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Preface

Microbiologically influenced corrosion (MIC) has been in focus for some decades causing
severe and rapid corrosion failure in industrial systems. Beside the damage to industrial
applications as in power plants, oil and water industry failure due to MIC was also reported
for materials exposed to freshwater, seawater and pure waters.

The microbiological processes are not causing corrosion damage directly, but these rather
accelerate or initiate local electrochemical reactions. The type of corrosion damage is in
itself not distinctive as the presence of organisms involved e.g. bacteria, fungi and algae
make failure analysis quite difficult and imprecise.

The first report of MIC goes back to the 18% century and up to now MIC has been reported
in various case studies including metallic and non-metallic materials. The central problem of
MIC is the general underestimation in relation to costs. Until know only rough estimations of
MIC related expenses are available but it is agreed that around 50% of the total corrosion
costs are related to MIC worldwide (Fleming, 1996)*.

This thesis will give an overview on the different approaches to determine MIC by
interdisciplinary science including electrochemical, surface analytical and microbiological
analysis. We will start our microbial corrosion journey by reviewing the structural properties
of ship ballast tanks and the main environmental conditions in these enclosed marine
structures in relation to various forms of corrosion.

The second chapter deals with a case study conducted in a real scale ballast tank and with
the organisms associated with the corrosion sites.

The third chapter introduces several electrochemical detection techniques for lab scale
experiments dealing with the impact of MIC.

The last chapter will give an outlook on more advanced local techniques to study MIC on the
micron scale adding knowledge for future research.

The thesis is indented to give an overview on the topic of MIC in enclosed seawater
environments, serving those interested in the impact of microorganisms in the deterioration
of materials and helping them to prevent damage to vital structures in ships.

* Fleming HC (1996) Economical and technical overview. In: Heitz E, Flemming HC, Sand W (eds)
Microbiologically Influenced Corrosion of Materials. New York: Springer-Verlag, pp. 6-14.



Research Aim and Outline

The overall scientific objective of the project is to conduct a detailed investigation into the
chain of events leading to MIC at material/water interfaces in ship tank environments,
aiming to fully understand the interactions between biological and electrochemical
processes and to identify triggers that initiate crucial steps in the MIC pathway. The ultimate
goal is to use this knowledge to better detect, prevent and manage MIC in ship ballast tanks
(SBT).

MIC is known to be a dangerous process in ship tanks due to its rapid unpredictable
occurrence, leading to extremely fast local corrosion, leading to perforation or severe
reduction in strength in a short time. This project focuses on a fundamental understanding
of MIC processes in ship tank environments where both aerobic and anaerobic biofilms
develop resulting in aggressive corrosion.

Fundamental understanding of the dominant parameters considering Material, environment
and bacteria will be addressed. The knowledge generated in this project will contribute the
development of advanced MIC detection techniques. Major benefits from the project
outcome include reduction of downtime, increased safety, reduced pollution risk and better
MIC prevention technologies.

In this project the MIC process will be investigated in a multidisciplinary way, covering
microbiology, biochemistry, surface chemistry and electrochemistry. The diagram below
illustrates the general approach.

Fig. 1. Schematic structure of research approach
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For this approach the research questions are treated in 4 different chapters (Figure 2).

Microbiologically Influenced Corrosion
in ship ballast tanks

| 1. Why are SBT prone to MIC ?

| 2. MIC in SBT — “A case study in natural environments”

| 3. Electrochemical detection techniques in MIC — “Laboratory models”

| 4. Advanced local techniques to study MIC |

Fig. 2 Schematic structure of thesis chapters

Chapter 1 reviews the problem of MIC in SBTs from environmental and
electrochemical point of view.

Chapter 2 comprises a field survey to study the microbial diversity shifts of attached
biofilms within ship ballast tanks. Microbial community studies were combined with
electrochemical corrosion rate measurements and revealed for the first time a
correlation of microbial biofilms and corrosiveness in different height levels inside of
a real ship ballast tanks.

Chapter 3 covers a step-by-step investigation of the MIC chain of events. It covers a
detailed investigation during built up of corrosive biofilms such as local corrosion
phenomena. For this approach three different experimental routes were followed.

Chapter 4 covers the study of localized corrosion reactions on metal surfaces caused

or accelerated by microorganisms by local microscopic and electrochemical
techniques.
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Abbrevations

Ag/AgCl Silver/Silver Chloride electrode

AFM Atomic force microscope

(m)-ASW (modified) Artificial Seawater

APB Acid-producing bacteria

BBS Basal Salt Solution (minimal growth medium)
BBS+S° Basal Salt Solution (minimal growth medium) + Sulfur
CPE Constant phase element

DAPI 4.6-diamidin-2-phenylindole (nucleic acid dye)
EDX Energy Dispersive X-ray spectroscopy

EFM Epifluorescence microscope / microscopy

EIS Electrochemical Impedance Spectroscopy

EPS Extracellular polymeric substances

LPR Linear Polarization Resistance

MIC Microbiologically Influenced Corrosion

MICI Microbiologically Influenced Corrosion Inhibition
ocp Open Circuit Potential

oM Optical microscope

SBT Ship ballast tank

SECM Scanning electrochemical microscope / microscopy
SEM Scanning electron microscope / microscopy

SRB Sulphate-reducing bacteria

SSTMS Simulated ship tank model system

SVET Scanning vibrating electrode technique

SW Seawater



Symbols and constants

C Capacitance

D Effective diffusion coefficient of the particle
Ecorr Corrosion potential

h hours

i Current density

I Current

L Effective diffusion thickness

n CPE parameter

R Electrical resistance

Rs Solution resistance

Rp Polarization resistance

t time

Y Admittance

Y, Admittance amplitude

W, Warburg diffusion element, semi-infinite diffusion
z Impedance

1ZI Impedance magnitude
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Chapter 1 Why are SBT prone to MIC?2 — A review

Chapter 1
1.1 Ship ballast tanks a review from
microbial and electrochemical point of view
Abstract

Microbiologically Influenced Corrosion (MIC) is the term used for the phenomenon in which
corrosion is initiated and/or accelerated by the activities of microorganisms. MIC is a very
serious problem for the ship industry as it reduces structural lifetime and increases
maintenance costs. This review aims to focus on the importance and mechanisms of MIC in
ship ballast tanks (SBTs). Part one presents a literature review of general aspects of ballast
tanks: structural properties including predominant environmental conditions. Part two
summarizes the fundamental corrosion mechanisms within ballast tanks from an
electrochemical point of view. Part three links microbial corrosion mechanism with
electrochemical processes summarizing types of microorganisms, mechanisms of MIC and
possible triggers for biofilm formation within this enclosed environment. Part four gives an
outlook on surface treatment and coating application in SBT. The last paragraph considers
the practical aspects of MIC detection, identification and possible counterstrategies for
engineers and inspection personal. This paper gives a comprehensive overview of MIC
processes in ship ballast tanks in particular addressing the practical relevance for engineers,
equipment manufacturers and environmental scientists.
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1. Ship ballast tanks
1.1 Historical aspects and application

A ballast tank is a compartment within a boat, ship or other floating structure that holds
water. All vessels have ballast water tanks to adjust the ship’s draft, buoyancy and trim
under different operating conditions. From the 1880s onwards, water was used for ship
ballasting. This decreased time-consuming load of solid material e.g. stones used as ballast.
Small vessels may have a single ballast tank in the middle or multiple ballast tanks typically
on both sides. Large bulk carrier and oil tanker have several ballast tanks including double
bottom tanks, wing tanks as well as forepeak and aft peak tanks. In ship construction, a
ballast tank is usually centered at the lowest point of the hull (Figure 1). By positioning
multiple ballast tanks around the ship, local weight reduction by fuel consumption and
stormy weather conditions can be balanced increasing ship stability. Ballast tanks can be
filled or emptied with water in order to adjust the amount of ballast force. Ballast tanks are
usually filled when cargo is being offloaded, and discharged when cargo is being loaded.
When ships take in water for ballast in port, they also take in organisms, which are present
in the water. These organisms are then transported, and are potentially introduced into the
waters of the harbors along the vessels' routes as ballast tanks are emptied each time cargo
is loaded. It is well documented that ballast water is a major pathway for aquatic species
introductions around the world (Haelegraeff and Bolch 1992; Hamer et al. 2000; Gollasch et
al., 2002). Today 80% of the world's trade volume is transported by ships (Peters, 1993). In
many cases half of a given voyage must be undertaken in ballast conditions to compensate
the absence of cargo. This emphasizes the huge volume of ballast water, which is transferred
all over the world and the importance of ship ballast tanks (SBT) on the lifetime and safety of
a ship.

Cargo Cargo Cargo

Ballast
Ballast

Ballast ’ ‘ Ballast

Ballast Ballast

Fig. 1: Typical cross-sectional view of ballast tank positions within ships. (a) tanker; (b) bulk vessel

Typical vessel types and their ballast requirements can be broadly classified as provided in
Table 1. The capacity, location and flexible use of ballast tanks are a crucial point in ship
design. Rough operational conditions, such as wet/dry phases during load/unload conditions
and structural aspects make SBTs difficult and expensive in maintenance and inspection.
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The complex structure of a ballast tank results from stiffeners, edges and corners forming
the basic skeleton of a ship. Inner surface areas of SBTs are enormous, classically in the
range of 1.5 to 7 million m?. Ballast capacities depend on the ship size and therefore range
from single cubic meters for sailing boats up to 200.000m> for large cargo carriers. Ballast
water is taken on board using sea chests, pumps or by gravity feed. As a consequence of
remaining water when off-loading (retarded by stiffeners) sediment accumulates within
SBTs. Studies have shown that at least 65% of ships were carrying significant amounts of
sediment on the bottom of their ballast tanks (Hallegraeff and Bolch, 1992; Hamer et al.,
2000) which is a potential source for nonindigenous organisms (Gollasch et al., 1998).

Table 1
Ballast requirements and corresponding ship types.*
Ballast requirement Ship types
(Reason for ballast water uptake)
Cargo replacement Dry bulk carriers
Ore carriers
Return voyage Tankers
Oil bulk ore carriers
Control stability, trim Ferries
General cargo vessels
Passenger vessels
Fishing vessels
Fish factory vessels
Military vessels
Large volumes, discharged Heavy lift vessels
in same location
Military assault vessels
Barge-carrying cargo vessels
Vessel control Container ships

(*Stemming the tide, Introduction of Nonindigenous Species by ‘Ship Ballast Water
by National Research Council (U.S.), 1996. Committee on ships’ Ballast Operations)

1.2 MIC related costs for the ship industry

Ship ballast tanks are prone to MIC as they are continuously flushed and filled with seawater
to trim the shipload with dry periods in between during which the humidity in the tanks may
increase up to 95%. Corrosion rates ascribed to MIC in tanks of ships have been reported in
literature. Huang et al. (1997) reported excessive pitting corrosion up to 2mm/yr on the
uncoated carbon steel bottom plating. Cleland (1995) stated even 6mm/yr. for the bottom
plating.

Water ballast tanks are an integral part of every ship and although these areas are not
revenue earning, they can be a critical expense item particularly if steelwork replacement as
a result of corrosion is required.
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Due to the fact that large cargo vessels and oil tankers have hundreds of thousands square
meter ballast tank surface, corrosion prevention and even more reconstruction if prevention
fails is extremely costly.

Since 1990 water ballast tanks have become the subject of a number of regulations from
institutions such as the International Association of Classification Societies (IACS) and the
International Maritime Organization (IMO). One of the main reasons for increasing
regulatory activity was the large number of ship losses that occurred in the 1980’s where
corrosion contributed to the failure of the construction. The break-up of the single hull
tankers Exxon-Valdez (1989) and Erika (1999) should be mentioned here.

1.3 Material and environmental conditions
Nowadays mild and low carbon steels as listed in (Table 2) are typically used for ballast tank
constructions due to their performance (ASTM A131) and cost efficiency.

Table 2

Elemental composition of mild & low carbon steel
Elements [c [si Mn P s Cu Ni Ti v
Mild steel (higher strength steel)
Composition in wt.% 0.17 0.25 0.70 0.018 0.007 0.04 0.01  0.002 0.001
Low carbon steel (ordinary strength steel)
Composition in wt. % 0.15 0.40 1.45 0.015 0.015 0.035 0.025 -

The material is used in form of steel plates, shapes, bars, and rivets for ship construction.
Beside choice and property of construction materials, important for SBT structural
properties, environmental conditions as the water have to be taken into account. Depending
on the uptake region of the ballast water, salinity, temperature and pH can vary
considerably. Temperature of seawater shows a wide variety in the surface layers due to sun
radiation, absorption, evaporation, rainfall and heat exchange with the atmosphere within a
range from -2°C to 28°C (Pickard and Emery, 1982). Seawater salinity ranges between 3.3
and 3.8wt% (Yebra et al., 2004), containing a wide variety of ion species, but mainly NaCl,

creating a “neutral” pH between 7.5 and 8.3.The following review part will give an outlook
on corrosion processes in marine environments incorporating SBTs and microbial

participation.

2. Corrosion and microbial interactions
2.1 Corrosion
The corrosion process in general can be defined as electrochemical interaction between a

metallic material and its environment. A detailed discussion of corrosion processes is outside
the scope of this review. For further information on this topic reviews (Jones, 1991;
Groysman 2010) can be advised. However since microbiologically influenced corrosion is not
a new type of corrosion, it is necessary to summarize briefly the electrochemical process of
corrosion before the mechanisms of MIC are discussed.



Chapter 1 Why are SBT prone to MIC?2 — A review

Corrosion occurs because of the natural tendency for most metals to return to oxidized
species in nature originally in ores. This typical metal behavior will be illustrated by iron. The
most common iron ore, hematite is an oxide of iron: Fe,0s.

The most common product of the corrosion of iron is rust FEOOH, where iron has recovered
its 3+ valency, due to interaction with the oxidizing environment.

A corrosion reaction involves the transfer of electrons through coupled oxidation and
reduction processes. In electrochemical reactions, the electrons are produced at the anode
(oxidation) and consumed at the cathode (reduction).

For iron the overall corrosion reaction in the presence of oxygen can be written as equationl
(1) Fe + % O, + ¥, H,0 = FeOOH

The reaction is composed of the anodic reaction (2) and the cathodic reaction (3)

(2) Fe + 30H >FeOOH + H,0 + 3¢’

(3) % 0,+°/;H,0+3e > 30H

The character of the cathodic reaction depends on pH of the solution (electrolyte). In the pH
range between 4 and 10 diffusion of dissolved oxygen to the metal surface controls the rate
of corrosion. Low corrosion rates in this pH range will occur if oxygen is absent.

The corrosion rate is determined by the slowest partial reaction. All factors influencing either
the anodic or the cathodic reaction may thus determine the overall rate. Consequently
corrosion reactions can be faster or slower as a result of changes in pH, and temperature
and due to the presence of microorganisms, if these influence the electron transfer process
at the metal surface. Internal factors as type of metal, its properties (amorphous,
heterogeneity), presence of surface films and mechanical properties (stresses) may also have
a significant effect on the corrosion rate.

2.2 Microbial impact on corrosion

Microorganisms thus modify the corrosion process by changing the electrochemical
conditions at the metal-solution interface. These modifications can have different effects
ranging from microbiologically influenced corrosion inhibition (MICI) (Jayaraman et al. 1997;
Ismail et al. 2002; Gunasekaran et al. 2004) to microbiologically enhanced corrosion
(MIC)(Little et al. 1991; Beech 1999; Dinh et al. 2004) or localized corrosion. Actually it is the
local change of environmental conditions (Ford and Mitchell, 1990; Walch, 1989; Breslin,
1997) that may cause a different route for the electron flow from anode to cathode. As
mentioned for oxygen, corrosion rates can be influenced by diffusion processes. Biofilm
accumulation on a metal surface may therefore influence the corrosion rate. The corrosion
model is still valid under MIC but the process is unique due to the modification of the metal-
solution interphase via biofilm formation. This exceptional feature is discussed in the
following part summarizing microbial growth requirements for biofilms and emphasizing the
diffusion processes through this biological layer. Microbial colonization commonly starts
with single cell attachment to a surface covered with a so-called conditioning film.
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Carbon steel is an easily corrodable surface in seawater, which is rapidly covered by deposits
of corrosion products serving as a conditioning film. In marine environments layers of
bacteria and microalgae embedded in adhesive exopolymeric substances (EPS) strengthen
the corrosion product layers. Microorganisms are generally entrapped between corrosion
product layers and EPS creating a sandwich structure. The existence of EPS formed by
polysaccharides, proteins, lipids and nucleic acids and the roughness of irregular microbial
colonies help to trap more particles and organisms. Additionally, this matrix allows
sequestering nutrients from the water phase. The major component in the biofilm matrix is
water, up to 97% (Geesey, 1982; Zhang et al., 1998), and the characteristics of the solvent
are determined by the solutes dissolved in it, forming local pH gradients inside the biofilm.
Wimpenny and Colasanti (1997) have also suggested that a biofilm structure is largely
determined by metal substrate (composition and structural properties). Diffusion limitation
arises readily in biofilm systems because fluid flow is reduced and the diffusion distance is
increased in the biofilm. A dynamic biological system is formed at the interface and different
transport processes e.g. diffusion will take place through the biofilm (Characklis, 1981).
Within the biofilm local cell clusters with high cell densities and EPS compounds arrest the
flow of water. Diffusion is therefore the predominant transport process within cell
aggregates (de Beer et al. 1997; Stoodley et al. 1994). Diffusion times increase with
increasing bacterial accumulation (biofilm thickness) e.g. 10 bacterial cells exhibit a diffusion
time of 100 times longer than a single cell (Stewart 2003). For SBT biofilm formation was
confirmed by community studies by PCR-DGGE (Heyer et al. 2011, personal communication).
Diverse groups of organisms could be isolated and identified including y-electroactive
bacteria, y-sulphur oxidizing (SOB), y-iron oxidizing bacteria (IOB) and sulfate reducing
bacteria (SRB). Based on these results it is obvious that diverse bacterial communities are
present in ship ballast tanks and to some extent responsible for MIC. It is important to
emphasize that MIC processes are rarely caused by only one distinct group of
microorganisms. Many groups of microorganisms co-exist at the same time at the same
place. Any microbial influenced corrosion occurring is probably the result of complex
microbial interactions. This complexity has to be taken into account if risk evaluation of MIC
within SBT is performed.

2.3 Biofilm formation within SBTs

Microbial growth depends on many factors. A variation in pH, oxygen and temperature can
be used to control bacterial growth. Fundamental growth requirements were correlated to
environmental conditions found in SBT (Table 3). Care must be taken to ensure that no
uncontrolled changes in these parameters do take place.
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Table 3

Requirements for microbial growth related to ballast tank conditions.
Requirements | Ballast tank
Water Seawater (high salt content), brackish water, fresh water
pH 75-8
Temperature (°C) -2-28 (depending on trading route)
Salinity (%) 03-35%
Nutrients (depending on trading route)

As can be derived from Table 3 all requirements for bacterial growth can be found in ballast
tanks. All types of water (salty, fresh or brackish) are used for filling ballast tanks depending
on the trading route of the vessel. The water temperature depends on the source water,
within the ship temperature gradients are low and the water phase has a high load of
nutrients. These points make a ship ballast tank an ideal environment for microbial growth
and biofilms are an ideal form of life in these harsh environments. Biofilm formation and its
structural properties are the outcome of microbial triggers in the system. A trigger can be
seen as a stimulus for microorganisms to increase their growth rate or encouragement to
produce more exopolymeric substances (EPS) for adhesion properties. Three different
trigger mechanisms can be found which facilitate biofilm formation within ballast tanks
(Table 4).

Table 4: Triggers for biofilm formation vs. the corresponding survival strategy of microorganisms.
Trigger for biofilm formation Microbial survival strategy
Protection from harmful conditions (toxins) Defense

Limitation in nutrients (Sequestration of nutrients out of Food supply (biofilm formation)

the water phase)

Energy loops (utilization of nutrients) Independence (Metabolic interaction —
cooperative benefit)

Biofilm formation is one of the most common microbial survival strategies: it allows bacterial
species to form their own microenvironment for defense, food supply and metabolic
interactions. The first trigger is presented in Table 4 by protection from harmful conditions.
Bacteria form biofilms to protect themselves from toxic environmental substances. This
preferred disposition provides the microorganisms with higher protection (10-1000 fold
higher concentrations) from toxins (corrosion inhibitors, biocides). Low nutrient availability
in the water phase can be seen as the second trigger in the system. Microbes growing in the
biofilm can utilize more compounds from the water phase by exo-enzymes released and
accumulated in the EPS matrix. The last trigger is cooperative benefit by re-using metabolic
byproducts excreted by community members. This property makes the biofilm community
independent from external impacts and is well known for acid producing bacteria (APB) and
sulfate reducing bacteria (SRB) growing in close association. Overall it can be said that
biofilm formation is favored by bacteria in SBTs, enhancing their chance of survival under
severe environmental conditions (e.g. nutrient limitation and biocides).
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2.4 MIC mechanisms

The classical mechanisms for microbial influenced corrosion can be reviewed as follows:

1.
2.
3.
4.

1)

2)

3)

Metabolic production of aggressive compounds

Oxygen concentration cell formation

Acceleration of anodic or cathodic reactions by depolarization effect
Hydrogen embrittlement (depolarization).

Chemolithotrophic Thiobacillus species can be used to explain the first mechanism.
Thiobacilli leach metal ores commonly found in natural environments. Part of their
metabolism is the production of inorganic acid H,SO, (they can tolerate sulphuric
acid up to 12%) through the oxidation of various, inorganic sulphur compounds as
S,05% (Cragnolino and Tuovinen, 1984). These acids play an important role in MIC,
first causing acid corrosion of iron and mild steel and in a second step, the acid can
be metabolized by an oxidation reaction (Pope 1991) forming SO4* and creating a
nutrient source for sulphate reducing bacteria. Beside this inorganic acid-producing
bacteria organic acids are produced by certain fungi, blamed for corrosion of steel
and aluminium, (Hendey, 1964; McNamara et al., 2003; Rauch et al., 2005).

The second mechanism, oxygen concentration cell formation, is relevant for
corrosion resistant alloys (e.g., stainless steel) in the presence of biofilms.
Pseudomonas spp. are slime forming and oxygen consuming organisms. Their growth
forms oxygen concentration cells on the metal surface, resulting in a low oxygen
concentration under the colony that acts as an anode. The surrounding area is
indicated by a higher oxygen concentration forming the corresponding cathode. A
corrosion cell is initiated, and the metal will dissolve faster leading to crevice
corrosion or pitting (Walch et al., 1989; Videla, 1996; Wang, 1996). The same
principle of surface separation can be found for iron-oxidizing bacteria. They isolate
the metal surface into small anodic sites (beneath deposits of iron hydroxides and
biomass in form of biofilms) and large surrounding cathodic areas (Tatnall, 1981;
Borenstein, 1994).

Sulphate reducing bacteria (SRB) are responsible for this type of mechanism. In
particular the role of SRB has been documented in pitting corrosion of various metals
and their alloys in both aquatic and terrestrial environments under anoxic as well as
oxygenated conditions (Hamilton, 1985, 1998, 1999; Beech 2002). SRBs produce
hydrogen sulphide during their metabolism; if SRBs are growing on metal surfaces,
their biofilms are likely to promote the formation of pits beneath sulphide deposits
(von Wolzogen, Kilhr and van der Vlugt 1934; Jones et al. 2002). In the classical
theory of SRB-influenced corrosion of metallic iron, electrons are transported from
the metal surface to the bacterial sulphate reduction pathway through hydrogen
intermediate.
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This theory, suggests that only sulphate-reducing bacteria that are hydrogenase
positive (hydrogenase is present) are responsible for the anaerobic corrosion of iron.
Nowadays, it is widely accepted that this “depolarization mechanism” of the cathodic
reaction by the enzyme hydrogenase plays no more than a secondary role in local
corrosion of iron in the presence of SRB. More recent theories have been proposed in
which the role of biogenic sulphide (King et al. 1973), the formation of a galvanic cell
between the metal and the formed iron sulphide film (Costello, 1974), the role of
elemental sulphur (Schaschl, 1980), the role of iron phosphates (lverson, 1983) and
the local acidification of anodes (Crolet et al. 1993) are discussed.

4) Hydrogen embrittlement refers to the depolarization mechanism that is influenced
by microbial presence through the production of hydrogen sulphide as recognized for
SRBs (King et al. 1973; Costello, 1974). The microbial influence on corrosion is
indirect, causing cathodic depolarization with the consequent enhancement of iron
dissolution. The term depolarization is used to indicate the change in the
electrochemical behaviour of the system. Additionally, one important fact, generally
not taken into account in the formulation of a mechanism for explaining the
anaerobic corrosion of iron, is that in practical situations metal surfaces are generally
covered with various deposits (oxides, sulphides and hydroxides). Thus, the
mechanism proposed to explain the MIC process must include the breakdown of
passivity by microbial activity as well.

In summary, all known cases of microbial corrosion can be attributed to known corrosion
mechanisms. Several of these mechanisms can operate simultaneously or consecutively, but
no single cause can account for all the corrosive effects of microorganisms. Microorganisms
can influence corrosion by modifying the anodic or cathodic reaction with diverse effects.
Anodic reactions can be accelerated by: Corrosive metabolites as sulphuric acid; metabolic
substances that enhance corrosion such as biogenic sulphide in seawater. On the other
hand, cathodic reactions can be altered by production of cathodic reactants (protons from
acidic metabolic components), uptake or degradation of cathodic reactants (oxygen
consumption) and cathodes can be indirectly accelerated by FeS participating in anaerobic
corrosion (Costello 1974; Lee et al. 1995).

The following chapter focuses on the different zones of SBTs which depend on the load
conditions of the vessel. In a second step a new approach is implemented which links the
specific ballast tank zones with environmental conditions, microbial organisms and the
resulting MIC corrosion mechanisms examined in the previous chapter.
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3. Ballast tank zones

Based on engineering requirements, ballast tanks are commonly divided into two different
zones: Fully submerged zone (water phase) and mid section (air water phase), see Figure 2a.
This simple model is used for maintenance programs but does not reflect all relevant areas
inside of SBTs considering MIC. Ballast tanks on board of vessels can be divided into four
different zones (Heyer et al. 2009; Heyer et al. 2011) (Figure 2b). The presented “4 zone
model” is based on a similar model which was developed for the waterfront of harbour
pilings, namely, the Accelerated Low Water Corrosion (ALWC) (Little and Lee, 2007). From
the author’s point of view, this model reflects the main cause why SBTs are prone to
microbiologically influenced corrosion. Within these 4 different zones different
environmental conditions (oxygen, nutrients, flow conditions) are established, these
conditions will have a significant influence on bacterial communities and activities. These
facts are addressed in the following section.

a b

Zone1
Gasphase
mid section
Zone 2
|—, Splash zone

Zone 3
Immersion zone
fully submerged zone
Zone 4

Sediment

Fig. 2: Different zones in a ballast tank. (a) Common engineering model; (b) Model adapted to MIC
requirements.

The proposed model in Figure 2b was supported by experimental work of the authors, who
found increasing corrosion rates with decreasing oxygen concentrations from top to bottom
in SBTs (Heyer et al. 2011). Interpretation and modelling of corrosion within SBTs is
nowadays based on practical weight loss measurements gained in field studies (Tamburri et
al. 2002, 2003, 2005; Suzuki et al. 2004), or corrosion depth measurements by ultrasonic
instrumentation (Paik and Thayambali 2001; 2002; Paik et al. 2004). No model, however, has
integrated bacterial species and MIC mechanisms so far. Based on this knowledge, a new
model is proposed by the author, linking different SBT zones, corrosion rates, oxygen
concentrations and microorganisms with their metabolic processes (Figure 3).
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Zone Oxygen concentration Corrosion rate i i MIC processes

Fungi organic acid production
(Salvarezza and Videla 1986)
iron reducing mechanisms within tubercle

21% (in air) 0,10mm/y (Emde et al. 1992)
1 -
Slime forming bacteria biocatalyst of oxygen reduction
Gasphase (Pseudomonas spp., (Pope et al. 1984; Scotto et al. 1993)
Clodstridium spp., acidic polysaccharide accumulation
Bacillus spp., (Bremer and Geesey 1991)
Desulfovibrio spp.) organic acid production
(Little et al. 1988; Soracco et al. 1988.)
2 Fungi (see mechanism above)
Splash Zone Slime forming bacteria (see mechanism above)
(Pseudomonas spp.,
Clodstridium spp.,
Bacillus spp.,
Desulfovibrio spp.)
Thiobacillus spp.
(Thiomicrospira)
>O,38mm/y 10B metal reducing bacteria iron oxide reduction
(Pseudomonas, (Myers and Nealsom 1988)
3 Shewanella)

cathodic depolarization
SRB (von Wolzogen Kiihr and van der Vlugt 1934;
(Desulfovibrio spp.) Bryant et al. 1991)

Immersion Zone

sulfide production (Little et al. 1998)

iron sulfide precipitation (King and Wakerley 1973)
volatile high reactive phosphorous compounds
(Iverson and Ohlson 1983)

sulfide induced stress corrosion cracking

(Edyvean et al. 1998)

hydrogen induced cracking/ blistering

(Edyvean et al. 1998)

Corrosion rate [mm/year]

anodic depolarization (Daumas et al. 1988; Crolet 1992)

Electroactive bacteria electron shuttling shift of anodic cathodic processes
(Dumas et al. 2005; Bergel et al. 2006)

V

& 0% Thiobacil i
b iobacillus spp. (see mechanism above)
N 0147mm/y Slime forming bacteria
Sediment P
(in biofilm) SRB, 0B

Fig. 3: Integral approach for a SBT linking zones of ballast tank with oxygen concentrations (assumptions),
corrosion rates (Tamburri et al. 2002) and possible MIC mechanisms.

Figure 3 illustrates an integral approach for SBTs, linking environmental parameters such as
oxygen concentration, corrosion rate, nutrient availability and the microbial species of this
environment. The model specifies the SBT zones (column 1), oxygen concentration (column
2), corrosion rate (column 3), microbial species (column 4), and the metabolic process
related to MIC (column 5). For each zone, oxygen concentration, corrosion rate, abundant
microorganisms and the possible MIC process can be derived (from left to right). The gas
phase and the sediment zone are separated, creating extreme zones within the ballast tank.
The splash zone and the immersion zone in the middle of the tank are summarized as a
result of similar environmental parameters and microorganisms therein. The scheme
indicates that with decreasing oxygen concentrations increasing corrosion rates are
determined in combination with bacterial activity in the system. This is an important
observation because a decrease in oxygen concentration within ballast tanks is discussed as
one of the future methods in preventing corrosion and invasive species.
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It is well known that low oxygen concentrations slow down the general corrosion process of
steel in seawater (Tamburri et al. 2002), and hypoxia is well known to have negative effects
on many aquatic species (Grieshaber et al., 1994; Diaz and Rosenberg, 1995). However, it is
not determined whether bacterial activity will be present in isolated areas of the tank. The
presented data in columns 2 and 3 are based on experimental work of the author derived
from a lab scale ship tank model system (Heyer et al. 2011), and on other researchers’
findings (Tamburri et al. 2002). The results indicate that metabolic active bacteria increased
local (pit shaped) corrosion effects in parallel with decreasing oxygen concentrations within
zones 3 to 4. The blank set-up contained no bacteria and showed uniform corrosion rates in
the range of 0.0466—0.0823 mm/y (Paik et al. 2004; Heyer et al., 2011). Microorganisms can
actively influence their environment especially oxygen concentrations can be changed well
known for biofilm communities (Kuenen 1986; Stewart and Franklin, 2008) this capability
should not be underestimated for inaccessible areas as SBTs. Beside this active change of
environmental parameters bacteria indicate a dynamic response on oxygen gradients this
ability establish a diverse bacterial community inside the tank. This circumstance can be
explained by different metabolic states of specific bacterial species that are unique for each
zone. The presence of bacteria as well as their metabolic activity is significant. Uniform
corrosion rates for ballast tanks can be accelerated into doubled or even higher rates; in the
presence of SRB up to 8-13 mm/y (Cleland, 1994). This former observation can be explained
with zone 4 in the figure above; it becomes apparent that mainly microorganisms
responsible for aggressive local corrosion failure are predominant. It has to be highlighted
that the rate of ballast water exchange determines the real impact of MIC in SBTs. Compared
to closed seawater environments, in which electron acceptors are quickly exhausted, MIC
might be irrelevant in some cases after some time. But SBTs are open systems, and ballast
water exchange can be continued over the voyage time or locally in ports of arrival. A
continuous input/output of nutrients ensures biofilm formation and growth of bacteria in
inaccessible areas of SBTs because of their enclosed structure and their constant nutrient
supply in form of water exchange. The presented microorganisms in column 4, and the
corresponding MIC processes in column 5 will not be reviewed in detail; the mechanisms and
corresponding organisms were discussed in detail in the previous section. For more details
on the single mechanisms, the cited literature may be consulted. Finally, the following
conclusions can be derived from the integral approach provided in Figure 3.

* The tank can be divided into three different risk regions for MIC; zone 1 low; zone 2
and 3 medium; zone 4 high;

* SBTs are prone to MIC because of their enclosed structure and their constant
nutrient supply in form of water exchange. Within the four different zones, gradients
in oxygen, nutrients and flow conditions are established these environmental
conditions generate a diverse bacterial community;
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* The corrosion process is characterized by rapid material loss forming deep pits at
local sites. This condition is quite different from typical seawater corrosion, where
low oxygen concentrations slow down the overall corrosion process, as explained in
the former paragraph in respect to general corrosion reactions.

It can be recapitulated here that corrosion prediction models for SBTs are difficult to obtain
because corrosion can be influenced by many factors, such as corrosion protection systems
(coating and inhibitor) and various operational parameters. The operational parameters
include maintenance, repair, percentage of time in ballast, frequency of tank cleaning, water
quality, water temperature and sludge accumulation, as well as microbial contamination. In
the case of ship structures, rigorous work aiming to understand the effect of many of these
factors and their interactions is still lacking (Paik and Thayambali, 2002). Nevertheless, Paik
and co-workers have proposed several models to predict general corrosion and its
propagation within ship structures and ballast tanks for engineering purposes (Paik et al.
1998, Paik and Frieze 2001, Paik et al. 2004, Paik and Thayamballi, 2005). However, it
becomes evident that incorporating MIC in corrosion estimations and reliability studies of
SBTs is even more complex, and needs an interdisciplinary experts’ approach (e.g.,
engineers, corrosion & coating experts and microbiologists).

4. Coatings and corrosion protection in ballast tanks

4.1 SBT coatings

Whilst the outer hull, external decks and superstructure may be in good condition, lifting the
hatches of the water ballast tanks can reveal the real condition of the vessel and the true
level of ship care and maintenance. If extensively corroded, the condition of the water
ballast tanks can affect both the safety and the structural integrity of the vessel, and can also
reduce its asset value. The International Maritime Organization (IMO) is the specialist United
Nations agency which is tasked with improving maritime safety and with preventing
pollution from ships. IMO adopted the new Performance Standard for Protective Coatings
(PSPC) as resolution (MSC.215 (82) 2006). The PSPC is intended to improve the safety at sea
by reducing the corrosion encountered in steel ships, and applies specifically to the
protective coatings used for dedicated seawater ballast tanks in all types of ships, and also in
the double-side skin spaces of bulk carriers. The aim of the new standard is to improve
safety at sea by avoiding the effects of corrosion, thus enhancing the structural integrity of
the vessels as a whole.
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4.2 Coating requirements and application

Coatings are applied for corrosion protection and act as a barrier layer between
environment and metal surface. A coating is a semi-permeable membrane, and in the long
term cannot permanently protect steel from corrosion. Coatings are mainly a dispersion of
pigments and fillers, additives and solvents in a binder matrix (Munger, 1984; Geenen, 1991;
Westing, 1992; Wicks et al. 1999; Forsgren and Schweitzer, 2006). They are generally applied
to ship ballast tanks to protect the steel against corrosion. Prevention of corrosion is
therefore one of the most important aspects of maintaining vessel safety plus preserving
asset value.

The success of any program for protecting water ballast tank depends on:
1. The correct selection of the coating scheme during building
2. Correct surface preparation and application of the coating scheme at new
building
3. Planned coating inspection in service
Planned and effective coating maintenance throughout the vessel’s life

Neglect or poor practice at any of these four stages can lead to coatings defects and the
rapid onset of de-adhesion and corrosion with possible, serious consequences. For ballast
tanks, the metal surfaces are pre-treated by grid blasting to provide a clean rough surface
for good interfacial bonding between metal and coating. Coatings are supposed to provide a
physical barrier between the steel and the water.

However, imperfections and defects because of bad coating adhesion permit seawater to
reach the steel and create anodic and cathodic sites. The result is accelerated coating wear
and early de-adhesion. Furthermore, care must be taken during coating application to avoid
cavities where microorganisms may grow with highly localized corrosion as a result. But in
practice, a homogeneous surface structure that fulfils all these requirements is difficult to
achieve due to:

* The presence of geometrically complex structural components and irregularities such
as stiffeners;

* Uncontrolled environmental conditions during surface preparation;

* Moisture condensation and dust accumulation on the surface causing the coating to
fail early.
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4.3 Quality requirements for SBT coatings
Coal tar epoxies were used as ballast tanks coatings in former times. They were banned,

however, due to their carcinogenic potential and will not be discussed in this review. Epoxy
based coatings are mainly used for the protection of SBTs (IMO 1995; IACS 1998; DnV 1998;
DnV 1999). Light coloured coatings are used nowadays to facilitate visual inspections of
ballast tanks. The condition of coatings in water ballast tanks on existing ships became part

of the classification scope of IACS (UR Z10.2 1993).

Based on this unified requirement, water ballast tank coating condition is to be evaluated by
the ship’s inspector and categorized as either: good, fair or poor. The coating conditions
good, fair and poor are assigned on the basis of visual inspection and estimated percentages
of areas with broken coating and rusty surfaces. The suggested integral approach for SBT can

be linked to these coating categories as well.

In Figure 4, the coating category is linked to the possible risk of MIC.
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Fig. 4. Coating category estimated by visual inspection
linked with possible MIC risk in the specific area.

Figure 4 indicates that with increasing coating loss (independent of SBT zone) the MIC risk
increases. The danger of this fact is a reduced ship safety as a result of unpredictable
structural fatigue. In short: visual coating inspection of SBTs should not only consider the
quality of the applied coating by categorizing the system from good to poor. Rather, these
inspections should be used to assess the MIC impact as well. A strategy of MIC assessment
within the general SBT maintenance programs is provided in the last section of this review.

Epoxy solvent free coatings are new coatings to improve moisture resistance, flexibility and
wetting properties of the coating. They were aimed to replace the coal tar epoxy coatings
with all their positive characteristics without containing carcinogenic coal tar. Table 5
summarizes the advantages and drawbacks of a conventional epoxy ballast tank coating.
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Table 5: Advantages and drawbacks of an epoxy coating for ballast water tanks.
Epoxy solvent free coating
(Inorganic zinc ethyl silicate system)

*  More tolerant to multilayer application . Extensive pre-treatment (rust

* Reduced number of coating layers removal) before application

*  Scratch resistance of surface e High costs due to preliminary
+  Better tolerant to water soluble salts (50 mg/m?), surface preparation

(decrease of water permeation of coating)

Nowadays, epoxy solvent free coatings are applicable in multi coating layers, thus simplifying
coating repair and maintenance steps. This includes no additional surface treatment such as
grid blasting; the coating can be applied on water jetted old coating surfaces, decreasing the
dry dock time and repair costs. The number of preliminary coating layers can be reduced
with decreasing costs for the ship owners. Modern coating systems for ballast tanks consist
of at least two coating layers of a straight modified epoxy coating applied in a thickness of
250 micrometres, or solvent free epoxy coating with a thickness of 300 to 350 micrometres.
The surface has a higher resistance to mechanical stresses, such as loading conditions, and
can thus extend the lifetime of the coating. Beside these, one of the biggest benefits of
epoxy coating systems is the high tolerance to salts (50 mg/m?), the net like chemical
structure decrease water permeation/diffusion into the coating. This barrier property
reduces blister formation, due to swelling of the coating. The only drawback for these
coating systems is the extensive surface treatment (rust removal) by grid blasting (ISO
Standard 8501-1, 2007) to optimize adhesion to the steel surface with a roughness profile
between 50 and 100 microns.

