four phaseepicted in this figure. Phadeand 2
describe aerobic corrosion. Anaerobic corrosion happens at phase 3 and 4. Based on this model
anaerobic corrosion starts with a higkerand as it shifts to phase 4, it gradually dissipates. This
slow down in corrosion rate can have multiple reasons. As time passes, more corrosion layers are
formed on the surface of metal that limit access teewmded metal. The inhabitant cells in
these layers also have limited access to nutrients due to slower diffusion of nutrients into the
layers. These eventually slow down corrosion over time. In this PhD work, similar trend was
observed from the experimental data. The corrosion rate sloweddioimg the second period.

Phase 3 and 4 were calibrated based on the data obtained from the experiments in this study. The
anaerobic corrosion was parameterized with three coefficients; Gz This parameterization
helps condensing all the dagathered in the study in a simple mathematical form that can be

used for comparison with field studies.
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Phase 3, is the initiation of anaerobic corrosion governed by SRB. In the marine
environment as oxygen is depleted on metal surface, SRB activities$ stepresents the slope
of mass loss curve at phase 3. Phase 4 represents thetesaayi state phase reached after phase
3. Phase 4 plays the key role in MIC prediction, since phase 3 is a temporary phase that will
transition into phase 4 eventuali represents slope of mass loss curve at phaserépresents
intercept of the curve at phase 4. The corrosion loss curves obtained in this study had similar
structure to this model. There was a sharp increase in the mass loss during SRieotive
(first 7 days), then the rate slowed down due to nutrition depletion (In a fewi caseka
negative value. This was becausday and 14ay tests were conducted on different samples.
Because once the coupon is withdrawn from the solution @sd toss is measured, it cannot be
placed back into the solution to measure corrosion rate for another 7 days). Nutrient diffusion at
field conditions has a more complex form, however it can be assumed by proceeding of corrosion
process and formation of wosion layers, diffusion of nutrients is hampered and cells suffer from
nutrition depletion.

i ,1,0¢& &ewere calculated for all of the samples in the study. Then the dependency of
these values on other parameters affecting corrosion likeei@ture, duration of immersion, etc.
was investigated. All these three values calculated in the study were compared with values

obtained from other field studies.
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Figure 6.1-Phenomenological model fogeneral marine corrosion of steel suggested by Melchers and Wells
(2005)

6.2.1 Correlation analysis
In this study, a relatively large dataset was produced in microbial corrosion. Corrosion

rates were calculated under 18 different environmental conditions (@&, 2 immersion
duration, 3 media) for two different SRB strains. The correlations amongst environmental
parameters and corrosion rate are calculated. The intercorrelations of environmental parameters
were calculated as well. This quantification halpsglerstanding MIC better. The media used in
this study curated different nutrients to SRB. Nutrient was shown to play a significant role in
MIC [154, 155] It was also showthroughout this study, thaR® behave differently in each
media. Therefore, correlation analysis was performed in each media separately. The
environmental parameters include: Immersion duration, pH of the solution, temperature, duration
of immersion, initial sulfate consumption rgfiesulfcons), secondary sulfate consumption rate
(2-sulfcons), mass loss rate ifiieek { ), slope of mass loss curve iff deek { ), and
intercept of the mass loss curve M\®eek ¢@d. (Note that sulfate consumption rate has a

negative vale. For 1sulfcons and 3ulfcons, absolute values were plugged in for correlation
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analysis). Correlation analysis was performed for each two parameters. Parameters with
correlation coefficient more than 0.5 were considered significant. This informatjmm he
identifying important parameters in MIC. As a reminder D. vulgaris was cultivated in 1249,
1249LF, and 1249.FR media. D. bastinii was cultivated in 1250, 1238 and 125€LFR

media.

6.2.1.1 Correlation analysis in 1249 media
The corrosion rate in this media was correlated with the immersion time. The correlation
coefficient is negative which means two parameters have indirect relationship. In this media, D.
vulgaris, consumerthost of the sulfataithin the first couple of daydS his means that the cells
started dying after 5 days, and the corrosion rate reduced duriny tieeR. So there were more
mass loss recorded in the first week than tHev@ek.
The pH of the media was correlated witsulfcons ¢eeandi . All the coefficients were
positive. Higher isulfcons and higher indicate more corrosion (highersuilfcons means
higher metabolic activity, highér means more mass loss within 7 days), which agrees with
higher pH. Because in this media, SRB took athg of lactate presence to produce more HS
These species scavenged protons in the solution and as result the pH increased.
Temperatures in this media was correlated wigandi . Highi andceeindicate higher
corrosion and having a positigerrelaton with temperature is expected
Immersion duration only had correlation with corrosion rate as mentioned before.
Sulfate consumption at the beginning of immersion period was correlated withiee
This shows how SRB metabokctivity directly impact all the parameters defining anaerobic

corrosion model.

Table 6.1-Correlation coefficients in 1249 media

Initial Sulfate
consumption Intercept | Slope Slope
pH Temperature| Duration | rate (629 @) ()
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Corrosion rate 0.362 | 0.260 -0.876 | 0.195 0.271 -0.175 | 0.342
pH 0.313 0.048 0.517 0.536 -0.430 | 0.582
Temperature 0.000 0.364 0.644 -0.490 | 0.731
Duration -0.037 0.000 0.000 0.000
Initial Sulfate

consumption rate 0.626 -0.561 | 0.612
Intercept -0.943 0.925
Slope () -0.746

6.2.1.2 Correlation analysis in 1249F media
Lactate was eliminated from 1249 media,thus the sulfate consumption pattern had
changed in this media. Sulfate consumption happened at two steps. Slope of the sulfate
consumption at both steps were included in the ¢
consumptionrate ¢ u | f ¢ o n s ndary salfatd cossemption rateg2u | f cons ) 0.
In this media, corrosion rate was correlated with temperattgelfdons, , andi . All
correlation coefficients were positive. Corrosion increased with increasing temperature in this
media. The highensfate consumption denoted higher corrosion rate. This is intuitive because
higher SRB activity induces more corrosion.
The pH was correlated withsulfcons. Apparently SRB activity during th& phase of
sulfate consumption triggered more pH decreahis Was previously shown in chapter 4 that
hi gher SRB activity at 35eC induced more corrosi
before, absolute values fors2ilfcons were used. This is because the larger absolute values denote
higher SRB activityand thus higher corrosion rate and it is easier to grasp in terms of numbers).
Temperature was correlated with corrosion rate asadlftons. First correlation was
discussed earlier. The positive correlation of temperature -gatficbns shows the highdre
temperature, the higher SRB activity, however care should be taken in extrapolation of

temperatures significantly higher than 45e¢C.
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No significant correlation was observed for this particular duration of immersion.

1-sulfcons was correlated directlyti . This says the mass loss rate in the first 7 days
was directly correlated with SRB sulfate consumption in the first 7 days.

Intercept {@ and slopei( of mass loss curve in the second week were inversely
correlated g@ewas correlated wiit corrosion rate and temperature, as mentioned befthis)is
expected because higher positive slopes lead to smaller intercepts. Mostloés obtained in

this study were positive.

Table 6.2- Correlation coefficients in 1249LF media

Initial Slope Secondary
Sulfate (i sulfate
consumptio | Intercept | Slope consumption
pH Temperature | Duration | n rate (Cze (i rate
Corrosion rate -0.333 | 0.772 -0.388 | 0.654 -0.199 0.662 0.809 | 0.395
pH -0.288 0.089 -0.038 -0.284 0.001 -0.418 | -0.922
Temperature 0.000 0.609 -0.273 0.726 0.806 | 0.413
Duration -0.494 0.000 0.000 0.000 | 0.028
Initial Sulfate
consumption rate -0.191 0.475 0.509 | 0.128
Intercept(Gae -0.804 | 0.135 | 0.233
Slope(i 0.481 | 0.106
Slope { 0.521