4.4 Coating breakdown and degradation
The breakdown of the coatings in ship ballast tanks is a well-known phenomenon, and has
been addressed in several publications (IACS 1994; TSCF 1997; Paik et al. 1998; TSCF 1999;
Paik and Frieze 2001). Several factors contribute to the short service life of the current
coating systems: water compounds (mainly salt concentration), surface preparation of the
steel surface, coating application and biodeterioration. Biodeterioration of SBT coatings by
marine microorganisms should be considered, supported by experimental work of the
authors showing that one SBT coating could be degraded by acid producing bacteria within
60 days (Ferrari et al. 2010). It is well recognized that polymeric coating materials can be
affected by biodeterioration (Crabbe et al. 1994; Nakajima-Kambe et al. 1995; El-Sayed et al.
1996; Nakajima-Kambe et al. 1997; Little and Lee 2007; Gu 2003; Gu and Gu 2005).
The mechanisms of attack are as diverse as the material itself.
The type of attack can include:

» Acid attack by acids or enzymes excreted by microbes (bacteria or fungi);

« Utilization of organic additives as plasticizers, fillers and stabilizers as nutrients for

microbial growth;
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+ Enhanced coating cracking due to calcareous deposits and gas evolution; biofilm
formation can result in local chloride and sulphide concentration, which can
destabilize coatings;

» Increase in ionic permeability resulting in moisture intrusion and osmotic blistering.

Consequently, SBT coatings are important to protect the ship structure from extensive
corrosion maintenance, and visual inspections are important to increase the service lifetime
and prolonged ship safety. Beside this inspection programmes, biodegradation of the coating
should be taken into account, especially in areas where cavities accumulate MIC bacteria,
allowing a close contact to the metal surface and leading to intensive localized corrosion.
Beside coatings, corrosion protection systems are installed in ship ballast tanks to decrease
the corrosion rate of unprotected tank areas. The next section gives a brief summary of the
common protection system in SBTSs.

4.5 Alternative corrosion protection systems in ballast tanks

The degree of corrosion impact depends on the type of corrosion protection system installed
in a ballast tank. Some operators use only protective coatings, and some use protective
coatings together with anodic protection (sacrificial anodes). Therefore, the corrosion attack
is dependent on the type of corrosion protection system and the tank status (influenced by
the loading condition). Zinc is commonly used as sacrificial anode because of its anodic
behaviour against iron. However, if sacrificial anodes were installed, steel areas would be
protected only when the tank is ballasted, but not when the tank is empty. Sacrificial anodes
are only effective when the metallic surface is immersed in water (IACS, 2004), and it
requires some time (a day or more) to become effective after the tank has been filled
(Parente, 1996). When ballast tanks are full, the reported effectiveness of anodic protection
is maximally 70 per cent (Weber, 1984).

4.6 MIC assessment and maintenance strategies

The most difficult issue is to face ship operators with respect to water ballast tank
maintenance. MIC corrosion failure cannot be distinguished from “normal’ corrosion by one
simple analysing method. It is rather the combination of local microbial techniques with
electrochemical detection which makes it possible to evaluate the corrosion process in an
appropriate way. This is intensively discussed by (Hamilton 1998, Beech 2004; Little et al.
2008) who summarized the combination of local detection techniques for MIC. Inspection
and repair procedures of ship hulls and tanks are well defined by international rules by TSCF
(1992, 1995, 1997, 1999, 2000). All these guidelines as discussed by (Paik et al. 2004; Paik
and Thayamballi 2005), but they do not include the problem of MIC. As a future outlook for
efficient MIC assessment in SBTs, Figure5 illustrates a scheme how MIC can be included in
the international maintenance protocols of SBT inspection.
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MIC control strategies for SBT

|n5|fect:0n SBT inspection during dry dock period
eve

| Visible coating inspection by certified coating inspector
Coating advisers responsible for inspections must be certified
to FROSIO Level 1l (Red) or NACE Level Il or equivalent.

General inspection standard
No consideration of MIC

MIC assessment by sampling on site

n Future standard
Sampling of biofilms and water residues in all 4 zones of SBT.

Assessment of MIC
Sampling of residues of coating blisters and voids.

MIC monitoring
11 Sampling of water phase during voyage. Future standard
Implementation of electrochemical sensors in areas prone for MIC attack. Monitoring MIC

Mechanical counter actions
1\ Mechanical cleaning of MIC areas.

Eventually additional biocide treatment of coated areas of
neighboring areas.

Future standard
Counter strategies - Cleaning

Figure 5: MIC assessment in SBT extended scheme for future inspection strategies.

An efficient MIC control strategy in ship ballast tanks should be based on four different levels
which complement each other.

Level I (International coating inspection standard)

Maintenance programs for SBT, up to date, include only coating inspections performed
inside the tanks; the inspections consider the coating quality and the amount of corrosion
(TSCF 1992; TSCF 1995).

Level Il (Future standard — MIC assessment)

Depending on the quality of the coating, sampling of bacterial communities at specific
corrosion spots should be performed. Microbial rapid test kits can give first indications of
bacterial activity, and additional analysis of scrapped biofilms by culture techniques in the
lab will reveal the full extension of MIC in the specific tank area. The water phase should be
controlled to observe changes of corrosive conditions that influence the electrochemical
parameters (T, pH, oxygen); these may be used for the estimation of the occurrence of MIC.

Level Ill (Future standard — Monitoring MIC)

The third, most important step in MIC control for the future is monitoring the activity of
sessile microorganisms (biofilms) on sidewalls of the tank under ballasted conditions (full
tanks) to understand community structures and biocide efficiency over time. Chemical
treatment of the water during voyage is one choice to lower bacterial activity inside the
tank.
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Another option might be ultraviolet (UV) radiation, which can be used for pre-treatment of
the ballast water during intake instead of chlorination or biocide use. If biocides are used to
lower bacterial activity, care has to be taken in the case of biofilms. Although all biocides are
efficient in the water phase (planktonic bacteria), only a few are efficient against biofilms.
This should be taken into account especially for older vessels where maintenance was poor
(high amount of sediment), or less efficient pre-treatment systems for the water phase are
installed. One MIC control strategy can be online monitoring by electrochemical sensors
placed on high-risk spots (welding’s, bottom) inside the tank. Up to now, the available ship
hulls monitoring systems (Slaughter et al. 1997) do not consider ballast tanks. Currently it is
difficult to differentiate between various forms of localized corrosion as many of them have
a similar appearance. Therefore, electrochemical methods of MIC monitoring should be used
with caution. Advanced detection methods, such as Open circuit potential (OCP) (Fonesca et
al. 1996; Beech 2008), Linear Polarization Resistance (LPR) measurements (Little et al. 1988;
Beech 2008), or Electrochemical noise measurements (ENM) (Iverson and Heverly 1986;
Witham and Huizinga 1997; Padilla-Viveros et al. 2006) are able to give indications for
biofilm formation or localized corrosion within ballast tanks, if limitations of the individual
methods are anticipated.

Level IV (Future strategy — Cleaning)

If high amounts of corrosion failure can be related to bacterial activity, mechanical cleaning,
e.g., with brushes of specific areas of the tank, should be performed. Additional
cleaning/disinfection of surrounding areas with biocides can be one way to prevent further
microbial activity. This MIC assessment and monitoring plan can be a useful approach to
detect bacterial activity at local sites in a preliminary stage, leading to a decrease in
maintenance costs and extensive repair programmes of local corrosion failures within SBTs.

5. Conclusions

Rapid construction failure incidents of ship ballast tanks in practice have shown that
fundamental understanding of the MIC processes involved becomes more and more
important. Engineers do not realize the importance of the phenomenon because technical
disciplines do not cover biological aspects. Another reason might be that only
interdisciplinary approaches will supply enough information to understand the mechanisms
for MIC. For engineers, the following points should be addressed:

a. Structural changes which simplify cleaning strategies by reducing sediment accumulation
—the source of MIC — should be considered.

b. Perfect coating application should be aspired (no voids) to decrease the possible

attachment sites of microorganisms. Biodegradation of ballast tanks coatings should be
considered in the future in order to develop new strategies to overcome microbial
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deterioration processes of the applied coatings. This will reduce the risk of MIC and will
additionally fulfil the international coating guidelines provided by IMO.

c. Environmental parameters, such as water quality and surface structures of the SBT, have
to be taken into account during dry dock inspections and during voyages to identify areas
with a high MIC risk.

d. Nutrient availability, one of the growth requirements for microorganisms, has to be
considered as well. Input and output of nutrients in SBTs will have a significant effect on
bacterial activity, progression and, finally, MIC failures. Nutrient input/output in form of
fresh ballast water in harbours or retention times of the ballast water can have a huge
impact on the bacterial activity leading to changes in corrosion rates and corrosion initiation
in local tank areas. Ballast water exchange should be performed outside the harbour to
reduce the uptake of nutrient rich harbour water. For instance, exchange of ballast water on
high sea is currently recommended to reduce introductions of invasive species (since coastal
organisms are unlikely to invade open ocean areas, and vice versa), but the process is time-
consuming and cannot be performed in rough sea conditions. A change of this
recommendation into a standard operational method will decrease the nutrient load of the
ballast water. Beside nutrient supply, sediment accumulation on the bottom of the tank,
which is in general the hatchery for MIC bacteria and invasive species, will be reduced.

e. Deoxygenating the ballast water (by nitrogen stripping) is a technique that is effective in
reducing invasive species and the general corrosion process on an environmentally friendly
base; it is accepted by the shipping industry in terms of safety, time, and cost but it will not
minimize the risk of MIC. In fact, it will enhance growth of sulphate reducing bacteria,
commonly found in seawater, with the result of rapid localized corrosion attacks.

f. Ultimately, bacterial activity and diversity have a significant impact on the corrosion
process. Biofilm formation and metabolic interactions are one of the key mechanisms of MIC
in problematic accessible SBTs. Bacterial accumulation can be circumvented by pre-
treatment of the ballast water, e.g., filtration and ozonation, to minimize the risk of MIC.

These considerations will help to design ships in more appropriate ways such that the
corrosion effects enhanced by sediment residues and the bacteria therein can be decreased.
There is no particular method which allows determining MIC occurrence. An evaluation of all
conditions, such as abiotic and biotic conditions within ship ballast tanks, is necessary to
understand the occurrence of MIC. Suitable and reliable methods for detection of MIC
processes are available, but only the interdisciplinary diagnosis of all participating groups,
such as engineers, ship owners, microbiologists and corrosion specialists, allows reducing life
cycle costs and improving vessel safety.
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More advanced maintenance programmes for all types of ships have to be developed,
incorporating MIC as one of the major corrosion phenomena within these enclosed seawater
environments.

References

Aridgides, L.J., Doblin, M.A,, Berke, T., Dobbs, F.C., Matson, D.O., Drake, L.A., 2004. Multiplex
PCR allows simultaneous detection of pathogens in ships’ballast water. Marine Pollution
Bulletin 48.

American Society for Testing and Materials (ASTM), A131, 2003. Standard specification for
Structural Steel for Ships. ASTM International West Conshohocken.

Beech, I.B., Gaylarde, C.C., 1999. Recent advances in the study of biocorrosion — an overview
Revista de Microbiologis 30, 177-190.

Beech, 1.B., 2002. Biocorrosion: role of sulphate-reducing bacteria, in: Bitton G. (Ed.), John
Wiley, New York.

Beech, I.B., Campbell, S.A., 2008. Accelerated low water corrosion of carbon steel in the
presenc of a biofilm harbouring sulphate reducing and sulphur oxidizing bacteria recovered
from a marine sediment. . Electrochimica Acta 14-21.

de Beer, D., Stoodly, P., Lewandowski, Z., 1997. Measurements of local diffusion coefficients
in biofilms by microinjection and confocal microscopy. Biotechnology Bioengineering 53,
151-158.

Bergel, A., Feron, D., Mollica, A., 2005. Catalysis of oxygen reduction in PEM fuel cell by
seawater biofilm. Elctrochemistry Communications 7.

Borenstein, S.W., 1994. Microbiologically Influenced Corrosion Handbook. Woodhead
Publishing Ltd, Cambridge.

Bremer, P.J., Geesey, G.G., 1991. Laboratory-based model of microbially induced corrosion
of copper. Applied Environemntal Microbiology 57, 1956-1962.

Bryant, R.D., Jansen, W., Bovin, J., Laishley, E.J., Costerton, J.W., 1991. Effect of hydrogenase
and mixed sulfate reducing bacterial populations on the corrosion of steel. Applied

Environemntal Microbiology 57, 2804-2809.

Cleland, J.H., 1995. Corrosion risks in ships’ballast tanks and the IMO pathogen guidlines.
Engineering Failure Analysis 2, 79-84.

Costello, J.A., 1974. Cathodic depolarization by sulphate reducing bacteria. South African
Journal of Science 70, 202-204.

21



Chapter 1 Why are SBT prone to MIC?2 — A review

Crabbe, J.R., Campbell, J.R., Thompson, L., Waltz, S.L., Schultz, W.W., 1994. Biodegradation
of a colloidal ester-based polyurethane by soil fungi. International Biodeterioration and
Biodegradation 33, 103-113.

Cragnolino, G., Tuovinen, O.H., 1984. The role of sulphate reducing bacteria and sulphur
oxidizing bacteria in the localized corrosion of iron-base alloys - a review. International
Biodeterioration and Biodegradation 20, 9-26.

Crolet, J.L., Daumas, S., Magot, M., 1993. pH regulation by sulphate-reducing bacteria, NACE,
New Orleans.

Daumas, S., Massiani, Y., Crousier, J., 1988. Microbiological battery induced bys ulphate-
reducing bacteria. Corrosion Science 28, 1042-1050.

Diaz, R.J., Rosenberg, R., 1995. Marine benthic hypoxia: a review of its ecological effects and
the behavioral responses of benthic macrofauna. Oceanography and Marine Biology Annual
Review 33.

Dinh, H.T., Kuever, J.,, MuBmann, M., Hassel, A.W., Stratmenn, M., Widdel, F., 2004. Iron
corrosion by novel anaerobic Microorganisms Letters to Nature 829-832.

Det Norske Veritas (DnV), 1998. Type approval programme for protective coating systems,
Oslo.

Det Norske Veritas (DnV), 1999. Corrosion prevention of tanks and holds, Oslo.

Drake, L.A., Doblin, M.A., Dobbs, F.C., 2007. Potential microbial bioinvasions via ships’ballast
water, sediment, and biofilm. Marine Pollution Bulletin 55, 333-341.

Drake, L.A., Meyer, A.E., Forsberg, R.L., Baier, R.E., Doblin, M.A., Heinemann, S., Johnson,
W.P., Koch, M., Rublee, P.A., Dobbs, F.C., 2005. Potential invasion of microorganism and
pathogens via “ interior hull fouling”: biofilms inside ballast water tanks. Biological Invasions
7,969-982.

Dumas, C., Mollica, A., Basseguy, R., Etcheverry, L., Bergel, A., 2006. Marine microbial fuel
cell: use of stainless steel electrodes as anode and cathode material. Electrochimica Acta 53.
Edyvean, R.G.J., Benson, J., Thoas, C.J., Beech, I.B., Videla, H., 1998. Biological influences on
hydrogen effects in steel in seawater. Materialas Performance 37.

El-Sayed, A.H.M.M., Mohmoud, W.M., Davis, E.M., Coughlin, R.W., 1996. Biodegradation of
polyurethane coatings by hydrocarbon-degrading bacteria. International Biodeterioration
and Biodegradation 37, 69-79.

Emde, K.M.E., Smith, D.W., Facey, R., 1992. Initial investigation of microbially influenced

corrosion (MIC) in a low temperature water distribution system. Water Research 26, 169-
175.

22



Chapter 1 Why are SBT prone to MIC?2 — A review

Ferrari, G., Heyer, A., D’Souza F., Zhang, X., Bakuwel, H., Mol J.M.C., de Wit J.H.W., 2010.
Susceptibility of epoxy coatings to microbial influenced degradation, Eurocorr, Moscow,
Russsia.

Fonesca, I.T.E., Feio, M.J,, Lino, A.R., Reis, M.A., Reinha, V.L.,, 1998. The influence of the
media on the corrosion of mild steel by Desulfovibrio desulfuricans bacteria: an
electrochemical study. Electrochimica Acta 43.

Ford, T., Mitchell, R., 1990. Metal embrittlement by bacterial hydrogen—an overview.
Marine Technology Society Journal 24, 29-35.

Fyske, E.M., Nilsen, T., Nielsen, A.D., Tryland, I., Delacroix, S., Blatny, J.M., 2012. Real time
PCR and NASBA for rapid sensitive detection of Vibrio cholera in ballast tanks. Marine
Pollution Bulletin 64, 200-206.

Geenen, F.M., 1991. Characterisation of Organic Coatings with Impedance Measurements.
Technical University Delft.

Geesey, G.G., 1982. Microbial exopolymers: ecological and aconomic considerations. ASM
news 48, 9-14.

Gollasch, S., Dammer, M., Lenz, J., Andres, H.G., 1998. Non-indeigenous organisms
introduced via ships into German waters. ICES Cooperative Research Report, pp. 50-64.

Grieshaber, M.K., Hardewig, |., Kreutzer, U., Poertner, H.O., 1994. Physiological and
metabolic responses to hypoxia in invertebrates, in: Blaustein, M.P. (Ed.), Reviews of
Physiology Biochemistry and Pharmacology Springer, New York, pp. 43-147.

Groysmann A., 2010. Corrosion for everybody, Springer, Heidelberg.

Gu, J.D., 2003. Microbiological deterioration and degradation of synthetic polymeric
materials: recent research advances. International Biodeterioration and Biodegradation 52,
69-91.

Gu, J.G., Gu, J.D., 2005. Methods currently used in testing microbial degradation and
deterioration of a wide range of polymeric materials with various degree of degradability: a
review. Journal of Polymers and the Environment 13, 37-42.

Gunasekaran, G., Chongdar, S., Gaonkar, S.N., Kumar, P., 2004. Influence of bacteria on film
formation inhibiting corrosion. Corrosion Science 46, 1953-1967.

Hallegraeff, G.M., Bolch, C.J., 1992. Transport of diatom and dinoflagellate resting spores in
ships' ballast water: Implications for plankton biogeography and aquaculture. Journal of
Plankton Research 14, 1067-1084.

Hamer, J.P., Collin, T.A.M., Lucas, I.A.N., 2000. Dinoflagellate cysts in ballast tank sediments:
between tank variability. Marine Pollution Bulletin 40, 731-733.

23



Chapter 1 Why are SBT prone to MIC?2 — A review

Hamilton, W.A., 1985. Sulphate reducing bacteria and anaerobic corrosion. Annual Revue
Microbiology 39, 195-217.

Hamilton, W.A., 1998. Sulfate reducing bacteria: Physiology determines their environmental
impact. Geomicrobiological Journal 15, 19-28.

Hamilton, W.A., 1999. Metabolic interaction and environmental microniches:
Implications fort the modeling of biofilm process. Revue Microbiology 30, 177-190.

Heyer, A., D'Souza, F., Ferrari G., Mol, J.M.C., de Wit, J.H.W., 2009. Microbiologically
influenced corrosion (MIC) in a simulated ship tank model system, Eurocorr, Nice, France.

Heyer, A., D'Souza, F.,Ferrari G., Mol, J.M.C., de Wit, J.H.W., 2011. EIS study of MIC in three
different zones derived from ship ballast tank model system, NACE, Houston, USA.

Huang, R.T., McFarland, B.L., Hodgman, R.Z., 1997. Microbial influenced corrosion in in cargo
oil tanks of cruede oil tankers, NACE, Houston, USA.

Ismail, K.M., Gehrig, T., Jayaraman A., Wood, T.K., Trandem, K., Arps, P.J., Earthman, J.C.,
2002. Corrosion Control of Mild Steel by Aerobic Bacteria Under Continuous Flow Conditions.
Corrosion 58, 417-423.

International Association of Classification Societies (IACS), 1993. Shipbuilding and repair
quality standard. Recommendation No. 47.

International Association of Classification Societies (IACS), 1994. Bulk carriers: guidelines for
surveys, assessment and repair of hull structure. Recommendation No. 76.

International Association of Classification Societies (IACS), 1998. Guidelines for acceptance,
application and survey of semi-hard coatings on ballast tanks. Recommendation No. 54.

International Association of Classification Societies (IACS), 2004. “Guidelines for Coating
Maintenance & Repairs for Ballast Tanks and Combined Cargo/Ballast Tanks on Qil Tankers”.
Recommendation 87.

International Maritime Organization (IMO), 1995. Guidelines for the selection, application
and maintenance of corrosion prevention systems of dedicated seawater ballast tanks.
Resolution A 798 (19).

International Maritime Organization (IMO), 1997. Guidelines for the control and
management of ships’ ballast water to minimize the transfer of harmful aquatic organisms
and pathogens. Resolution A (868) 20.

International Maritime Organization (IMQ), 2003. International convention for the Control

and Management of Ships’ Ballast Water and Sediment. International Conference on Ballast
Water Management for Ships.

24



Chapter 1 Why are SBT prone to MIC?2 — A review

International Maritime Organization (IMO), 2006. Performance standard for Protective
coatings (PSPC) London. Resolution MSC.215(82).

International Organization for Standardization (ISO) 8501-1, 2007. Preparation of steel
substrates before application of paints and related products -- Visual assessment of surface
cleanliness -- Part 1: Rust grades and preparation grades of uncoated steel substrates and of
steel substrates after overall removal of previous coatings .

Iverson, I.P., Olson, G.J., 1983. Anaerobic corrosion by sulfate-reducing bacteria due to
highly reactive volatile phosphorus compound, London.

Iverson, W.P., Heverly, L.F., 1986. Electrochemical Noise as an indicator of anaerobic
corrosion, in: Moran, G.C., Labine, P. (Eds.), Corrosion Monitoring in Industrial plants using
nondestructive testing and electrochemical methods ASTM STP 908. American society for
Testing and Materials, pp. 459-471.

Jayaraman, A., Earthma, J.C., Wood, T.K., 1997. Corrosion inhibition by aerobic biofilms on
SAE 1018 steel. Applied Environemntal Microbiology 47, 62-68.

Jones, D.A., 1995. Priciples and Prevention of Corrosion 2nd Edition, Prentice-Hall, New
Jersey.

Jones, D.A., Amy, P.S., 2002. A thermodynamic interpretation of microbiologically influenced
corrosion. Corrosion 58, 638-645.

King, R.A., Miller, J.D.A., Wakerley, D.S., 1973. Corrosion of mild steel in cultures of sulphate
reducing bacteria: effect of changing the soluble iron concentration during growth. British
Corrosion Journal, 89-93.

King, R.A., Wakerley, D.S., 1973. Corrosion of mild steel by ferrous sulphide. British Corrosion
Journal 8, 41-45.

Kuenen, J.G., Jgrgensen, B.B., Revsbech, N.P., 1986. Oxygen microprofiles of trickling filter
biofilms. Water Research 20, 1589-1598.

Lee, W., Lewandowski, Z., Nielsen, P.H., Hamilton, W.A., 1995. Role of sulfate-reducing
bacteria in corrosion of mild steel: A review. Biofouling 8, 165-194.

Little, B., Lee, J.S., 2007. Microbiologically Influenced Corrosion, in: Winston, R. (Ed.),
Microbiologically Influenced Corrosion. Wily-Interscience Wiley & Sons, Hoboken.

Little, B., Wagner, P., Duquette, D., 1988. Microbiologically-induced increase in corrosion
current density of stainless steel under cathodic protection. Corrosion 44, 270-274.

Little, B., Wagner, P., Mansfeld, F., 1992. An overview of microbiologically influenced
corrosion. Electrochimica Acta 37.

Matsuda, M., Kobayashi, S., Miyuki, H., Yoshida, S., 1999. An Anticorrosion Method for
Ballast Tanks Using Nitrogen Gas (Ship and Ocean Foundation Technical Report).

25



Chapter 1 Why are SBT prone to MIC?2 — A review

McNamara, C., Perry, T.D., Leard, R., Bearce, K., Dante, J., Mitchell, R., 2005. Corrosion of
Aluminum Alloy 2024 by microorganisms isolated from aircraft fuel tanks. Biofouling 21,
257-265.

Meyer, A.E., Baier, R., Hulsmann, N., Galil, B., Friedmann, D., Forsbergen, R., 2000. Risk
assessment, prediction and limitation of transport invaders in biofilms, in: American society
of Limnology and Oceanography, Aquatic Sciences Meeting, Copenhagen, Denmark.

Munger, C.G., 1984. Corrosion Prevention by Protective Coatings, 2nd Edition ed, Houston.

Myers, C., Nealson, K.H., 1988. Bacterial manganese reduction and growth with manganese
oxide as the sole electron acceptor. Science 240, 1319-1321.

Nakajima-Kambe, T., Onuma, F., Akutsu, Y., Nakahara, T., 1995a. Determination of the
polyester polyurethane breakdown products and distribution of the polyurethane degrading
enzyme of Comamonas acidovoran Strain TB-35. Journal of Fermentation and
Bioengineering 83, 456-460.

Nakajima-Kambe, T., Onuma, F., Kimpara, N., Nakahara, T., 1995b. Isolation and
characterization of a bacterium which utilizes polyester polyurethane as a sole carbon and
energy source. FEMS Microbiology Letters 129, 39-42.

Niimi, A.J., 2004. Role of container vessels in the introduction of exotic species. Marine
Pollution Bulletin 49, 778-782.

Stemming the Tide: Introduction of Nonindegenious Species by Ship Ballast Water, 1996.
National Academic Press, Washington D.C.

Padilla-Viveros, A., Garcia-Ochoa, E., Alazard, D., 2006. Comparative electrochemical noise
study of the corrosion process of carbon steel by sulfate-reducing bacterium Desulfovibrio
alaskensis under nutritionally rich and oligotrophic culture conditions. Electrochimica Acta
51, 3841-3847.

Paik, J.K., 2004. Corrosion Analysis of Seawater Ballast Tank Structures. International Journal
of Maritime Engineering 146, 1-12.

Paik, J.K., Frieze, P.A., 2001. Ship structural safety and reliability. Progress in Structural
Engineering and Materials 3, 198-210.
Paik, J.K., Thayamballi, A.K., 2002. Ultimate Strength of Ageing Ships. Journal Engineering for
the Maritime Environment 216, 57-77.

Paik, J.K., Thayambali, A.K., 2004. A Time-dependent Corrosion Wastage Model for Seawater
Ballast Tank Structures of Ships. Corrosion Science 46, 471-486.

Paik, J.K., Thayamballi, A.K., 2005. Reliability assessment of ships, in: Nikolaidis, E., Ghiocel,
D.M., Singhal, S. (Eds.), Engineering Design Reliability Handbook. CRC Press, New York.

26



Chapter 1 Why are SBT prone to MIC?2 — A review

Paik, K.P., Kim, S.K., Lee, S.K., 1998. Probabilistic corrosion rate estimation model for
longitudinal strength members of bulk carriers. Ocean Engineer 25, 837-860.

Parente, J., 1996. Commercial Ship Design and Fabrication for Corrosion Control SR-1377,
MR&S Report No. 5087.10N-1.

Peters, J.H., 1993. The Maritime Transport Crisis Discussion Paper 220, Development, The
international Bank for Reconstruction and Development, World Bank Discussion Washington
D.C.

Pickard, G.L., Emery, W.J., 1982. Descriptive Physical Oceanography: An Introduction,
Pergamon Press, Oxford (fourth enlarged edition.), Wiley, New York.

Pope, D.H., Duquette, D.J., Johannes, A.H., Wayner, P.C., 1984. Microbially influenced
corrosion of industrial alloys. Materials Performance 23, 14-18.

Rauch, M.E., Graef, H.W., Rozenzhak, S.M., Jones, S.E., Bleckmann, C.A., Kruger, R.L., Naik,
R.R., 2006. Characterization of microbial contamination in United States Air Force aviation
fuel tanks. Journal of Industrial Microbiology and Biotechnology 33, 29-36.

Salvarezza, R.C., Videla, H.A., 1986. Electrochemical behaviour of aluminium in Cladosporium
resinae cultures, in: Barry, S. (Ed.), Biodeterioration. Elsevier, London, pp. 212-217.

Schaschl, E., 1980. Elemental sulphur as a corrodent in deaerated, neutral aqueous
solutions. Materials Performance 7, 9-12.

Slaughter, S.B., Cheung, M.C., Sucharski, D., Cowper, B., 1997. State of the art in
hull monitoring systems. Ship Structure Committee, Washington D.C.

Soracco, R.J., Pope, D.H., Eggers, J.M., Effinger, T.N., 1988. Microbiologically influenced
corrosion investigations in electric power generating stations, NACE, Houston.

Stewart, P.S.,, 1998. A review of experimental measurements of effective diffusive
permeabilities and effective diffusion coefficients in biofilms. Biotechnology Bioengineering
59, 261-272.

Stewart, P.S., 2003. Diffusion in biofilms. Journal of Bacteriology 185, 1485-1491.
Stoodly, P., de Beer, D., Lewandowski, Z., 1997. Liquid flow in biofilm systems.Applied
Environmental Microbiology 60, 2711-2716.

Suzuki, S., Muraoka, R., Obinata, T., Endo, E., Horita, T., Omata, K., 2004. Steel products for
shipbuilding, JFE Technical Report

Tamburri, M.N., Little, B.J., Ruiz, G.M., Lee, J.S., McNulty, P.D., 2003. Evaluations of Venturi
Oxygen Stripping TM as a ballast water treatment to prevent aquatic invasions and ship
corrosion, in: Organization, .M. (Ed.), International Ballast Water Treatment R&D
Symposium, London.

27



Chapter 1 Why are SBT prone to MIC?2 — A review

Tamburri, M.N., Ruiz, G.M., 2005. Evaluation of a ballast water treatment to stop invasive
species and tank corrosion, SNAME Annual Meeting. The Society of Naval Architects and
Marine Engineers, Houston.

Tamburri, M.N., Wasson, K., Matsuda, M., 2002. Ballast water deoxygenation can prevent
aquatic introductions while reducing ship corrosion. Biological Conversation 103.

Tatnall, R.E., 1981. Fundamentals of bacteria induced corrosion. Materials Performance 20,
32-38.

Tanker Structure Cooperative Forum (TSCF), 1992. Condition evaluation and maintenance of
tanker structure, TSCF work group report, London.

Tanker Structure Cooperative Forum (TSCF), 1995. Guidance manual for the inspection and
maintenance of double hull tanker structure, London.

Tanker Structure Cooperative Forum (TSCF), 1997. Guidance manual for tanker structures.
TSCF, London.

Tanker Structure Cooperative Forum (TSCF), 1999. Condition evaluation and maintenance of
tanker structures.

Tanker Structure Cooperative Forum (TSCF), 2000. Guidelines for ballast tank coating system
and edge preparation. TSCF, London.

von Wolzogen Kihr, C.A.H., van der Vlugt, LS, 1934. De grafiteering van Gietijzer als
electrobiochemisch Proces in anaerobe Grunden. Water (den Haag) 18, 147-151.

Videla, H.A., 1996. Corrosion inhibition by bacteria, Manual of Biocorrosion. CRC Press, Boca
Raton, pp. 121-136.

Walch, M., Ford, T.E., Mitchell, R., 1989. Influence of hydrogen-producing bacteria on
hydrogen uptake by steel. Corrosion 45, 705-709.

Wang, J.S., 1996. Hydrogen induced embrittlement and the effect of the mobility of
hydrogen atoms, in: Thompson, A.W., Moody, N.R. (Eds.), Hydrogen Effects in Materials. The
Minerals, Metals and Materials Society, Warrendale, pp. 61-75.

Weber, P.F. 1984. “Structural Surveys of Oil Tankers”. Transactions IME

Westing van, E.P.M., 1992. Determination of coating performance with impedance
measurements. Technical University Delft.

Whitham, T., Huizinga, S., 1997. Aspects of Microbiolocilly Induced Corrosion, in: Shell
research and Technology Thormton, pp. 89-102.

28



Chapter 1 Why are SBT prone to MIC?2 — A review

Wicks, Z.W., Jones, F.N., Pappas, S.P., 1999. Organic Coatings: Science and Technology 2nd
ed. Wiley Interscience, New York.

Wimpenny, J.W.T., Colasanti, R., 1997. A more unifying hypothesis for biofilm structures — a
reply. FEMS Microbiology Ecology 24, 185-186.

Yebra, D.M., Kill, S., Dam-Johanson, K., 2004. Review Antifouling technology — past, present
and future steps towards efficient and environmentally friendly antifuling coatings. Progress

in Organic Coatings 50, 75-104.

Zhang, X.Q., Bishop, P.L., Kupferle, M.J., 1998. Measurement of polysaccharides and proteins
in biofilm extracellular polymers. Water Science Technolgy 37, 345-348.

29



30



Chapter 2 MIC in SBT - “A case study in natural environments”

Chapter 2

2.1 Molecular Microbiology Methods applied on ship ballast tank samples

Abstract

Microbiologically influenced corrosion (MIC) of steel is a serious problem in the marine
environment including offshore and shipping industries. The uses of molecular techniques
and electrochemical techniques for evaluating microbial corrosion effects have continued to
gain importance. This chapter summarizes a large-scale approach of a simultaneous direct
investigation of corrosion and microbial community within a practical ship ballast tank (SBT)
environment. The corrosion behaviour of ASTM A131 steel, grade EH36 exposed to natural
seawater was investigated at two different height levels of the SBT - sediment and
immersion zone. Biofilm samples were scraped from exposed corrosion coupons and
subjected to DGGE of PCR-amplified 16S rRNA genes and sequence analysis to characterize
the microbial community on the sidewall of ship ballast tanks as well as the water phase. In
parallel, corrosion was monitored by open circuit potential (OCP) and linear polarization
resistance (LPR) measurements, indicating a difference in corrosion behaviour for sediment
and immersion zone related to the variation in bacterial community changes. Detailed
information was gained on microbial community composition and the corresponding
corrosiveness within ship ballast tanks. This chapter demonstrates the problem of attached
biofilms in the corrosion of ship ballast tanks, which is characterized by a combination of
electrochemical and molecular tools.
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1. Introduction

MIC in the Ship industry

Ship Ballast Tanks (SBTs) are essential parts of the structure of vessels. The large and
complex structure of a ballast tank combined with rough operational conditions, such as
wet/dry phases during loading/unloading of the ballast tanks and also extreme corrosive
environment makes them one of the highest maintenance prone areas for ship owners.
Corroded steel structures on a vessel decrease seaworthiness, therefore extensive measures
are taken to prevent corrosion and repair. The cost to prevent, maintain, and repair
corrosion on individual vessels can run into the millions of dollars (e.g., $5.5 million to
replace 1400 tons of ballast tank steel (Marine Engineering Review, 1991). The cost to paint
ballast tanks is typically at least $5 to $10 per square meter with the cost to repair corroded
areas at approximately $500 per square meter (Fairply, 1993). With large cargo vessels and
oil tankers having hundreds of thousands of square feet of ballast tank surface area,
preventing and treating corrosion is extremely costly. Moreover, measures that are engaged
to control invasive species through ship ballast water are known to indirectly impact the
corrosion protection. For example, both chlorination (McCracken, 2001) and ozonation
(Andersen, 2001) of seawater sterilization methods are believed to intensify corrosion of
steel. The most corrosive operating condition is one in which carbon steel is exposed to
alternating aerobic/anaerobic conditions (Hardy and Bown, 1984; Lee et al., 1993). This
condition prevails in the ship ballast tanks where the aerobic and anaerobic microorganism
results in unpredictable pitting type of corrosion. The uptake of organisms in association
with wet or dry ballast is well known and controlled for human health requirements
(Carlton, 1985, 1996; Ruiz et al., 2000). Almost all tanks used for holding ballast water
accumulate sediments at the bottom of the tanks and the amount of sediment varies
according to the ports vessels visit. Accumulations of sediments can become sufficient to
support a bacterial community (Gollasch, 2002). To minimize the risk of spreading aquatic
nuisance species at the coast, the International Maritime Organization (IMO) developed a
convention on ballast water management (BWM, 2005). Existing methods beside chemical
treatment include the exchange of coastal ballast water for open oceanic water while in
transit or chemical and physical treatment by biocides and ozone. This ballast water
exchange (BWE) may act to reduce the likelihood of species transport in some instances, but
these activities may not dislodge any sediment that has accumulated at the bottom of the
ballast tank along with bacterial community in attached biofilms. Corrosion resulting from
the activities of naturally occurring microaerophilic, facultative or obligate anaerobic
bacteria, acid-producing bacteria (APB) and sulphate reducing bacteria (SRB) growing under
oxic/anoxic conditions and produce corrosive metabolic by-products are defined as
biocorrosion or microbiologically influenced corrosion (MIC) (Borenstein, 1994; Flemming
and Schaule, 1996).
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A thorough understanding of the microbial ecology and electrochemical environments
where microbial corrosion occurs is necessary to implement preventive measures or
appropriate controls to improve structural integrity. The use of traditional culture methods
(involving liquid culturing) is inadequate to comprehensively assess the composition of
microbial communities and their interactions, since the great majority of microorganisms in
nature occur as biofilms and are yet uncultivated (Amann et al., 1995). In the last decades,
molecular tools have been developed to overcome the limitations imposed by traditional
cultivation techniques to study bacterial diversity in corrosive biofilms that form in diverse
environments (Stahl et al., 1988; Amann et al., 1995; Schafer and Muyzer et al. 2001; Marty
et al. 2012). The technique involves amplification of 16S rRNA gene sequences by
polymerase chain reaction (PCR) amplification of the extracted and purified nucleic acids.
The PCR products can be evaluated using community-fingerprinting techniques such as
denaturing gradient gel electrophoresis (DGGE). Each DGGE band is representative of a
specific bacterial population and the number of distinctive bands is indicative of microbial
diversity. For example, the diversity of the microbial populations of biofilms and water phase
in an enclosed marine environments was examined by DGGE analysis of PCR-amplified 16S
rRNA gene fragments in order to gain data on corrosiveness and biodiversity in this specific
environment (Schafer and Muyzer, 2001).

However, detailed information regarding the microbial corrosion of SBTs exposed to
seawater is practically non-existent. The current work is a large-scale approach of a direct
investigation of microbial community in the ship ballast tank and also their corrosiveness
simultaneously. The approach to determine the corrosiveness in the ship ballast tanks
includes monitoring the electrochemical activity of carbon steel exposed to seawater by
measuring the corrosion potential by OCP (Fonesca, 1998; Beech and Campbell, 2008) and
the corrosion rate by LPR (Little et al., 2007; Beech and Campbell, 2008).

2. Case

2.1 Electrochemistry and MIC

MIC monitoring techniques based on electrochemistry have been introduced over the years
in the laboratory (Scott et al., 1988; Dexter et al., 1991; Videla, 1996; Schmitt, 1997) and also
in technical applications such as cooling water, heat exchangers, storage tanks and piping
systems (ASTM G96-90, 2008; Groysman, 2008). The monitoring technique that has to be
chosen for each case depends on technical considerations and requirements such as control
of biofilm formation, hygienic standards or corrosion control in a system exposed to bacteria
e.g. cooling water systems. Broad ranges of online monitoring devices are available for
corrosion such as, LPR, zero resistance ammetry, potentiodynamic polarization,
electrochemical impedance spectroscopy, electrochemical noise analysis and deposition
accumulation monitoring.
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Under perfect conditions an online monitoring tool should detect biofilm formation under
real time conditions and measure the actual corrosion rate with simple data analysis without
any disturbance to biofilm and steel structure.

2.2 Electrochemical techniques

Two electrochemical techniques that are applied in this study, namely OCP and LPR, are
discussed briefly based on their positive aspects and drawbacks in relation to MIC
monitoring.

Open circuit potential (OCP) is used as a qualitative characteristic of the corrosion process on
the metal surface. The corrosion potential is the electric potential of a metal established in
an electrolyte, when no net electric current flows through the material. This means that the
current due to the anodic (oxidation, e.g. dissolution of metal) reactions are balanced with
the cathodic (reduction, e.g. of oxygen) reactions. The corrosion potential of a corroding
metal is the difference between the metal immersed in the environment and a reference
electrode (e.g. calomel electrode, silver/silver chloride or copper/copper sulphate
electrodes). Normally, during this measurement no external potential is applied. This
method has the lowest impact on microbial activity and settling properties (Hilbert, 2000;
Javaherdashti, 2008). The general trend among electrochemical techniques in the field of
MIC seems to be that OCP measurements are considered to be one of the safest methods in
recognizing and monitoring MIC because it does not impose voltages upon microbes (Dexter,
1995; Olesen et al., 2000). Moreover, OCP changes provide important qualitative
information about the on-going corrosion process and also environmental conditions.

Linear polarization resistance (LPR) is the most common technique for monitoring corrosion
in corrosion science (ASTM, G96-90) and MIC (Beech and Campbell, 2005). LPR is considered
a non-destructive method and can be conducted on probes (carbon steel coupons) in a
conductive media such as seawater. Probes designed for LPR consists of 2 or 3 electrodes: a
working electrode, an auxiliary electrode and optionally a reference electrode. The working
electrode is polarized by imposing a potential difference between the working electrode and
the reference electrode, causing a current to flow between the auxiliary electrode and the
working electrode in fundamental terms, a small voltage (or polarization potential) is applied
to an electrode in solution. The corrosion reactions developing on the working electrode,
which occur independently from polarization, can be determined by measuring the current,
gaining the corrosion rate.

The method is best suited for use whenever there are substantial corrosion rate changes

may occur (ASTM G96-90, 2008). Table 1 gives an overview on the positive and negative
aspects of the discussed electrochemical techniques and their relation to MIC.
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Table 1 Pros and cons of electrochemical methods applied to MIC

Pros Cons MiC
ocpP Simple No corrosion rate, only qualitative Study film formation
Fast (Tuovinen, 1986)

No anodic/cathodic process detection
No type of corrosion (pitting, crevice)

Study SRB activity
(Fonseca; Keresztes, 1998)

LPR On-line
Real time

No localized corrosion
Scaling increase resistance
(Biofilm & corrosion products)

Deposits on the probe

Redox reactions contribution
(caused by microorganisms)

Bridging and fouling effects
(ASTM G96-90)

Adsorptive processes (sulphide films)
(Dexter, 1995)

Masking steel by ferrous

sulphide film (wrong data

interpretation, leading to high corrosion
rates (Thompson, 1994)

To study the microbial corrosion processes the ballast tank is divided into different zones
with respect to specific corrosion processes. These zones were related to the waterfront of
well-known Accelerated Low Water Corrosion (ALWC) process on harbour pilings, as
discussed by (Beech and Campbell, 2008). The experimental ballast tank set-up was
compared with the immersion zone and sediment zone of the ALWC. The following
paragraph summarize the experimental set-up conducted in a test ballast tank originally
designed for evaluation and certification of ballast water treatment systems (such as
ozonation or chlorination) on the north coast of the Netherlands.

3. Experimental set-up

3.1 Test facility (operational conditions)

An international test facility for the certification of and research on ballast water treatment
systems at the Royal Netherlands Institute for Sea Research (Royal NIOZ) was used in this
study to assess the bacterial dynamics and corrosion in the ballast tank environment. A
coated concrete tank (epoxy ballast tank coating) with the capacity of 100 m3? volume was
used to simulate the ballast water tank of a ship. The test facility at the dockside with a
typical ballast water pump (capacity of ca. 250 m®) provided the North Sea water directly
from the harbour. The tank was filled in the beginning of the experiment and remained
undisturbed over the experimental time period of 14 weeks.

From the microbial corrosion point of view and the different processes and mechanisms that
are involved in MIC, ballast tanks can be divided into four different zones (Heyer et al.,,
2009).
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The proposed model in Figure 1a was supported by experimental work of the authors, who
found increasing corrosion rates with decreasing oxygen concentrations from top to bottom
in SBTs (Heyer et al. 2011). Interpretation and modelling of corrosion within SBTs is
nowadays based on practical weight loss measurements gained in field studies (Tamburri et
al. 2002, 2003, 2005; Suzuki et al. 2004), or corrosion depth measurements by ultrasonic
instrumentation (Paik and Thayambali 2001; 2002; Paik et al. 2004). No model, however, has
integrated zones and oxygen concentrations so far. Based on this knowledge, a new model is
proposed by the author, linking different SBT zones, corrosion rates and oxygen
concentrations. (Figure 1a illustrates the combination of the four zones with the
corresponding corrosion rates (filled triangle), which have been measured during weight loss
experiments of field studies within ship tanks (Tamburri et al., 2002; 2003, 2005; Suzuki et
al.,, 2004). Figure 1b represents the experimental set—up where corrosion coupons and
electrochemical OCP and LPR sensors were placed at two different height levels of the tank
corresponding to sediment and immersion zone.

(a) (b)

21%

in air
Gasphase

‘ 0,10mm/y

Oxygen concentrafion [%]

Splash Zone Gasphase

>0,38mm/y

Water level

Immersion @
0%
in biofilm
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Sediment
Zones of ballast tank

Fig. 1 Schematic figures: (a) corresponding environmental conditions e.g.
(corrosion rate/ oxygen concentration); (b) ballast tank

Immersion Zone

Corrosion rate [mm/year]

Sediment

3.2 Test coupon preparation

Carbon steel coupons of ASTM A131 Steel, grade EH36 were used to monitor bacterial
attachment. This particular low carbon steel was chosen as it is used in ship construction,
typically in ship ballast tanks. The rectangular coupons with a dimension of (30 x 20 x 1) mm
were fixed on epoxy plates and immersed in the ballast tank at two different height levels,
with a total exposed area of 6 cm?®. The steel surface was uncoated to simulate uncoated
bare ship steel.
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3.3 Biofilm sampling

The biofilms were collected from immersion zone and sediment zone of the ballast tank.
Sample coupons were immersed and taken out at fixed sampling periods of 4 and 14 weeks.
In parallel, 1 liter sea water was sampled and immediately filtered through a sterile 0.2 um
filter to concentrate the planktonic biomass. Sediment water was taken by bypass on the
bottom of the tank immersion zone water could be taken by sampling bottle. The corroded
coupons and filters were transferred into a sterile 50ml falcon tubes in an icebox and
transferred to the laboratory. The coupons and filters were stored at - 80°C until DNA
analysis.

3.4 DNA extraction, PCR amplification and DGGE

The frozen biofilms including corrosion products were scraped off from the coupons. The
material was grinded with a pestle in a mortar filled with liquid nitrogen to prevent sample
thawing. 0.1mg of sample was transferred to a cryo tube and kept frozen until DNA
extraction. For seawater biomass filters, the filter fibers were cut with a sterile blade and
scissors before being introduced in a PowerSoil™ DNA isolation Kit (without beads)
preliminary transferred in a sterile 50 ml reaction tube. The solution with the cut fibers was
subsequently vortexed for 1 minute and centrifuged at 10.000 g for 10 minutes. The liquid
fraction obtained was transfered back to the PowerSoil Tube with beads. Genomic DNA from
both grinded corrosion deposits and seawater was extracted using the PowerSoil™ DNA
isolation Kit as described by Marty et al. (2012). 16S rRNA genes were amplified and DGGE
analysis was performed as described by Schafer and Muyzer (2001). Bands were excised
from the denaturing gel and stored for 2 days at 4 °C in 40 ul TRIS-HCI buffer. An aliquot of
0.5 pl was used for re-amplification. A commercial company sequenced purified products.

3.5 Phylogenetic analysis (165rDNA sequence)

The rDNA sequences were checked manually using the software program CodoncodeAligner
(CodonCode Corporation, LI-COR Inc). The corrected sequences were compared to
sequences stored in GenBank database using the MegaBLAST algorithm and the highest
score sequence affiliated to a known bacterial relative was selected. Subsequently, the
sequences were aligned to sequences in the SILVA SSU database Ref NR 108 and a
phylogenetic tree was constructed using the software program ARB (Ludwig et al., 2004).
The DGGE profiles and band intensities were normalized using the GelComparll v5.0
software. The percentages of band intensities per profile were determined by the relative
surface value, correcting manually the densitograms whenever necessary. The similarities
between the DGGE profiles were determined using the Pearson correlation index.
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3.6 Electrochemical corrosion measurements

All electrochemical measurements were performed using a portable potentiostat with an
USB powered device to avoid any external noise disturbance and controlled by IVIUM
software version1.705. Linear Polarization Resistance (LPR) data was modelled with Zew
software version 3.0. ASTM A131 working electrodes were used in combination with water
immersible silver/silver chloride electrode. A platinum mesh electrode was implemented as
a counter electrode. The electrode configuration was custom made and was equipped with
duplicate working electrodes of 1 cm? to ensure reliable data acquisition.

3.7 Pit characterization using Microscopy

Initially working electrodes were stripped of corrosion products by adding Clarke acid
cleaning solution (1L 36% (v/v) HCl, 20 g Sb,05 and 50 g SnCl,) for 10-15 sec. The cleaned
exposed sample surface was finally rinsed with distilled water, cleaned in absolute ethanol,
and dried under a flow of nitrogen gas. The surfaces were later examined under an optical
microscope (Olympus X51) with 20x magnification. Pit depth was measured by adjusting the
focus point to the bottom of the pit and the surface layer, 10 individual pits were measured
averaged from 3 coupons. Pitting factor was determined at the deepest metal penetration
divided by average metal penetration according to G46-94 (ASTM, 1994). A pitting factor
close to 1 represents uniform corrosion and increasing numbers represents higher degree of
pitting.

4. Results

4.1 PCR-DGGE analysis

The experimental set-up had good replicates giving 80% minimum similar community
structures proven by Pearsons correlation index (data not shown). The bacterial diversity of
the samples was evaluated by DGGE analysis of 16S rRNA gene amplicons (Figure 2). Each
band represents a specific bacterial population and the number of distinctive bands in each
lane indicates the microbial diversity in the sample. Dominant bands were excised from the
gel by visual determination under UV light and sequenced. Only those bands that gave the
clean sequences (these are numbered bands) were used for phylogenetic analysis.

Several bands shared similarity between the samples i.e. the biofilms from different zones
and also to that of the water phase. For example, similarities were found between band 1 &
9 (i.e. biofilm from immersion zone) and band 23 & 20 (biofilm from sediment zone).
Additionally, bands 34, 36, 37, 45, 46, 47, 53, and 54 were unique for the planktonic
community and also Band 2, 4-24 that were associated to the biofilm community showing a
high diversity in the mid molecular weight sector of the gel.
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M 1 2 3 4 5 6 7 8 9 1011 M 12 13

Figure 2. DGGE gel pattern used for verification of species from the ballast tank samples. Biofilm
immersion zone (1,2 = 4 weeks; 3,4 = 14 weeks), Biofilm sediment zone (5,6 = 4 weeks; 7,8 = 14 weeks)
Water phase (9 = start), water phase bottom (10 =» 4 weeks; 11 =» 14 weeks; water phase immersion (12 =
4 weeks; 13 = 14 weeks). *M representing marker bands. Marked bands were excised and sequenced.
Replicate samples show no significant variation supporting the reproducibility of the data.

4.2 Phylogenetic analysis

The sequences retrieved from the denaturing gradient gel were affiliated to five major sub-
classes of the Proteobacteria i.e. a, B, y, & and T. The other class of bacteria that were
abundant includes the Bacteriodetes, the Gemmatimonadetes and the Actinobacteria (data
not shown). The bacteria analysis were carried out for the biofilm samples from the
immersion zone and sediment zone and also to that of the water phase in the ballast tank.
The relative abundance is given in percentage and is based on the intensity measurements.
Figure 3 and 4 are the relative abundance of bacteria in the biofilm and water phase samples
collected from the immersion and sediment zone, respectively. The summarized community
data indicate clear differences between water phase and biofilms as well as immersion and
sediment samples.
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Figure 3. Relative bacterial abundancy in percent over experimental time in weeks.
Water phase (1 = 4 weeks; 4 = 14 weeks); Biofilm immersion zone (2,3 = 4 weeks; 5,6 = 14 weeks).
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Figure 4. Relative bacterial abundancy in percent over experimental time in weeks.
Water phase (1 = start; 2 = 4 weeks; 5 = 14 weeks); Biofilm sediment zone (3,4 = 4 weeks; 6,7 = 14
weeks).
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(i) Biofilm communities in the immersion zone
Within the firstfour weeks Bacteriodetes, R-Proteobacteria (Denitromonas and Gallionella

sp.,) y-Proteobacteria (Thiomicrospira sp.,) were abundant in the biofilm community. During
the first four weeks of the experiment no SRBs &-Proteoacteria (Desulfobacteraceae) were
found within the biofilm of the immersion zone, whereas {-Proteobacteria such as
Mariprofundus ferrooxydans, and B-Proteobacteria such as Gallionella sp. are abundant in
the biofilm community. Bacteroidetes and Proteobacteria form electroactive biofilms.
Mariprofundus is a neutrophilic Fe-oxidizing bacterium (10B), which plays an important role
in Fe deposit formation (Juniper et al. 1988; Kato et al. 2009) and Gallionella sp. deposit
ferric oxide on the cell surface under microaerophilic conditions. It can be deduced for the
immersion zone that the oxygen concentration was still high enough to avoid SRB growth
within the biofilm community up to four weeks. After 14 weeks SRB were developed in the
anaerobic niche of the biofilm (underneath of oxygen consuming bacteria) and these mixed
community of SRB and IOB increased the electroactive activity community i.e. y-
Proteobacteria as supported by DGGE analysis.

(i) Biofilm communities sediment zone

The only difference towards the immersion zone is the abundance of Denitromonas species
as a result of the presence of SRB from the beginning of the experiment within the sediment
zone. Denitromonas utilize the metabolic compounds of the SRBs (sulfide or thiosulfate) as
an electron acceptor. Gallionella, Thiomicrospira and Desulfobacteriaceae form a closed
metabolic loop (as discussed before) for the immersion zone. This community diversity
illustrates that microbial activity is a closed loop of metabolic reactions in a specific
microenvironment driven by oxygen concentration and nutrient availability in the
environment.
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4.3 Electrochemical data

Open circuit potential measurements - Fig. 5 details the OCP value changes for the carbon
steel exposed to seawater in practical ballast tanks at different heights i.e., at sediment and
immersion zone over the period of 14 weeks. Each data point is an average of three replicate
measurements.
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Figure 5. OCP values vs. SCE electrode (triangle: immersion zone 2; square (dashed line) sediment
zone).

At the start of the experiment until the first three weeks, the OCP values remained constant
for both the zones. Subsequently, the OCP showed a gradual increase and reached
maximum value in 10 weeks in the case of immersion zone and 12 weeks for the sediment
zone. After these maximum peaks the OCP values decreased slightly down to ~ -0.70 for
both zones until the end of the experiment but not as low as in the beginning. These
potential data are in line with findings by Beech and Campbell (2008) who reported potential
values between -0.71V and -0.68V for steel electrodes covered with a biofilm after 8 weeks.
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4.4 LPR measurements

Table 2 summarize corrosion rates of the carbon steel immersed in the ballast tank near the
surface and at the sediment zone over period of 14 weeks. Corrosion rates were monitored
by LPR measurements and are given in mm/y for three experimental times (0 weeks, 8
weeks, 14 weeks).

Table 2. General corrosion rates of carbon steel coupons exposed
to different levels in ballast tank over the experimental time of weeks.

General corrosion rate (mm/y)

Zone 0 weeks 8 weeks 14 weeks
Immersion 0.75+1.5 0.46+0.9 0.49+0.9
Sediment 0.381£0.3 0.4910.2 0.591+0.3

The corrosion rates of carbon steel showed a gradual decreased over the period of time in
the immersion zone (i.e. near to surface water). On the contrary, for sediment zone a
constant increase in corrosion rate was observed (14 weeks Table 2). The average corrosion
rates for the immersion zone was 0.5 mm/y and for the sediment zone it was 0.6 mm/y.

4.5 Pitting corrosion

Pitting factor was determined based on the pit depth for the carbon steel exposed to
different levels in ballast tank. Table 3 are the data of the 10 different measured pits for
both immersion and sediment zone.

Table 3. Pit depth and pitting factor (PF) of carbon steel coupons exposed to different levels in ballast tank.

Zone Pit depth (micron), 10 individual pits Average depth PF
Immersion 10 12 16 6 9 34 11 13 24 27 17 2
Sediment 31 23 19 24 37 31 15 27 24 33 26 1.4

Pitting factor close to 1 represents uniform corrosion and increasing numbers represents higher degree of pitting.

The values indicate that the average pit depth is higher for the sediment zone than the
immersion zone. In contrast, the PF values are low for the sediment.
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5. Discussion

This chapter highlighted the problem of attached biofilms in the field of corrosion in ship
ballast tanks and will open new ways in practical applications to combat this serious
corrosion problem. The genetic variability between the water phase and MIC biofilm was
significant. Overall it can be said that the bottom zone was more dominated by MIC bacteria
such as (Gallionella, Thiomicrospira and Desulfobacteraceae) than the immersion zone
(irrespective planktonic or sessile).

Higher pitting rates could be due to synergetic effects of various bacterial groups such as
acid producing bacteria, slime producing bacteria, sulphur-oxidizing, sulphate reducing and
metal oxidizing bacteria enabling the proliferation of local corrosion damage. All these
results highlight the strong genetic variability among these bacterial populations and their
fast adaptability to different conditions, underlining once more the difficulty in finding a
correlation between electrochemical activity and composition of microbial populations. Such
type of consortium is unlikely to be fully unrevealed by only cultivation techniques. The
combination of OCP and the use of DGGE as a screening tool can be one way in the future to
monitor corrosion behaviour in enclosed seawater environments. The results in this study
clearly point out how important PCR-DGGE work is to determine the type of bacterial
species in such a specific enclosed environment.

The combination of molecular tools and electrochemistry can be one of the future aims to
combat microbial corrosion in marine environments for the ship industry. A more effective
monitoring and treatment system in form of effective preventing and treating biofilms on
sidewalls of ship ballast tanks will help to reduce costly material replacements. Therefore,
any measure for controlling aquatic invasive species in ballast tanks should consider the
impact on corrosion in form of sessile communities in the future, which has been an
underestimated problem so far. The summarized work in this chapter can be one-way for
the future to build up a database of bacterial species, which are involved in corrosion or
coating degradation on-board of ships. This will help on the one hand to fulfil international
coating guidelines provided by IMO for ballast water treatment and coatings to secure our
environment and human health on a very high level. Another important step in MIC control
for the future is monitoring the activity of sessile microorganisms (biofilms) on sidewalls of
the tank under ballasted conditions (full tanks) to understand community structures and
biocide efficiency over time. Chemical treatment of the water during voyage is one choice to
lower bacterial activity inside the tank. Another option might be ultraviolet (UV) radiation,
which can be used for pre-treatment of the ballast water during intake instead of
chlorination or biocide use. If biocides are used to lower bacterial activity, care has to be
taken in the case of biofilms. Although all biocides are efficient in the water phase
(planktonic bacteria), only a few are efficient against biofilms.
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This should be taken into account especially for older vessels where maintenance was poor
(high amount of sediment), or less efficient pre-treatment systems for the water phase are
installed. One MIC control strategy can be online monitoring by electrochemical sensors
placed on high-risk spots (welding’s, bottom) inside the tank. Up to now, the available ship
hulls monitoring systems (Slaughter et al. 1997) do not consider ballast tanks. Currently it is
difficult to differentiate between various forms of localized corrosion as many of them have
a similar appearance. Therefore, electrochemical methods of MIC monitoring should be used
with caution.

Suitable and reliable methods for detection of MIC processes are available, but only the
interdisciplinary diagnosis of all participating groups, such as engineers, ship owners,
microbiologists and corrosion specialists, allows reducing life cycle costs and improving
vessel safety. More advanced maintenance programmes for all types of ships have to be
developed, incorporating MIC as one of the major corrosion phenomena within these
enclosed seawater environments.
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2.2 A molecular and electrochemical approach to study corrosiveness and
population dynamics of MIC biofilms inside ship ballast tanks

Abstract

Microbiologically influenced corrosion of steel is a serious problem in the marine
environment and many industries, such as offshore and shipping industry. Under natural
conditions biofilms form heterogeneous patchy surfaces, which eventually result in pitting
corrosion. While electrochemical measurements, such as Open Circuit Potential (OCP) and
linear polarization resistance (LPR), have been used in corrosion monitoring for several years
the combination with microbiological techniques were always underestimated in sense of
studying microbial communities in combination with corrosion rates. A new experimental
approach was established by operating a full-size ship ballast tank to assess the impact of
microbes on ship corrosion. A full-scale set-up was chosen to simulate the impact of
bacterial growth on the corrosion of ship steel as realistic as possible. This cannot be
performed under lab conditions of a smaller volume were nutrient limitation and
environmental conditions such as flow or stagnation will influence the natural growth
conditions. This new approach covered realistic pumping rates of the used seawater and a
representative volume of ballast water under dark stagnant conditions as commonly found
within ballast tanks in ships over long trans oceanic travel routes. Working electrodes were
immersed at two different height levels of the ship ballast tank, sediment and immersion
zone to compare the corrosion behavior of ASTM A131 Steel grade EH36 exposed to natural
seawater. These specific zones Based on engineering requirements, ballast tanks are
commonly divided into two different zones: Fully submerged zone (water phase) and mid
section (air water phase). This simple model is used for maintenance programs but does not
reflect all relevant areas inside of SBTs considering MIC. Ballast tanks on board of vessels can
be divided into four different zones (Heyer et al. 2009; Heyer et al. 2011). This model reflects
the main cause why SBTs are prone to microbiologically influenced corrosion. Within these 4
different zones different environmental conditions (oxygen, nutrients, flow conditions) are
established, these conditions will have a significant influence on bacterial communities and
activities. It has to be highlighted that the rate of ballast water exchange determines the real
impact of MIC in SBTs. Compared to closed seawater environments, in which electron
acceptors are quickly exhausted, MIC might be irrelevant in some cases after some time. But
SBTs are open systems, and ballast water exchange can be continued over the voyage time
or locally in ports of arrival. A continuous input/output of nutrients ensures biofilm
formation and growth of bacteria in inaccessible areas of SBTs because of their enclosed
structure and their constant nutrient supply in form of water exchange.
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Interpretation and modelling of corrosion within SBTs is nowadays based on practical weight
loss measurements gained in field studies (Tamburri et al. 2002, 2003, 2005; Suzuki et al.
2004), or corrosion depth measurements by ultrasonic instrumentation (Paik and
Thayambali 2001; 2002; Paik et al. 2004). Corrosion rates ascribed to MIC in tanks of ships
have been reported in literature. Huang et al. (1997) reported excessive pitting corrosion up
to 2mm/yr on the uncoated carbon steel bottom plating. Cleland (1995) stated even 6mm/yr
for the bottom plating. No model, however, has integrated bacterial species and MIC
mechanisms so far. Until now little information is available on microbial community
composition and the corresponding corrosiveness within ship ballast tanks. This lack of
knowledge was investigated by combining electrochemical detection techniques and
molecular screening tools to gain new data of corrosive biofilms in enclosed seawater
environments. The experimental procedure included sampling of biofilms from exposed
corrosion coupons were subjected to denaturing gradient gel electrophoresis (DGGE) of PCR-
amplified 16S rRNA genes. The microbial community on the corrosion coupons (representing
the sidewall of the tank) and in the water phase was investigated by DGGE. The genetic
variability The water phase and the formed biofilms indicated a significant difference in
species grown demonstrating that the bottom zone was more dominated by MIC bacteria
than the immersion zone. The information on the bacterial community was combined with
conventional electrochemical on-site measurements, such as OCP and LPR, to evaluate the
corrosion processes with regards to the bacterial communities. A substantial difference in
corrosion rates for bottom and immersion zone was detected and could be linked to the
bacterial populations in these zones. This research paper summarizes for the first time the
problem of attached biofilms in the field of corrosion in ship ballast tanks combining
electrochemical and molecular tools.
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1. Introduction

Ship ballast tanks are designed to hold enormous quantities of water; each has a capacity of
hundreds, even thousands of metric tonnes. The ballast tanks are crucial to the ship’s cargo
operations and safety at sea as it’s maximizing the ship’s stability in rough waves and
increases propulsion efficiency. Ballast capacities depend on the ship size and therefore
range from single cubic meters for sailing boats up to 200.000m? for large cargo carriers.
Ballast water is taken on board using sea chests, pumps or by gravity feed. As a consequence
of remaining water when off-loading (retarded by stiffeners) sediment accumulates within
SBTs. Studies have shown that at least 65% of ships were carrying significant amounts of
sediment on the bottom of their ballast tanks (Hallegraeff and Bolch, 1992; Hamer et al.,
2000) which is a potential source for nonindigenous organisms (Gollasch et al., 1998) and
MIC bacteria. The International Maritime Organization (IMO) developed a convention on
ballast water management for the control of marine flora and fauna (IMO 2005; Hewitt et al.
1999). Existing methods include the exchange of coastal ballast water for open oceanic
water while in transit. The ballast water exchange may act to reduce the likelihood of
species transport to some extent, but these activities will not dislodge any sediment that has
accumulated at the bottom of the tank (Hallegraeff and Bolch, 1992; Hamer et al., 2000) and
bacterial biofilm developed on the tank surface. Blistering type of corrosion is mostly
prevalent in most cases at the bottom horizontal position of the tanks, where sediment is
normally accumulated. Extensive corrosion failures have been recognized in the form of local
corrosion in the ballast tanks (Tamburri et al. 2002; Suzuki et al. 2004). Further, not much
information is available on the role of microbes in corrosion process in the ship ballast tanks.
This study aims to characterize the microbial biodiversity in the ship ballast tank
environment and also their role in corrosion processes. The microbial population is
examined using DGGE analysis of PCR-amplified 16S rRNA gene fragments revealing
qualitative data on the bacterial community. The methodology has been adapted in many
laboratories as a convenient tool for the assessment of microbial diversity in natural samples
(Muyzer 2000; Schafer and Muyzer 2001) and was used to follow up trends in community
shifts over time. The microbial diversity in the water and biofilm sample in the ship ballast
tank environment were inspected and the shift in the population over the period of time is
determined. Different sampling periods were considered based on preliminary experiments
performed by the authors prior to the long term experiment (data not shown) indicating
that shifts in the biofilm community are occuring after exposure of 4 weeks.Furthermore,
corrosion processes in the ballast tank are monitored using electrochemical techniques such
as open circuit potential measurements (OCP) and linear polarization resistance (LPR). Both
these techniques have been widely used for monitoring of corrosion processes of steel in
different environment (Fonesca et al. 1996; Little et al. 2007; Beech and Sunner 2004; Beech
and Campbell 2008).
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The main questions that are investigated in this study include (i) what is the microbial
community differences and shift, at different water height levels within a ship ballast tank
with time? (ii) What is community difference between the water phase and the biofilm
developed at the bottom of the ship ballast tank (near sediment zone) (iii) Does the
microbial community have a significant impact on the corrosion mechanism or/and rate in
the ship ballast tank closed environment? In order to address these queries the experiments
were performed in a large practical test ballast tank designed for evaluation and certification
of ballast water treatment systems at the north coast of the Netherlands

2. Materials and methods

2.1 Practical ballast tank facility (operational conditions)

An international test facility for the certification of ballast water treatment systems at the
Royal Netherlands Institute for Sea Research (Royal NIOZ) was used to study microbial
dynamics and corrosion rates in a closed ballast tank environment. For the study a coated
(epoxy ballast tank coating) tank (dimensions 31.05 x 3.10 x 3.55 meters) was used to
simulate the ballast tank of a ship ballast tank conditions (Figure 1). At the dockside a ballast
water pump (working speed 300m>/h) was used to pump fresh North Sea water (end volume
140 m®) directly from the harbour of Den Helder at a water temperature of 9.1 °C. The tank
was filled at the beginning of the experiment and was not replaced or disturbed over the
experimental time of 14 weeks. A control experiment without bacteria cannot be performed
for this kind of set-up and is not necessary due to the fact that the community shifts and
corrosions rates within 2 different height levels in the tank were compared.

Gasphase

Water level
Immersion @]

Sediment

Figure 1. Experimental set-up of ballast tank including sampling coupons
and electrochemical corrosion sensors in different height levels of the tank.

54



Chapter 2 MIC in SBT - “A case study in natural environments”

2.2 Test coupon preparation

Carbon steel coupons of ASTM A131 Steel, grade EH36 elemental composition (C 0.15; Si
0.40; Mn 1.45; P 0.05; S 0.015; Cu 0.035; Mn 0.025 wt %) was chosen as it is used in ship
construction, typically in ship ballast tanks. The rectangular coupons with a dimension of 30
x 20 x Imm were fixed on epoxy plates and immersed in the ballast tank at two different
height levels (sediment zone & immersion zone). An epoxy plate with mounted coupons was
fixed near bottom of the tank (~ 2m), which is considered as near sediment zone and the
other plate is fixed in the immersion zone (near to surface water i.e. ~ 15 cm from the
surface water) (Figure 1). The coupons remained immersed for the period of 14 weeks for
the development of a biofilm and for estimation of the corrosion rate using electrochemical
techniques as detailed later. The steel surface was uncoated to simulate pure carbon ship
steel, this is a realistic approach due to the fact that coating failure in ship ballast tanks is
well known and considered in ballast tank inspections. The normal classification society
method of quantifying ballast tanks gives three categories: “good”, “fair” and “poor” (IACS
1993). The coating conditions are assigned based on visual inspection and estimated
percentages of areas with broken down coating and rusty surfaces. Therefore the use of
uncoated steel coupons will cover a broad range of ballast tanks considering practical and
realistic conditions onboard of ships worldwide. The seawater pumped in the ballast tank
remained stagnant throughout the experimental period of time.

2.3 Biofilm sampling

The biofilm developed on the steel coupons over the period of 14 weeks were collected
from both the sediment and immersion zones of the practical ballast tank. Duplicate steel
coupons were retrieved at fixed sampling periods of 4 and 14 weeks based on data of
preliminary experiments (data not shown). Water from the sediment zone was taken
through a valve on the bottom of the tank accessible from a cellar underneath the tank.
Immersion zone water could be collected by a sterile bottle drawn to the water level with a
rope. The sampled water was immediately filtered through a sterile 0.2 um Sterivex filter to
concentrate the planktonic biomass. The corroded coupons with biofilm and seawater
biomass filters were transferred immediately into sterile 50ml falcon tubes in an icebox and
transported to the laboratory. The coupons and filters were stored at -80°C until DNA
analysis.

2.4 DNA extraction, PCR amplification and DGGE

The biofilm was frozen in liquid nitrogen by introducing the coupon with a tweezer inside a
thermal isolated nitrogen jar, corrosion/biofilm products were scraped off the coupons. The
material was ground with a pestle in a mortal filled with liquid nitrogen to prevent sample
thawing. Around 0.1 mg of sample was transferred to an Eppendorf tube and kept frozen
until DNA extraction.
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For seawater filters, the housing was aseptically cut and removed with a hot blade and filter
fibers were cut with a sterile blade and scissors before being introduced in the PowerSoil
Tube solution (without beads) preliminary transferred in a sterile 50 ml Falcon tubes. The
solution with the cut fibers was subsequently vortex with short interruptions of 1 min and
fibers were pressed along the tube wall with sterile forceps to drain the fibers and
centrifuged at 10,000 g for 10 min. The liquid fraction obtained was transferred back to the
PowerSoil Tube with beads. Genomic DNA from both grinded corrosion deposits and sea
water extract was extracted using the PowerSoil DNA isolation Kit (Mo Bio Laboratories,
USA). The protocol for isolation is described by Marty et al. (2012). 16S rRNA genes were
amplified and DGGE analysis was performed as described by Schafer and Muyzer (2001).
Several separated bands were excised from the denaturing gel and stored during 2 days at 4
°C in 40 pl TRIS-HCI buffer. An aliquot of 0.5 pl was used for re-amplification. Purified
products were sent for sequencing at a commercial company (Macrogen Inc., South, Korea).

2.5 Phylogenetic analysis (165rDNA sequence)

The rDNA sequences were checked manually using the software program CodonCodeAligner
(CodonCode corporation, LI-COR Inc). The corrected sequences were compared to
sequences stored in GenBank database using the MegaBLAST algorithm and the highest
score sequence affiliated to a known bacterial relative was selected. Subsequently, the
sequences were aligned to sequences in the SILVA SSU database Ref NR 108 and a
phylogenetic tree was constructed using the software program ARB (Ludwig et al. 2004). The
DGGE profiles and band intensities were normalized using the GelComparll v5.0 software.
The percentages of band intensities per profile were determined by the relative 1D surface
value correcting manually the densitograms whenever necessary. The similarities between
DGGE profiles were determined using the Pearson correlation index (Boon et al. 2002;
Smalla et al. 2007).

2.6 Electrochemical corrosion measurements

Along with the biofilm steel coupons, two working electrodes (area 1 cm?) of the same steel
grade (ASTM A131) were also mounted on the epoxy plates. The electrode configuration for
electrochemical measurements consisted of working electrode, water immiscible
silver/silver chloride electrode as reference electrode and a platinum mesh as a counter
electrode. All electrochemical measurements were performed using a portable potentiostat
(IVIUM Technologies, The Netherlands) an USB powered device to avoid any external noise
disturbance controlled by IVIUM software version 1.705. LPR and OCP measurement were
carried out for the electrodes placed in both zones i.e., sediment and immersion zone. For
LPR measurements, a £ 10 mV potentiodynamic potential versus open circuit potential (OCP)
was applied.
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LPR data were modelled with Z,e, software version 3.0. OCP was monitored vs. SCE
reference electrode for five minutes in the beginning to enable the system to stabilize.
Measurements were performed in triplicate.

2.7 Surface characterization of working electrodes

The corrosion products and biofilm were stripped from the working electrodes by adding
Clarke acid cleaning solution (ASTM G 1-90, 1999) (1L 36% (v/v) HCI, 20 g Sb,03 and 50g
SnCl,) for 10-15sec. The exposed sample surface was finally rinsed with distilled water,
cleaned in absolute ethanol and dried under a flow of nitrogen gas. The electrode surface
was examined using an optical microscope (Olympus X51) at 20X magnification. Microscope
images of the surface were made and the pit depth at different spots was characterized
gaining qualitative data on the corrosiveness oft he attached biofilm. Pit depth was
measured by adjusting first the microscope focus point at the bottom of the pit and later at
the electrode surface. The height difference is defined in this paper as the depth of the pit. A
total of ten individual pits were measured on each electrode surface i.e. at two different
zones (immersion and sediment) in the practical ballast tank.

3. Results and Discussion

3.1 Environmental parameters

Temperature, pH and suspended particulate matter (SPM) were measured during the
experimental study as shown in Table 1 below.

Table 1. Environmental parameter (pH, T, SPM) for immersion & sediment zone

over time.
pH Temperature SPM

Immersion Zone

0 8.5 5.3 195.2

4 weeks 7.9 5.3 -

14 weeks 7.8 7.3 423
Sediment Zone

0 8.5 5.3 195.2

4 weeks 7.6 7.0 -

14 weeks 6.5 7.5 45.5

*Suspended particulate matter
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The water temperature was relatively low over the experiment study period as a result of
winter conditions. This fact will have a strong impact on the bacterial activity leading to the
conclusion that all measured values must be seen as minimum values due to less metabolic
activity and harvested cells due to low temperature. The pH in the sediment zone showed a
large drop was lower as compared to the immersion zone. The difference in the pH will
enable growth of diverse bacterial communities in these zones. Suspended particulate
matter load of the ballast tank water decreased from ~ 195 mg/ to ~ 42 mg/L over the
experimental period of time due to sedimentation as indicated in Table 1. Accumulation of
sediment rich in organic component at the bottom of ship ballast tanks can result in
development of anaerobic environments that will later facilitate the growth of anaerobic
sulphate reducing bacteria (SRB). The establishment anaerobic conditions in these
environments are discussed in two research papers of the authors that are under review.
Aerobic biofilms can enhance corrosion as well due to colonization of anaerobic pockets by
SRB, which cause an increase in corrosion by the removal of hydrogen and also by the
production of hydrogen sulfide and Fe sulfide. The decrease of SPM in water is also an
indication of nutrient limitation in the water phase over the period of time in such enclosed
stagnant environments.

3.2 DGGE Analysis

The bacterial communities structure in the seawater that was pumped into the ship ballast
tank and the biofilms that were developed in the tank over a period of time were examined
by DGGE analysis of 16S rRNA gene fragments. DGGE results of bacterial fragments are
shown in Figure 2. The structures of bacterial communities established on replicate steel
coupons were highly similar (80% similarity minimum) (data not shown). The experimental
set-up had good replicates giving 80% minimum similar community structures proven by
Pearsons correlation index (data not shown). Dominant bands were excised from the gel by
visual determination under UV light and sequenced. Only those bands that gave the clean
sequences (these are numbered bands) were used for phylogenetic analysis.
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M 1 2 3 4 58 6 7 8 9 10 11 M 12 13

Figure 2. DGGE gel pattern used for verification of species in the biofilm and water samples from
practical ship ballast tank during different experimental time period.

Biofilm samples in duplicate - Immersion zone 4 weeks (lane 1, 2) & 14 weeks (lane 3,4); sediment
zone lane 4 weeks (lane 5,6) & 14 weeks (lane 7,8);

Water phase samples - Day O (lane 9); sediment zone 4 weeks (lane 10) & 14 weeks (lane 11);
immersion zone 4 weeks (lane 12) & 14 weeks (lane 13). M representing marker bands

The numbered bands of the DGGE gel were used for phylogenetic analysis in the next
section. In general, the communities in the water phase contained higher numbers of visible
bands (lane 9-12) than the biofilm samples (lane 1-8). It was observed that the bacterial
communities in the water phase collected from the immersion zone (12, 13) showed less
diversity (indicated by the number of bands), whereas, the water collected from the bottom
of the tank (lane 10, 11) was highly diverse leading to more identified bands per lane.
Several bands were shared between the biofilms that were developed at immersion and
sediment zones, e.g., band 1 (immersion zone) & band 23 (sediment zone), band 9
(immersion zone) & band 20 (sediment zone), and also between different zones and the
water phase, such as bands 50 & 51 from the water phase. Besides, bands 34, 36, 37, 45, 46,
47,53, and 54 were unique to the planktonic community. Band 2 and 4—24 associated to the
biofilm community showed a high diversity of organisms.
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3.3 Phylogenetic analysis

The sequences retrieved from the denaturing gradient gel were affiliated to five major sub-
classes of the Proteobacteria, a, B, y, 6 and T (Figure 3a) as well as Bacteriodetes,
Gemmatimonadetes and Actinobacteria (Figure 3b)
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Figure 3. Neighbour joining trees showing the phylogenetic affiliation of the sequences retrieved
from water phase and biofilms of immersion (Figure 3a) and bottom zone (Figure 3b). The sequences
determined in this study are printed in bold. The accession numbers of the sequences are between
brackets. The bars represent 10% estimated sequence divergence.
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(i) Planktonic community in immersion zone and sediment zone

At the beginning of the experiment, the water phase indicated a-Proteobacteria represented
by bd31 as Octadecabacter antarticus and Roseovarius tolerans. Additional species of Shimia
marina (AY962292), Loktanella marivola (EF202613) and Thalassobaculum litoreum
(EF203900) were identified as subgroups of (bd32). In later stages the bacterial species
changed to vy-Proteobacteria as Singularimonas variicoloris (AJ555478) (bd50) and
Halomonas spp. (bd53) within the immersion zone (Figure 2, lane 13). A different pattern
could be found for the bottom level of the ballast tank water containing additional
Gemmatimonadetes (bd 46, 47) (Figure 2, lane 11) after 14 weeks.