6.2.1.3 Correlation analysis in media 1249-R
Corrosion rate in media 1249R was correlated with duration of immersion and
Dependency of corrosion rate bnstates that the mass loss during first week was governing the
total mass loss.
pH was correlated with . This states that higher corrosion loss in the second week

occurred at higher pHs.
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1-sulfcons was correlated with. This means that initial s@lfe consumption had a direct
relationship with mass loss in the first 7 days.

cah , andi , were all intercorrelatedaewas also correlated with<ulfcons.

i was correlated with pH andsllfconc as mentioned before.

i was correlated with-8ulfconc corrosion rate ande

Table 6.3- Correlation coefficients in 1249LFR media

Initial Secondary
Sulfate Slope | sulfate
consumptio | Intercept | Slope (i consumption
pH Temperature | Duration | n rate (Cae (i rate
Corrosion rate 0.162 0.462 -0.657 | -0.007 0.385 0.075 0.641 | 0.430
pH 0.190 -0.111 | 0.436 -0.414 0.645 -0.022 | -0.424
Temperature 0.000 0.448 -0.022 0.577 0.499 | 0.330
Duration 0.063 0.000 0.000 0.000 | -0.081
Initial Sulfate
consumption rate -0.398 0.552 -0.083 | -0.340
Intercept e -0.753 | 0.795 | 0.647
Slope(i -0.198 | -0.380
Slope { 0.613

6.2.1.4 Correlation analysis in media 1250
Corrosion rate in media 1250 was correlated withggsl,and time of immersion. Higher
pH indicated higher corrosion rate, which make sense in this media because SRB grew very well
in this media and sulfide production was not hampered due to presdacttd. Therefore there
was moréQY species to combine with protons.
The correlation withizeis harder to interpret. If the mass loss rate in the second week is
very high, this high slope can lead to snat/alues. On the other hand higiecan be an

indication of high mass loss in the first week and not necessarily high mass loss in second week.
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Correlation with immersion duration is also hard to rely on since there were only two
immersion periods tested.

pH was correlated with corrosioneaind . Higheri values had higher pH. Higher
i means higher corrosion loss in first week, which agrees with increasing pH due to consumption
of protons in the solution BQ'Y species.

Higher consumption rate in the first 3 days was correlatttdlower corrosion loss in"2
week. This can be due to cells shrinkage"tw2ek because of less available sulfate in the
solutionand inhibition of cells by k5. In the samples that consumed more sulfate at the
beginning of incubation, there wdess corrosion loss at th&2veek since they cell population
started to diminish earlier.

All coefficients for parametric corrosion modeddi , andi ) were intercorrelates
Highercaewas correlated with lowér, which is expected. Thewer the slope, the smaller

would be the point the line crosses vertical axis.

Table 6.4- Correlation coefficients in 1250 media

Initial Sulfate
consumption Intercept | Slope Slope
pH Temperature| Duration | rate (G2 i) @)

Corrosion rate 0.541| 0.317 -0.553 | 0.030 0.543 -0.429 | 0.613
pH 0.239 0.323 -0.147 0.390 -0.247 | 0.502
Temperature 0.000 0.163 0.378 -0.264 | 0.461
Duration 0.040 0.000 0.000 0.000
Initial Sulfate
consumption rate 0.484 -0.660 0.268
Intercept -0.959 0.959
Slope () -0.571
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6.2.1.5 Correlation analysis in media 1280~

In media 1249_F, the corrosion rate was correlated withandi . This is a good

indication that these two parameters desatidreosion very well.

pH was correlated with temperature. Higher temperatures led to higher pH in cultures.

This means that corrosion process through sulfide species was enhanced by temperature. pH was

also correlated witlizeandi . However data poist

at

elimination of those data no correlation was observed.

45¢eC,

skewed t

he

Temperature was correlated wiid#i  andi . The first correlation was positive.

However the Pw a s

negative

becaus e "aveek. FHisgala poimhagsirs

skewed the results. Temperature antlad a positive correlation that was not impacted

significantly with the data point at 45e¢C.
Table 6.5- Correlation coefficients in 1250LF media
Initial Secondary
Sulfate Slope | sulfate
consumptio | Intercept | Slope ( consumption
pH Temperature | Duration | n rate (Cze (@ rate
Corrosion rate -0.217 | 0.110 -0.116 | -0.200 -0.253 0.601 0.730 | 0.259
pH 0.617 0.458 0.492 0.688 -0.607 | 0.195 | -0.025
Temperature 0.000 0.331 0.896 -0.614 | 0.631 | -0.333
Duration -0.365 0.000 0.000 0.000 | 0.325
Initial Sulfate
consumption rate 0.488 -0.496 | 0.000 | 0.085
Intercept Gz -0.891 | 0.267 | -0.296
Slope(i 0.424 | -0.265
Slope ( -0.364

dat a
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6.2.1.6 MIC in Media 1256LFR

In media 1256LFR, corrosion rate was correlated with pH, temperaﬁaadéandi . The
correlation with pH was negative. In this media, less SRB growth was observed and therefore less
"OY species were formed. Higher corrosion rates at lower pH can be due to aggressive attack of
SRB under lactate starvation. They corroded carbonlsgaeking up electrons from the metal
rather than producing sulfide species. Corrosion rate also increased with higher temperatures.
Corrosion rate was correlated with mass loss within the first week. Correlatiogeedtn be
both due to highear or loweri values.

pH had a weak correlation with sulfate consumption rate in the second week. The
correlation is weak because pH had a very narrow range in comparissnlfodhs.

Temperature had a good correlation witlandi (and corrosionate as mentioned
before). Higher temperature led to higheandi values. Temperature can be considered as one
of variables impacting coefficient of parametric corrosion model. Empirical relationship of
coefficients and temperature can be develdpathable predicting these coefficients based on
temperature. The relationship of these coefficients and temperature is evaluated in the further
sections.

1-sulfcons had an inverse relationship witeufcons. At higher sulfate consumption
rates durindirst week, less sulfate was remained for second period. Therefuléc@ns was
smaller.

caedd & Qwere correlated which is expected because they are two coefficients describing

one line.

Table 6.6- Correlation coefficients in 12560LFR media

Initial Secondary

Sulfate Slope | sulfate

consumptio | Intercept | Slope (i consumption
pH Temperature | Duration | n rate (Cae (i rate

10€



Corrosion rate 0.634 | 0.742 -0.290 | 0.071 0.033 0.583 0.841 | 0.205
pH -0.232 0.496 0.104 0.060 -0.414 | -0.483| -0.562
Temperature 0.000 0.415 0.033 0.537 0.777 | -0.216
Duration -0.175 0.000 0.000 0.000 | 0.067
Initial Sulfate
consumption rate -0.048 0.032 -0.023 | -0.509
Intercept cae -0.735 | 0.379 | 0.086
Slope(i 0.349 | 0.057
Slope { 0.197

6.2.2 Corrosion coefficients of the field vs. lab

According to the phenomenological corrosion model suggested by Melchers and Wells
(2005), 3 coefficients can be used to describe anaerobic corraaongndi . These
coefficients were calculated for the results obtained at field are summarizedl@®.7. Similar
process was carried on the data fithis study. These three coefficients were calculatekis
study The units were changed from US to Sl system to be compaodigl results deewas
calculated in mmi andi were calculated in mm/yr. In the next sections lab coefficiemts ar
compared with field coefficients. It is hard to control all the conditions at the field. Even some of
the reported field studies demonstrated wide scatter among corrosion rates from samples at one
site locatio{156]. Conditions including salinity, pH, water velocity, carbonate balance does not
stay constant down the stream in the pipe. Controlled lab experiments help relating those

envronmental conditions to corrosion rate values and make a more conclusive assessment.