(ii) Sessile community of the immersion zone

For the biofilms in the immersion zone (Figure 2, lane 1-2) a higher diversity was found after
4 weeks in form of {-Proteobacteria Mariprofundus ferrooxydans (EF493243) (bd2) and
Thiomicrospira sp. NP20(EU196336) (Figure 2, bd4). Figure 2 (lane 1-2) represents the
biofilm of the immersion zone after 14 weeks. Species of B-Proteobacteria become
predominant as Thiobacillus denitrificans (AJ243144) (bd6). Sulphate reducing bacteria could
be found likewise in form of Desulfobacterium autotrophicum (AF418177) and Desulfobacula
toluolica (AJ441316).

(iii) Sessile community at the bottom zone

B-Proteobacteria are forming the main community within the bottom zone (Figure 2, lane 5-
6) after 4 weeks such as Gallionella ferruginea (L07897) (bd6) and many uncultured B-
Proteobacteria (Figure 3a bd21 and 24). Bacteriodetes appeared as Owenweeksia
hongkongensis (AB125062) within the bottom biofilm (Figure 3b, bd14). End of the
experiment, different bacteriodetes could be found in the biofilm formed at the sediment
zone (Figure 2, lane 7-8) such as Fluviicola taffensis (CP002542) (bd38), Lutibacter sp.
IMCC1507 (GU166749) (bd22), Polaribacter sp. SW2-7 (FR744840) and NF3-11 (FJ196052)
(bd23). These bacteria were originally isolated from sea ice and water from the Arctic and
the Antarctic. The occurrence of these microorganisms in the present study might be
explained by the low water temperatures observed over the course of the experiment.
Unique for the planktonic biofilm community were a-Proteobacteria and y-Proteobacteria
which are dominating the biofilm including highly specialized species such as
Acidithiobacillus spp. and Polaribacter spp. y- (- and &-Proteobacteria could be found in the
sessile community, giving a clear indication that the sessile community contains a more
complex species community.
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3.4 Quantitative analysis of the different community members

The bacterial community structure of the water phase and the attached biofilms were
analyzed by PCR-DGGE. Figure 3 and 4 in chapter 2.1 illustrate the bacterial community
structure in the near surface immersion zone and sediment zone i.e. bottom of the ship
ballast tank. Pearson similarity index (intensities) measurements indicated that the
experimental set up was reproducible giving replicates with at least 80% similar community
structure. In Figure 3 and Figure 4 a shift in the bacterial community from planktonic cells to
sessile biofilms can be identified underlying the overall estimation that biofilm communities
are more diverse and able to adapt to more harsh conditions than the surrounding
planktonic cells. Biofilm formation and its structural properties are the outcome of microbial
triggers in the system. A trigger can be seen as a stimulus for microorganisms to increase
their growth rate or encouragement to produce more exopolymeric substances (EPS) for
adhesion properties. Biofilm formation is one of the most common microbial survival
strategies: it allows bacterial species to form their own microenvironment for defense, food
supply and metabolic interactions. Low nutrient availability in the water phase can be seen
as a trigger in the system. Microbes growing in the biofilm can utilize more compounds from
the water phase by exo-enzymes released and accumulated in the EPS matrix. Another
trigger is cooperative benefit by re-using metabolic byproducts excreted by community
members. This property makes the biofilm community independent from external impacts
and is well known for acid producing bacteria (APB) and sulfate reducing bacteria (SRB)
growing in close association.

Figure 3 in chapter 2.1 illustrates the bacterial community profile of the planktonic and
sessile bacteria at the near surface immersion zone. The water phase i.e., column 1 is
characteristically represented by y-Halomonas, a-Rhodobacteriacaea and B -Proteobacteria
in the first 4 weeks stagnant conditions in the practical ship ballast tank. Subsequently, after
14 weeks the bacteria community in the stagnant water phase shifted slightly i.e., column 4
y-Halomonas (25%) which are typical seawater organisms and tolerant to a wide range of
NaCl  concentrations coexists with  o-Rhodobacteriaceae (5%), which are
chemoorganotrophic organisms that remained in the water throughout. A characteristic
change that was observed after 14 weeks is the decrease of B-Proteobacteria groups of
bacteria which can fixate nitrogen were almost replaced by Gemmatimonadales gram-
negative, aerobic, polyphosphate-accumulating micro-organisms. This shift in the
community of the water phase gives an indication of nutrients shortage within the tank
where organic compounds containing nitrogen and carbon are utilized first and more
specialist organisms such as the Gemmatimonadales are rising for utilization of specific
compounds in the later stages. It can be summarized here that the microbial community
shift in the water phase that occurred near the surface of the ballast tank over the period of
14 weeks is driven by nutrient availability. The biofilm community showed a complete
different bacterial diversity than the planktonic community in the immersion zone.
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Within first 4 weeks (i.e., column 2&3) Zeta-proteobacterium (as early colonizers), y-
electroactive bacteria, y-Thiomicrospira (Thiomicrospira artica) and y-iron oxidizing bacteria
(1OB) were the main colonizers, next to the non-sequenced groups of 18%. Later by 14
weeks (i.e., column 5&6) a shift in the biofilm community can be found where Zeta-
proteobacteria are replaced by sulphate reducing (SRB), which make up 10% of the whole
community. The main changes that were observed after 14 weeks is enrichment of gamma-
electroactive bacteria and SRB in the biofilm developed in the immersion zone (near surface)
on carbon steel (column 5&6 of figure 3 in chapter 2.1). It can be deduced for the immersion
zone that the oxygen concentration was still high enough to avoid SRB growth within the
biofilm community up to four weeks. After 14 weeks SRB were developed in the anaerobic
niche of the biofilm (underneath of oxygen consuming bacteria) and these mixed community
of SRB and IOB increased the electroactive activity community i.e. y-Proteobacteria as
supported by DGGE analysis.

Figure 4 in chapter 2.1 indicates the planktonic and sessile community changes over the
period of 14 weeks in the sediment zone (near sediment) of the ship ballast tank. At the
beginning of the experimental (day 0 i.e., column 1), the bacterial community in the water
phase contains B-Proteobacteria (8%), a-Rhodobacteraceae (25%) followed by some
uncultured Bacteroidates (17%) and uncultured Chroococcidiopsis (5%). After 4 weeks (i.e.,
column 2), the overall percentage composition in the community was slightly shifted and
Actinobacteria (4%) were found. A major change in the community was observed after 14
weeks in the dark bottom water of the ballast tank were B-Proteobacteria (25%) and a-
Rhodobacteraceae (8%) reversed their abundances and also Gemmatimonadales (4%) were
found. The community in the water at the bottom of the tank is characterized by B-
Proteobacteria nitrogen fixating organisms and a-Rhodobacteraceae chemoorganotrophic
organisms. Interestingly, Gemmatimonadales were found in both the bottom water phase as
well as at the surface water layer, indicating limitation of nutrients in the water phase. At
the sediment zone, it can be highlighted that chemoorganotrophic organisms and nitrogen
fixating organisms are predominant in water. In the biofilm a different community pattern
could be found in 4 weeks this includes y-IOB (5%), y-electroactive bacteria (30%), y-
Thiomicrospira (12%), SRB (10%) and uncultured Bacteriodetes (10%) (Fig. 4. column 3&4 of
chapter 2.1). After 14 weeks a community shift was identified towards SRB (5%), y-10B (4%)
and y-electroactive bacteria (31%). Thiomicrospira species were replaced by o-
Rhodobacteraceae (13%) and uncultured Bacteriodetes of (8%) (Fig. 4. column 6&7 of
chapter 2.1). Electroactive bacteria, SRB, IOB and Rhodobacteraceae that play a crucial role
in MIC, dominate the biofilm community at the bottom of the ballast tank. The overall PCR-
DGGE results highlight the strong genetic variability between water phase and biofilm
community and their fast adaption to different conditions such as darkness, low
temperature and low nutrient availability. It is well known from literature that
environmental changes influence biofilm formation and growth conditions.
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The exact structure of any biofilm is probably a unique feature of the environment, in which
it develops. Under natural conditions, monospecies biofilms are rare; as a result most
biofilms are composed of mixtures of microorganisms. This adds to the interspecies and
intraspecies interactions and to the general complexity of the macromolecular mixture
present. Differences in bacterial species composition of biofilm consortia and resulting
differences in metabolic activities within such biofilms could explain why, in two identical
systems under the same environmental conditions, corrosion rates can vary significantly. For
example, carbon steel corrosion can vary from a rate of 0.05 mm/year in one system to 3
mm/year in another. This phenomenon has been reported for steel piling structures in
several European harbors and has also been observed in certain secondary oil recovery
systems (Beech, in review). Consortia of metal depositing bacteria (MDB) and SRB often exist
as biofilms on corroding metal surfaces.-Until now these kind of research was limited by
possible identification techniques. Such type of consortium is unlikely to be fully revealed by
only cultivation techniques. Molecular tools developed in the last decades overcome this
limitations imposed by traditional cultivation techniques and have been used to study
bacterial diversity in corrosive biofilms that form in diverse environments. Several studies
revealed synergism between SRB, Clostridia and Enterbacteriaceae in accelerating metal
corrosion (Bermont-Bouis et al. 2007, Duan et al. 2008; Jan-Roblero et al. 2008). The results
indicate that after 14 weeks, Bacteroidetes and Proteobacteria forming electroactive
biofilms dominated the biofilms in both investigated zones of the ballast tank. Immersion
zone and sediment were chosen as representative areas typically influenced by pitting
corrosion as explained before. These bacteria can influence the corrosion process on the
steel surface due to kinetic mechanisms in form of electron shuttling by exopolymeric
compounds and conductivity of the biofilm itself (Beech and Campbell 2004; Heyer et al.
2009).

65



Chapter 2 MIC in SBT - “A case study in natural environments”

3.5 Corrosion processes in the ship ballast tank

Open circuit potential

It is well known that active passive alloys in natural seawater undergo a shift of open circuit
potential (OCP) towards more noble potential values. This behaviour in marine
environments was experimentally correlated to the presence of a biofilm (Mollica 1976). Fig.
4 showed the measured OCP of carbon steel at near surface immersion zone and sediment
zone in the ballast tank, over the experiment period of 14 weeks. Each data point is an
average of three replicate measurements.
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Figure 4. OCP values against SCE electrode - triangle: immersion zone; square: sediment zone. Bar
indicates standard deviation of duplicate measurements.

The OCP measurements of the carbon steel exposed to both the zones in the ballast tank
showed a gradual shift towards noble potential. The measured value were ~ -0.73 V at the
start of the experiment and reached a maximum value of ~ -0.64 V for both immersion and
sediment zone. The data are in agreement with potential data monitored by (Beech and
Campbell 2008) reporting OCP values between -0.71 V to -0.68 V for electrodes covered with
a biofilm after 55 days. The measured data give an indication that a biofilm was formed on
the electrode surface confirmed by PCR-DGGE analysis.
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Corrosion rate

LPR measured corrosion rate in Fig. 6 showed a sharp increase during the initial four weeks
in both immersion and sediment zone of the ballast tank. Thereafter, corrosion rate
gradually decreased over the experimental period of 14 weeks. The decrease could be due
to formation of a thicker corrosion layer on the surface that will lower the overall corrosion
rate or oxygen diminishing effects in the stagnant environment. The average corrosion rate
was ~ 0.6 mm/y for both zones. Immersion zone showed a slightly higher corrosion rate than
the sediment zone, this could be due the difference in dissolve oxygen concentrate near the
surface layer. Our findings are in agreement with the literature (Beech 2008) reported
corrosion rates of 0.518 mm/y.
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Figure 5. Corrosion rate gained from LPR measurements of carbon steel in immersion and sediment
zone of the ship ballast tank over the period of 14 weeks. Bar indicates standard deviation of
duplicate measurements.
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Pitting index

Table 2 represent the pitting indexes which were determined using stereomicroscope after
cleaning the surface of the carbon steel working electrodes. The pitting that was observed
on the electrode surface support findings reported by (Starrovetsky et al. 2001, Beech and
Campbell 2008, Faimali et al. 2010) who described that ennoblement is coupled to pitting
corrosion in the presence of bacteria.

Table 2. Pit depth of carbon steel coupons exposed to different levels in ballast tank.

Zone Pit depth (micron), 10 individual pits Average depth
Immersion 10 12 16 6 9 34 19 12 24 27 17
Sediment 31 23 19 24 37 31 15 22 24 33 26

The averaged pit depth values measured from the 10 different pits showed higher pitting in
the sediment zone than the immersion zone. Sediment zone (average pit depth 26 um) is
strongly influenced by pitting than immersion zone (average pit depth 17 um). The values
are relatively low as compared to the previous studies and reports of ballast tank corrosion
who claim an average corrosion rate within ship ballast tanks of 0.2 mm/y (Suzuki et al.
2004; Tamburri et al. 2002). Huang et al. (1997) has documented excessive pitting corrosion
up to 2 mm/yr in the uncoated carbon steel bottom plating and other authors even 6 mm/yr
for the bottom plating (Cleland, 1995). The reduced pit depths in this study are a result of
the relatively low water temperature.

3.6 DGGE results v/s pitting corrosion

The DGGE analysis revealed that the genetic variability between the water phase and biofilm
were significant. Overall, the bottom zone was more dominated by MIC bacteria such as
(Gallionella, Thiomicrospira and Desulfobacteraceae) than the immersion zone (irrespective
planktonic or sessile). Higher pitting rates at the bottom zone could be due to synergetic
effects of various bacterial groups such as acid producing bacteria, slime producing bacteria,
sulphur-oxidizing, sulphate reducing and metal oxidizing bacteria enabling the proliferation
of local corrosion damage. For example, corrosive SRB bacteria were active in the biofilm
developed in the sediment zone within the first four weeks, which were not found in the
immersion zone biofilm. SRB produce hydrogen sulfide that can react with steel in sulfate-
containing environments. Sulfide produced by the SRB then migrates to edges of the
deposits where it can be oxidized to thiosulphate or reduce to elemental sulfur which are
well-known activator of pitting corrosion (Felder and Stein 1994; Jones and Amy 2002). This
initial activity of SRB in the sediment zone probably contributed to more pitting.
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In contrast, the pitting depths that were measured were not as comparable to that reported
for the ship ballast tank. Environmental conditions have to be taken into account such as
bacterial growth and activity. Bacterial metabolic activity strongly depends on temperature
(10°C rule, increase of 10°C will double metabolic reaction kinetic) and due to the fact that
the overall temperature was relative low during the experimental period, we can assume the
lowest possible indication of bacterial metabolic activity and therefore the gained corrosion
rates will indicate the lowest possible rate. If a higher temperature is to be considered, the
corrosion will increase, due to kinetic reactions rates enhancing the process of corrosion and
on the other hand due to a higher growth rates. The results highlight the strong genetic
variability among these bacterial populations and their fast adaptability to different
conditions, underlining a correlation between electrochemical activity and composition of
microbial populations. It was possible to show that the sediment zone is strongly influenced
by pitting than the immersion zone supported by the presence of Denitromonas and SRB
forming a closed loop of metabolic interactions by utilizing the metabolic compounds of the
SRBs (sulfide or thiosulfate) as an electron acceptor. Such type of consortium is unrevealed
by only cultivation techniques. But it has to be mentioned here that if the right media are
used cultivation techniques may be as good as molecular ones. Nevertheless the
combination of OCP and the use of DGGE as a screening tool can be one way in the future to
monitor corrosion behaviour in enclosed seawater environments.

4. Conclusions

A marine electrochemical active biofilms was developed in a closed seawater system under
mature conditions (stagnant for 14 weeks). The genetic variability between water phase and
biofilm could be identified by PCR method. Higher pitting rates could be found at bottom of
the tank due to synergetic effects of various bacterial groups and especially due to the
presence of SRB at the early stages of biofilm formation. The results in this study clearly
point out how important that PCR-DGGE work can be one way in the future to determine
the type of bacterial species in such a specific enclosed environment. The combination of
molecular tools and electrochemistry can be one of the future aims to combat microbial
corrosion in marine environments for the ship industry. A more effective monitoring and
treatment system in form of effective preventing and treating biofilms on sidewalls of ship
ballast tanks will help to reduce costly material replacements. Therefore, any measure for
controlling aquatic invasive species in ballast tanks should also consider the impact on
corrosion from the sessile communities, which has been an underestimated problem so far.
The results presented here provide useful information for further studies of corrosion in ship
ballast tanks and up scaled MIC laboratory studies.
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The work also summarizes for the first time the problem of attached biofilms in the field of
corrosion in ship ballast tanks and will open new ways in practical applications to combat
this serious corrosion problem.
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Chapter 3
3.1 Corrosion behavior of ballast tank steel

in the presence of sulphate-reducing and acid-producing bacteria
Abstract

Microbiologically influenced corrosion (MIC) is a serious problem in the marine environment for
industries such as the shipping industry. Generally, MIC is a localized, pitting-type corrosion, so a
relatively fast rate of failure has been reported as compared to abiotic, anaerobic corrosion. The
influence on localized corrosion on carbon steel by two anaerobic bacterial strains isolated from a
ship ballast tank was investigated by using linear polarization resistance (LPR), electrochemical
impedance spectroscopy (EIS), scanning electron microscopy (SEM) and energy-dispersive
analysis (EDX). The results show that the corrosion rate increased in the presence of bacteria, in
comparison with the rate observed in the sterile medium for the same exposure time. Localized
corrosion attack in the form of pitting was observed on the steel surface in the presence of
bacteria. The synergy of sulfate-reducing bacteria (SRB) and acid-producing bacteria (APB) yielded
the highest general corrosion rate. The interactions between the metal surface, abiotic corrosion
products, chloride anions, bacterial cells and their metabolic products in the presence of both
SRB and APB increased the general corrosion rate but lowered the accelerated local corrosion
attack relative to SRB and APB alone.
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1. Introduction

Ballast water tanks, with their complex structural architecture, have a high surface-area-to-
volume ratio, and large areas of biofilms can accumulate in them to form “interior hull fouling.”
Most abundant aquatic organisms, including species provoking MIC, are transported in ballast
water [1, 2] all over the world. Field experiments have demonstrated that biofilm communities
are formed on multiple types of artificial surfaces deployed in a ballast tank during a transoceanic
voyage [3]. These communities contain SRB as well as APB, which grow synergistically [4]. On the
one hand, the biofilm forms a barrier layer, reducing the exposure of the solid surface to the
external environment. However, on the other hand, it can also result in localized corrosion of the
metal and deterioration of polymers [5, 6]. The presence of microorganisms on a metal surface
often leads to highly localized changes in the concentration of electrolytes, pH and oxygen
concentration [7, 8]. These microorganisms and their metabolic activity severely influence the
corrosion process, i.e., they often stimulate localized corrosion. Nevertheless, the importance of
microbial synergy on carbon steel in the presence of anaerobic SRB and APB is still unknown. The
purpose of this study is to investigate the influence of microbial synergy in the presence of SRB
and APB, isolated from a ship ballast tank, on carbon steel ASTM A131 grade EH36 by
interdisciplinary electrochemical and microbiological techniques. Electrochemical impedance
measurements are suitable for biofilm monitoring since small potential perturbations have only a
minor effect on bacteria [9]. The drawback of this method is that changes in culture media and
bacterial metabolism during growth may significantly influence the measurements [10-12].
Therefore, a correlation of electrochemical analysis with the extent of bacterial adhesion is
necessary. For this, we combined SEM-EDX microscopy and fluorescent imaging techniques
together with EIS to study bacterial attachment, corrosion attack morphology and corrosion
product formation.

2. Experimental
2.1 Metal sample preparation
For electrochemical measurements, electrodes from carbon steel grade EH36 were mounted in

epoxy resin and the surface ground up to 2400 SiC-paper (Struers) to obtain a smooth surface.
The ground probes with an exposed surface area of 1 cm” were used as working electrodes in
duplicate.

2.2 Microbial techniques

2.2.1 Biofilm sampling

For biofilm sampling, a real ship ballast tank was investigated in the dry dock period of the ship.
Inside the ballast tank, the sidewall was scraped using a sterile cotton swab. An area of 20 cm?
was scraped, and both the swab and attached material was placed in a sterile 50 ml centrifuge
tube.
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The end of the swab was broken off, leaving the cotton sample end in the tube filled with sterile
ASW for transportation. Duplicate samples were taken of the biofilm; the tubes were capped,
transported in a dark, insulated cooler to the laboratory and processed immediately.

2.2.2 Medium

Sulphate-reducing bacteria and acid-producing bacteria were isolated from the ship ballast tank.
The cultures were enriched and purified from the natural rust layer biofilm by sub-culturing in the
lab (data not shown). Cultures were maintained continuously in a recommended liquid medium
for SRB (DSM15121) and APB (DSM142) from the Deutsche Sammlung von Mikrooganismen und
Zellkulturen (DSMZ, Germany). APB growth was revealed by a change in color from red to yellow
of the fermentative anaerobic culture medium. Electrochemical measurements were performed
using low-nutrient loaded artificial seawater (ASW) to simulate natural seawater conditions. The
modified medium consisted of two parts. Part A consisted of NaCl 23.93 g; Na,SO,4 4.01 g, KCl
0.68 g, NAHCO5 0.197 g, KBr 0.099 g, H3BOs 0.03 g and NaF 0.01 g dissolved in 750 mL deionized
water. Part B consisted of 1.0M MgCl,.6H,0 53.27 ml, 1.0M CaCl,.2H,0 10.33 ml and 1.0M
SrCl,.6H,0 0.90 ml. Parts A and B were combined into 1 liter. Modification was made by an
additional nutrient supply of 4.2 ml lactate and 0.01 g yeast extract. The medium was sterilized by
autoclaving for 20 min at 121°C at 1.5bar. The pH of the medium was 7.5+0.3 for in the
experimental setup. For both enrichment strains, a supplementary solution containing
FeSO4*H,0 0.004 g, Na3CeHs0,*2H,0 0.30 g and C¢HgOg 0.10 g dissolved in 10 ml distilled water
was added to support growth.

2.2.3 Bacterial cultivation and inoculation

Experiments were performed in acrylic tubes with a total volume of 120 ml (10.5 cm diameter
and 8 cm height, Fig. 1a). The electrochemical tubes were filled with 80 ml sterile ASW medium
and inoculated with 20 ml bacterial culture from the exponential phase (107 cells/ml). SRB growth
was supported by gently flushing with N, for 5 min. Bacterial cultures were run in semi-
continuous mode: 50% medium was removed under sterile conditions and replaced with an equal
amount of fresh medium stripped with N, to supply enough nutrients once a week. For the dual
culture experiment, 10 ml of each culture was used as inoculum. The blank control contained
sodiumazide to avoid bacterial growth over the course of the experiment.

2.3 Electrochemical measurements

2.3.1 Electrochemical cell setup

All measurements were performed in a custom-made setup to simulate the corrosion processes
on uncoated steel type ASTM A131 grade EH36 typically used for ballast tank structures (Fig. 1b).
The tubes were sealed on both edges; the working electrodes were fixed in a vertical position to
avoid accumulation of corrosion products over the course of the experiment. A standard Ag/AgCl
electrode (Ref 201 Red rod, Radiometer Analytical, France) was used as a reference electrode in
combination with a platinum mesh counter electrode. All potential values presented in this paper
are relative to the Ag/AgCl reference electrode.
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The counter and the reference electrode were sealed in the cell; a detailed schematic overview
can be seen in Fig. 1a. The cells and all components were sterilized with 70% EtOH for 1h prior to
assembly and mounted under sterile clean bench conditions. As a reference, blank
measurements were performed containing no bacteria.

a

Counter electrode &
<«— Reference electrode

Working electrodes in
epoxy resin

\

Modified rubber stopper
(for anaerobic set up)

Electrochemical cell with medium

Fig. 1. Experimental setup of the electrochemical cell. a. Electrochemical cell and vertically arranged working
electrodes; b. Optical micrograph of the duplicate working electrodes embedded in epoxy resin.

2.3.2 Open circuit potential (OCP), linear polarization resistance (LPR) and electrochemical
impedance spectroscopy (EIS) measurements

All electrochemical measurements were performed using a potentiostat (IVIUM Technologies,
Netherlands) controlled by IVIUM software version 1.901. The OCP of the carbon steel was
monitored by determining the potential difference between the metal immersed (the carbon
steel) and a reference electrode of Ag/AgCl; during the measurement, no external potential was
applied. Linear polarization resistance (LPR) was measured using a potentiodynamic method to
obtain the potential current (E-l) ratio, applying £ 10 mV overpotential, with respect to the OCP.
EIS measurements were performed at the OCP using a 10 mV amplitude sinusoidal signal over
frequencies ranging from 10.000 to 0.01 Hz at 21°C over an exposure time of 21 days in total. The
impedance data was analyzed acquiring equivalent circuits by using software Ziew 3.0 (Scribner
Associates Inc., USA). The goodness of the fit was evaluated by using error plots, and the data
was validated by Kramer-Kronig transform analysis [13-15].

2.4 Surface analysis

2.4.1 Epifluorescent microscope (EFM)

Bacterial colonization of the working electrode surface for the biotic and abiotic setups was
studied after the total exposure time of 21 days. Electrode surfaces were gently rinsed twice with
sterile oxygen-free deionized water. The nucleic acid dye 4.6-diamidin-2-phenylindole DAPI
(25uM) was used for staining. Bacterial biofilms were imaged at 20x magnification using an
Olympus BX51 fluorescent microscope (Olympus America Inc., USA).
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The data obtained from the electrodes was used to calculate the surface coverage with AnalySIS
5.0 imaging software (Olympus America Inc., USA).

2.4.2 Scanning electron microscope (SEM) and energy-dispersive X-ray (EDX) analysis

The electrode surfaces were examined for their surface biofilm and corrosion features using SEM
and EDX. The samples were dried in a nitrogen atmosphere to determine the corrosion layers and
stored in a glove box (Interflow) in a nitrogen atmosphere until imaging. The SEM JSM-5800LV
(Joel, Japan) was operated at an accelerating voltage of 10kV with a working distance of 12 mm
at 100x magpnification. For energy-dispersive X-ray (EDX) spectroscopic analysis, the system was
equipped with a Noran 5 elemental analyzer (Thermo Scientific, Germany). NSS 2.2 x-ray
microanalysis (Thermo Scientific, Germany) analysis software was used for elemental analysis.
Subsequently, the steel surface was stripped of corrosion products by adding Clarke acid cleaning
solution (1l 36% HCI, 20g Sb,03 and 50g SnCl,) for 10-15 sec. The exposed sample surface was
finally rinsed with distilled water, cleaned in absolute ethanol and dried under nitrogen flow
before the final analysis of the corrosion attack morphology.

3. Results and Discussion

3.1.0CP vs. time

The bacteria isolated from a ship ballast tank were identified as an anaerobic acid-producing
species and sulfate-reducing bacteria. Figure 2 shows the variations of the OCP of steel with
immersion time in a sterile medium, APB, SRB and SRB+APB solutions vs. Ag/AgCl. The error bars
given justify the significance of differences found for the different bacterial setups.
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Fig. 2. Variation of the OCP with time for carbon steel. Blank (dot), SRB (cross), SRB+APB (rhomb) and
APB (triangle) represent shifts in the OCP over time in different bacterial solutions.
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This method has the lowest impact on microbial activity and settling properties. The general
trend among electrochemical techniques in the field of MIC seems to be that OCP measurements
are considered to be one of the safest methods in recognizing and monitoring MIC because they
do not impose voltages upon microbes [16, 17]. Moreover, OCP changes provide important
qualitative information about both the ongoing corrosion process and environmental conditions.
In the blank test cell, the OCP was found to remain relatively constant, staying in the range of -
712mV to -661mV during the 21-day exposure. The SRB culture showed a clear increase to -
597mV after establishing bacterial growth in the cell; this shift is coupled to sulphide production
by bacterial activity. This ennoblement shift of 100 mV is typical for carbon steel immersed in
pure cultures of SRB [18-20]. The OCP shifts for the SRB culture are consistent with the sequential
medium refreshment after seven and 14 days. After each refreshment, a signficant increase in
OCP can be found due to bacteral activity reaching OCP values of -605mV and -607mV. For the
mixed species, a similar behavior of the OCP was found with two maximum peaks after the
medium exchange. Values of -621mV were measured, indicating a shift to more positive values in
the range of 100 mV. The lowest impact on the OCP were found for the APB alone. The value
increases slightly from -708mV to -643mV over the experimental time of 21 days. This is a slight
increase in the noble direction of around 50 mV but not as significant as for the combination with
SRB or SRB alone.

3.2 EIS measurements

Electrochemical impedance measurements were conducted with all electrochemical cells
inoculated with diverse bacterial cultures. Impedance spectra obtained experimentally were
analyzed using Z plot equivalent circuit software; two time-constant equivalent circuits in Fig. 3
are proposed as the base for the models for the carbon steel/solution systems.

Fig. 3 Two equivalent circuits used in the fitting impedance data of carbon steel at different conditions.
a. Circuit used for blank b. Circuit used for bacterial presence.
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Data for carbon steel in sterile medium was first analyzed using the equivalent circuit illustrated
in Fig. 3a; the impedance expression is written as formula (1). It was necessary to use the circuit
in Fig. 3b for a better fit of the data in the presence of bacteria, where a Warburg impedance (Zy,)
was introduced to account for a diffusion process within a heterogeneous surface layer over the
metal using formula (2). The two time-constant equivalent circuits fitted the impedance at all
frequencies.

1
* A e S
R, +“1
(1)
2 1
FE: .
s e 1
(2)

Rs represent the electrolyte resistance, Rf and Cr represent the resistance and capacitance of a
heterogeneous surface layer and R,and Cq represent the polarization resistance and double layer
capacitance, respectively. Z,, represents the diffusion impedance through the porous film layer. In
addition, both Cf and C4q were replaced with a constant phase element (CPE) in the fitting
procedure due to the non-ideal capacitive response of the interface carbon steel/solution. The
impedance of CPE is written as ZcpE=Y'10(jw)'", where w is the angular frequency in rad/s, Y, is the
admittance magnitude of CPE that can be approximately converted into a capacitance and n is
the exponential term that can vary between 1 for pure capacitance and 0 for pure resistor [21]. In
this context, n can be used as the measure of surface inhomogeneity, its decrease being
correlated to an increase in surface metal roughening [22]. The fitted results of EIS spectra for
carbon steel in sterile medium and for 3 different bacterial solutions are given in Table. 1. The
goodness of the fit is presented by Chi squared in Table 1. Data validation was performed by a
Kramers-Kronig transform analysis, indicating a good fitting procedure because the data shows a
non-steady state or non-linear behavior.

Table 1 Fitted results for EIS spectra after 21 days of exposure.

R1 Yot ng R¢ [Q*cmZ] Yoai ng Ry 2, Chi-squared
[Q*em?  [Q*em?) [Q**em? [Q*cm?) o
Blank 10,4 53*10° | 0,97 5460 2,87*10° | 0,67 | 2,50*10° - 5,2%10"
APB 11,0 4,7*10" | 0,90 369 2,21*10° | 0,70 | 5,53*10° | 7,78*10” 6,6*10"
SRB 11,4 3,8*10" | 0,86 158 2,32*10° | 0,71 | 4,48*10° | 8,41*10° 5,810
SRB+APB 10,7 8,2*10" | 0,93 117 2,35%10° | 0,73 | 3,89*10" | 5,32*10” 3,5%10™
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The value of n¢ for carbon steel in the sterile medium was found to be close to one, which reflects
some degree of film heterogeneity. A lower value of n was observed in the presence of APB,
SRB+APB and SRB. The lowest value was found in the presence of SRB. The decrease of n¢ values
indicates the increment of the surface inhomogeneity due to corrosion. The surface roughness is
influenced by patchy biofilms leading to localized corrosion that increases the surface
heterogeneity. The values of Rt and R, at the same exposure time of carbon steel and three
bacterial solutions can be ranked by size: R (sterile medium) followed by APB, SRB and SRB+APB.
This decrease in Rf and Ry values indicates an increment in the corrosion rate, which could be due
to the metabolic synergies between the metal surface, abiotic corrosion products, and bacterial
cells and their metabolic products, which are produced and remain in the biofilm at the metal
surface.

3.3 LPR measurements correlated to bacterial surface coverage

LPR is the electrochemical technique probably most used for monitoring purposes [23] for
corrosion rate measurements. To avoid interference from fouling on top of the electrode [23],
very slow scan rates were applied to maintain steady state conditions, avoiding an
overestimation of the corrosion rate [24]. In a second step, this corrosion rate data was linked to
the bacterial surface coverage by epifluorescence microscopy after terminating the experiment.
Both sets of data were combined in Fig. 4, illustrating the surface coverage in percentages
combined with the corrosion rate after 21 days.

3] -
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Fig. 4. Comparison between bacterial surface coverage (%) (first axis) and corrosion rate (mm/y) (second axis)
of carbon steel exposed to different bacterial solutions. The first column corrosion rate is determined by LPR
(mm/y), the second column surface coverage by bacteria (%) and the third column corrosion rate is calculated
in (mm/y).
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As shown in Fig. 4, surface coverage and corrosion rate are not related. All biological test
solutions indicate a surface coverage of 73% for SRB, 87% for APB and 82% for SRB+APB. That
demonstrates that for all test setups, a significant change in bacterial growth could be found, and
biofilm formation was present as indicated in the SEM images in section 3.3. A clear difference
could be found for the corrosion rates in the different bacterial solutions. This was observed
before by [25] showing that a high concentration of bacteria does not necessarily imply that the
corrosion rates increase. The blank set indicated a very low corrosion rate of 0.10 mm/y after 21
days for the carbon steel. A clear sign for an anaerobic test setup were corrosion is prevented on
the metal surface. APB bacteria indicated the lowest corrosion rate with a value of 0.18 mm/y
compared to SRB and the mixed species. For the SRB, a rate of 0.23 mm/y could be found. The
highest rate was discovered for the mixed species of SRB+APB with 0.37 mm/y. This increment in
the corrosion rate can be explained by the combination of both species: a hydrogen sulphide-
producing bacteria and an organic acid-producing bacterium on the other side will create an
aggressive local environment enhancing the general corrosion process [8] even under anaerobic
conditions. If a realistic corrosion rate is considered based on the surface defects, the corrosion
rate is in general five times higher than the measured rates by LPR [4]. The third column for each
setup highlights the calculated corrosion rates in diagram 4. The columns indicate that the
corrosion rate determined by LPR alone underestimates the real corrosion impact. The values
calculated reach maximum values of 1.15 mm/y for SRB, 0.9 mm/y for APB alone and 1.85 mm/y
for the mixed species. These results clearly underline how important it is to distinguish between
measured corrosion rates and the surface covered by bacteria, which will not necessarily give a
clear indication for the severity of corrosion attack and the existent corrosion rate.
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3.3. SEM-EDX analysis

Supplementary SEM was carried out to verify the corrosion product film on carbon steel in the
presence of diverse bacteria. Figure 5 provides the corrosion products developed on the carbon
steel surface exposed to: (a) blank, (b) SRB, (c) APB and (d) SRB+APB after 21 days, respectively.

Fig. 5 SEM images providing corrosion products and biofilms formed on carbon steel after 21 days’
exposure to bacteria; scale bar 25 um. (a) Blank, (b) SRB, (c) APB and (d) SRB+APB. Arrows indicate
bacterial attachment (biofilm).

For the blank, the corrosion products formed are of a crystalline structure imaged in white (Fig.
5a) whereas the surrounding surface indicated a surface containing various cracks. The surface
was still visually smooth and turned gray under anaerobic conditions. Figure 5b illustrates the SRB
cells attached to the surface. Bacterial cells can be made out in a net-like structure close to the
metal surface (arrow), typically rod-shaped, 2 microns in size and embedded in corrosion
products. Corrosion products are brittle and loosely attached to the carbon steel, forming a
porous layer of biofilm, iron oxides, iron chlorides and iron sulfides (Table 2). This is
demonstrated by the presence of tiny cracks in the sulphide film. As a result, these cracks may
lead to active corrosion cells between the sulphide (cathode) and the exposed steel base (anode),
inducing local pits (Fig. 5b). In Fig. 5c, the biofilm of APB is presented as filamentos cells, which
are embedded in a layer of exopolymeric substances (EPS) (arrow), where the cells adhere to the
carbon steel surface. The metal surface itself is smooth and no corrosion products can be
observed next to the EPS films, which are heterogeneously distributed over the metal surface.
This observation is supported by EDX results in Table 2, indicating no iron oxides on the surface.
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Nevertheless, a high sulphur peak was found based on the bacterial metabolism-producing
elemental sulfur and thiosulfate, suggesting that bacterial growth was well developed inside the
test cell, which was confirmed before by biofilm staining. For the combination of SRB+APB, the
carbon steel surface was covered with a filamentous, heterogeneous biofilm (arrow, Fig. 5d).

The metal surface itself is smooth and no clusters of corrosion products were found next to the
biofilm. EDX analysis showed mainly iron sulphides on the surface as a clear indication for the
presence of SRB+APB on the surface. It can be summarized for the described corrosion product
layers that the blank interface exhibits a thin, flat distribution of hard corrosion products at the
interface. The biotic interfaces show a high degree of porosity in all cases, and for all bacterial
setups a high sulphur content was observed in the individual EDX spectra (Table 2).

Table 2 EDX results of the corrosion products of the carbon steel after 21 days.

Wt % Blank SRB APB SRB+APB
C 9.99 - 20.45 40.87

(¢} 8.98 8.48 10.15 -

Si 1.58 - 4.29 -

S 5.85 20.40 21.35 14.37

Fe 65.36 67.16 43.75 24.22

The results of the chemical analysis of biofilms show that iron sulphides are the main metabolites
of SRB and APB microorganisms. The element O should be ascribed to the iron oxides produced
by the oxidation of sulphide when small quantities of oxygen enter the electrochemical cell. The
same can be seen for the blank where iron oxides were found on the steel surface. In a second
step, the carbon steel electrodes were cleaned for further SEM investigation. The corresponding
images are presented in Fig. 5, and show the pitted appearance on the surface of the carbon
steel.
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c APB d SRE+APE

Fig. 6. SEM images showing corrosion pits on carbon steel after 21 days exposure. (a) Blank, (b) SRB,
(c) APB and (d) SRB+APB corrosion pits are indicated by arrows.

The corresponding SEM images in Fig. 6 support these findings. In Fig. 6a, the working electrode
of the blank setup is shown, indicating a rough, homogeneously corroded surface with a regular
corrosion pattern. Small pits with regular edges can be observed for the blank with no significant
seize (arrow, Fig. 6a and table 3). Once the corrosion product film was removed from the carbon
steel, localized corrosion processes become visible for the bacterial setups as shown in Fig. 6(b)-
(d). The carbon steel exposed to SRBs indicates a rough surface; the most predominant feature is
one deep pit on the electrode surface (arrow, Fig. 6b). The SRBs indicated a mean hemispherical
pit of 11-14 um. This clearly validates the significance of severe local attack by SRB (Table 3).
Other pits were hemispherical in shape and were clustered in groups. Clustered hemispherical
pits are known as one of the characteristics of SRB-related MIC [26-28]. Microbiologically
produced hydrogen sulfide is very corrosive to ferrous metals and further reacts with dissolved
iron to form an iron sulfide (FeS) film on the metal substrate. Therefore, galvanic coupling
between an iron sulfide film and the nearby metal substrate is established and corrosion is
accelerated [29, 30]. In Fig. 6(c) the carbon steel surface exposed to APB is shown; the depth of
attack was not as deep as that of the pit-like attack (arrow), and small round holes could be
identified with a diameter of 3,4 um (Table 3). The corroded areas were broad, irregular and
highly striated. These striations are usually associated with rapid corrosion and caused by
preferential attack along longitudinally oriented microstructural inclusions of the material.
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Striations are known to occur when the pH is acidic and can be clearly seen after cleaning. In this
case, it is reported that this striation is the fingerprint of APB activities [26, 31]. In Fig. 6(d) the
surface for the mixed species of SRB+APB is given, showing a similar striated surface as indicated
for the APB alone. The amount of local pitting attack was significantly reduced (arrow). For the
combination of both cultures, flat defects could be made out on the surface of only a few microns
in diameter and with no penetration (Table 3). Nevertheless, in the combination of SRB+APB, the
localized corrosion damage by pits was less than that for APB or SRB alone. The above results
indicate that the degree of pitting corrosion for carbon steel in combination with just SRB is the
most severe and is less in the APB and mixed cultures, respectively. Based on these observations,
it can be concluded that there is a clear difference in the type of local pit formation varying on
the bacterial culture. The similarity between the dimensions of bacterial cells attached to the
surface and the structural appearance and the dimensions of corrosion pits indicates a possibility
that the pits are initiated at the sites where the microbes were attached [32, 33].

Table 3 Pit shape and size gained for carbon steel exposed to diverse bacterial
solutions for a period of 21 days.

Pit shape Length (um) Width (um)
Blank Elongated pits ° @
SRB Hemispherical pits 114+3.45 8+5.31
APB Hemispherical pits 3.4+2.03 1+0.82
APB+SRB flat bean shaped defects 1.5+0.89 0.5+0.74
(no pits)

4. Conclusions

The impact of enriched pure acid-producing bacteria and sulfate-reducing bacteria on the
corrosion of carbon steel was investigated. The results demonstrated well that bacteria have the
ability to increase corrosion rates as compared to when they are exposed to abiotic, sterile
media. A correlation between an increase in sulphide production and the OCP of steel could be
found as a result of biofilm formation and ferrous sulphide production analyzed by SEM-EDX.
Electrochemical impedance measurements showed the influence of a biofilm on the corrosion;
diffusion through the biological layer will be rate limiting, based on our EIS evaluation. SEM
imaging indicated different surface morphologies for the diverse setups. The blank electrode was
characterized by a rough surface as expected for general corrosion; SRBs lead to very local
corrosion defects in the form of pits, implementing a large cathode surface with a smooth
surface. APB bacteria, however, resulted in a more uniform attack on the surface as expected
from acidic environments. The combination of both species influenced the local corrosion process
of carbon steel, decreasing the pit size and local defects. SRB and APB together demonstrated
higher corrosion rates than those observed in the presence of SRB and APB alone. These
indications are noteworthy for further studies on natural systems, revealing that the combination
of species or beneficial biofilm can be one way in the future to lower the local corrosion.
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3.2 Corrosion of carbon steel in a simulated ship ballast tank in the
presence of a natural microbial community

Abstract

Investigations were undertaken to elucidate causes of severe localized corrosion within ship
ballast tanks (SBTs). Visual inspection revealed features characteristic of localized corrosion
such as blister formation located on the sidewall and on the tank bottom. Representative
samples of blisters were retrieved from selected areas for microbiological and microscopy
analyses. A mixed microbial community was enriched from an internal SBT sidewall. A
simulated ship ballast tank model (SSBTM) was implemented to reproduce the
environmental conditions i.e. sediment and construction material to determine corrosion
rates. It was possible to distinguish different corrosion zones in the SSBTM due to bacterial
interaction and sediment accumulation. For the first time a natural bacterial community was
used to investigate corrosion rates of carbon steel in the presence of sediment accumulation
and ship rolling. Linear polarization resistance (LPR) measurements revealed that the
corrosion rate of the carbon steel exposed to the enrichment culture (0.48 mm y?) was
higher than the recorded in artificial seawater alone (0.02 mm y). The LPR measurements
gave a good indication for material loss in form of general corrosion but the local corrosion
loss was underestimated by this technique. To confirm these findings weight loss
measurements were used to confirm the gained electrochemical data. Additional surface
analysis by scanning electron microscopy (SEM) imaging demonstrated enhanced local
corrosion on the carbon steel in presence of the bacterial community as compared to abiotic
controls.

89



Chapter 3 Electrochemical detection techniques in MIC - Laboratory models

1. Introduction

As intensively discussed in literature, corrosion in ship tank environments is shown to be a
serious problem for decades (Cleland 1995, Huang et al. 1997). Since 1990 water ballast
tanks have become the subject of a number of regulations from institutions such as the
International Association of Classification Societies (IACS) and the International Maritime
Organization (IMO) (IMO 1997; 2003). One of the main reasons for increasing regulatory
activity was the large number of ship losses that occurred in the 1980’s where corrosion
contributed to the failure of the construction. Ship ballast tanks (SBTs) are prone to MIC as
they are continuously flushed and filled with seawater to trim the shipload with dry periods
in-between. General corrosion within ballast tanks is intensively described by (Tamburri et
al. 2002; Suzuki et al. 2004]. The main problem is residual sediment on the bottom of SBTs
accumulating bacteria known as invasive species (Hallegraeff and Bolch 1992; Gollasch et al.
1998; Hamer et al. 2000). Sulfate reducing bacteria (SRB) are one of the mayor classes of
organisms detected in the sediment zone inducing microbiologically influenced corrosion
(MIC) (Magot et al. 1997; Crolet and Magot 1993; Santana Rodriguez et al. 2006; Abedi et al.
2007). Previous studies showed that living SRB accelerate corrosion of metals (Magot et al.
1997; Santana Rodriguez et al. 2006; Abedi et al. 2007; Javaherdashti et al. 2006) and
influence environmental parameters by metabolic products (Garcia et al. 2001; Benedetto et
al. 2005). Ballast tanks on board of vessels can be divided into four different zones (Heyer et
al.,, 2009) detailed in Fig. 1(a). The “4 zone approach” is based on a model which was
developed for the waterfront of harbour pilings, namely, the Accelerated Low Water
Corrosion (ALWC) (Little and Lee, 2007). From the author’s point of view, this model reflects
the main cause why SBTs are prone to MIC. Within these 4 different zones diverse
environmental conditions (oxygen, nutrients, flow conditions) are established. These
circumstances will have a significant influence on bacterial communities and activities. In
closed seawater environments, in which nutrients are quickly exhausted, MIC might be
irrelevant in some cases after some time. SBTs are open systems, and ballast water exchange
can be continued over the voyage time or locally in ports of arrival. Ballast water exchange,
ensures a continuous input of nutrients and output of waste products which is crucial for
biofilm formation and growth of bacteria in inaccessible areas of SBTs. Interpretation and
modelling of corrosion within SBTs is at present based on practical weight loss
measurements gained in field studies (Tamburri et al. 2002, 2003, 2005; Suzuki et al. 2004),
or corrosion depth measurements by ultrasonic instrumentation (Paik, 2004; Paik and
Thayambali 2002, 2004, 2005). Using natural biofilm communities recovered from a SBT
sidewall and carrying out electrochemical evaluation of corrosion using conditions as close
to the field environment as possible is needed to identify and evaluate MIC as a potential
corrosion source in SBTs. However to the authors’ knowledge, there are no reports focusing
on the role of different risk levels within ship ballast tanks and accumulated sediment
therein.
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The here reported laboratory investigations were undertaken (i) to determine if distinctive
corrosion rates can be monitored in different height levels of an SBT and (ii) to investigate if
sediment accumulation will have an effect on the corrosion behaviour in the presence of
bacteria. Based on this information, a new model was implemented in the lab to study the
corrosion rates of carbon steel in different levels in a simulated ship ballast tank (SSBT)
considering sediment accumulation and low oxygen concentrations in the water phase.
Electrochemical experiments using linear polarization resistance measurements (LPR) were
implemented to determine whether corrosion rates similar to the rates reported for SBTs in
the field could be studied under laboratory conditions.

2. Experimental

2.1 Sample collection

A ship ballast tank was examined in dry dock for indications of blister and pit formation.
Selected blisters were taken with a sterile scalpel. Sediment samples were retrieved from
the bottom of the tank. Corrosion products and sediment residues were placed in sterile
Schott flasks 100 ml and transported to the laboratory in a cooler.

2.2 Enrichment

Biofilms formed on the sidewall of a ballast tank (not visible by naked eye) were swabbed
repeatedly at random places with sterile cotton swabs and transferred immediately into a
flask containing 100 ml of sterile artificial seawater (ASW). Collection was continued until the
clear ASW appeared slightly turbid.

The basic ASW medium contained the following compounds, Part A: NaCl 23.93 g; Na,SO,
4.01 g, KCl 0.68 g, NAHCO5 0.197 g, KBr 0.099 g, H3BO3 0.03 g, NaF 0,01 g dissolved in 750 ml
deionized water. Part B: 1.0M MgCl,.6H,0 53.27 ml, 1.0M CaCl,.2H,0 10.33 ml, 1.0M
SrCl,.6H,0 0.90 ml. Part A and B are combined to 1 liter. The isolated culture was maintained
prior to experiment for 1 weeks in ASW supplemented with 0.02% yeast as nutrient source
at 28°C.The community composition was tested with a commercial available MIC rapid test
(BTl products) confirming the presence of SRB, APB, IRB and LNB bacteria commonly
associated with MIC.
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2.3 Material preparation

All measurements were performed in a costume made set-up to simulate the corrosion
processes on uncoated steel type ASTM A131 grade EH36 typically used for ballast tank
construction. Working electrodes were mounted in epoxy resin and the surface was ground
using a series up to 2400 SiC-paper. The total exposed surface area was 1 cm?® and were fixed
in epoxy resin and afterwards fixed in vertical position to avoid precipitation of corrosion
products directly on the electrode surface. A detailed schematic overview can be derived
from Fig. 1(a). The polished electrodes with a surface area of 1 cm? were fixed in three
different height levels inside the cell Fig. 1(b).

2.4 Linear polarization resistance (LPR)

LPR measurements were carried out using an IVIUM potentiostat (IVIUM technologies,
Netherlands) controlled by IVIUM software version 1.901. LPR measurements were
conducted in sealed measurement cells at ambient temperature (25°C) over a period of 3
weeks. The experimental period was chosen based on literature data where researchers
commonly used the time period of 3-4 weeks for bacterial communities containing SRBs
(Castaneda and Benetton 2008; Beech and Campbell 2007). ASW served as electrolyte as
either control solution or solution supporting growth of the natural community.
Electrochemical measurements were carried out using in-house designed electrochemical
cells to simulate the corrosion processes on uncoated low carbon steel type ASTM A131
(grade EH36) used for ballast tank construction. The material was exposed to artificial
seawater (ASW) and sediment to perform the experiments under realistic environmental
conditions. For this purpose acryl-measuring cells had a size of 10.5 cm diameter and 8 cm
height with a total volume of 500 ml. The top cover was configured with openings for three
Ag/AgCl reference electrodes (Radiometer Analytical) in combination with platinum mesh
counter electrodes. Counter and reference electrode were sealed using rubber stopper and
silicone rubber. Prior to immersion electrodes were rinsed with distilled water, degreased
with acetone, sterilized in 70 % ethanol for 30 min and maintained under sterile conditions
before mounting inside the cell under sterile conditions. The cells and all compounds were
sterilized with 70% EtOH, prior to assembly. In a final step the electrochemical cells were
placed on a three dimensional shaker (15 rpm) to imitate the rolling of a ship Fig. 1(c). The
movement of the shaker allowed simulating the splash zone of a ballast tank with
continuous wet/dry conditions.
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Fig. 1. Electrochemical cells designed to measure corrosion rates of carbon steel in different height levels in the SSBT: (a)
Schematic overview of cell incl. the 4 different zones and fixed working electrodes; (b) top view photograph of cell with
implemented electrodes and sediment and (c) assembled cells on 3 dimensional shaker (1 cell for weight loss
measurements without electrodes, 2electrochemical set-up + bacteria).

2.5 Electrochemical control cell

The electrochemical control cell was filled as for bacterial community containing 400ml of
ASW+0.02% yeast and was kept sterile throughout the experiment by addition of 0.02%
sodium azide.

2.6 Electrochemical cell with isolated community

The electrochemical cell was filled with 380ml of ASW+0.02% yeast and 20ml of the
enrichment culture (taken from exponential growth phase 10’cells/ml). The cell was
supplemented with 15.0g (wet weight), heat sterilized (1.5 bar, 121°C, 30 min) sediment
sample, recovered from a ship ballast tank. The electrolyte was flushed afterwards with
nitrogen for 10 min with gently flow to gain a semi anaerobic environment. Each week
100ml ASW was removed from each cell (control and bacteria) to maintain a steady supply
of nutrients. All procedures were carried out aseptically.

2.7 Weight loss measurements

Steel coupons were prepared as described above and weighed on a 0.1mg readability
balance (Mettler Toledo, Germany) triplicate measurements. The coupons were placed
aseptically in the same test cells without electrodes. The cells contained ASW supplemented
with sediment, for control and bacteria placed on a 3 dimensional shaker. After 3 weeks of
exposure at 25°C, samples were removed and degreased in Clarke acid cleaning solution (1L
36% (v/v) HCI, 20 g Sb,03 and 50 g SnCl,), after which they were rinsed with 70% ethanol and
dried under a stream of nitrogen.
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Weights were recorded in triplicate and weight loss of each sample was obtained from mean
values. Corrosion rates were calculated from weight loss measurements according to the
ASTM standard (ASTM D2688-05).

2.9 Microscopy

2.9.1 Epifluorescent microscope (EFM)

Bacterial growth over the period of time was monitored by periodically removal of test
coupons from stainless steel 316. Stainless steel was the first choice of material avoiding
background fluorescence of the material in the staining procedure. For biofilm imaging, the
coupons were taken out of the cell and transferred into QuadriPerm plates with deionized
water. Bacterial biofilms were imaged in water by an immersible objective in liquid to avoid
structural disturbance of the 3 dimensional biofilm with 40x magnification using an Olympus
BX51 fluorescent microscope (Olympus America Inc., NY). The nucleic acid dye 4.6-diamidin-
2-phenylindole DAPI (25uM, 15 min in the dark) was used for staining. Surface coverage was
analysed by analySIS auto 5.1 Software (Olympus America Inc., NY).

2.9.2 Scanning electron microscope (SEM) and EDX analysis

Biofilms, generated on electrode surfaces, were fixed in 2.5% (v/v) glutaraldehyde in
cacodylate buffer (0.01M) for 24 h and dehydrated in a 30, 50, 70, 90 and 100%
isopropanol/water series (15 minutes in each solution). The samples were sputter-coated
with gold in order increase the contrast of the images. The coupons were stored prior to
SEM observation in a desiccator with silica gel to maintain a dry atmosphere. SEM analysis
was performed with a JSM-5800LV (Joel, Japan) scanning electron microscope. Images were
taken with a working distance of 7-12 mm and 800x maghnification. Elemental analysis was
performed using an Energy Dispersive X-Ray (EDX) spectroscopic analysis the system
equipped with a Noran 5 elemental analyser (Thermo Scientific, Germany). An accelerated
voltage of 12 kV was used for both secondary electron imaging and EDX. The analysis
software NSS 2.2 x-ray microanalysis (Thermo Scientific, Germany) was used for elemental
analysis.

3. Results and Discussion

The susceptibility of uncoated carbon steel to MIC was evaluated in a series of microscopic,
electrochemical and analytical investigations.

3.1 Morphology of samples and microbial growth

Blisters that were observed on the sidewall of the SBT were removed for SEM investigations
Fig. 2(a). The corresponding SEM image revealed the presence of filamentous fungi (yellow
arrow) Fig. 2(b).
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The presence of fungi was proven by selective growth medium on petri dishes revealing
diverse fungi in the tested area Fig. 2(c). Accumulated bacteria inside the blister indicated by
(doted white arrow) in Fig. 2(b), corresponds mainly to spiral rod shaped SRB cells of 2 um in
length. All collected field samples (biofilm and sediment residues) confirmed the presence of
SRB, APB, IRB and LNB as bacterial growth was detected in their respective enrichment
medium determined by liquid rapid tests* Fig. 2(d).

(b)

Blister on sidewall of SBT

(c

(A

Peositive fungal growth on BSS agar plates Posittive rapid tests io confirm  bacterial groups

Fig. 2. Photographs of sampling site and obtained laboratory results: (a) blister on a sidewall of a ship ballast tank;
(b) SEM image of fungi (yellow arrow) and bacteria (doted arrow) accumulated inside the removed blister, (c)
positive fungal growth on BSS agar plates and (d) MIC test kit to enumerate viable bacteria of different groups
(indicated in image).

These preliminary tests validated that under natural conditions mixed bacterial communities
are involved in blister and pit formation in SBTs.

*Rapid check tests can be used on site and requires no background information. The tests
normally rely on visual effects caused by presence of bacteria (Javaherdashti, 2008).
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3.2 Microscopy observation

Fluorescent staining over the course of the experiment monitored the bacterial growth and
biofilm formation. Representative material coupons were periodically removed from the test
cells to study bacterial colonization. Fig. 3 (a) illustrates and verifies the bacterial growth in
the test cells. It can be observed that a significant bacterial growth was developed in three
weeks period. The total bacterial surface coverage of the coupons was calculated (in
percentage) and the corresponding data are given in Fig. 3 (b). The diagram indicates a clear
proliferation in surface coverage by bacterial cells over time were the initial coverage was
54%, which gradually increased to 88% after 21 days.
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Fig. 3.DAPI stained biofilms on test coupons: (a) 21d old biofilm; scale bar 20 um, (b) diagram indicating bacterial
surface coverage in % on top of test coupons over the period of time.

3.3 Corrosion studies

Linear polarization resistance (LPR) is the electrochemical technique probably most applied
for monitoring purpose (11ASTM G96-90). LPR is a simple on-line technique that can be run
with fairly cheap equipment. Figure 4 (a)-(c) display the corrosion rates monitored in the
three zones for the control experiment i.e., without bacteria (square, line) and in
combination with the bacterial community (triangle, dashed line). The primary x-axis
indicates the corrosion rate monitored for the bacterial community whereas the secondary
x-axis represents in all figures the control experiment (without bacteria).
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Fig. 4. LPR data for control corrosion rates (square, line) of carbon steel exposed to different levels in simulated
SBT in combination with bacterial community (triangle, dashed line), (a) splash zone; (b) immersion zone and
(c) sediment zone. Corrosion rates are expressed in mm/y.

For the control experiment the corrosion rate reached a value of 0.02 mm/y in the splash
zone shown in Fig. 4(a). However the measured corrosion rate for the bacterial community
in the splash zone, reached a value of 0.28 mm/y after the 3 weeks test period. These data is
in accordance with literature values (Little et al. 2007). Fig. 4(b) shows the immersion zone
of control and corresponding bacterial cell the corrosion rate increased slightly to 0.018
mm/y in the sediment for the control, while in the immersion zone of the bacterial cell the
final corrosion rate increased to 0.48 mm/y. Fig. 4(c) indicates the sediment zone the
corrosion rate for the bacterial set-up increased to 0.59 mm/y whereas the control
experiment indicated a corrosion rate of 0.016 mm/y in the sediment zone. The corrosion
rates for the control experiment have not changed much and stayed rather low over the
course of the experiment. These values correspond to literature values of carbon steel in
seawater (Cheung et al., 1994; Little et al. 2007) with the predicted rates of 0.025-0.060
mm/y depending on aeration and seawater pH. The control was continuously showed low
corrosion rate with a maximum value of 0.018 mm/y. Due to the fact that the test cell was
stripped with nitrogen the corrosion rate indicates marginally lower values. Additional a
small amount of yeast as nutrient supply was added which can lead passivation of the
electrode surface resulting in corrosion inhibition (Little et al. 2007). The use of such media
can sometimes lead to misleading conclusions while performing LPR measurements. This is
one reason why the amount of yeast extract was kept as low as possible 0.01% in our
experiment.
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In contrast, the bacterial community set-up indicated strong shifts in the corrosion rates for
all the three zones as triggered due to bacterial activity. In summary, averaged LPR data
demonstrated an increased corrosion rate for the immersion zone (0.47 mm/y) and
sediment zone (0.59 mm/y) in the presence of bacteria. The bacterial set-up represents an
increase in corrosion rate to a value typically for piling affected to ALWC (Little et al. 2007)
and ballast tanks (Tamburri et al. 2002; Paik et al. 2004). Additionally, the corrosion data
gained from weight loss measurements for control and bacterial community are summarized
in Fig. 5(a) and (b). To verify the reliability of the LPR data in MIC monitoring, weight loss
measurements were performed. The use of coupons makes it possible to study the corrosion
attack with a metallographic examination and analysis of the corrosion products. This also
gives the opportunity to determine pit depths and pit density in the case of localized
corrosion that is underestimated by LPR alone. In general the overall corrosion trend is the
same in both set-ups indicating different corrosion rates for all the three zones. The sterile
control containing no bacteria indicates a corrosion trend as expected for the different zones
in a SBT, the highest corrosion rates were detected in the splash zone due to constant wet
and dry conditions followed by sediment and immersion zone Fig. 5(a).
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Fig. 5. Corrosion rates of carbon steel exposed to different levels in simulated SBT determined by weight loss
measurements: (a) bacterial community (b) control (rhomb LPR; square weight loss). Corrosion rates are
expressed in mm/y.

The contrary effect for the corrosion rate could be observed for the natural bacterial
community, the highest corrosion rates could be determined for the sediment zone followed
by the immersion zone and the splash zone Fig. 5(b). This decreasing trend in corrosion
behaviour was expected and is typical for steel exposed to MIC bacteria in a system with low
oxygen concentrations (Cheung et al. 1994; Little et al. 2007; Hilbert 2000). The sediment
and immersion zones showed the highest corrosion rates due to bacterial activity. The
lowest corrosion rate was identified for the splash zone that is explainable by the fact that
continuous shaking conditions will disturb bacterial accumulation and is therefore lower
than in areas where biofilm growth is promoted such as in the immersion zone. It has to be
mentioned here that there are a number of problems related to the use of LPR technique for
MIC monitoring. Material precipitation in form of fouling has a significant impact on the
technique used. The biofilm formed can introduce a capacitance and a resistance and
additional electrochemical reactions and adsorptive processes which can affect the results
and interpretation of the technique (Dexter 1995). These effects could be observed for our
experimental set-up indicating higher corrosion rates measured by LPR than weight loss
measurements, similar findings are reported by Tuovinen et al. (1986). There are indications
that this might be related to the formation of ferrous sulphide films.
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The presence of species that can be oxidized like ferrous sulphides limit the use of LPR as the
reaction in the ferrous sulphide film masks the response from the steel coupon (Thompson
1994). This idea was followed up in the next section where SEM-EDX was used to determine
the corrosion products on the electrode surface. It can be summarized that the corrosion
rates of the steel in the control and bacterial samples Fig. 4as determined by weight loss
measurements Fig. 5, confirmed the trend observed with the LPR data with significantly
higher corrosion rates observed for the steel samples exposed to microbial community.

To avoid the underestimation of the localized corrosion the corrosion rate for each zone was
calculated. Based on SEM microscopy images the local corrosion surface coverage was
expected to be 20% of the total surface area. The bacterial community gives a clear trend in
the corrosion rate showing the highest values for the sediment followed by immersion and
sediment zone. If the LPR data is now considered as an average value of the corrosion rate
underestimating the local corrosion impact the following Eq. (1) can be used to estimate the
local impact of pits on an average surface coverage of 20%.

Corrosion rate LPR * 5 (20% local defect) = total loss (mm/y) (1)

The gained and calculated corrosion rates are presented in Fig. 6. The diagram clearly
indicates that there is a significant shift in the corrosion rate if the local corrosion effect is
considered. The corrosion rates range from 2.95 mm/y for the sediment layer followed by
2.35 mm/y for the immersion and 1.4 mm/y for the splash zone. This effect is attributed to
the sediment in the cell creating a niche for anaerobic bacteria as established and reported
for SBTs (Hallegraeff and Bolch 1992; Gollasch et al. 1998; Hamer et al. 2000). Low oxygen
concentration values were supported by visual observations of the test cells indicating SRB
growth by blackening of the water phase near the bottom and the characteristic smell of H,S
while sampling the water phase (Hilbert, 2000). The gained data correspond to literature
data and weight loss measurements obtained by (Paik and Thamballi 2004, 2005; Cleland,
1996). The calculated corrosion rates highlight visually the made observations in the test cell
showing the highest corrosion rate in the sediment zone, followed by immersion zone and
splash zone. This effect was not observed and described for an experimental ship ballast
tank before. An indication that the chosen experimental approach incorporating sediment
and wave movement provided a realistic copy of the natural conditions. The determined
corrosion rates by LPR are lower if the localized corrosion effects are not considered.
Showing how important it is to consider effects on the electrode surface in form of rapid
localized corrosion phenomena. It can be summarized here that it was possible to identify
different corrosion rates within different height levels of the electrochemical cell. The
determined rates correspond to previous observations made for real ballast tanks.
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Fig. 6. Calculated corrosion rates for the experimental cell considering the localized corrosion
phenomena observed on the working electrode surfaces. Calculated realistic corrosion rate derived
from LPR measurements (empty triangle) considering that 20% of surface are indicating defects by
Eg. 1, data gained from experimental approach (filled triangle).

3.4 SEM imaging and EDX analysis

SEM imaging of the working electrodes after immersion was performed providing the
microscopic image series of Figure 7. The images highlight the structural surface properties
and equivalent EDX spectra gave the elemental composition of the corrosion layers as
presented in Table 1 and 2. Table 1 summarizes the elemental composition in weight % of
the control. The EDX analysis of the corroded steel surface confirms no carbon and low
amounts of sulphur indicating that SRB growth could be suppressed during the experimental
time of 3 weeks by sodium azide. The bacterial set—up (Table 2) indicates carbon and sulphur
accumulation on top of the surface revealing the presence of biological residues.

Table 1
EDX analysis of corrosion products on control electrodes exposed to ASW for 3 weeks.
EDX analysis (w/w%)
Control Electrode o Na Mg Si S Cl Fe
Immersion 30.3 2.5 12.7 4.7 0.6 33 46.1
Sediment 23.1 4.9 7.8 1.5 0.7 4.5 57.5
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Table 2

EDX analysis elemental composition of corrosion products on electrodes exposed to natural community after

exposure to ASW for 3 weeks.

EDX analysis (w/w%)
Bacteria Electrode C (o] Na Mg S Cl Fe
Immersion 17.5 16.3 14.7 4.9 10.7 15.5 16.2
Sediment 29.2 16.6 11.5 3.0 11.6 8.7 16.7

In summary, control and biotic system showed differences in distribution and composition of
the corrosion products formed. In the presence of the natural community comprising SRB,
APB, IRB and LNB accumulation of sulphur-based compounds were found underlying the
hypothesis that the bacterial accumulation and metabolic activity is supported by decreasing
oxygen concentrations throughout the test cell where anaerobic conditions are established.
This supports the previous findings as presented in Fig. 4 that bacterial attachment and
biofilm formation change the corrosion product morphology forming ferrous sulphide on top
of the electrode which limits the use of LPR for localized corrosion.
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Representative SEM images of the working electrodes were obtained in order to compare
the pitting type for bacteria and control as shown in Fig. 7.

Sediment zone zone ImmersiorIone

(d)

d

. ’

Sediment zone Immersion zone

Fig. 7. SEM images of working electrodes after 3 weeks immersed to ASW+bacteria. (a) sediment zone
control; (b) immersion zone control (c) sediment zone natural community; (d) immersion zone natural
community. Scale bar 250 um.

The cleaned electrodes of all zones are presented in Fig. 7 (a)-(d) summarizing control and
bacterial set-up. Fig. 7(a) shows the sediment zone of the control after 3 weeks of exposure
to ASW. No pitting can be found and uniform corrosion is indicated by a homogeneous
surface. The immersion zone of the control reveals a similar smooth surface without pits as
shown in 7(b) scale bar 25 um. The previous findings are supported by a close up image of
the surface indicating no localized corrosion attack. A contrary effect could be observed for
the bacterial set-up, localized corrosion was evident for the sediment as well as the
immersion zone of the bacterial community in Fig. 7(c) and (d), specified on the SEM
micrographs by yellow arrows. Spherical pits of up to 250 um in diameter coalescing with
those of smaller diameter are evident in Fig. 7(c). The data is supported by findings of (Yuan
et al. 2007) reporting that SRB can induce pitting attack by large hemispherical pits of 2 mm
diameter and many micropits. The immersion zone is characterized by less profound
rounded holes in chains and groups as also reported by (Xu et al. 2007) shown in Fig. 7(d).
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4. Conclusions

For the first time a model system was used to study the impact of sediment and wave
movement in different zones of a simulated SBT. The study confirmed that the metabolic
activity of bacterial species as well as environmental conditions have a strong influence on
local corrosion attack. Visual inspection of SBT revealed the presence of blister and poorly
adherent, corrosion products of varying morphology on sidewalls of the tanks. These
macroscopic observations are indicative for MIC attack within these enclosed environments.
Removal of such blister revealed the presence of fungi and various level of bacteria
associated with MIC such as SRB, APB and IRB. These findings together with literature data
confirmed that MIC attack of these structures should be of concern. A contrary effect for the
corrosion rates could be found in the sediment zone for the abiotic and biotic experiments.
The presence of sediment in the test cell supported anaerobic conditions favourable for the
growth of anaerobic and acid producing bacteria increasing the potential risk of pitting
corrosion. Electrochemical LPR measurements performed in the presence of the natural
community, comprising SRB, SOB, IRB and APB isolated from a SBT biofilm and grown under
semi anaerobic shaking conditions, confirmed higher corrosion rates of steel samples
exposed to ASW containing these microorganisms. LPR measurements revealed corrosion
rate values of 0.59 and 0.47 mm/y in the presence of the isolated community. These values
indicate a 20-fold increase in corrosion, compared to the control where a corrosion rate of
0.02 mm/y was monitored. The data was gained under semi-anaerobic conditions in the test
cell indicating once more that the performance of the electrochemical technique determines
the result supported by or findings. While LPR measurements provide relatively
straightforward information in the case of general corrosion, the technique can also be used
to estimate localized corrosion phenomena with the assumption of local corrosion surface
coverage and attack morphology. SEM imaging demonstrated enhanced pitting for the
mixed community for the sediment and immersion zone. Our study was the first one to
reveal the contribution of sediment and a mixed species community to MIC attack in a
simulated SBT.
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3.3 Biodegradation of ballast tank coating investigated by
impedance spectroscopy and microscopy

Abstract

This research paper addresses the biodegradation process for ballast tank coatings in marine
environments. As part of this new approach, a commercial available ballast tank coating was
exposed to bacteria obtained from a culture collection and to a natural bacterial community
isolated from a real ballast tank. The natural community was chosen to explore progression
and interaction of natural biofilms on the coating, an aspect, factors which are not covered in
standard procedures. The behaviour of a ballast tank coating against microbial degradation
was studied, showing that biological activity significantly affects the coating properties. As a
result of such a phenomenon, micro-cracks and holes have been identified by AFM. The
overall effect of this degradation was examined using the EIS technique. The non-bacterial
exposed samples (blank) exhibited a reasonably proper corrosion resistance. However, the
bacterial affected coatings (exposed to acid producing bacteria and a natural ballast tank
community) showed a decrease in corrosion resistance. It is therefore necessary to include
natural communities in coating degradation studies to identify possible degradation
mechanisms and the severity of the attack over time.
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1. Introduction

As ballast tank conditions can affect the structural integrity and security of the vessel,
coatings are applied for safety reasons. Epoxy coatings are commonly used in ship ballast
tanks for corrosion protection, in accordance to several legislation requirements (IMO 1995;
IACS 1998; DnV 1998; DnV 1999). In 2006, the International Maritime Organization (IMO)
adopted a new resolution (MSC.215 (82)) aiming to improve safety at sea by avoiding the
effects of corrosion, thus enhancing the structural integrity of the vessels as a whole. This
performance standard includes a correct selection of coating, surface preparation,
inspection and extensive maintenance programs. Coating inspections are certified for
maintenance efficiency, and greater attention is paid to coating failures within ship ballast
tanks. On the one hand, the breakdown of the coatings in ship tanks is a well-known
phenomenon, yet relatively difficult to predict (IACS 1994; TSCF 1997; Paik 1998; TSCF 1999).
On the other hand, the biodegradation/biodeterioration of ballast tank coatings is
underestimated within these specific coating guidelines. According to ASTM D 6400-99
(1976), a biodegradable polymer is defined as a degradable plastic in which the degradation
results from the actions of naturally occurring microorganisms such as bacteria, fungi and
algae. Several test methods assessing the potential biodegradability of polymers have been
developed by the International Standard Organization (ISO) and American Society for Testing
and Materials (ASTM). The methods used can be divided into quantitative methods as
gravimetry, respirometry and characterising weight loss, carbon dioxide production,
bacterial activity and changes in chemical and physical properties (Gu et al. 1992; Kemnitzer
et al. 1992; ASTM D5271-92 1993; Gu et al., 1994; Gu et al. 1997). The evaluation of visible
changes in polymers can be taken as a first indication of any microbial attack (e.g.
roughening of the surface, formation of holes or cracks, biofilm formation). Either scanning
electron microscopy (SEM) or atomic force microscopy (AFM) (lkada, 1999, Kikkawa et al.,
2002) can then be used to obtain more detailed information about the initial degradation of
the surface. Supplementary sensitive electrochemical impedance spectroscopy (EIS) can be
useful to quantitatively evaluate the integrity of polymeric composites (Gu et al. 1996; Gu
et al. 1997a; Gu et al. 1997b) or polymeric coatings (Gilmore et al. 1992; van Westing et al.
1993; van Westing et al. 1994a, van Westing et al. 1994b; Geenen and de Wit 1990; Mitchell
et al. 1996). Further test methods are based on ASTM standards, incorporating
microorganisms for testing the biodegradation of polymers under simulated environmental
conditions (e.g. D5209-92; D5210-92; G21-90; G22-76). These methods offer advantages
including the reproducibility of the test conditions and pre-selection of known
microorganisms (Gilmore et al., 1992; Kemnitzer et al. 1992; Imam et al., 1999). Although
these standard procedures are generally accepted and used in coating tests worldwide, the
broad variety of natural environments are not considered. This represents a major
drawback, since the chosen microorganisms might not be relevant to local environmental
conditions.

110



Chapter 3 Electrochemical detection techniques in MIC - Laboratory models

For example, bacterial communities in a ship ballast tank will be very different from
microbial life in municipal sewage sludge or wastewater, which is commonly, used in ASTM
test methods (D5209-92; D5210-92; D5271-92). In response to this lack in environmental
significance, new evaluation methods for soils, marine, freshwater and strictly anaerobic
conditions should be included in ASTM standards in the future. This adaption would reduce
the risk of misleading results for new polymeric compounds tested with bacteria that are not
relevant for the proved material. This research paper addresses the biodegradation process
for ballast tank coatings in marine environments. For this new approach, a commercial
available ballast tank coating was exposed to bacteria obtained from a culture collection and
to a natural bacterial community isolated from a real ballast tank. The natural community
was chosen to explore the progression and interaction of natural biofilms on the coating, an
aspect not covered in standard procedures. The study combined three well-known
techniques for coating degradation analyses (EIS, coating thickness measurements and AFM)
to gain fresh insight into the sensitivity of ballast tank coatings to biodegradation. EIS
measurements were implemented to examine the coating performance exposed to diverse
bacteria in salty water over time. Fluorescent microscopy was used to determine the
bacterial coverage and resulting defects, as traditional paint thickness instruments do not
detect pinholes. Consequently, Atomic Force Microscopy (AFM) was used to investigate
pinhole formation on a local scale. The outcomes of the three techniques were finally linked,
to acquire a biodegradation model for ballast tank coatings exposed to marine bacteria.

2. Experimental
2.1 Materials

2.1.1. Paint and metal substrate

The experiments used a commercial epoxy based coating intended for ballast tanks (secrecy
agreement with the coating company). No primer was used, as the primary objective of the
research was to investigate the degradation of the top coating by microorganisms. Relatively
corrosion resistant stainless steel (AISI 316, seize 150 x 70 mm) was chosen as substrate to
minimize EIS signal interference. The steel surface was degreased by acetone followed by
ethanol, rinsed with deionized water and dried before the coating application. The coating
application was performed in accordance with the producer’s guidelines (surface
preparation, curing time, thickness). The coating was applied in one layer by airless spray,
with a dry thickness of approximately 230 um. The surface was grinded (+ 5 um) to increase
the points of mechanical adhesion of the coating by surface pits, anchoring the coating to
the substrate. Proper adhesion of anticorrosive coatings to the substrate is essential for the
anticorrosive properties of the coating system.
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2.2 Sample preparation

As shown in Fig. 1a, the normal ballast tank coating systems are multi-layered and contain a
zinc primer with a topcoat of epoxy. No primer was used in the experiments, to increase the
sensitivity for the electrochemical measurements in order to achieve a direct response on
the working electrode by coating degradation. The thickness of the coating and main
function of the layers are presented in Fig. 1b.

a Conventional ballast tank coating application b Experimental coating application

Top epoxy coating dry thickness

(2nd coating layer) 160-300 um

Ji . dry thickness Epoxy coating dry thickness 230 pm

Inc primer 10-30um

Steel panel (grid blasted (ISO-8501-1)) Stainless steel panel (grid blasted (+ 5pm)

Zinc rich primer : Top epoxy coating:

good adhesion build the total film thickness enhance overall protection

corrosion inhibition decrease permeability of oxygen and water

Fig. 1. Schematic representation of (a) general multilayer ballast coating application and (b) experimental
application without primer.

The schematic chemical structure of an amine cured epoxy coating is provided in Fig. 2,
consisting of an epoxy resin (part A) and an epoxy curing agent (part B). In most cases,
Bisphenol A is used as an epoxy resin due to its low cost and excellent alkali resistance.
Cycloaliphatic amines are used as curing agents to improve coating resistance to water
uptake by crosslinking reactions and better chemical resistance (lijima et al., 1992).

The presence of stable carbon-carbon and ether bonds in the backbone of the epoxy
molecule has been ascribed as the reasons for the high chemical stability of cured epoxy
(Rouw, 1998). The coating system used in this experiment is a typical commercial grade
ballast tank coating.

Resin Amine
/k‘\
‘wo —-\ I i - P— [a]
F e T + A F ;
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Fig. 2 Bisphenol A + cycloaliphatic amine forming epoxy coating structure.
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2.3 Cultures and Medium
2.3.1 Lab cultures

This study used one pure bacterial culture, Acidithiobacillus thiooxidans (DSM 504), obtained
from the German culture collection (DSMZ). The culture was maintained continuously in the
recommended liquid medium (Acidithiobacillus DSM 35) of DSMZ. The culture was selected
as representative organisms acid-producing bacteria. The medium was sterilised via
autoclave for 20 min at 121 °C with overpressure. Acidithiobacillus thiooxidans was grown
under shaking conditions for efficient oxygen supply. All cultures were grown at ~ 28 °C. For
the coating experiments, all cultures were adapted to BSS+S° in several transfer steps to
acquire cultures growing in seawater environments.

2.3.2 Natural bacterial consortium (isolated from practical ballast tank)

Biofilms formed on a coated ballast tank were swabbed repeatedly at random places using
sterile cotton swabs, and immediately transferred into a flask containing 100 ml of sterile
artificial seawater (ASW). The basic ASW medium contained the following compounds, Part
A: NaCl 23.93 g; Na,S0O,4 4.01 g, KCI 0.68 g, NAHCO5 0.197 g, KBr 0.099 g, H3BO5 0.03 g, NaF
0,01 g dissolved in 750 ml deionized water. Part B: 1.0M MgCl,.6H,0 53.27 ml, 1.0M
CaCl,.2H,0 10.33 ml, 1.0M SrCl,.6H,0 0.90 ml. Part A and B combined to 1 litre. Biofilms
were collected until the clear ASW appeared slightly turbid. The stock culture (gained from
sampling) was later transferred into an appropriate enrichment medium. Basal salt solution
(BSS) (Majumdar et al. 1999) was used to isolate epoxy degrading bacteria from a biofilm
sample collected from a ship ballast tank during dry dock service time.

The composition of the BSS medium (w/v) was as follows: NaCl, 30.00 g; KCL, 0.75 g; MgSOQ,,
7.00 g; NH4CI, 1.00 g; K;HPO,4 (10%) 7.00 ml; KH,PO4(10%) 3.00 ml; Trace metal solution
,1.00ml; Distilled water 1000 ml; Trace metal solution had the following composition H3BOs,
2.85 g; MnCl,.7 H,0, 1.80 g; FeS04.7H,0, 2.49 g; Na-Tartarate, 1.77 g; CuCl,, 0.03 g; ZnCl, ,
0.02 g; CoCl,, 0.04 g; Na,Mo00,.2 H,0, 0.02g; Distilled water , 1000 ml. The pH of the medium
was adjusted to 7.5 using 1N NaOH.