Table 6.7- Estimates of Parametric coefficients for anaerobic corrosion ithe literature

Source Referenc  Average ta ra cs rs c's Steel
e water type
temperatur
e
Koshelev Grit-
and [157] 4 4.54.6 0.075 0.26 0.06 blasted
Rozenfeld mild
steel




Blekkenhors 0.12 Mild

tetal [158] 10 3-3.5 0.14 0.6 0.05 0.3 steel 14

Southwell 0.18 Mild
and [160] 27.6 0.25 0.07-0.1 0.7-0.75 0.05 carbon
Alexander steel

Friend 7.8 3.5

[162] 17.9 0.12 0.072

Larrabee [163] 185 15 0.12 0.062

Forgeson et 155 1.7 0.4

al. [165]

Jeffrey and

Melchers [167] steel

6.2.2.1 i

i represents slope of corrosion loss curve vs. time in the initial incubation phase

(first 7 days). This is temporary phase and transition to phase 4. Experimental data showed that at

field conditions, this phase caange from 2 weeks to couple of months. Duration of this phase is
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dependent on initial colonization rate, cells attachment to the surface of metal, and availability of
nutrientg[168]. Under experimental conditis in this PhD work, this phase expected to be
shorter due to suitable conditions provided for incubation including: optimal temperature during
incubation period, stagnant conditions in comparison to mild to high flow rates at field, higher
nutrient availaility, and complete exclusion of oxygen. Phase 3 was assumed to be 7 days in the
experiments designed for this study. During thaay periods, SRB cultures had highest

metabolic activity, after this period the metabolic activity slows down so doesrtiosion rate

and the corrosion rate pattern changes. Basd@dble6.7 data,i values range from 0.075 to 0.4
mm/yr at field conditiond. values obtained in thistudy range from 0.19 to 5.8 mm/yr. The
noticeable point is that values in 1249 media are significantly higher than other two media.
They range from 3.4 to 5.8 mm/yr in 1249 media. This clearly shows the effect of nutrient
availability on corrosionin this media all vital nutrients for SRB growth was pdw®d. This is

not the case undéeld conditions. Sulfate content is lower and organic electron donors have
limited availability unless the seawater is pollufg69]. Elimination of lactate from the media
suppressed values significantly. The range in LF and LFR media drops to 0.88 mm/yr.

1250 media also has relatively highewvalues than LF and LFR media, it varies in 01385

mm/yr range. Based dfigure6.2, D. vulgaris (cultured in 1249) demonstrated more corrosive
capability towards iron than D. bastinii (cultured in 1250). Comparison of similar media (i.e
1249LF vs. 1250LF, 1249LFR vs. 1256LFR) incubated with D.vulgaris vs. D. bastinii shows
that D. vulgaris had higher upper range oé.g. highest value in \A\LFR was 0.88 mm/yr

while corresponding value in-BFR was 0.51 mm/yr. Last box Figure6.2 showsi values in

sterile 1250 media. It can be seen that they are smaller in comparison to media containing SRB.
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Figure 6.2-ra valuesobtained in the lab in 6 testmedia

Former studies showed thatvalues can be highly affected by temperafti#d].
Temperature can be considered as a calibrating parameiterFagure6.3 andFigure6.4
demonstraté values as a function of temperature for D. vulgaris and D. bastinii, respectively.
Similar scale was used for D. bastinii. However for D.vulgdugsscale of media 1249 is
different due to higher values in this media. For both strains an increasing trend with
temperature is observed. The trend is more pronounced in 1249 and 1250 media due to higher
overall values of . Rise in corrosion ks happens with increasing temperatures in all media for
both SRB strains at incubation period.