Enrichment of a natural bacterial community, able to utilize the coating, was achieved by
selectively choosing the coating as a sole carbon source in the growth medium. A film of
epoxy coating was prepared by drying the coating on flexible plastic foil. The cured coating
layer was then removed and crushed into small flakes, and added to the medium as a carbon
source (Fig. 3a). This enriched bacterial consortium was used for the experiment. The
presence of acid producing bacteria in this consortium could be confirmed by lowering the
medium pH from 7.5 to 4 to 5.
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A=

Fig. 3. (a) Enrichment culture with isolated bacteria + coating flaks (b) Isolated natural community crystal violet
stained culture stained (c) pure culture of A.thiooxidans DAPI stained.

By fluorescent staining of the cultures, growth and attachment at the coating surface was
followed. Examples of the natural community stained with crystal violet and of acid
producing bacteria with DAPI are illustrated in Figs. 3b and c.

2.4 Experimental techniques

2.4.1. Electrochemical cell set-up

For the electrochemical measurements, a typical flat plate set up for coating tests was used.
Measurements were performed in duplicate using two identical cells (Fig. 4a). The coated
test plate acting as the working electrode was horizontally placed. Acrylic tubes (88 mm
long; internal diameter 40 mm) were permanently glued to the coated-stainless steel surface
as an electrolyte reservoir. Measurements were conducted using an Ag/AgCl saturated
reference electrode, in combination with a parallel positioned platinum mesh counter
electrode to guarantee efficient current distribution (Fig. 4b). The cells were sterilized with
70 % ethanol prior to bacterial inoculation and left to dry in a sterile flow chamber.
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Ag/AgCl reference
electrode

Pt counter
electrode

" & Coated flat plate

Fig. 4. Experimental set-up for degradation study (a) Duplicate test cells with bacteria + BSS medium (b)
Electrochemical test cell for biodegradation - flat plate test cell composed of: working electrode (coated panel)
sealed acrylic tube and electrodes therein.

2.4.2 Bacterial inoculation
ASW was the first choice of a growth medium to reproduce marine conditions, due to its

conductive characteristics and well-known elemental composition. Bacterial inoculation (10®
cells/mL) was completed under sterile conditions, and 10% inoculum was transferred to 60
mL ASW. All cells were closed with a sterile sponge for oxygen supply and to prevent
contamination (Fig. 2a). For EIS measurements, the cells were transferred to the flow
chamber, and sterilised electrodes were added for the measurements before being directly
removed afterwards, as illustrated in Fig. 2b. Blanks were kept sterile with the addition of
0.02% sodiumazide to avoid bacterial contamination throughout the experiment (e.g. from
air).

2.4.3 Electrochemical impedance measurements

All electrochemical measurements were performed using a potentiostat (IVIUM
technologies, Netherlands) controlled by IVIUM software version 1.901. The impedance
response was measured over a range of frequencies from 10 KHz to 0.01 Hz. All
experimental set ups were analyzed for impedance responses over the period of 1, 7, 14, 21,
29, 40 and 60 days. EIS data was modelled with Z,;ew software version 3.0.

2.4.4. Fluorescent staining and quantitative bacterial coverage

An upright optical/epifluorescence microscope (Olympus BX 51, Japan) with a 10x and 20x
objective was used. The nucleic acid dye 4.6-diamidin-2-phenylindole DAPI (25uM) and
crystal violet (25uM) were used for staining. The percentage surface cover was determined
by imaging software (Adobe Photoshop CS3). 9 individual images were taken and analysed
and the surface coverage and structural pattern of the biofilms were determined and
graphically correlated with blister and hole formation of the coating analysed by AFM.
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2.4.5. AFM surface scans

The coating morphology and roughness measurements were performed with an atomic
force microscope (NanoWizard I, JPK Instruments, Germany), in air by intermittent contact
mode to lower tip surface interactions. The commercially available silicon cantilever CSC37 A
(Mikromasch, Estonia) was used, with the following features: length 250 um; width 35 um;
thickness 2 um; resonance frequency 41 kHz and a nominal force/spring constant of 0.65
N/m. Each AFM image consists of 512 by 512 pixels. The AFM image acquisition details are
specified in the legend of the figure.

3. Results and discussion

3.1. Surface analysis by AFM

Previous AFM studies on solvent cast PVC have revealed that contact mode AFM induces
surface erosion (Vancsco and Liu 1996; Vancsco et al. 1996). The noncontact mode, here
termed as the intermittent contact mode, was therefore chosen for our study. The image
series of Fig. 5 represents a topographic overview of the coating surfaces before and after
exposure to bacterial species.

a Blank coating surface before exposure
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b Coating exposed to BSS pH 7 after 60 days

#
o
Swelled coating with irregular

morphology and particles from
electrolyte

¢ Coating exposed BSS pH 2 after 60 days

pinhole ——
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e Coating exposed natural community after 60 days

Blister

Fig. 5. AFM scans of epoxy ballast tank coating, before and after exposure to bacteria. Intermittent contact
scans in air, line rate 0.2 Hz, scan area 100x100 um. (a) Blank control (no exposure). Effect of exposure time (60
days) on coating morphology: (b) Blank pH 7; (c) Blank pH 2; (d) A.thiooxidans; (e) natural community (isolated
from ballast tank). Arrows indicate cracks/pinholes/blister on the surface.

No noticeable surface defects can be observed for the coating before exposure to BSS. The
blank coating suggests a smooth surface; small irregularities in the form of parallel lines
result from the application procedure (spray coating) (Fig. 5a). The second AFM image
provides the coating after exposure to BSS (pH 7) for 60 days. One can identify swelling of
the surface and precipitates from the medium on top of the coating in Fig. 5b. A different
coating behaviour can be derived from Fig. 5¢c, which illustrates the coating immersed to BSS
(pH 2) for 60 days. The outer coating layer has become brittle, indicated by leached areas
and micro cracks on the surface. Fig. 5d represents the coating exposed to acid producing
bacterial strain A. thiooxidans. A clear difference between the two coating surfaces can be
identified. Holes in form of small round dots become visible for the acidic bacteria. The final
image represents the coating exposed to the natural ballast tank community Fig. 5e. This
coating surface is characterised by micro blisters all over the surface. However, the biological
influenced coatings show a clear indication of hole and blister formation by AFM analysis on
micron level. To prove the existence of holes, Fig. 6 provides a close up image of the coating
surface without preliminary surface cleaning.
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Close up
of hole

Fig. 6. Close up 3D AFM image of coating exposed to acidic bacteria after 60 days, contact scan in air, line rate
0.2 Hz, scan area 3.5 x 8 um. Scan represents a circular pinhole (indicated by frame), surrounded by bacterial
cells attached to the coating.

A circular hole can be noticed, surrounded by bacterial residues and dried out cells. The
bacteria appear in the form of white clusters on the surface (a result of drying the sample
before imaging), and the attached bacteria lose their original cell shape under the “shrinking
effect” (Mangold et al.,, 2008). The coating surface is recognisably still smooth and
homogeneous, and the bacterial effect is very local and aggressive, leading to hole formation
in an apparently intact coating. Ageing of polymeric materials subjected to aggressive media
consist first of all, in oxidation resulting in the formation of carbonyl groups C=0 (Decker and
Balandier, 1982; Katnarowska, 1999; Narrisawa, 1987). Oxidised surface layers of polymeric
coatings show increased brittleness, resulting in cohesion loss in the pigment /binder resin
system. In the next stage of coating ageing, pigment and filler particles are released from
surface layers leading to increased surface roughness (Katnarowska, 1999). In turn, higher
surface roughness results in lower protective efficiency, due to the resultant micro cavities
gathering contaminants. This triggers the development of biological degradation, generating
etching pits in the coating structure (Zyska, 1994). Another conclusion derived from the
observed coating imperfections is that hydrolysis reaction and etching by acids occur
favourably where cross-linking density is low (Osterhold and Patrick, 2001). Therefore, the
lower cross-linking areas are removed during the course of degradation, while the higher
crosslinking areas remain intact (hole formation with conductive path to the metal surface).
To highlight and compare the effects of acidic bacteria and the natural community on the
epoxy coating degradation, the mean hole and crack sizes were measured by AFM (Table 1).
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Table 1
Mean hole and crack size of the coating samples exposed to BSS and BSS+bacteria.
Sample Hole/Blister size (um) Crack size (um)
Depth Width Depth Length Width
Blank pH 7 (before) No hole - No crack - -
Blank pH 2 (before) No hole - No crack - -
Blank pH 7 (after) No hole - No crack
Blank pH 2 (after) No hole - Big cracks
0.94+0.70 66.24+1.42 4.06+0.12
Small cracks
0.61+0.91 35.79+1.01 7.5340.58
Acidic bacteria 0.25- 4.8-9.1+1.59 No crack - -
0.99+0.26
Natural community 0.23- 4.4-10.2+2.33 No crack - -
0.57+0.16

Particle/Precipitates 2.88-8+1.83 1.01-1.24+0.6

The mean whole widths and depths for the acidic bacteria are 4.8 to 9.1 um and 0.25 to 0.99
um, respectively. This clearly demonstrates the consequence of severe etching mechanism
by biological metabolism. For the natural community, blister formation could be observed
with 0.23 to 0.57 um in height and an average width of 4.4 to 10.2 um. For the pure culture
of acid producing bacteria, hole formation can be observed on the surface, whereas the
natural community containing diverse bacterial species is characterised by blister formation.
Based on the aforementioned explanations, biological produced inorganic acids causes hole
formation during the course of degradation. On the nano-scale, these effects change the
behaviour of water uptake. This mainly arises from the changes in hydrophobicity of
degraded parts, resulting in a more facilitated diffusion of electrolytes into the
coating/metal interface. It is commonly acknowledged that coating porosity can play a key
role in the film absorbing more water. This will negatively affect the epoxy coating,
decreasing the anti-corrosive properties.

The following mechanism of microbial attack can be summarised after AFM imaging:

. Microbial attack is initiated from the surface, taking place through penetration of the
coating, and forming channels throughout the coating.

. Excreted metabolites on the surface are responsible for the breakdown. The
properties of the coating may thus be changed; first, the coating becomes hard and brittle,
showing that the bacteria have altered the chemical composition of the film, and
consequently it becomes prone to the physical causes of blistering.

In the first step, the surface coverage by bacteria was examined by fluorescent microscopy.
The corresponding data from 9 individual images are presented in Fig. 5. The surface
coverage of the bacterial set ups were initially compared with each other, resulting in an
average bacterial surface coverage of 21% for the acid producing organisms and 14% for the
natural community. The second approach included a more detailed investigation of the
coating imperfections by fluorescent microscopy, involving the selection of 9 individual
surface spots exhibiting characteristic surface defects, i.e. holes and blister.
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These specific areas were determined and the bacterial attachment was related to the
defects. For blister formation, a slight increase in coverage of 3% (from 14 to 17%) was
observed for the natural community. A significant expansion from 21 to 33% (an increase of
12%) in surface coverage was found for the acid-producing bacteria next to the coating
holes. Such shifts in surface attachment can be linked to the natural growth pattern of the
biofilms. A schematic model correlating surface imperfection and biofilm structure is
provided in Fig. 7.

40,0

35,0

30,0

25,0

HH

20,0

15,0

10,0

Bacterial surface coverage (%)

5,0

Acidic bacteria
Community

0,0
Bacterial set-ups & surface imperfections

Fig. 7. Bacterial surface coverage in % depending on bacterial culture
(average of whole surface) and type of coating defect.

Fig. 8a illustrates a perfect barrier coating with local cell cluster formation. The general
surface coverage was 14-21% for both bacterial set-ups. The biofilm model indicates a
patchy model of heterogeneous distributed cells on the surface, with no significant influence
on fluid flow.
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a No effect b Community ¢ Acidic bacteria

Barrier coating Blister formation Hole formation
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Local coverage 14-21% Local coverage 17% Local coverage 33%
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Diffusion

Diffusion
Network ﬁ Water channels

of biofilm
Local dense cell cluster

Fig. 8. Schematic model of coating defects correlating biofilm structure and mechanism of coating attack.

A different observation can be derived for the blister formation model presented in Fig.
8b,occurring as a consequence of bacterial attack in the form of a thick 3D biofilm. Diffusion
reactions became the rate limiting reaction for water and oxygen down to the coating
surface. The dense biological matrix acts as a diffusion barrier between coating and
electrolyte, where acidic metabolic by-products accumulate in the interface of coating and
biofilm matrix initiating blister formation of the polymer coating. The third form of attack
was identified as hole formation, displayed in Fig. 8c in the presence of acidic bacteria. This
was the most severe form of attack during the experiment, with the local attack caused by
biofilms as discussed with the previous case. Nevertheless, the difference of attack can be
explained by the circumstance whereby the biofilm structure not only acts as a diffusion
barrier, rather it is the formation of water channels throughout the biofilm network that
makes this type of attack so aggressive. One explanation is that the biofilm acts as a
diffusion barrier for water and oxygen as mentioned above. However, the overall coverage
of 33% and exposure time prompts the assumption that an altered biofilm is formed beside
and on top of the holes. A mature biofilm is characterised by fluid channels creating a highly
viscous structure. These channels will quantitatively increase the fluid flow towards the
coating surface. The initially attacked coating, etched by acidic metabolic compounds of the
bacteria, will easily take up water which leads to hole formation due to loss of the binder
matrix system on local spots.
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3.2 Electrochemical studies
The Nyquist plots of the blank samples and the bacterial set-ups at different immersion
times are shown in Fig. 9.

a Blank pH 2 1-60 days b acid producing bacteria 1-60 days
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Fig. 9. Nyquist plot representation of the impedance results measured on ballast tank coating exposed to BSS
and BSS+bacteria at different immersion times (1-60 days) (a) Blank (pH 2), (b) acidic bacteria, (c) Blank (pH 7),
(d) natural community.

Coating resistance and phase angle parameters of the blank samples (coating without
bacteria) were studied, based on the fitted values of Nyquist plots as shown in Fig. 9. Results
indicated a two-time constant semi-circle for the immersion time (1-60 days) of the blank
set-ups (Figs. 9a and 9c).
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No significant changes were observed in coating resistance for pH 2 and pH 7 during these
times. The coating prepared is usually partially heterogeneous and contains micropores. A
slight shift can be recognised for both blanks after day 1, where the impedance shifts closer
to an ideal capacitor (parallel to Z”). These phase shifts are the result of interactions of water
molecules and micropores. Water molecules have good isolating properties and can block
the coating pores due to their dimension. From day 7 to 60 the blank coating exhibits an
excellent barrier performance against electrolyte diffusion. The appropriate equivalent
circuit used to fit the measured EIS data is shown in Fig. 10.

Ll crs
L4 o
[

Fig. 10. Two-time constant electrical circuit model used for EIS results fitting of the ballast tank coating exposed
to BSS (pH 2 and 7) blank samples.

The different electrical elements shown in this model, i.e. R1, CPE1, R2, CPE2 and R3,
represent the electrolyte resistance, coating capacitance, coating pore resistance, double
layer capacitance and charge transfer resistance, respectively. It should be noted that the
coating capacitance measured by EIS is non-ideal capacitance. Therefore, a constant phase
element has to be used to replace the capacitance to gain a better fit. The relation between
constant phase element and capacitance is the ideal coating capacitances measured using
Eq. (1) (Mahdavian and Attar, 2006):

Vo « Rp)&)
C= Rt (1)

Where R, represents the total resistance, and Y, and n represent CPE (constant phase
element) parameters. The data obtained from fitting EIS information (R, and CPE) and from
Nyquist and Bode plots (phase angle and Z) gained for the blank samples are shown in Table
2. Measured low frequency data (0.01 Hz) by EIS shows considerable sensitivity and variation
to changes in the impedance, due to the uptake of water. The higher the impedance at low
frequency, the more effective the coating is. The variation of phase angles ® at 10 Hz over
time is very close to the variation of coating resistance, and hence can qualitatively reflect
the coating performance (Zuo et al., 2008).
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Table 2
Different electrochemical parameters obtained from Bode plots and EIS fitting results of the coating
exposed to blank electrolyte (BSS, pH 2 and pH 7) at different immersion times; 1 to 60 days.

Blank pH 2 Rp CPE1 -0 (°) 1Zl Chi-Squared
(MQ*cm’)  (uFem™) at 10 Hz at 0.01 Hz of fitting
Time in days Mean Mean (G- Q)
1 6030 0.000418 78.21 4.47 0.00014
7 12888 0.000426 78.45 8.78 0.00027
15 8806 0.000425 80.37 4.85 0.00053
21 6822 0.000436 77.89 4.69 0.00028
30 2210 0.000445 76.15 2.56 0.00088
40 8340 0.000490 77.06 6.68 0.00021
60 797 0.000528 76.13 8.25 0.00028
Blank pH 7 Rp CPE1 -0 (°) 121 Chi-Squared
(M-Q*cm’) (WF cm?) at 10 Hz at 0.01 Hz of fitting
Time in days Mean Mean (G-Q)
1 23480 0.000439 78.27 5.08 0.00021
7 31340 0.000547 80.61 9.76 0.00013
15 41108 0.000530 80.37 10.02 0.00011
21 47017 0.000523 80.89 5.35 0.00011
30 96508 0.000573 81.15 9.47 0.00026
40 188200 0.000531 82.06 9.02 0.00028
60 478480 0.000491 82.31 13.35 0.00053

Based on the coating resistance and impedance magnitude at 0.01 Hz and the blank sample
during the immersion to BSS pH 7, a slow decrease in resistance and increase in phase angle
can be attributed to the swelling of the coating during its interaction with the electrolyte
(salt solution 3.5%). The increase in phase angle magnitude of the blank sample over the
course of the experiment arises from its excellent barrier effect. This can be explained by the
observations made by AFM images of the blank sample in Fig. 3. According to this figure, no
defect, hole or pore can be found after 60 days. For the blank set-up with a pH 2, a different
effect can be observed. Directly after exposure the coating indicated a continuous decrease
in coating resistance and an increase in impedance magnitude. These phenomena can be
attributed to crack formation and coating deterioration during exposure to a low pH
electrolyte (pH 2). Soon after immersion, the coating loses the barrier effect, as supported
by AFM data in Fig. 3b, and a crack formation becomes visible. The hypothesis, based on
which the coating impedance magnitude (at 0.01 Hz) is believed to decrease, relates to
degradation and can be explained by the information obtained from the phase angle. Phase
angle is a suitable parameter of EIS method for describing coating degradation during its
interaction with a corrosive electrolyte (Mahdavian and Attar, 2006; Mahdavian and Attar,
2009). Phase angle (-®) magnitude varies from 0° to 90°. This parameter is close to 90° for
an intact coating on a metal substrate. However, when coating is exposed to a corrosive
electrolyte, the deterioration causes the phase angle to decrease.
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Therefore, the closer the phase angles (-®) of a coating to 90°, the lower the deterioration
during the immersion. As can be seen from Table 2, an increase in phase angle can be
observed for the blank with pH 7 (78.27° to 82.31°), a slight decrease in phase angle (-®)
could be found for the blank with a pH 2 (77.82° to 76.13°). This observation clearly
demonstrates lower coating resistance at higher exposure times. The size of cracks created
by hydrolysis produced some conductive paths in the coating at pH 2.

Table 3

Different electrochemical parameters obtained from Bode plots and EIS fitting results of the coating
exposed to acid producing bacteria (A. thiooxidans) and natural community (isolate from ballast tank) at
different immersion times; 1 to 60 days.

A. thiooxidans Rp CPE1 -0 (°) 1Zl Chi-Squared
(M-Q*cm?) (MF cm™) at 10 Hz at 0.01 Hz of fitting
Time in days Mean Mean (GQ)
1 9641 0.000513 77.73 2.80 0.00020
7 95 0.000496 66.82 0.11 0.00026
15 52 0.000517 59.26 0.06 0.00039
21 82 0.000518 64.49 0.24 0.00095
30 56 0.000549 60.15 0.07 0.00034
40 31 0.000583 48.62 0.04 0.00016
60 12 0.000669 33.79 0.02 0.00012
Natural Community Rp CPE1 -0 (°) 1Z1 Chi-Squared
(M-Q*cm?) (UF cm™) at 10 Hz at0.01 Hz of fitting
Time in days Mean Mean (G-q)
1 5770 0.000495 76.58 2.81 0.00018
7 12273 0.000427 79.27 6.08 0.00011
15 14554 0.000463 80.04 4.41 0.00009
21 14659 0.000463 80.37 4.48 0.00010
30 87 0.000429 51.75 0.45 0.00180
40 5 0.000417 41.91 0.27 0.00014
60 2 0.000363 46.88 0.21 0.00014

Unlike the behaviour of the blank samples, those exposed to bacterial species show
significant changes in electrochemical parameters. One further equivalent electrical circuit
was used to fit EIS data, for the purpose of comparison.

The two time constant model could be used for all immersion times. At higher immersion
times for 40 to 60 days, the model was extended with the Warburg diffusion element for the
acidic bacteria. The semi-circle observed for the ballast tank coating in contact with acidic
bacteria in Fig. 7b indicates higher diffusion behaviour. For the second bacterial set-up with
a natural bacterial community isolated from a ship ballast tank, a more pronounced diffusion
behaviour can be observed for 40 to 60 days. The two time constant model remained valid,
and could be used to fit the corresponding data.
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The equivalent circuits applicable to fit the EIS data for the bacterial set-ups are shown in
Fig. 11. Fig. 11a represents the two-time constant model as described in Fig. 10, and Fig. 11b
shows the circuit with added Warburg diffusion element.

a b
L4 = 5] i = 3]
R

CPEX " W

Fig. 11. Two-time constant electrical circuit models used for EIS results fitting of the ballast tank coating
exposed to bacteria (a) circuit used for natural community (1-60 days) and acidic bacteria (1-30 days); (b) circuit
used for acidic bacteria (40-60 days).

The Warburg diffusion element is well known and described for several bacterial
experiments (Lee et al. 2006; Castaneda et al. 2008). The different electrical elements shown
in this model for Fig. 9b, i.e. R1, CPE1, R2 and W;, represent the electrolyte resistance,
coating capacitance, pore resistance, and Warburg diffusion respectively. By comparing the
results of Table 3 with the findings in Table 2, there are noticeable differences between
blank and bacterial set-ups. For the bacterial set-up with acidic bacteria low phase angles (-
@) at very short immersion times correspond to biologically metabolism and therefore
biodegradation of the coating. The two time constant Nyquist plot appearing at low
immersion times suggests that the corrosion resistance of the coating is poor. The
corresponding coating resistance and impedance at 0.01 Hz are much lower for the
biological sample with a pH of 2. This clearly illustrates the effect of biological degradation
on coating performance. This lower coating resistance and smaller phase angle can be
explained by the previously discussed AFM data. The impedance magnitude (at 0.01 Hz)
after 60 days was 0.019 G*Q for acidic bacteria, whereas those of the natural community
showed a value of 0.21 G*Q. These results indicate that the anti-corrosive performance of
biologically degraded coatings decreases significantly after 60 days of immersion. Another
parameter showing the low anticorrosive properties of these coatings is phase angle,
measuring at 10 Hz from Bode plots. As indicated in Table 3, phase angles (-®) of ballast tank
coating degraded by acidic bacteria and natural community changed for the acidic bacteria
from 77.73° to 33.79° and 78.27° to 66.88°, respectively. This can be attributed to a severe
degradation is taking place through biological activity and metabolic by-products.
Furthermore, strong conformity between the results of Tables 2 and 3 can be seen. The
phase angle changes of each sample immersed at different times in electrolyte are
compared and provided in Fig. 12.
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Fig. 12. Comparing the phase angle (at 10 Hz) changes of different samples and their relation to the size and
type of defect at the surface.

According to Fig. 12, the greater decrease in phase angle of the sample degraded by acidic
bacteria (triangle) could be related to the existence of holes, resulting in a higher diffusion of
electrolyte into the coating. This in turn leads to reduction in phase angle and subsequently
to a higher degradation. The fact that the phase angle of the blank (pH 2, rhomb) has
decreased in parallel is a result of the indicated cracks in the coating surface leading to
diffusion of electrolyte. Nevertheless, a clear difference can be noticed between blank and
acidic bacteria for low pH ranges, however both coating surfaces indicate a decrease in
phase angle and therefore a loss of the barrier property of the coating. On the other hand,
the blank (pH 7, cross) has not changed significantly, due to the lack of surface holes. The
corresponding natural community (dot) shows a lower decrease in phase angle with a clear
signal for coating biodeterioration in relation to the blank (dot). The Warburg diffusion
element was added in the circuit for the ongoing experiment, to fit the related EIS data, with
the diffusion resistance decreasing after 40 to 60 days. This indicates that the biofilm layer
has conductive pathways or water channels for transport properties. If the diffusion process
increases due to a thick biofilm, a longer conductive pathway will result. The Warburg
resistance is lowered by a factor of 1.5 at the end of the experiment for acidic bacteria. This
decrease in diffusion could have two possible explanations:
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1. Decrease in biofilm thickness over time due to less metabolic active bacteria, 2. Change in
biofilm architecture, establishing water filled channels rather than diffusion-limited pores
throughout the biological layer. To make a clear statement on these assumptions, the
relative thickness of the acidic biofilm was calculated using Eq. (2).

WeT === Laays = VWST * Dicaygen 2)

The Warburg diffusion element W; is the solution of the one-dimensional diffusion equation
of a particle interpreted as Wer = L%/D. Where L is the effective diffusion thickness and D is
the effective diffusion coefficient of the particle. To calculate the thickness of the biofilm,
the diffusion coefficient of oxygen (20.0¥10® cm?/s) at 25°C was used as a representative
parameter influencing biofilm built up. The equation was solved according to L for specific
days to interpret the gained data.

Table 4
Caleulated oxygen diffusion derived from Warburg diffusion
element for acidic bacteria after 40 and 60 days.

Acidic bacteria L. = blofilm thickness (um, 25°C)
L 17.5
L 14.3

A thinner biofilm results in a decrease in the L value, with increased transport probabilities in
form of pores with water channels therein. This allows the transport of salts and oxygen
(penetration of electrolyte) towards the coating layer in a rapid manner. The data in table 4
supports previous observations that the diffusion effect of the biofilm decreases over time
due to bacterial activity and changes in biofilm architecture (discussed in Fig. 6 of this
paper). The biofilm consists of tightly packed mushroom-shaped clusters that are between
17.5 and 14.3 um in height. The time required for a solute from the liquid phase (medium) to
reach the base of a uniformly thick biofilm (assumed for calculation) is simply provided by
Eq. 3 (Stewart, 2003):

I3
#o— ]|'.-] —m
&

. (3)

Here, L is the biofilm thickness, and D, the effective diffusion coefficient in the biofilm. The
value of the effective diffusion coefficient in the biofilm will be reduced compared to the
diffusion coefficient in water, due to the presence of microbial cells, extracellular polymers,
and abiotic particles or gas bubbles trapped in the biofilm. This reduction is denoted by the
ratio De/Daq. Experimental measurements of this ratio, termed the relative diffusivity, have
been reviewed elsewhere (Stewart, 1998).
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The calculated diffusion times of CI", SO,%, acetic acid and oxygen are listed in Table 5.

Table 5
Calculated diffusion times for oxygen, acetic acid, chloride, sulphate through acidic biofilm after 40
and 60 days.

Solute Diffusion D.(factor) Ly (um) Diffusion time (min) Lgo (um)  Diffusion time (min)
coefficient
Daqlo'6 (cmz/s)

Oxygen 20.0 0.7 175 3.63 143 2.43

Acetic acid 121 0.7 175 6.02 143 4.02

cr 20.3 0.7 175 3.60 143 2.38

s0,” 10.6 0.7 175 6.86 143 4.58

It is evident from the table that the diffusion times obtained decreased over time depending
on the biofilm architecture. The diffusion times are within the range of several minutes are
typical for diffusion processes through biofilms as reported by (Stewart, 2003). It is valuable
to mention that for the experimental set-up discussed here aggressive compounds such as
acids and chloride are rapidly transported and concentrated close to the coating surface,
causing serious damage in the presence of bacteria.

4, Conclusions & Recommendations

It can be concluded that the bacterial deterioration effect is as severe as other types of
degradation, leaving the coating system highly vulnerable to deterioration in real
environmental conditions. It is therefore necessary to include natural communities in
coating degradation studies to identify possible degradation mechanisms and the severity of
attack over time. The behaviour of a ballast tank coating against microbial degradation was
studied, indicating that biological activity significantly affect the coating properties. As a
result of such a phenomenon, micro-cracks and holes were identified by AFM. The overall
effect of such degradation was studied using the EIS technique, with the non-bacterial
exposed samples (blank) exhibiting a reasonably proper corrosion resistance.

However, the bacterial affected coatings (exposed to acid producing bacteria and natural
ballast tank community) show a decrease in corrosion resistance. For the acidic environment
with a low pH, EIS measurements indicate a decline in corrosion resistance over the course
of the experimental time regardless of whether there was a bacteria presence. This
demonstrates that low pH solution has a significant impact on the coating barrier property,
resulting in crack and hole formation. This effect was attributed to electrolyte diffusion
through the biofilm. It is also revealed that the coating corrosion resistance declines after 40
days of exposure for the natural community, leading to the formation of blisters. Bacterial
settling could be linked to some specific biofilm patterns affecting different types of coating
attack. It is possible to model and explain the impact of the biofilm on the ballast tank
coating responsible for serious coating deterioration. Overall, the natural bacterial
community shows a less aggressive type of deterioration than the pure culture alone.

130



Chapter 3 Electrochemical detection techniques in MIC - Laboratory models

References

American Society for Testing and Materials ASTM (1976). vol D 6400-99. Philadelphia,
Pennsylvania

American Society for Testing and Materials ASTM (1993a). Annual Book of ASTM Standards,
Volume 08.03, 5209-92. Philadelphia, Pennsylvania

American Society for Testing and Materials ASTM (1993b). Annual Book of ASTM Standards,
Volume 08.03, 5210-92. Philadelphia, Pennsylvania

American Society for Testing and Materials ASTM (1993c). Volume 08.03, D5271-92.
Philadelphia, Pennsylvania

American Society for Testing and Materials ASTM (1993d). Volume 08.03, G22-76.
Philadelphia, Pennsylvania

American Society for Testing and Materials ASTM (1993e). Annual Book of ASTM Standards,
vol Volume 08.03, G21-90. Philadelphia, Pennsylvania

Castaneda H, Benetton XD (2008) SRB-biofilm influence in active corrosion site formed at the
steel-electrolyte interface when exposed to artificial seawater conditions. Corrosion Science
50:1169-1183

Decker C, Balandier M (1982) Degradation of poly (vinyl chloride) by UV radiation — | Kinetics
and quantum yields. European Polymer Journal 18:1085-1091

Det Norske Veritas (DnV) (1998) Type approval programme for protective coating systems.
vol No. 1-602.1. DnV, Oslo

Det Norske Veritas (DnV) (1999) Corrosion prevention of tanks and holds. vol No. 33.1. DnV,
Oslo

Geenen FM, de Wit JHW (1990) An impedance spectroscopy study of the degradation
mechanism for a model epoxy coating on mild steel Prog Org Coat 18 (3):299-312

Gilmore DF, Antoun S, Lenz RW, Goodwin S, Austin R, Fuller RC (1992) The fate of
biodegradable plastics in municipal leaf compost. Journal of Industrial Microbiology and
Biotechnology 10:199-206

Gu JD, Ford TE, Mitchell R (1996) Susceptibility of electronic insulating polyimides to
microbial degradation. J Appl Polm Sci 62:1029-1034

Gu JD, Gada M, Kharas G, Eberiel D, McCarthy SP, Gross RA (1992) Degradability of cellulose

acetate (1.7 and 2.5, d.s.) and poly(lactide) in simulated composting bioreactors. Polymer
Materials Science and Engineering 67:351-352

131



Chapter 3 Electrochemical detection techniques in MIC - Laboratory models

Gu JD, Lu C, Thorp K, Crasto A, Mitchell R (1997a) Fiber-reinforced polymeric composite
materials are susceptible to microbial degradation. Journal of Industrial Microbiology &
Biotechnology 18:364-369

Gu JD, Lu C, Thorp K, Crasto A, Mitchell R (1997b) Fungal degradation of fiber-reinforced
composite materials. Materials Performance 36:37-42

Gu JD, Mitton DB, Ford TE, Mitchell R (1998) Microbial degradation of polymeric coatings
measured by electrochemical impedance spectroscopy. Biodegradation 9 (1):39-45

lijima T, Arai N, Takematsu K, Fukuda W, Tomoi M (1992) Toughening of epoxy resins by N-
phenylmaleimide-styrene copolymers. European Polymer Journal 28 (12):1539-1545

Imam SH, Gould JM, Gordon SH, Kimney MP, Ramsey AM, Tosteson TR (1992) Fate of starch-
containing plastic films exposed in aquatic habitats. Current Microbiology 25:1-8

International Association of Classification Societies (IACS) (1998) Guidelines for acceptance,
application and survey of semi-hard coatings on ballast tanks. Recommendation, vol No. 5.

International Maritieme Organization (IMO) (1995) Guidelines for the selection, application
and maintenance of corrosion prevention systems of dedicated seawater ballast tanks. vol
Resolution A 798 (19) London

Katnarowska D (1999) Influence of ultraviolet radiation and aggressive media on epoxy
coating degradation. Progress in Organic coatings 37:149-159

Kemnitzer JE, McCarthy SP, Gross RA (1992) Poly(BR-hydroxy-butyrate) stereoisomers: a
model study of the effects of stereochemical and morphological variables on polymer
biological degradability. Macromolecules 22:6143-6150

Kikkawa Y, Yamashita K, Hiraishi T, Kanesato M, Doi Y (2006) Dynamic Adsorption Behavior
of Poly(3-hydroxybutyrate) Depolymerase onto Polyester Surface Investigated by QCM and
AFM Biomacromolecules 6:2084-2090

Kotnarowska D (1999) Influence of ageing on mechanical properties of epoxy coatings. In:
Advances in corrosion protection by organic coatings. Cambridge, pp 1-10

Lee AK, Buehler MG, Newman DK (2006) Influence of a dual-species biofilm on the corrosion
of mild steel. Corrosio Science 48:165-178

Mahdavian M, Attar MM (2006) Another approach in analysis of paint coatings with EIS
measurement: phase angle at high frequencies. Corros Sci 48:4152-4157

Mahdavian M, Attar MM (2009) Electrochemical behaviour of some transition metal
acetylacetonate complexes as corrosion inhibitors for mild steel. Corros Sci 51:409-414

132



Chapter 3 Electrochemical detection techniques in MIC - Laboratory models

Majumdar I, D'Souza F, Bhosle NB (1999) Microbial exopolysaccharides: Effect on corrosion
and partial chemical characterization. J Indian Inst Sci 79:539-550

Mangold S, Harneit K, Rohwerder T, Claus G, Sand W (2008) Novel Combination of Atomic
Force Microscopy and Epifluorescence Microscopy for Visualization of Leaching Bacteria on
Pyrite. Appl. Env. Microbiol. 74: 410-415

Osterhold M, Patrick G (2001) Influence of weathering on physical properties of clearcoats.
Prog Org Coat 41:177-182

Ramezanzadeh B, Mohseni M, Yari H (2010) On the electrochemical and structural behavior
of biologically degraded automotive coatings; Part 1: Effect of natural and simulated bird
droppings Prog Org Coat 71:19-31

Rouw AC (1997) Model epoxy powder coatings and their adhesion to steel. Prog Org Coat 34
(1-4):181-192

Stewart PS (1998) A review of experimental measurements of effective diffusive
permeabilities and effective diffusion coefficients in biofilms. Biotechnol Bioeng 59:261-272

Stewart PS (2003) Diffusion in biofilms. J Bacteriol 185 (5):1485

Tanker Structure Cooperative Forum (TSCF) (1997) Guidance manual for tanker structures.
Witherby & Co. Ltd., London

Tanker Structure Cooperative Forum (TSCF) (1999) Condition evaluation and maintenance of
tanker structures. Witherby & Co. Ltd., London

Uchida E, lkada Y (1997) Topography of Polymer Chains Grafted on a Polymer Surface
Underwater. Macromolecules 30:5464-5469

Vancsco GJ, Allston TD, Chun | (1996) Surface Morphology of Polymer Films Imaged by
Atomic Force Microscopy. Int J Polym Anal Charact 3:89

Vancsco GJ, Liu G Surface morphology of polymer films by scanning probe technique In:
ANTEC’96, 1996.

van Westing EPM, Ferrari GM, de Wit JHW (1994a) The determination of coating
performance using electrochemical impedance spectroscopy Electrochem Acta 39 (7):899-
910

van Westing EPM, Ferrari GM, de Wit JHW (1994b) The determination of coating

performance with impedance measurements—II. Water uptake of coatings. Corrosion
Science 36:957-977

133



Chapter 3 Electrochemical detection techniques in MIC - Laboratory models

Zuo Y, Pang R, Li W, Xiong JP, Tang YM (2008) The evaluationof coating performance by
variations of pase angles in middle and high frequency domains by EIS. Cor Sci 50 (12):3322—
3328

134



Chapter 4 Advanced local techniques to study MIC

Chapter 4

4.1 A new approach to study local corrosion processes on steel surfaces
by combining different microscopic techniques

Abstract

Corrosion studies of materials on the micro or even nano-scale level are cumbersome due to
instrumental limitations and handling procedures. If biological processes are involved the
spatial resolution is even more important and sample preparation is usually the limitation.
Attachment of bacteria on stainless steel surface is a complex interfacial process including
interactions of bacterial cells and bacterial extracellular polymeric substances with the
surface. To overcome the limitations in sample preparations and resolution we present a
new stainless steel sample holder to switch among Epifluorescent Microscope (EFM), AFM
and SEM at exactly the same position. Exemplary bacterial accumulation was studied by
staining the bacterial DNA with a fluorescent dye over time. It was possible to distinguish
among bacteria and other surface characteristic such as deformations or grain structures.
Also surface topographic features such as roughness at the grain boundaries and deposits
were quantified. All three techniques complement one another in the way that AFM is a
high-resolution technique that does not allow to distinguish directly bacterial cell structures,
whereas EFM offers excellent bacterial identification based on staining at a low resolution
that can complement AFM images. Application of SEM in the last step will reveal inclusions
and grain structure and combined with EDX gives the composition of the substrate,
inclusions and corrosion deposit. The combination of the three high-resolution techniques
enables a more detailed understanding of surface phenomena. The method itself is quite
elegant and easy to handle which is an important item in materials research, especially when
a high sample throughput is needed.
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1. Introduction

Attachment and growth of bacteria on metal surfaces can lead to the formation of a biofilm
and the importance of biofilm in corrosion of metals and alloys has recently gained
considerable interest [1-2]. Corrosion due to presence of bacteria and their activity is
termed bio-corrosion or microbiologically influenced corrosion (MIC). MIC mostly manifests
itself as localized corrosion, since microscopic organisms tend to settle on metal surfaces as
discrete colonies rather than continuous films. Due to the strong impact of bacterial
presence on localized corrosion of steel it is important to characterize how bacteria initiate
and influence corrosion. While propagation steps of MIC are well modelled and documented
[3-5], the initial steps of MIC are not well understood until now and one of the ways to study
such phenomena is using surface characterization techniques such as microscopy.
Conventional optical microscopic techniques such as light microscopy (LM) are intensively
used for surface analysis to investigate the occurrence and characteristic features of MIC [6-
8]. Epifluorescence microscopy (EFM) has proven to be a powerful tool for selective and
specific visualization of labelled bacteria and molecules, which makes it possible to follow
cellular processes and to monitor the distribution of living cells [9]. Besides this some
researchers started to combine fluorescent microscopy and SEM imaging to understand
structural properties of natural biofilms [10,11]. EFM and SEM coupling is also used for
corrosion studies under protective coatings by using fluorescent probes [12]. The use of the
fluorescent dye for the investigation of the localized corrosion behaviour of aluminium alloys
allows the identification of the anodic dissolution site within a few minutes after exposure to
the test solution. It is therefore a powerful tool for investigation of the corrosion processes
and the characterization of inhibitor efficiency [13].

Atomic force microscopy (AFM) is receiving considerable attention in the field of surface
science and engineering because of its ability to image surfaces, either conducting or non-
conducting, in situ and with up to atomic scale resolution. Most of the previous studies are,
however, related to the atomic imaging of well-defined surfaces [14], AFM has not yet been
used widely in corrosion studies [15] despite its enormous potential in revealing shape
evolution at the nanoscale level during corrosion or surface treatment, at/or near fine
surface inhomogeneity’s associated with cellular boundaries, grain boundaries, or
precipitates or inclusions of exceedingly fine sizes. On the other hand AFM is widely used for
biological samples because of its high in-situ resolution, while it requires minimum sample
preparation and can be operated under wet and dry conditions [16]. The technique was used
to study MIC intensively and is well discussed in literature in recent years [17-23]. Further,
several local microscopic techniques have been combined for bacterial applications such as
the combination of optical and atomic force microscopy (AFM) [20] or the combination of
AFM and confocal microscopy [21]. Combination of optical and atomic force microscopy
(AFM) is a powerful tool to obtain comprehensive information on a variety of samples. The
advantage of combining fluorescence microscopy and the AFM technique is that they are
complementary and provide detailed characterization of living component and processes:
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the fluorescence provides information about the location of labelled cells and the AFM
scanning gives a more comprehensive topology picture of the cells. The scanning electron
microscope (SEM) generally has the high lateral resolution and a relatively large field-of-view
making it an excellent tool for surface analysis [24]. It has been used to detect the
degradation of or damage to coatings in polymer blends [25], relaxation and physical aging
effects [26], water sorption, diffusion in films [27-29] and reaction kinetics [29,30]. The
energy dispersive X-ray spectroscopy (EDX) is a comfortable technique that has the ability to
perform a timely, non-destructive, semi-quantitative chemical analysis of environmental
particles [31], corrosion effects [32] or coatings [33]. The combination of EFM, AFM and SEM
in general seems to be a powerful tool for investigations of biological processes on surfaces
and corrosion. In this paper, we demonstrate for the first time the feasibility of combining
the three microscopic techniques operated subsequently in time at exactly the same area
spot at the surface, by using a custom-made sample stage and an additional shuttle stage,
thus pioneering the way for a powerful tool for the investigation of surface processes,
coatings or even interfacial reactions.

2. Experimental

2.1 Metal coupons and bacterial attachment

Stainless steel 316L coupons (30 mm x 15mm x 1mm) were used in the experiment. The
coupons were sequentially ground with a series of grit SiC papers (220, 500, 1200, 2400 and
4000) to a smooth surface, and were finally polished to a mirror-finish surface using 0.3 to
0.1 micron diamond paste. The polished coupons were first degreased with acetone,
followed by rinsing with ethanol and dried immediately. Finally, the sample was treated with
V2A acid solution (HNOs/H,0/HCI) commonly used for macroetching of iron and steel
surfaces to visualise the grain boundary structure. To identify the same sample spot
precisely an indent was made on the surface of the coupon. The indent is mounted on the
surface of the metal coupon in such a way that it corresponds to the centre of the SEM stage
(point 0 of the SEM axis) when the metal coupon is placed in the SEM sample holder.
Further, the indent will enables to reach any spot on the surface by using fixed x and y-axis
coordinates in the SEM vacuum chamber. After indentation the prepared coupon was
sterilized by immersion in 70% ethanol for 4 h, and dried aseptically in air.

The stainless steel coupon was exposed for 48h to natural seawater, which is pumped
continuously through a basin containing 1 m® of water to obtain initial bacterial
accommodation on the surface from a natural source. To investigate the changes on the
steel surface after bacteria attachment, coupons were investigated before and after
exposure with a combination of different microscopes i.e. EFM, AFM and SEM providing
more accurately visualization of the same spot of the surface at a micron level before and
after immersion.
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2.2 Sample stages for microscopy

To characterise exactly the same sample spot of the surface before and after immersion at
the micron level, it was necessary to design an in-house sample holder and stages for the
microscopes. Figure 1a is a custom-made sample holder that can hold a coupon in the grove
with minimum movement. The sample holder has the same size as a normal glass slide in
order to be used on stages of different microscopes. Figure 1b displays the AFM shuttle
stage (which is commercial available by JPK Instruments) in combination with the house
made sample holder to combine LM, EFM and AFM. Figure 1c shows the homemade SEM
shuttle stage with the new sample holder that was used to further combine AFM and SEM.
The combination steps are further detailed below in the methodology part. By combining
the sample holders, transfer stages and additional surface indentation of the sample, it was
possible to combine and locate the same sample spot with different microscopes before and
after the experiment on micron scale. In the following paragraph the shuttling procedures
are described to help visualizing the new methodology and the combined results of the
three techniques.
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Fig. 1. Sample stages for combining three microscopes; (a) in-house made sample holder,(b) sample holder on
AFM shuttle stage, (c) sample holder placed on home-made SEM shuttle stage.
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2.3 Microscopes

Optical/Epifluorescence microscope (OM/EFM)

An upright optical/epifluorescence microscope (Olympus BX 51, Japan) with a 40 x water-
immersible objective (LUMPlanFLN 40x, Olympus) without using coverslips were combined
using the shuttle stage as base stage on the microscope. By using a water-immersible
objective, images of the natural state of the biofilm in situ could be taken.

Atomic force microscopy (AFM)

A NanoWizard Il atomic force microscope (JPK Instruments, Germany) was used for contact
mode imaging in air of the metal substrate. For AFM imaging a silicon cantilever CSC37 A
(Mikromasch, Estonia) with the following features was used: typical length, 250 um; width,
35 um; thickness, 2 um; resonance frequency, 41 kHz; and nominal force/spring constant,
0.65 N/m. Each AFM image consists of 512 by 512 pixels. The AFM image acquisition details
are given in the legends of the each figure.

Scanning electron microscope (SEM)

SEM analysis was performed with a JSM-5800LV (Joel, Japan) scanning electron microscope.
Images were taken with a working distance of 7-12 and 800 x magnification. For Energy
Dispersive X-Ray (EDX) spectroscopic analysis the system was equipped with a Noran 5
elemental analyser (Thermo Scientific, Germany). An accelerated voltage of 12 kV was used
for both secondary electron imaging and EDX. The analysis software NSS 2.2 x-ray
microanalysis (Thermo Scientific, Germany) was used for elemental analysis.

2.4 Imaging steps
Step 1 — combination of optical microscope/EFM and AFM

For a successful combination of both microscopes, meaning the visualization of the same
sample spot, the variable position of the AFM cantilever had to be aligned to the static
optical axis of the optical/epifluorescence microscope to match the AFM scan region with
the microscope’s field of view. The first step includes the alignment of optical microscope
and AFM. This was carried out using a glass calibration-slide with a marked centered cross in
detail explained by [34]. The AFM shuttle stage can be transferred between the AFM and the
optical/epifluorescence microscope, giving a precise positioning of the stage on both
microscopes. Furthermore, a sample clamp guaranteed a tight and accurate fixation of the
sample to the shuttle stage, thereby allowing the retrieval of the same sample spot with
AFM and EFM with an error of no more than 3 to 5 um. The alignment procedure of EFM
and AFM is intensively described by [34]. The new approach in here was to visualize the
same spot afterwards by SEM and SEM-EDX by using an in-house made sample holder as
well as transfer stage.
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To combine AFM imaging with SEM an additional surface indent has to be placed on the
sample coupon, which corresponded to the center of the glass calibration slide, which was
used to align EFM and AFM. Once the spot of interest was fixed by x and y coordinates (by
adjusting front and side knobs of the AFM shuttle stage, Fig. 1b) the respective optical
microscope image and the AFM scan were combined in um scale. For sequential
investigations of different spots of interest (i.e. different coordinates of the AFM shuttle
stage can be used), shuttling between the instruments could be repeated as often as
required, without losing position. Additionally, two AFM scans were combined to increase
the sample area up to (180 x 100 um) with a 20 % overlap. This up scaled AFM surface image
corresponds to the central part of the EFM image. Fig. 2 shows the combined AFM contact
scan of a stainless steel sample (20 % overlap represented by orange square) with grain
boundaries that correspond to the center of EFM image (yellow square).

Fig. 2. (a) Optical microscope image (Yellow frame indicates the area of AFM scan); (b) AFM contact scans of
the same spot of a stainless steel sample with grain boundaries; AFM scans acquired by contact mode in air
(scan area 100 x 100 um; line rate 0.2 Hz, orange frame indicates overlapping area of 20 % of two scans).

Step 2 — combination of EFM (bacterial imaging) and AFM

After the initial AFM scans the sample was immersed in natural seawater for a period of 48
hours. The bacteria attached to the stainless steel surface were first gently rinsed with
deionized water and subsequently stained with DAPI. After re-alighnment of the instruments,
using the calibration slide as detailed in the first step, we could locate the sample spot back
again. EFM and AFM imaging of the same spot were performed.

Step 3 — combination with SEM

Finally the same sample holder containing the metal coupon was mounted on the SEM stage
for imaging of the same spot area. At this step the indent, which corresponds to the centre
of the SEM stage (point 0 of the SEM axis) is traced back. Interestingly, one complete
rotation of x or y coordinate of the AFM shuttle stage is equivalent to 0.5 mm and
corresponds to 0.5 coordinate of the SEM working stage (x or y-axis). This similarity in scaling
of the sample stages made it much easier for locating any spot on the sample from the
centered indent in the enclosed SEM chamber.
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3. Results and Discussion

The combination of microscopes with the above alignment steps were carried out to
illustrate the performance of the methodology and possible achievements, which can be
expanded by using this new tool for surface science. Figure 3 demonstrate the optical
microscope and AFM surface scan of the same spot of the stainless surface before
immersion in natural seawater. The grain structure can be easily made visible by the light
microscope Fig. 3a and the AFM scan Fig. 3b provides additional information on height
structures of the sample including imperfections.
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Fig. 3. (a) Optical microscope image of stainless steel surface with the grain boundaries. Square marked area
indicates same imaging spot for all microscopes used; (b) combined vertical deflection images of two AFM
contact scans with 20 % overlap. AFM scan acquired in contact mode in air (100 x 100 pum, line rate 0.2 Hz,
square marked area in this figure indicates area used for height profiles as detailed in Fig. 4 and Fig. 6).

Besides, it was also possible to characterize the roughness of the surface by AFM contact
scan in air. This helps in determining the attachment of bacteria with respect to surface
roughness. Figure 4a is the example of the height profile of the microstructure surface,
which was taken before immersion. The blue line in Fig. 4a shows the scan line along which
the profile was measured as shown in Fig. 4b.
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Fig. 4. Quantitative analysis of the height profile determined by AFM scan (a) height image of contact scanned
area in Fig. 3b); (b) height profile data in um across the doted line in Fig. 4a.

After imaging of the specific area spot of the coupon using different microscopes, it was then
immersed in natural seawater for the period of 48 h. Subsequently the coupon was
retrieved, rinsed and scanned to the same area spot using different microscopes as detailed
before. Fig. 5 illustrates the metal surface (with microstructure) after immersion to natural
seawater over the period of two days. Optical microscopic imaging reveals the grain
structure and same spot area as before immersion, Fig. 5a. Epifluorescence microscopy
reveals blue stained single bacterial cells on the surface by DAPI staining Fig. 5b. The bacteria
were randomly attached to surface. Bacterial numbers are relatively low, a result of the
short immersion time of 48 h and the additional rinsing procedure, which will detach loosely
attached cells from the surface. Additional AFM imaging provides detailed topography study
of the surface Fig. 5c.
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Fig. 5. Series of combined optical microscope, EFM and AFM images of a natural bacterial cells attached to
stainless steel surface after exposure to seawater for 48 h: (a) optical microscope image of stainless steel
surface; (b) EFM image of coupon surface stained with DAPI in liquid after exposure, frame indicates
corresponding AFM scan area; (c) Two combined AFM scans vertical deflection image with 20 % overlap
acquired in contact mode in air (100 x 100 pm, line rate 0.2 Hz).
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Besides, it was possible to study bacterial cell cluster on a very local scale, and to determine
height and width of a certain biological residues on the surface. Fig. 6 is the height profile
AFM scan of the same surface spot of the sample after 48 h of immersion in natural
seawater. Fig. 6b provide the height profile line of the same surface spot as given in Fig. 4b
before immersion, and thus characterizing bacterial cells attachment by contact mode
measurements.

Fig. 6. AFM contact scan of stainless steel surface and corresponding height profiles of marked spots. (a)
surface topography image of stainless steel after 48 h immersion, image corresponds to Fig. 4a; (b) height
profile of cell cluster (dotted line), image corresponds to Fig. 4b.

A repeated height profile line was taken after immersion for one of the biological residue on
the surface that was previously identified by DAPI staining technique, Fig. 5b. The height
profile line in Fig. 6b resembles exactly to the structural pattern of the contact scanned
surface in Fig. 5c. The rough surface spots that were identified before immersion as in Fig. 4b
are now replaced by two peaks in Fig. 6b, suggesting biological accumulation at these spots.
The profile shows at these specific spots biological accumulation on the surface is in the
range of 0.2 um to 0.4 um maximum in height. This pattern can be identified as an initial
single cell cluster attached to the surface (average bacteria width is about 0.2 to 0.5 um).
The drying of the sample before imaging will also decrease the cell volume. It appears that
the initial attachment sites for bacterial attachment are preferable on rougher surface parts,
as intensively discussed in literature [35-37]. Thus these observations could be supported by
AFM height imaging scans, allowing determining the rough parts on the metal surface
beforehand. The corresponding SEM scan of the same spot was carried out as shown in Fig.
7. Grain boundaries and surface features are clearly distinguishable. Small bacterial
footprints in the form of EPS residues can be also identified as black residue on the surface
(arrow indication), which corresponds to blue stained bacteria cells in the EFM/DAPI stained
image (Figure 5).
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The marked arrows are used as a reference to the surface spot with bacteria and it can be
recognized in all different microscopic images, supporting our method that imaging of the
same spot is possible by all three instruments before and after immersion of the sample.

Fig. 7. SEM image of metal coupon after exposure, yellow frame indicates same sample spot
as given in Fig. 5. Frames indicate EDX spectra scans, a) bacterial residues, b) plane surface,
see spectra in Fig. 8.

Subsequently, SEM/EDX measurements were performed on the same spot, which provide
useful information about the surface residue at the end of the experiment. Fig. 8 gives the
EDX spectra of the presented sample surface after 48 h in natural seawater. Typical peaks
for Fe, Cr and Mo can be found for the stainless steel in Fig. 8a. A preliminary colonized
bacterial cell spot was additionally chosen and the corresponding EDX spectrum is given in
Fig. 8b. The peaks of carbon in the spectra clearly identify that the footprints are from
biological origin. The small sulphur peak is a result of the sulphate from the water phase. For
the future we can state that it is possible to study the source of the origin of corrosion
products, whether it is generating from general corrosion or of biological origin. For
example, MIC will be identified by carbon and sulphur element peaks in the spectrum in the
presence of corrosive sulphate reducing bacteria with the combination of other
microscopes.
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Fig. 8. Energy Dispersive X-Ray (EDX) spectroscopic analysis of the stainless steel coupon after 48 h of
immersion in natural seawater; (a) a single point analysis of surface without bacteria (blue cross Fig. 7); (b) a
single point analysis of bacterial cell cluster residues identified by SEM in Fig. 7 (white cross).

In summary, EFM imaging gives information of the spatial distribution of bacterial cells on
the surface, which cannot be seen with an optical microscope alone. AFM imaging allows a
clear identification of these structures by high-resolution topography imaging including
height and profile imaging. The SEM image can give additional information on the grain
boundaries and grains and can be complemented by Energy Dispersive X-Ray (EDX)
spectroscopic analysis of the elemental composition of the surface residue formed either
due to corrosion or deposition on the surface.

4. Conclusions

A novel technique has been developed for the preparation and visualization of metal
surfaces, suitable for combined imaging by EFM, AFM and SEM. By combining three different
microscopes, we have investigated and proven the complementary use of these high-
resolution techniques to study surface changes and accumulation of biological substances on
stainless steel surfaces. Interestingly, if all these three instruments are used within their
whole analysing potential, the scheme of Table 1 can be applied with combination of
different techniques. This will integrate combination of seven independent microscopic
techniques that can be used for characterizing the same sample spot before and after
immersion in a solution.

147



Chapter 4 Advanced local techniques to study MIC

Table 1 Combination of microscopic techniques, which can be applied on one sample spot.

Microscopic technique Analytical information Detection level

Light microscopy (OM) Surface characteristics (grain boundaries, Micrometer
impurities such as inclusions, coatings)

Fluorescent microscopy (EFM) Biological samples (fluorescent stained Micrometer
bacterial cells attached to surface)

Auto fluorescent composite materials

Corrosion study under coating by fluorescent

probes
Atomic Force Microscopy (AFM) | Surface characteristics (roughness, Submicron
quantification of inclusions or accumulated Molecular level
substances)
AFM — Scanning Kelvin Probe Surface potential measurements Submicron
Force Measurements (AFM- (metal or polymer coated surface) Molecular level
SKPFM)
Scanning Electron microscope | Metal surfaces (Grain structures, impurities in Micrometer
(SEM) high resolution)
Polymer layers, oxide films
SEM- Energy dispersive X-ray Quantitative chemical analysis of particles, -
corrosion products or accumulated
(SEM-EDX) compounds

By combining all these techniques on one sample spot a big step is achieved in corrosion
science research. Although, all these techniques are already in use for corrosion research but
an elegant and easy to handle set-up for a combined use of these techniques on one sample
spot has not been reported before.
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4.2 Early-stages of Pseudomonas biofilm formation on stainless steel
by means of local electrochemical techniques

Abstract

Biofilm formation on metal surfaces leads to significant and complex changes at the
metal/solution interface. A change of oxygen reduction kinetics is one of the possible effects
of the respiratory activity of aerobic bacteria like Pseudomonas species. In this work in-situ
changes related to electrochemical processes at the metal/solution interface after addition
of Pseudomonas are monitored. Taking advantage of the high-spatial resolution of scanning
electrochemical techniques such as the scanning vibrating electrode technique (SVET) and
the scanning electrochemical microscope (SECM) the early-stages of the biofilm formation
can be monitored. Changes of the ionic-current fluxes in solution by SVET experiments are
observed with a significant increase of incoming ionic-currents towards the metal surface
(stainless steel) when bacteria are present. SECM measurements showed that the dissolved
oxygen concentration decreases as a function of the biofilm formation process. Both in-situ
local techniques together with supplementary ex-situ fluorescent microscopy allowed to
study the biofilm impact at the metal/solution interface. It was possible to establish the
direct relation between oxygen reduction catalysis and the early stages of biofilm formation
by Pseudomonas.
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1. Introduction

Microorganisms, with their ability to influence the corrosion of many metals normally
considered corrosion resistant in a wide range of environments, are a real threat to the
stability of those metals (Beech et al. 1999). Biocorrosion or microbiology influenced
corrosion (MIC) is recognized as a major destructive force in aqueous environments. The
main types of bacteria associated to MIC are sulphate reducing bacteria (SRB), sulfur-
oxidising bacteria, iron-oxidising/reducing bacteria, manganese-oxidising bacteria and
bacteria secreting organic acids or slime. These organisms typically coexist in naturally
occurring biofilms, forming complex consortia on corroding metal surfaces (Baker 2003,
Kjellerup 2003; Zhang 2003). The key to altering the corrosion behavior of metals by
microbial activity is the formation of a biofilm. The term biofilm involves a wide range of
surface associations: exopolymeric substances (EPS), inorganic precipitates derived from the
bulk aqueous phase and/or corrosion products of the metal substrate (Beech et al. 1999,
Baker et al. 2003; Kjellerup et al. 2003; Zhang et al. 2003). Several models have been
proposed to explain the mechanisms, by which bacteria enhance the corrosion process of
mild steel (Ford et al. 1988). A number of factors are involved and a single predominant
mechanism is not existing (Hamilton, 1998; Lee et al. 1995). The contrary effect is described
as microbiologically influenced corrosion inhibition (MICI) in which the presence of biofilm
decreases the corrosion rate of the metals. It is considered that corrosion inhibition by
biofilms may take place following different mechanisms: (a) the biofilm forms a diffusion
barrier to corrosion products, which stifles metal dissolution (Alber, 1989); (b) respiring
aerobic microorganisms within the biofilm consume oxygen, decreasing the concentration of
that reactant at the metal surface, for example Pseudomonas (Dubiel et al. 2002; Lee et al.
2003); (c) microorganisms produce metabolic products that act as corrosion inhibitors, for
example enzymes (Thielen et al. 2005) or EPS (Beech et al. 2000; Gubner et al. 2000); (d)
microorganisms produce specific antibiotics that prevent the proliferation of corrosion
causing organisms, for example, sulfate-reducing bacteria (SRB) (Zuo, 2004). Most research
studies indicate that aerobic bacteria like Pseudomonas have been shown to decrease metal
corrosion by microbial respiration. This activity can decrease the cathodic rate by reducing
the amount of reactants available for the cathodic reaction. The presence of a biofilm on the
surface has to be considered as a highly non-uniform, dynamic, three-dimensional and
microscopic system. This imposes a big experimental and interpretative challenge in
studying its influence on MIC and MICI processes on metals.

Application of multidisciplinary techniques including microscopy and surface chemical
analysis has lead to a better understanding of biochemical reactions taking place at the
biofilm/metal interface (Beech et al. 2004; Wang et al. 2006). However, all this information
was obtained after microbial adhesion (measurements ex-situ and on dead cells). They
provide no insight in the changes taking place during microbial activity (Little et al. 2007).
From an electrochemical point of view numerous studies using conventional electrochemical
methods have evidenced the (un)desirable effects of the microorganism presence and its
impact on the metal stability (Jayaraman et al. 1997; Beech et al. 2004; Dinh et al. 2004;
Dubiel et al. 2002).
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However in their interpretation it is assumed that there is a homogeneous electrochemical
process with a uniform biofilm attached to a homogeneous metal surface, which is far from
reality. Therefore there is a need to use electrochemical techniques with spatial resolution
that will allow to distinguish the electrochemical heterogeneities of the system under
microbiological influence. The scanning vibrating electrode technique (SVET) allows
monitoring variations in current densities over a metal surface by measuring the potential
gradients developed in solution due to ionic flow. The method has been widely applied by
the study of corrosion phenomena (de Wit et al. 1996; Sekine et al. 2002; Krawiec et al.
2004) and MIC processes (Mansfeld and Little 1991; Little et al. 1991; Angell et al. 1995).
SVET mapping may provide information of anode and cathodes distribution on the surface.
Another technique frequently used in biological studies (Brehm-Stecher and Johnson 2004)
and more recently in corrosion research (Bard et al. 1989, 1991; Casillas et al. 1993, 1994;
Wipf et al. 1994; Serebrennikova and White 2001; Souto et al. 2004) is the scanning
electrochemical technique (SECM). In SECM a microelectrode probe (smaller than 25um
diameter) is polarized to an adequate potential to monitor a specific electrochemical
reaction with high spatial-resolution. The chemical selectivity of the SECM is one of the
advantages of this technique for its application in biological and corrosion research.

In the work of Amemiya et al. (Amemiya et al. 2006) the main advantages of SECM for
biological applications are summarized as follow: (a) living cells attached to opaque samples
can be studied in an electrolyte solution directly (in situ) without tip-sample contact; (b)
oxygen as a metabolic reaction indicator can be monitored selectively and with high
sensitivity; (c) reactivity of chemical species and surface topography can be studied with high
spatial resolution down to single cell level.

The objective of this paper is to study the early stages of Pseudomonas respiratory activity in
contact with stainless steel by using in-situ local electrochemical techniques. Changes in
ionic-currents and oxygen concentration in the metal/solution interface due to the
formation of biofilm are monitored by complementary application of SVET and SECM
measurements.

2 Experimental details

2.1 Sample preparation

Stainless steel 316 coupons (distributed by Salomon Metalen, Groningen, The Netherlands)
were ground up to 2400 grid to obtain a mirror like finish and a test surface area of 1x0.5
cm? was mounted in epoxy resin. The mounted sample was washed thoroughly with
Millipore deionized water and finally surrounded by an acrylic ring fixed with tape, thus
creating a small container for the electrolyte solution with a volume of 2.5 ml. For location
identification and reproducible current scans, 4 indents in a square arrangement
(100x100um) were applied. Furthermore, for the SECM sample an additional scratch was
applied as a reference point within the SECM maps (defect). Samples were mounted
horizontally facing upwards to obtain optimum bacterial attachment and growth conditions.
The test electrolyte was introduced to the cell with end-volume of 2ml.
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Testing was carried out in aqueous 0.05M NaCl solution (sterile filtrated, conductivity
17.68mS cm™) and experiments were conducted at ambient temperature.

2.2 Biofilm

Pseudomonas fluorescens DSM 4358, a bacterium present in natural waters, was used as a
biofilm producer (DSMZ, Braunschweig, Germany). The bacteria were maintained
continuously in a recommended medium (Pseudomonas DSM 220) of DSMZ. For the
experimental approach the culture was grown and cultured in artificial seawater to ensure
efficient extracellular polymeric substances (EPS) production. The experiment described was
performed in sterile NaCl supplemented with yeast (0.2%) (Noghabi et al. 2007).
Experimental bacterial cultures were taken from ASW liquid medium in the exponential
growth phase after 4 days (108 cells/ml) to have a metabolic active culture. A volume of 100
ul of the liquid culture was added under sterile conditions to the electrochemical cell filled
with supplemented sterile NaCl.

2.3 SVET experiment

Local current measurements were performed using a SVET (Applicable Electronics, USA).
Further details on software and instrumentation can be found in literature (Bastos et al.
2004; Bastos et al. 2005). The microelectrode had a platinum tip with a diameter of
approximately 20um. All the experiments were performed at a distance of 100um above the
surface. The microprobe was moved using a computer-controlled micromanipulator. A
calibration routine converted the measured potentials into current density at the corroding
surface (Isaacs and Ishikawa 1986). The current density was measured and plotted as a
function of the location over the measured surface (scan area 0.0124cm?). In this format,
positive and negative current densities represent anodic and cathodic sites respectively.
Incoming negative currents can be used as an indication for the respiratory activity of
bacteria. Whereas the positive outcoming currents can be used to study the corrosion
reaction. This allows us to correlate both reactions: the corrosion reactions and respiratory
activity of the biofilm by SVET at the metal/solution interface. To avoid negative effects by
biofilm formation on the probe (Chen et al. 1997), the tip was removed from the electrolyte
after each measurement and gently rinsed with sterile Millipore water to remove
contaminations.

2.4 SECM experiment

The SECM experiments were carried out with the Scanning Electrochemical Workstation
Model370 (Princeton Applied Research, AMETEK Inc.). A 5um-radius platinum-disk
microelectrode was used as SECM tip. All potential values are referred to the Ag/AgCl/KCl
saturated reference electrode and a stainless steel counter electrode completed the micro-
electrochemical cell. Further details of the technique and its limitations can be found in
(Bard et al. 1991). No polarization was applied to the metal specimen. The experiments were
performed at an approximate tip height of 30um above the surface (relative to approach
curve of 70% in current change). The positioning motors were set to move the tip over the
surface covering parts of the micro-scratch and the area marked by indents.
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The second experiment covered the surface investigation by SECM (scan area 0.0025 cm?)
followed by fluorescent staining of the biofilm. The microelectrode was removed after each
scan from the electrolyte to avoid clogging of the probe by attachment of bacterial cells.
Electrolyte was replaced prior to scanning to eliminate contamination by planktonic free
floating bacterial cells; the set up was left for 30min for stabilization and SECM scans were
performed afterwards. The test specimen and all components were sterilized with 70%
EtOH, prior to assembly and mounting up.

2.5 Microscopic imaging

Microscopic imaging of the biofilm attached to the stainless steel samples was performed
after electrochemical measurements. In a first step the metal surface was gently rinsed with
sterile deionized water. Afterwards the biofilm was fixed in 2.5% (v/v) glutaraldehyde in
cacodylate buffer (0.01M) for 2 hours. In a third step staining was performed with the
nucleic acid dye SYTO 9 (5uM) for 10 min in the dark at room temperature. Visualization of
the colonized surface was performed with a Zeiss Confocal microscope Axiovert 100 M BP
(zeiss, Germany) equipped with an argon laser (488nm excitation wavelength and a LP 505
detection filter). Pictures were taken at 10x and 40x magnification (Plan-Neofluar 10x and
40x) and the corresponding images were analyzed with the software packages 3D for LSM
and ImageVisArt (Zeiss).

3. Results and Discussion

The 316L stainless steel is known for its high corrosion resistance due to the high
concentration of Cr and Mo. This performance is primarily attributed to the passive film
composed of mainly chromium (hydr)oxide. Under the action of aggressive ions, especially
chlorides, local breakdown of passivity may occur, mainly at sites of local heterogeneities,
causing pitting corrosion. The chlorides penetrate the passive film. The main reactions
involved in the initiation of the local corrosion process are further the oxidation of iron and
chromium (1a-1d) and the reduction of dissolved oxygen (2) in the case of a neutral pH
solution. The oxygen is thus responsible for preservation of the passivity as long as
metastable pitting does not end up in stable pitting. In a stable growing pit acidification
takes place resulting in a local increase of the H* concentration and an increased pitting rate.

Cr->Crt+3e (1a)
Cr¥*+ 3 OH->Cr(OH)s (1b)
Fe ->Fe®* + 2e (1c)
Fe->Fe®* + 3¢ (1d)
0, + 2H,0 + 4e ->40H (2)

In the presence of aerobic microbial activity, the complex biofilm formation takes place on
the metal surface. At the initial stages, a conditioning film (CF) is built up which is mainly
constituted by exopolymeric compounds (EPS).
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In the case of Pseudomonas the glucose metabolism (equation 3) is one of the main
reactions for the biofilm formation (Fuhrer 2005). This was for the first time identified in the
field of microbial corrosion by Scotto (Scotto et al. 1985) and it is known as microbial
electro-catalysis of oxygen reduction.

CeH1,0¢(glucose)+ 60, --> 6H,0 + 6CO, + ATP (adenosinetriphosphate)  (3)

3.1 In-situ SVET measurements of the ionic current distribution during biofilm formation

SVET measurements at different immersion times allow monitoring of the ionic currents in
solution above a stainless steel surface at open circuit potential. Firstly SVET scans were
performed on the control sample not influenced by bacterial attachment. The total exposed
surface area was limited with tape to assure a well-defined area. In Figure 1 (a-c) SVET
current-density maps corresponding to control specimen indicated a low activity over the
course of the experiment with current values in the range of £20 pA cm™.
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Fig. 1: Local ionic-current maps of stainless steel sample in 0.05M NaCl solution (blank control sample)
obtained by SVET measurements at open circuit potential. The 2D-maps correspond to the surface after (a) 4,
(b) 24 and (c) 48 hours of immersion. Color scale: uAcm'z.

The image sequence of Fig. 1(a-c) illustrates very localized minor events on the stainless
steel surface. Anodic and cathodic activities were spread over the surface with very low
current values. The dynamic location of these current fluctuations along the image sequence
may be an indication of metastable pitting on the surface.
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These events are a well-documented feature of pitting corrosion of stainless steel in chloride
solution (Frankel et al. 1987; Stockert and B&hni 1989; Carroll and Howlley 1990) and
consisted of reinitiation and repassivation of pits. In general SVET maps showed a balance of
anodic and cathodic currents that leads to a total current over the measured and exposed
surface close to zero. A different behaviour is observed in the sequence of SVET images of
the stainless steel in presence of aerobic bacteria as is presented in Figure 2. After 4 hours
(Fig. 2(a)) of exposure to microbial activity, the SVET map of the surface showed current
values up to +30 pA cm™. After 24h of immersion both positive (outcoming) and negative
(incoming) currents are more clearly identified on the map, and remained high in magnitude
with values in the range of £90uA cm™. Positive currents are very localized on the map while
negative currents appear preferentially in the center of the area. This separation between
incoming and outcoming currents is even more evident after 48h of immersion (see Fig.
2(c)). Now negative currents are homogenously distributed on half of the area (blue arrow)
while lower positive currents remain still relatively localized in some areas of the sample
(yellow arrows).
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Fig. 2: SVET ionic-current maps of stainless steel sample at open circuit potential during immersion in 0.05M
NaCl solution containing Pseudomonas bacteria obtained. Before addition of bacteria sample was exposure to
chloride solution during 12hours. The 2D-maps correspond to the surface after (a) 4hours, (b) 24 hours and (c)
48 hours of exposure to microbial solution. Color scale: pAcm™.
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Bacterial activity in the initial 24 hours is high and planktonic cells from the water phase
(electrolyte) will attach to the metal surface and start the formation of the biofilm. The
initial step is dominated by forming a conditioning film (CF) mainly composed of
exopolymeric compounds (Jayaraman et al. 1997; Gunasekaran et al. 2004). These complex
processes that involve local electrochemical and biochemical changes in the metal/solution
interface may be evidenced by the high current values measured compared to the blank
sample. SVET maps in Figure 2 show an unbalanced distribution of incoming (negative) and
outcoming (positive) currents in the presence of bacteria in solution. This fact is more clearly
presented in Figure 3 the absolute current values (positive and negative integrated currents)
are plotted as calculated from each map in Figure 2 as a function of time. lonic currents
measured in the absence of bacteria remained balanced during immersion in chloride
solution. This observation is expected when the ionic current changes are solely related to
electrochemical reactions (corrosion) at the metal surface since during corrosion a balance
between anodic and cathodic currents is required. After the addition of the biotic solution
outcoming and incoming currents presented a different evolution with immersion time. A
significant increase of the incoming current is observed while outcoming currents tend to
decrease. The increase of incoming currents values and its homogenous distribution over
the map scan is related to the first cell attachment and later growth of the conditioning film.
It must be noted that now monitored incoming currents are a consequence of both
bioactivity (glucose metabolism) and corrosion activity. The later decrease of the positive
currents can be related to the presence of a well-formed film that shields the ionic flux from
the metal substrate.
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Fig. 3: Absolute current values (incoming and outcoming) as a function of immersion time. Currents are
integrated from the SVET maps presented in Figure 2.
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In summary SVET results showed the influence of microbial activity on the ionic fluxes at the
metal/solution interface. The increase of negative currents observed in SVET maps may be
related to the increasing demand of oxygen necessary for the biofilm formation (electro-
catalysis of the oxygen reduction). However, the SVET technique has the disadvantage of
lacking chemical specificity that does not allow to prove the direct relation between
incoming currents and oxygen reduction.

3.2 In-situ SECM measurements of oxygen concentration changes during biofilm formation

SECM experiments were performed to study the biofilm development and its effect on the
oxygen concentration at the metal-solution interface with higher spatial resolution than
SVET measurements. Oxygen reaction in aqueous solution involves heterogeneous charge
transfer processes coupled with homogeneous chemical reactions (Casillas et al. 1993). The
voltammetric curve (CV) in the range of 0 to -1V vs. Ag/AgCl/KCl electrode shows a single
wave at potential range of -0.5 to -0.7V corresponding to the oxygen reduction. This value is
obtained by checking the CV of oxygen obtained with a microelectrode of platinum, a
current plateau was observed at -0.6V which corresponds to limiting current conditions in
the operational working range of the SECM. Concentration of oxygen in the proximity of a
corroding surface will vary with time due to its consumption at the cathodic sites (Bastos et
al. 2004; Bastos et al. 2005) and especially in this case influenced by actively respiring
bacteria (consumption of oxygen). Consequently changes in oxygen concentration due to
corrosion reactions valid for Eq. 1 and 2 and in this approach to monitor bacterial respiratory
activity in the solution can be monitored at the tip of the SECM. Fig. 4(a-c) presents the
SECM current maps of O, reduction measured at different times of immersion of the sample-
control (stainless steel) in 0.05M NaCl solution. As can be seen in the sequence, the current
distribution is fairly homogeneous and gives values in the range of -2.5 to -3.0nA. Averaged
current values are in agreements with oxygen concentration expected for chloride solution
in saturated dissolved oxygen condition (Hitchman, 1978). It is possible to observe the
location of the scratch on the surface (indicated by the arrow in the right-bottom of the
image) due to the irregular morphology of the defect. Same area monitored by using
ferrocenemethanol as a mediator (SECM operating in negative feedback mode) showed
same features (data not shown). This confirmed that variations in current around that zone
are uniquely resulting from the topographic effect.
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Fig. 4: SECM 2D images of stainless steel surface immersed in 0.05M NaCl. Blank surface (a) 4 hours, (b) 24
hours and (c) 48hours of exposure; Bacterial set-up (d) 4 hours, (e) 24 hours and (f) 48hours of exposure. All

images indicate the surface defect in the right base corner as a reference point. Color scale: current at the tip,
nA.

In-situ SECM measurements in the presence of bacteria are represented in Fig. 4(d-f). A very
different behavior could be found for the bacterial set-up over the course of the experiment.
After the initial first hours of experiment Fig. 4(d), SECM maps show two distinctive regions
with different current values (Fig. 4e-f). The image corresponding to 24h of immersion (Fig.
4(e)) presented a homogeneous drop of current located at the top of the map, while the
current near the defect did not change significantly. The lowest oxygen concentration at the
top of this area reached a value about -0.8nA and up to -0.95nA close to the defect.
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This gradient of oxygen concentration can be attributed to sessile cells floating free in the
NaCl solution and by initial attachment of cells on parts of the surface. After 48 hours the
decrease in oxygen concentration becomes highly significant and spreads over time covering
two-third of the initial surface area. The initial Fig. 4(d) indicates a first bacterial attachment
in the upper region of the current map that showed a lower oxygen concentration at the
interface due to respiratory activity. This is rather different for Fig. 4(e), where the biofilm is
grown for already 24h on top of the stainless steel surface. The growth can be monitored in
the SECM map indicating a zone increasing in shape and size in combination with a
significant decrease in oxygen concentration down to a current value of -0.8nA. This is a
clear indication that a biofilm is already established several micrometers in height (Rittmann
and McCarty, 1980) consuming oxygen by respiratory activity. Consequently, a lower current
corresponding to a lower oxygen concentration is measured. A direct use of O2is discussed
for aerobic microorganisms by Peterson et al. (1991) reporting that Pseudomonas could
protect unalloyed steel in chloride containing medium in the form of pure cultures. The
experiment indicated that living biofilms cause higher protection effects compared to
planktonic cells. This result is supported by our findings showing higher activity rates for
attached cells compared to sessile in the beginning. The highest impact on the oxygen
concentration at the interface could be found after 48h. This period of time is enough to
establish a thick biofilm and the decrease in oxygen concentration becomes obvious in the
current map showing current values of -0.2nA compared to the bare surface showing a value
of -1.2nA. The presence of bacteria leads to a massive consumption of oxygen in solution
due to respiratory activity according to Eq. (3) which is evidenced by the development of a
homogenous drop of current with time.

In Fig. 5 the general growth curve of Pseudomonas species in minimal medium (as used for
this experimental set-up) at 25°C (Maier, 2000) is compared to the mean values of the
current measured for each SECM map. A good agreement between biological growth
kinetics (biofilm development) and the depletion of oxygen concentration in solution is
evident. This confirms that changes in oxygen concentration measured with the SECM-probe
can be related to the growth of a biofilm on the surface during the bacteria respiratory
process.
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Fig. 5: Comparison of growth curve of Pseudomonas (red line) and averaged currents of O, reduction (blue line)
measured during SECM experiments in Figure 4.