Figure6.5 showsi values as a function of temperature for fidita. The exponential
change due to temperature rise is slightly higher for field data, but they are still comparable with
lab results. This slight difference can be due to wider range of temperatures at field. Field data

i ncluded t e mpecC. 8dcerialadivitpas thesedempesasuregtage minimal.
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Therefore there is more variabilityinv al ues measured at 4eC
temperatures | ike 35e¢eC.
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Figure 6.3- ra asa function of temperature for D. vulgaris in (a) 1249, (b) 1249F, (c) 1249LFR media.
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Figure 6.4- ra as a function of temperature for D. bastinii in (a) 1250, (b) 125QF, (c) 1250LFR media.
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Figure 6.5- ra as function of temperature for data obtained from field

6222 i
i represents corrosion loss in the second week of immersion. Unlike first week, all
corrosion loss was not increasing for all samples. There were slight drop in corrosion loss in some

samples. Note that iday samples andday samples are different couporms separate coupons
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were placed for 7 days and 14 days in solution. So $or@aues were negativ€igure6.6

showsi rangein differenttestmedia. SRB aevity significantly drops in original growth media
(1249 & 1250) after first week because most of the sulfate is consumed in the first week. This
sulfate depletiomlong with HS productiorimpedes further multiplication of SRB therefore
corrosion rate aips. That is why in both of these media negatiwalues are obtained.

In the LF media, no negativevalue is recorded. This is because cell multiplication
happens during the whole period with a slower rate, instead of all the cell multiplication
happening at the first week with higher rdtess HS is produced as well due to smaller cell
population.This pattern change in this media is due to limitation of nutrients. The sulfate
consumption during the first and second week was almost equad imékiia. As a result, there is
no drop in corrosion loss during second period. Interestingly, LF media for both SRB strains (V
LF and BLF in Figure6.6) had highest values.

i values are generally smaller tharvalues, however they have the key role in
determining overall corrosion rafte70]. Figure6.6 shows how the elimination of organic
electron donor changes the letagm corrosion pattern. Intuitively, it is expected that the
elimination ofnutrients suppress corrosion, however, it is the other way around. Elimination of
lactate increasesorrosion rat@vertime (higher values indicating higher corrosion loss).

i values under field conditions ranged from 0.05 to 0.75. Similar rangefserved for
i values in this study-Q.7-0.62) (excluding negative values). In the ldegni value
determines the corrosion rate. Therefore this good agreement with field and lab conditions

enables us to have an appropriate prediction oftermg corrosion.
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Figure 6.6- »yvaluesobtained in the lab in 6 testmedia.

i as a function of temperatufer D. vulgaris in different media are depictedFigure

6.7. Due to presence of negative values in 1249 and LFR media a trend cannot be visualized.
However, inLF media an increasing trend with temperature is observed. This figure also shows

howi values are suppressed in 1249 media. LF media clearly had higladwes.

Figure6.8 shows the dependenceiofon temperature for D. bastinkigure6.8-a

resembles its counterpart for D.vulgafsgure6.7-a). In these two figuresporosion loss

dropped during second period with increasing temperatures. In media 1249 and 1250, due to
availability of nutrients SRB were highly active within first week and consumed most of the

sulfate, so the SRB activity diminished during second widelwever, this negative values dot

occur in real life.

a.
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Figure 6.9- »yas a function of temperature for data obtained from field

6223 cee
caereperesents thatercept of this lingb € 1 1 &8 €Q€iE0  dae Highest recorded
value forceeis 0.041. At field conditiongi@eranges from 0.05 to 0.Ranges of lab and data are
close overall. However very little data were gatheredad@@mMost of field studies measures
which is the intercept with phase 1 y axt$gure6.1). Therefore, a comprehensive conclusion
cannot be made. Drawing conclusion basedsenan be misleading, since this value is
dependent on parameteri values were analyzed in previous sectiigure6.10is only

included to provide the range of this parameter.
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Figure 6.10-Jsgvaluesobtained in the lab in 6 testmedia.

6.3- Modeling

In this section, two distinct models developed for MIC prediction are discussed: multiple

linear regression and artificial neural network based models.

6.3.1 Regression modeling
Regression analysis is the most commonly used statistical methodology appliéd to rea
world phenomen§l71]. Many other modeling tools have foundations in regression analysis.
Regression analysis helps looking at +watld phenomena quantitatively and improves our
decisionmaking strategies. In this section, regression models deactfop anaerobic MIC, are
discussed. Two main regression models are developed; mialté/eegression model, and
logarithmic multivariateegression. These models are statistically analyzed and compared.

Regression models were developed using R libraries.
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6.3.1.1 Multivariate linear regression model

Initially a multivariate linear regression (MLR) model is built based on experimental
data. A set of predictor variables is considered as discussed in the correlation analysis section to
predict mass loss. These vateghare: bacteria type, media type, pH, temperature, exposure time
(duration), and sulfate consumption rate (X1_sulfcons). Among the aforementioned predictors,
two of them are qualitative values: media type and bacteria type. In order to include these two
variables in the model, they are turned into binary values. For representing categorical variables
(i.e. bacteria type and media type), number of bivatyed columns should be one less than the
number of different types in the dataset. Therefore, tesept two bacteria types with binary
variables, one column with 0 and 1s suffice, with 0 indicating one bacteria type and 1 the other.
Also, to represent 3 different media types in the dataset, two binary columns, representing two of
the media types areegerated and included in the model. At most one of these two columns can
take a value of one, and two zeros indicates the third media type.

As a first step, a linear model is fitted using all the available predictors. Summary of this
model is presentedhiTable6.8. Regression standard error shows how far the fitted data are from
observed values. It has same unit as the response function, which is in grams. Coeffficien
determination and adjusted &e also presented. Adding more variables to the linear regression
model always improves?RTherefore, adjusted?is a better criterion for comparing models with
different sets of predictors as it does not necessagdhgase with addition of predictors to the
model, as there exist a penalty term for number of predictor variables included in the model.

Generally, to determine whether any of the regression parameters are statistically non
zero, global usefulness testpisrformed. Null hypothesis for this test assumes that all regression
parameters are zero. Alternative hypothesis states that at least one of these coefficients is not
zero. If the null hypothesis is rejected then we can proceed to calculate regressim@igrar
value for this test was 7.05*Ipwhich is very small and the null hypothesis is very unlikely to be

true.
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Once the regression parameters were calculated, student t test is performed on each of the

coefficients for statistical evaluation. Null gthesis for this test assumes a specific coefficient is

zero while alternative hypothesis assumes it isze. All of the parameters turned out to be

significant for this analysis. Results of the student t test and coefficients for each variable are

shown in Table6.9; First column shows coefficients and intercept of the model. Last column

shows probabilities calculated for each t value. All of the probabiliteeseny small, indicating

the rejection of the null hypothesis with high probability (the coefficient being zero, i.e. not

significant) except for pH. Therefore, all predictor variables should be included in the model.

Since a simpler model is more favomhs the next step, a new regression model is built by

removing pH. Summary of this model is also presentdabie6.8. R squared dropped less than

4% and pH seents be a noanfluential parameter.

Table 6.8-Multiple linear regression model summary

Name Sample size Multiple R Adjusted R Regression
squared squared Std.Error

MLR 76 0.444 0.3869 0.02408

MLR exc.pH 76 0.4271 0.3773 0.02427

Table 6.9- Coefficients attained for multivariate regression model

Estimated Std. Error tvalue Pr(>|t])

coefficient
(Intercept) -0.0473435 0.0380577 -1.244 0.21777
pH 0.0070611 0.0048973 1.442 0.15394
Temperature 0.0019557 0.0004167 4.693 1.35E05
duration 0.002637 0.0008272 3.188 0.00217
bacteria_type vulgaris -0.0107318 0.0055809 -1.923 0.05867
media_type 1249 FR  -0.0163771 0.0067598 -2.423 0.01807
media_type 1249 0.0223291 0.0113525 1.967 0.05328
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X1_sulfcons -0.0241868 0.0111126 -2.177 0.03299

Assesing the residuals of the model are an important step in regressidimgi@s they
can show whether the underlaying assumptions of the regression model are awtjalyd they
can indicate outlier data points. Standardized residuals for each fitted data point in MLR model
are demonstrated FFigure6.11. Residuals appear to be spread randomly around their mean.
Residuals have a small deviation, except for a few points that are marked with numbers (points
29, 47 and 62).

Residuals should also follow a normal distribution, which is checked by looking at the
QuantileQuantile plot (QQ plot). QQ plot is an excellent tool to check whether a dataset
follows a distribution or not. The data set is divided into quaraesellas the probability
distribution. If plotted points of observation quantiles vs. distribution quantiles, fall on the
diagonal line, population is following the specified probability function distributiayure6.11-

b shows the normal distribution-Q plot of the residuals. They seem to follow the normal
distribution fairly well, except at very low probabilities and very high values, that could be partly
due to outlies that are identified with numbers on the plot. Residuals is a good way of detecting

outliers.
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Figure 6.11- a. Standardized residuals vs. fitted values for the multiple regression model, b. quaetiquantile
plot of residuals for the multiple regression model

Anot her met hod to identify outliers is throui
distance not only takes into account data points with unusual responses (y values), but also
identifies samp responses with unusual predictor values (values with high leverage). Leverage
represents values with unusual predictbigure6.12s hows Cook 6 s edidualiohnce f or
t he model . I f residuals are beyond Cookds distar
data and biasing the model. One of the data points (point £1gune6.12is very close to

Cookds distance.

Standardized residuals

Cook's distafis
T T T T 1
0.00 0.05 0410 045 0.20

Leverage

Figure6.122Cook 6s di stance for the multiple regressio
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Now that the outliers are detected, all previous analysis are repeated for MLR model,
with exclusion of the three potential outliers from the data set. Summary of the newly fitted
model is presented ifiable6.10. Both'Y and adjusted¥ has improveanore than 40%. New

regression coefficients are presented@aile6.11. The coefficients did not change significantly.

Table 6.10-Multiple linear regression model summary without 3 outliers

Name Sample size Multiple R Adjusted R Regression

squared squared Std.Error
MLR wo 73 0.6213 0.5805 0.01835
outliers

Table 6.11- Coefficients attained for multivariate regression model without 3 outliers

Estimated Std. Error t value Pr(>|t|)

coefficient
(Intercept) -0.0520821 0.0300051 -1.736 0.087342
pH 0.0063967 0.0038602 1.657 0.10232
Temperature 0.0021003 0.0003276 6.41 1.88E08
duration 0.0034933 0.0006422 5.44 8.66E07
bacteria_type vulgaris -0.0109045 0.0043654 -2.498 0.015032
media_type 1249 FR  -0.0213496 0.0052575 -4.061 0.000134
media_type 1249 0.0173274 0.0087385 1.983 0.051608
X1_sulfcons -0.0267189 0.0086559 -3.087 0.002973

Residuals plots better visualize the improvement in the model. The standardized errors
range clearly shrunk{gure6.13-a). Residuals are spread better around their mean value, and
residuals follow the diagonal line in theggplot Figure6.13-b) more accurately. Covariance of
predictors are also calculated for both linear models (w/ & w/o outliers). This information is
included in the appendix.

a. b.
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Figure 6.13- a. Standardized residuals vs. fitted values for the multiple regression model without outliers, b.
guantile-quantile plot of residuals for the multiple regression model without outliers.

6.3.1.2 Logarithmic Multivariate regression model

In logarithmic multivariate rgression model, a MLR is built to predict logarithm of the
response variable (i.e. mass loss) based on logarithm of numerical predictors and categorical
variables. A logog model represents a ntinear relationship between the predictors and the
responseMoreover, it helps to reduce the adverse effect of outliers and points with high
leverages. Since removing an observation to attain better fit of the data can be considered as
manipulating analysis towards our purposes arbitrary elimination of poimts &ppropriate.
Logarithmic transformation can reduce the adverse effect of extreme observations without their
complete removal from the data set.

When a logarithm transforms the nlimear relation of the predictors and response into a
linear relationsuited for a MLR. Assume the following relationship between response variable A
and numerical predictor C and categorical predictor B:

0 | 1 o) Eg. 6.1
Ub and o are the par ateddytakingthetlogasithmaittee d t o be

two sides:

TTec 11ic 111¢co6 1 116 Eq.6.2