3.3 Ex-situ fluorescent microscopy analysis

Fluorescent microscopy was used to assess the stainless steel surface (working electrode)
and it is coverage by bacteria. This method allowed a verification of possible bacterial
attachment sites. Fig. 6(b-c) present the fluorescent microscopy images after terminating
the experiment corresponding to the SECM map in Fig. 4(f). The yellow frame indicates the
detailed fluorescent images given in Fig. 6(b-c) and the additional arrow indicates the edge
of the scratch/defect which can be recognized in all images. The green fluorescent dots
dispersed within the black background correspond to bacterial clusters and cells on the
metal surface. The yellow-framed area on the bottom of the image indicates the location of
the artificial scratch. As can be derived from the fluorescent image no bacterial cells can be
found in the scratched area. The corresponding topography image in Fig. 6(c) is given to
underline the presence of bacteria on the plane metal surface indicated in green with
several microns in height, whereas the surface defect is colored in blue (yellow frame)
representing the defect (hole) on the surface. These images confirm the existence of
bacteria on the surface corresponding to the current drop observed in the SECM map. One
of the phenomena that could be found in the SECM current map was the separation of two
zones: one biofilm zone with low oxygen concentrations and a second zone with higher
oxygen concentrations.
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The front of lower currents corresponds to the formation and growth of the biofilm which is

accompanied for a massive consumption of oxygen due to respiratory activity according to
Eq. (3).

Fig. 6: (a) SECM surface map as reference image (frame indicates the fluorescent images (b-c); arrow indicates
the boarder of the defect in all images); (b) SYTO 9 stained biofilm formed on stainless steel after 48h; (c)
Topography image gained from confocal scan. Scale bar 50 um.

Conclusions

In this work the early-stages of respiratory activity of Pseudomonas bacteria on stainless
steel is studied by using in-situ local electrochemical techniques. SVET measurements
showed that the presence of bacteria leads to significant increase of incoming ionic currents
toward the metal during a 2-days experiment. This is related to the electrochemical changes
at the metal/solution interface during formation of a conditioning film on the surface. SECM
measurements of oxygen in solution confirmed that the incoming ionic current observed in
SVET mapping is related to the catalysis of oxygen reduction reaction necessary for the
respiratory metabolism of bacteria. A gradual decrease of oxygen concentration in solution
was observed in the SECM maps in agreement with the kinetics of the biofilm growth.
Complementary ex-situ fluorescent microscopy analysis supported the SECM results,
showing higher agglomeration of cells (patches) in the areas corresponding to lower
concentration of oxygen. It is demonstrated that the application of local scanning
electrochemical techniques with high-spatial resolution is a powerful tool for a better
understanding of microbial activity on metals providing in-situ information of the processes
taking place at the metal/biofilm/solution interface.
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Conclusions

In this thesis three different ways were followed to study the impact and presence of MIC in
ship ballast tanks.

In Chapter 1 a review is given to explain the problem of MIC in ship ballast tanks. MIC is a
very serious problem for the ship industry as it reduces structural lifetime and increases
maintenance costs. This review aims to focus on the importance and mechanisms of MIC in
ship ballast tanks (SBTs). It considers the practical aspects of MIC detection, identification
and possible counterstrategies for engineers and inspection personal. An integral approach
for SBTs is introduced, linking environmental parameters such as oxygen concentration,
corrosion rate, nutrient availability and the microbial species of this environment. The model
specifies the SBT zones, oxygen concentration, corrosion rate, microbial species and
metabolic process related to MIC. For each zone, oxygen concentration, corrosion rate,
abundant microorganisms and the possible MIC process can be derived. The gas phase and
the sediment zone are separated, creating extreme zones within the ballast tank. The splash
zone and the immersion zone in the middle of the tank are taken together because similar
environmental parameters and microorganisms apply. The scheme indicates that with
decreasing oxygen concentrations increasing corrosion rates result in combination with
bacterial activity in the system. This is an important observation because a decrease in
oxygen concentration within ballast tanks is being discussed in industry as a practical
corrosion mitigation measure, which however ultimately not seems to reduce but enhance
MIC. Based upon this review, following conclusions were drawn:

* The tank can be divided into three different risk regions for MIC; zone 1 low; zone 2
and 3 medium; zone 4 high;

* SBTs are prone to MIC because of their enclosed structure and their constant
nutrient supply due to water exchange processes. Within the four different zones,
gradients in oxygen, nutrients and flow conditions are established; these
environmental conditions generate a diverse bacterial community;

* The corrosion process is characterized by rapid material loss forming deep pits. This
corrosion condition is quite different from typical seawater corrosion, where low

oxygen concentrations slow down the overall corrosion process;

e Structural changes which simplify cleaning strategies by reducing sediment
accumulation — the source of MIC — should be considered;
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* Perfect coating application should be aspired (no voids) to decrease the number of
possible attachment sites for microorganisms. Biodegradation of ballast tank
coatings should be considered in the future in order to develop new strategies to
overcome microbial deterioration processes of the applied coatings. This will reduce
the risk of MIC and will additionally fulfill the international coating guidelines
provided by IMO;

¢ Ultimately, bacterial activity and diversity have a significant impact on the corrosion
process. Biofilm formation and metabolic interactions are key mechanisms of MIC in
problematic accessible SBTs. Bacterial accumulation can be circumvented by pre-
treatment of the ballast water, e.g., filtration and ozonation, to minimize the risk of
MIC.

From this general overview on MIC in SBT a new road was followed in chapter 2, including
molecular techniques (DGGE) to assess bacterial communities involved in biofilm formation
in ship ballast tanks. A thorough understanding of the microbial ecology and electrochemical
environments where microbial corrosion occurs is necessary to implement preventive
measures or appropriate controls to improve structural integrity. The use of traditional
culture methods (involving liquid culturing) is inadequate to comprehensively assess the
composition of microbial communities and their interactions, since the great majority of
microorganisms in nature occur as biofilms and are yet uncultivated. In the last decades,
molecular tools have been developed to overcome the limitations imposed by traditional
cultivation techniques to study bacterial diversity in corrosive biofilms that form in diverse
environments. However, detailed information regarding the microbial corrosion of SBTs
exposed to seawater is practically non-existent. The current work is a large-scale approach
of a direct investigation of microbial community in the ship ballast tank and also their
corrosiveness simultaneously. The approach to determine the corrosiveness in the ship
ballast tanks includes monitoring the electrochemical activity of carbon steel exposed to
seawater by measuring the corrosion potential by OCP and the corrosion rate by LPR.
Measurements results have been analyzed and related to literature sources to obtain insight
in the corrosion process of bare metal under natural conditions. The outcome of this
experiment indicated that bacterial accumulation and growth is continuously ongoing in ship
ballast tanks. It was possible to confirm that bacterial growth and activity had a contribution
to localized corrosion. This long term experiment proved the findings of the literature survey
supporting the assumption that on the one hand MIC biofilms contain diverse bacterial
communities and on the other hand shifts in the environment composition driven by
nutrient supply are well established in SBTs. Overall it can be said that the bottom zone was
more dominated by MIC bacteria such as (Gallionella, Thiomicrospira and
Desulfobacteraceae) than the immersion zone (irrespective planktonic or sessile).
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Higher pitting rates could be due to synergetic effects of various bacterial groups such as
acid producing bacteria, slime producing bacteria, sulphur-oxidizing, sulphate reducing and
metal oxidizing bacteria enabling the proliferation of local corrosion damage. All these
results highlight the strong genetic diversity among these bacterial populations and their fast
adaptability to different conditions, underlining once more the difficulty in finding a
correlation between electrochemical activity and composition of microbial populations.
Reliable corrosion monitoring of MIC is essential to obtain an efficient corrosion control and
furthermore necessary for mechanistic corrosion studies. The presented techniques in
chapter 2 revealed that the choice of monitoring technique can have a large impact on the
results obtained in mechanistic studies. One of the recommended electrochemical
techniques is EIS, as a reliable monitoring technique for MIC, although data interpretation is
difficult.

Chapter 3 summarized 3 different experimental approaches of MIC monitoring and
recognition based on electrochemical impedance spectroscopy and microscopy work.
Equivalent circuit modeling representing structures of passive films and coatings in simple
aqueous solutions has been used to interpret EIS measurements of MIC. Despite the fact
that the time-dependence of the impedance parameters showed quite some scatter, still
valuable mechanistic information has been derived from the measurement results.
Especially in later stages of bacterial growth, when a biofilm is formed on the metal surface,
EIS clearly has indicated various processes related to biofilm formation (e.g. diffusion,
formation of conductive pathways) can be identified with this technique.

The first experimental approach included the use of isolated anaerobic bacteria from a
corrosion spot of a ship ballast tank. The results show that the corrosion rate increased in
the presence of bacteria, in comparison with that observed in the sterile medium for the
same exposure time. Localized corrosion attack in the form of pitting was observed on the
steel surface in the presence of bacteria. The combination of two anaerobic species
decreased pit size and local defects of carbon steel. This indicates that bacterial communities
can have beneficial properties increasing or decreasing the corrosion rate depending on the
environmental conditions.

These outcomes lead to the second experimental approach to study the corrosion impact of
a natural MIC community isolated from a ship ballast tank. Standard laboratory techniques
for MIC include in most cases a standard electrochemical cell containing reference electrode
and counter electrode plus a working electrode of the material of interest, typically
measurements are performed under static undisturbed conditions. To gain more realistic
corrosion data a set-up representing natural conditions was introduced. For this a ship tank
model system was implemented to study specifically the different zones of ship ballast tanks
including sediment and wave movement.

Corrosion models are available predicting corrosion rates for diverse areas of ships, but no
model includes the occurrence of MIC bacteria so far that will lead to an increase in
corrosion rates preferably on the bottom of the tank.
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The study confirmed that the metabolic activity of bacterial species as well as environmental
conditions have a strong influence on local corrosion attack.

Electrochemical LPR measurements performed in the presence of the natural community,
comprising SRB, SOB, IRB and APB isolated from a SBT biofilm and grown under semi
anaerobic shaking conditions, confirmed higher corrosion rates of steel samples exposed to
ASW containing these microorganisms. Values of 0.59 and 0.47 mm/y were found for the
carbon steel, respectively, in the presence of the isolated community, compared to that of
0.02 mm/y for the control, corresponding to a 20-fold increase in corrosion.

The conclusions have shown that the presence of bacteria in SBTs can have a significant
impact on the local corrosion of the bottom plating over time. These findings are addressing
ship engineers and corrosion specialists similarly and will help to establish new maintenance
programs for SBTs considering MIC as one of the causes for localized rapid corrosion failure.
Coatings are applied for corrosion protection and act as a barrier layer between
environment and metal surface. Prevention of corrosion is therefore one of the most
important aspects of maintaining vessel safety plus preserving asset value. The success of
any program for protecting water ballast tank depends on:

* The correct selection of the coating scheme during building

* Correct surface preparation and application of the coating scheme at new building
* Planned coating inspection in service

* Planned and effective coating maintenance throughout the vessel’s life

Neglect or poor practice at any of these four stages can lead to coatings defects and the
rapid onset of de-adhesion and corrosion with possible, serious consequences. Beside these
practical application problems coating degradation can be influenced by the presence of
microorganisms termed ,biodeterioration effect”. Ballast water tanks are extreme
environments as could be derived from chapter 1; in case of this severe conditions, it is
tremendously important to have a coating that is most suitable for these site-specific
conditions. As a third experimental approach the biodegradation process for ballast tank
coatings in marine environments was investigated. For this methodology a natural bacterial
community was chosen to explore progression of the interaction of natural biofilms with the
coating, an aspect, which is not covered in standard procedures of coating test procedures.
The overall effect of this degradation was examined using the EIS technique. EIS is currently
the most commonly used electrochemical method for evaluation of the protective
properties of coatings. Samples not exposed to biological activity (blanks) exhibited a
reasonable corrosion resistance. However, the bacterial affected coatings (both those
exposed to acid producing bacteria and those exposed to a natural ballast tank community)
showed a decrease in corrosion resistance. For the acidic environment with a low pH, EIS
measurements indicate a decline in corrosion resistance over the course of the experimental
time regardless of whether there were bacteria present.
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This demonstrates that low pH solution has a significant impact on the coating barrier
property, resulting in crack and hole formation. It is also revealed that the coating corrosion
resistance declines after 40 days of exposure for the natural community, leading to the
formation of blisters. Bacterial settling could be linked to some specific biofilm patterns
affecting different types of coating attack. Overall, the natural bacterial community shows a
less aggressive type of deterioration than the pure culture alone.

Literature studies showed that EIS is being applied for MIC studies. However the findings in
chapter 3 have now proven that the response for long-term exposure of a steel electrode
covered by biofilm / ferrous sulphide deposits is complex and cannot be modeled by a
simple Randles circuit. It is necessary to model the capacitative, adsorptive and diffusional
effects in order to understand the response.

However, EIS cannot be used as a stand-alone technique for MIC studies. However with the
support of other techniques (OCP, microscopy) and additional information on the
environment (nutrients, pH) specific conclusions can be drawn.

Beside these electrochemical monitoring techniques that provide corrosion rates and
information on biofilm formation it is necessary to understand and follow up MIC initiation
on a fundamental level by using high spatial resolution microscopic techniques. Currently,
the most common way of using microscopic methods e.g. fluorescent microscopy, atomic
force microscopy or SEM use the individual techniques as a standalone technique for
evaluation of MIC. In most cases the sample is exposed to different instruments after each
other, without following up the same sample. To overcome this problem a new technique
was developed combining EFM, AFM and SEM for one sample specimen.

By combining three different types of microscopes it is possible to study bacterial
attachment on opaque sample surfaces and all three instruments can image the same
sample spot. By combining all these techniques on one sample spot a new methodology has
been achieved, which is very straightforward and can also be employed in other corrosion
science research. Application of these techniques in a systematic way will enable to analyze
and visualize the different microstructural features to corrosion initiation. While all these
techniques are already in use for corrosion research an elegant and easy to handle set-up for
a combined use of these techniques on one sample spot has not been reported before.

The application of SECM was introduced in biology to monitor metabolic activity of biological
cells and was afterwards transferred to corrosion science to study pit initiation and coating
performance on a very local scale. Therefore the idea arose to use this local electrochemical
scanning technique in combination with SVET to study local oxygen concentrations and
depletion influenced by biofilm formation. MIC in natural environments is occurring in the
biofilm mode of life. That comprises all microorganisms in aquatic environments. Biofilm
formation causes changes in the metal/biofilm/interphase by creating localized anodic sites
with larger surrounding cathodic areas.
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In chapter 4 the findings of the SVET and SECM experiment have been presented and
discussed. Based on these results, conclusions have been drawn upon the ability of SVET and
SECM for evaluation of biofilm formation on metal surfaces.

The two local electrochemical techniques used in this study, offer complementary
information: ionic fluxes corresponding to anodic and cathodic areas could be related to
biofilm consumption of oxygen by SVET measurements and oxygen concentrations
established in the interphase could be determined by SECM. Therefore the results showed
that SECM is powerful in studying biofilm formation due to its high spatial resolution and in
situ information of oxygen concentrations in aquatic biological systems, whereas the SVET
proved the existence of an oxygen consuming biofilm. On the basis of the correlation that
has been found between SVET and SECM, it is possible to use SECM to monitor changes of
oxygen concentration in situ over time with high spatial resolution. This quantitative data
can be used as a database for modeling and understanding MIC initiation and propagation
mechanisms. Consequently localized electrochemical techniques should be used to gain a
proper understanding of these complex phenomena and an extensive exchange of ideas
between corrosion engineers and biologists is necessary for further improvements in the
field of MIC and MICI.
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Future Outlook

The study of microbiologically influenced corrosion (MIC) has progressed from
phenomenological case histories to mature interdisciplinary science including
electrochemical, metallurgical, surface analytics and microbiology. The ways in which new
techniques can be used to understand fundamental mechanism and to discriminate MIC was
part of this thesis.
Detection of MIC in natural environment is still a difficult research field with numerous
parameters to study.
As the different chapter of this thesis indicate, MIC is a complex topic that needs information
to be obtained from many techniques. However, it has to be highlighted that no method is
universally applicable and that the methods should be selected by taking into account the
different aspects of the problem of concern.
Based on the findings, the following conclusions were drawn:
The test methods should be divided into two main groups; (i) laboratory tests, (ii) field tests.
(i) Laboratory studies have the advantage that controlled environmental conditions can
be explored such as temperature and nutrient availability. Over the last decades
MIC was modelled and studied under precise environments gaining reproducible
results.
(i) Field tests on the other hand are limited by 3 main factors:
a. longer time
b. masking of localized corrosion behaviour by natural fluctuations in the
environment
c. single parameters are difficult to distinguish

The main advantage of field tests is their direct application to the system of interest.
Therefore we recommend the combination of laboratory tests and field experiments to
determine the mechanisms of corrosion. For control and mitigation of MIC we recommend
the following diagram.
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Confirmation

!

Mitigation

l

Control

l

IV Feedback

Diagram 5.1: MIC failure analysis scheme including the main categories (microbes, material, environment)
making a system vulnerable for MIC in combination with a practical step by step guideline for corrosion
engineers.

(i) Confirmation that the case has been caused by MIC.

(ii) Mitigation includes the physical or chemical mitigation and design modifications of
environment and material.

(iii) Control will include continuous monitoring of the system after application of
mitigation procedures.

(iv) Feedback covers a complete documentation of all performed steps to have a detailed
advice/reference procedure in the future.

A simple one-method approach as a counterstrategy does not exist it will be rather the
use of a multidimensional model including MIC mitigation and practical treatment steps
that will lead to advanced control strategies in the future. MIC confirmation should be
regarded as an essential part of the mitigation and control of corrosion in natural and
industrial waters. Diagram 5.2. provides the different phases of MIC mitigation in
practise.
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Phase 1  Recognition of MIC

Material Environment Microbes
Analysis Pit morphology Electrochemical techniques: Culture techniques
Confirmation Corrosion products OCP, LPR, EIS Rapid tests

On site

Phase 2 Advanced techniques to study extent of MIC

Identification of Organisms:
Culture techniques

Techniques SEM-EDX Local electrochemical techniques: o
Confirmation Microelectrodes, SVET Cell Activity
In the lab Genetic Techniques

Microscopic Techniques

Phase 3 Treatment of MIC

Techniques Physical mechanical: Electrochemical methods: Biological methods:
Mitigation & Pigging, UV radiation, Cathodic protection, Coating Bio-competetive exclusion
Control Ultrasonic treatment Chemical treatments:

Chlorine, Bromine, Ozone,
Aldehydes

Phase 4 Feedback - documentation
Diagram 5.2: Confirmation, mitigation and control of MIC failure based on a multidimensional approach.

The multidimensional approach can be divided into 4 phases covering the material,
environment and microorganisms involved. The first phase is based on analysing techniques
used on site to prove the existence of MIC such as corrosion products, electrochemical
techniques if applicable and rapid test to identify bacterial groups. If the failure identified
can be related to MIC the second phase of the diagram should be followed.

This step involves laboratory work including advanced surface analysis techniques such as
SEM-EDX or molecular analysing tools to determine abundance and activity of
microorganisms in the system. The third phase incorporate the treatment of MIC by
physical, chemical and biological methods. Following these three phases the system under
MIC attack can be treated in the most efficient way to prevent further failure. The
concluding documentation and feedback in phase four is obligatory to develop
counterstrategies based on previous cases.
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Summary

Microbiologically influenced corrosion (MIC) is known to be a dangerous process in ship
tanks due to its rapid and yet unpredictable occurrence, leading to extremely fast local
corrosion, possibly jeopardizing the structural integrity, in a relatively short time. This
project focuses on a fundamental understanding of MIC processes in ship ballast tanks
(SBTs) as a basis for the development of effective counterstrategies that offer an appropriate
protection against MIC attack. Local conditions typically consist of oxic-anoxic environments
where both aerobic and anaerobic biofilms develop resulting in aggressive corrosion.
Fundamental understanding of the dominant parameters considering material, environment
and microbes were addressed. In chapter 1 a review of the conditions in ship ballast tanks,
possible MIC mechanisms and practical counterstrategies is presented.

Two central points were addressed in this thesis:

(i) fundamental understanding of interactions between biological and electrochemical
processes on metal surfaces and (ii) identification of counterstrategies that offer the
potential to improve MIC control.

Chapter two deals with the impact of MIC in a real scale SBT to understand community
characteristics within SBTs. The study highlights the impact of attached biofilms on local
corrosion in a ship ballast tank environment. The application of molecular techniques in
combination with electrochemical techniques provides a better and synergistic monitoring
tool in the enclosed seawater environment. The use of denaturing gradient gel
electrophoresis (DGGE) as a screening tool can be one of the potential techniques to
monitor corrosion behaviour in enclosed seawater environments in combination with open
circuit potential (OCP) and linear polarization resistance (LPR) measurements. The work in
this chapter provides a systematic future research and analysis approach to build up a
database of bacterial species, which are involved in corrosion or coating degradation on-
board of ships. A more effective treatment system for treating biofilms on sidewalls of ship
ballast tanks will help to reduce costly material replacements.

Hence, any measure in the future for controlling aquatic invasive species in ballast tanks
should also consider the impact on corrosion from sessile communities, which has been
underestimated so far.

In chapter three the usability of electrochemical techniques for monitoring MIC is discussed
in detail. Three individual approaches were studied in the lab comprising: (i) corrosion
impact of a dual species biofilm, (ii) implementation of a simulated ship tank model system
and (iii) the study of the biodeterioration of a ship ballast tank coating.
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(i) The influence of localized corrosion on carbon steel by two anaerobic bacterial strains
isolated from a ship ballast tank were investigated by using linear polarization resistance
(LPR), electrochemical impedance spectroscopy (EIS), scanning electron microscopy (SEM)
and energy dispersive analysis (EDX). The LPR results show that the corrosion potential Ecor
decreased in the presence of bacteria, in comparison with those observed in the sterile
medium for the same exposure time interval. To confirm the electrochemical data weight
loss measurements were performed. Additional surface analysis by SEM demonstrated
enhanced local corrosion on the carbon steel in presence of the bacterial community as
compared to abiotic controls.

(i) For the first time a model system was used to study the impact of sediment and wave
movement in different levels of a simulated SBT. The study confirmed that the metabolic
activity of bacterial species as well as environmental conditions have a strong influence on
local corrosion attack. A contrary effect for the corrosion rates could be found in the
sediment zone for bacterial set up and control. The presence of sediment in the test cell
supported anaerobic conditions favourable for the growth of anaerobic and acid producing
bacteria increasing the potential risk of pitting corrosion. Additionally the severity of pitting
attack increased due to metabolic interactions. The results confirmed that interactions of
mixed communities need time on the one hand but on the other hand once established local
corrosion attacks become rapid and severe. The model system could be successfully
implemented to gain reproducible and comparable corrosion data simulating natural
conditions.

(iii) The behaviour of a ballast tank coating against microbial degradation was studied. It was
shown that biological activity significantly affected the coating properties. As a result of such
microbial attack, numerous cracks and holes were produced as identified by atomic force
microscopy (AFM). The overall effect of such degradation was studied by EIS. It was
observed that the non-bacterial exposed samples (blank) exhibited a reasonably proper
corrosion resistance. However, the bacterially affected coatings (exposed to acid producing
bacteria and natural ballast tank community) showed a decrease in corrosion protection
performance. For the acidic environment with a low pH regardless of bacteria presence or
not EIS measurements indicated a decline in corrosion protection performance over the
course of the experimental time. Finally, it can be concluded that the bacterial deterioration
effect is as severe as other types of degradation, causing the coating system to be very
vulnerable to deterioration under realistic environmental conditions. Therefore it is
necessary to include natural communities in coating degradation studies to identify possible
degradation mechanisms and the severity of attack over time.
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The fourth chapter comprises different highly sensitive and spatially resolved techniques to
study MIC on a very local scale. The first step included the development of a novel analysis
approach for the preparation and visualization of metal surfaces, suitable for combined
imaging by epifluorescent microscopy (EFM), AFM and SEM. By combining three different
microscopes, the complementary use of these high-resolution techniques to study surface
changes and accumulation of biological substances on stainless steel surfaces was proven.
Although all these techniques are already in use for corrosion research, an elegant and easy
to handle set-up for a combined use of these techniques on one sample spot has not been
reported before.

The last experimental part of the thesis covers the use of local electrochemical techniques.
The scanning vibrating electrode technique (SVET) and scanning electrochemical microscope
(SECM) were used for their high spatial resolution close to the metal/solution interface. By
combing these techniques in-situ changes at metal/solution interfaces in the presence and
absence of aerobic bacteria could be followed up. Aerobic bacteria like Pseudomonas have
been shown to decrease metal corrosion by microbial respiration. This activity can decrease
the cathodic rate by reducing the amount of reactants available for the cathodic reaction.
SECM measurements showed that the dissolved oxygen concentration decreases as a
function of formation stages of the biofilm. It was possible to establish a direct relation
between oxygen reduction catalysis and early stages of biofilm formation by Pseudomonas.
Therefore it was possible to demonstrate that the application of local scanning
electrochemical techniques with high-spatial resolution is a powerful tool for a better
understanding of microbial activity on metal systems providing in-situ information of the
processes taking place at the metal/biofilm/solution interface.

Chapter five summarises the conclusions drawn in the preceding chapters. In addition, the
general discussion in this chapter links together some of the preceding results and
suggestions. The last part of the thesis gives a future outlook on MIC monitoring and
prediction and reviews options to mitigate MIC failures based on a multidimensional
approach.

182



Samenvatting

Samenvatting

Corrosie veroorzaakt door micro-organismen (microbiéle geinitieerde corrosie, MIC) is
onvoorspelbaar en leidt in korte tijd tot ernstige plaatselijke aantasting. Met name water
ballast tanks (WBT) van schepen zijn gevoelig voor deze corrosievorm. MIC in WBT kan in
korte tijd ernstige verzwakking van de structurele integriteit van het schip en zelfs
perforaties veroorzaken. Dit project onderzoekt de fundamentele aspecten van MIC in WBT
om hieruit oplossingen te vinden om MIC of de gevolgen ervan te voorkomen.

In hoofdstuk 1 wordt een overzicht gegeven van de voorwaarden en van de praktische
milieu eigenschappen in de WBT, waarbij MIC kan optreden. Deze kunnen
zuurstofhoudende of zuurstofarme omstandigheden zijn; hierin kunnen zowel aérobe als
anaérobe biofilms zich ontwikkelen en aanleiding geven tot de agressieve corrosie.
Fundamentele kennis van de belangrijkste parameters zoals materiaal, omgeving en type
micro-organismen is essentieel. Twee centrale lijnen zijn hierbij gevolgd: (i) fundamenteel
begrip van interacties tussen biologische en elektrochemische processen op metalen en (ii)
identificatie van maatregelen die kunnen leiden tot MIC-beheersing.

In hoofdstuk 2 wordt MIC onderzocht in een reéle situatie, namelijk in een echte WBT. Deze
studie laat voor het eerst de rol zien van de aanwezige biofilms op de lokale corrosie. De
toepassing van moleculaire technieken in combinatie met elektrochemische technieken
levert een beter en synergetische controlemiddel in de omringende zeewateromgeving. Het
gaat hier met name om het gebruik van “Denaturerende gradiént gelelektroforese “ (DGGE)
als een screening methode in combinatie met de open-circuit potentiaal (OCP) en de lineaire
polarisatieweerstand metingen. Met deze laatste technieken wordt het corrosiegedrag
onderzocht. Het werk in dit hoofdstuk biedt een systematische onderzoeks- en
analyseaanpak om een database van bacteriéle soorten op te bouwen, die betrokken zijn in
het MIC proces aan boord van schepen.

Door een effectiever behandelingssysteem voor het bestrijden van biofilms op de wanden
van WBT van schepen kan dure materiaalvervanging worden voorkomen. Een consequentie
hiervan is ook dat bij toekomstige metingen voor het controleren van aquatisch invasieve
soorten ook rekening dient te worden gehouden met de impact op de corrosie door de
reeds aanwezige groepen, wat tot nu toe onderschat is.

In hoofdstuk drie wordt de bruikbaarheid van elektrochemische technieken bij het MIC
onderzoek nader uitgewerkt. Drie benaderingen zijn in een laboratorium gevolgd: (i) de
invloed op corrosie van een biofilm die uit twee soorten micro organismen bestaat, (ii)
implementatie van een gesimuleerde tank van een schip op schaal en (iii) het bestuderen
van aantasting van de beschermende coating door micro organismen.
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(i) De invloed van corrosie op koolstof staal door twee anaérobe bacteriestammen die
geisoleerd werden in een WBT is onderzocht door gebruik te maken van diverse
elektrochemische en oppervlakte analyse technieken (respectievelijk potentiaal, lineaire
polarisatieweerstand, elektrochemische impedantie spectroscopie en scannen met behulp
van elektronenmicroscopie en energie-dispersieve analyse).

Hieruit blijkt dat de corrosiepotentiaal daalt door de aanwezigheid van bacterién, dit
vergeleken met koolstof staal in een steriel medium. Oppervlakte analyse toonde
geintensiveerde lokale corrosie van het koolstof staal aan in aanwezigheid van een
bacteriegemeenschap, dit in tegenstelling met abiotische controlegroepen. Om de
elektrochemische en oppervlakte analyse resultaten te bevestigen zijn ook gewichtsverlies
metingen uitgevoerd

(i) Voor het eerst is een modelsysteem gebruikt om de invloed van sediment en de
beweging van de golven op een gesimuleerde WBT te onderzoeken. Deze studie bevestigt de
metabolische activiteit van bacterién evenals de grote invloed van de omgevingsparameters
op de lokale corrosie. Voor de hoeveelheid corrosie is in de sedimentzone voor de bacteriéle
set-up en de controle een tegengesteld effect geconstateerd.

De aanwezigheid van sediment in de testcel toont aan dat anaérobe omstandigheden
gunstig zijn voor de groei van anaérobe en zuurproducerende bacterién waardoor het
potentiéle risico van putcorrosie verhoogd werd. Bovendien wordt de mate van putcorrosie
verhoogd door de metabolische interacties. De resultaten bevestigden dat interactie van
gemengde groepen enerzijds tijd nodig hebben, maar anderzijds, zodra lokale corrosie
begonnen is, de aantasting sneller verloopt. Door het simuleren van de natuurlijke
omstandigheden kan het modelsysteem met succes geimplementeerd worden om
reproduceerbare corrosiegegevens te verzamelen.

(iii) Bestudeerd is ook het gedrag van de (epoxy)coating van WBT op microbiologische
degradatie. Het blijkt namelijk dat biologische activiteit een significant invioed heeft op de
coatingeigenschappen. Een dergelijke microbiéle aanval heeft tot gevolg, dat tal van
scheuren en gaten ontstaan die met behulp van de atoomforcemicroscoop (AFM) zijn
vastgesteld. Het effect van een dergelijke degradatie op de corrosiebescherming van de
coating is met behulp van elektrochemische impedantie spectroscopie verder onderzocht.
Hieruit volgt dat de non-bacterieel blootgestelde coatings (blanco) de gewenste
corrosieweerstand vertonen. De door bacterién aangetaste coatings (blootgesteld zowel aan
zuurproducerende bacterién als aan de van nature in een WBT aanwezige bacterién)
toonden een afname in corrosiebescherming. Voor een zure omgeving (lage pH), ongeacht
of er bacterién aanwezig zijn of niet, is een afname van van corrosiebescherming
aangetoond. Dit is het resultaat van de interactie tussen de soorten, bijv. soorten die van
zuur leven, verminderen het aantal direct zuurproducerende bacterién die schadelijk zijn
voor de coating. Tenslotte kan men concluderen dat het bacteriéle aantasting van de coating
net zo erg is als MIC zelf. Daarom is het noodzakelijk de natuurlijke gemeenschappen bij de
studies van de degradatie van de coating te betrekken, dit om de aard en de ernst van het
degradatiemechanisme vast te stellen.

184



Samenvatting

In het vierde hoofdstuk worden twee gevoelige technieken besproken om MIC op zeer
lokale schaal te onderzoeken. De eerste betreft een nieuwe analyse-aanpak voor de
visualisatie van metaaloppervlakken met biofilms: het gaat hierbij om de combinatie van
epifluorescentiemicroscoop (EFM), AFM en SEM. Alhoewel deze technieken afzonderlijk bij
het onderzoek naar corrosie al worden gebruikt, zijn hierbij voor het eerst in een
gecombineerde opstelling de voordelen van alle drie technieken samen optimaal benut.

De tweede techniek betreft het gebruik van lokale elektrochemische technieken: de
scanning vibrerende elektrodetechniek (SVET) en scanning elektrochemische microscoop
(SECM). Deze zijn gebruikt vanwege hun hoge ruimtelijke resolutie dicht bij het
metaal/oplossing overgang. Door deze technieken in situ te combineren kunnen de
veranderingen tijdens de aan- en afwezigheid van aérobe bacterién worden onderzocht. Bij
aérobe bacterién, zoals de pseudomonas, is een afname van metaalcorrosie door
microbiologische respiratie aangetoond. Deze activiteit zorgt voor de afname van het
kathodische reactie. SECM-metingen hebben aangetoond dat de zuurstofconcentratie
afneemt gedurende de formatiestadia van de biofilm. Hiermee is aangetoond dat de
toepassing van lokale scanning elektrochemische technieken met hoge ruimtelijke resolutie
een zeer geschikt gereedschap is voor een beter begrip van microbiologische activiteiten op
metalen oppervlakken.

In hoofdstuk vijf worden de conclusies van de voorafgaande hoofdstukken samengevat. Ook
worden in een algemene discussie enkele van de voorafgaande resultaten en suggesties aan
elkaar gekoppeld. Tenslotte geeft het laatste gedeelte van dit proefschrift een toekomstige
verwachting op MIC-voorspelling en MIC-controle en analyseert mogelijkheden om schades
door MIC te beperken uitgaande van de multidimensionale aanpak.
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Zusammenfassung

Mikrobiologisch beeinflusste Korrosion (Microbiologically Influenced Corrosion, MIC) ist
aufgrund ihres schnellen und unvorhersehbaren Auftretens, das zu extrem schneller, lokaler
Korrosion fiihrt, ein nicht zu unterschatzendes Problem in Schiffballasttanks. Die in dieser
Arbeit vorgestellten Ergebnisse konzentrieren sich auf die Entwicklung von effektiven
Gegenstrategien, die einen geeigneten Schutz vor MIC bieten sollen. Desweiteren wurden
Versuche dahingehend konzipiert um das fundamentale Verstandnis von MIC-Prozessen in
Ballasttanks von Schiffen (Ship Ballast Tanks, SBTs) zu vertiefen. Die Umgebungsparameter in
Ballasttanks sind typischerweise oxisch-anoxisch, in denen sich aerobe und anaerobe
Biofilme entwickeln kdnnen, welches eine aggressive Korrosion beglinstigt. Kapitel eins fasst
die grundliegenden Ballasttank Parameter in Bezug auf Material, Umweltbedingungen und
Mikroorganismen zusammen und stellt zusatzlich praktische Gegenstrategien gegen MIC
vor.

In dieser Arbeit werden zwei zentrale Punkte angesprochen:

(i) Das grundlegende Verstandnis von Interaktionen zwischen biologischen und
elektrochemischen Prozessen auf Metalloberflaichen und (ii) die Entwicklung von
Gegenstrategien, die zu einer Verbesserung der MIC-Kontrolle fiihren sollen.

Kapitel zwei befasst sich mit den Auswirkungen von MIC in einem SBT von realer GroRe,
dessen mikrobiologischen Organismen charakterisiert wurden. Die Studie dokumentiert die
Auswirkungen von sessilen Biofilmen auf die lokale Korrosion in Schiffsballasttanks. Der
Einsatz von molekularen Techniken wie der denaturierender Gradientengelelektrophorese
(DGGE) kombiniert mit elektrochemischen Messmethoden wie dem Ruhepotential (Open
Circuit Potential, OCP) und des linearen Polarisierungswiderstandes (Linear Polarization
Resistance, LPR) bietet ein besseres und komplementierendes Uberwachungshilfsmittel in
diesen geschlossenen schwer zugénglichen Schiffssektionen.

Die Arbeit in diesem Kapitel stellt einen systematischen Forschungs- und Analysenansatz vor,
auf dessen Basis eine Datenbank aufgebaut werden kann, die korrosive Bakterien detailiert
beschreibt und klassifiziert. Die somit gewonnen Daten kénnen daflir genutzt werden ein
effektiveres Kontroll- und Uberwachungssystem fiir Ballasttanks zu entwickeln.

In Kapitel drei wird die praktische Anwendung von elektrochemischen Messmethoden fiir
die Kontrolle und den Nachweis von MIC detailiert besprochen. Im Labor wurden drei
individuelle experimentelle Ansatze verfolgt: (i) die Auswirkungen eines mikrobiellen
Biofilms auf die Korrosion, (ii) die Implementierung eines simulierten Schiffstank-
Modellsystems und (iii) das Studium der biologischen Interaktion mit einem
Ballasttankanstrich (Beschichtung).
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(i) Zwei anaerobe Bakterienstammen (isoliert aus einem Ballasttank) und deren Einfluss auf
die lokale Korrosion wurde unter Verwendung verschiedener elektrochemischer Methoden
wie des linearen Polarisationswiderstands (Linear Polarization Resistance, LPR) und der
Impedanzspektroskopie (Electrochemical Impedance Spectroscopy, EIS) im Labor
untersucht. Die LPR-Ergebnisse zeigten, dass das Korrosionspotential Eor im Vergleich zu
jenem, das im sterilen Medium Uber das gleiche Zeitintervall aufgezeichnet wurde, in der
Anwesenheit von Bakterien abnahm. Um die elektrochemisch gemessenen Korrosionsraten
zu bestatigen wurden Gewichtsverlustmessungen mittels Korrosionscoupons vorgenommen.
Zusatzliche  Oberflaichenanalysen  der verwendeten  Korrosionscoupons  mittels
Rasterelektronenmikroskopie (SEM) zeigten im Vergleich zu den abiotischen Kontrollen,
fortgeschrittene lokale Korrosion in Gegenwart der bakteriellen Gemeinschaft.

(i) Zum ersten Mal wurde ein Modellsystem implementiert, um die Auswirkungen von
Sediment- und Wellenbewegung in einem SBTs zu untersuchen. Die Studie bestatigte, dass
die metabolische Aktivitdt von Bakterien sowie die Umweltfaktoren einen starken Einfluss
auf lokale Korrosion haben. Die Zugabe von Sedimenten im Testtank unterstiitzte anaerobe
Bedingungen, die ginstig fur das Wachstum von anaeroben und saureproduzierenden
Bakterien sind. Die Prasenz der Mikroorganismen erhohte das potentielle Risiko von
Lochfral® der exponierten Korrosioncoupons. Dariiber hinaus erhéhte sich der Schweregrad
der Korrosion aufgrund von metabolischen Interaktionen der Bakterien. Die Ergebnisse
bestatigten, dass durch Interaktionen von gemischten mikrobiellen Gemeinschaften lokale
Korrosionsattacken schneller und schwerwiegender werden. Das Modellsystem konnte
erfolgreich implementiert werden, um vergleichbare und natirliche Wachstums- und
Korrosionsbedingungen zu simulieren.

(iii) Im dritten Versuchsansatz wurde eine Ballasttankfarbe (Beschichtung)
verschiedenartigen Bakterien ausgesetzt um den biologischen Einfluss auf die Farbe zu
studieren. Dabei zeigte sich, dass biologische Aktivitdten die Eigenschaften der Farbe
erheblich beeinflussen konnen. Als Ergebnis dieser mikrobiellen Interaktion entstanden
zahlreiche Risse und Lécher die mittels Atomkraftmikroskopie (Atomic Force Microscopy,
AFM) nachgewiesen wurden. Die Gesamtauswirkungen der mikrobiellen Zerstérung wurde
mit EIS (ber eine ldngeren Zeitraum von 60 Tagen untersucht. Die den Bakterien
ausgesetzten Beschichtungen zeigten eine Abnahme der Korrosionsschutzleistung. In saurer
Umgebung mit einem niedrigen pH-Wert, ungeachtet dessen, ob Bakterien vorhanden
waren oder nicht, zeigten die EIS-Messungen im Laufe des Experimentes eine Abnahme der
Korrosionsschutzleistung. Daraus kann man schlussfolgern, dass der bakterielle
Zersetzungseffekt genauso schwerwiegend ist, wie andere Arten der Zerstérung wie z.B.
durch Saure, wodurch das Beschichtungssystem unter realistischen Umgebungsbedingungen
wie mikrobiologische Gemeinschaften, sehr anfallig flir biologische induzierte Zerstérung ist.
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Daher ist es notwendig, in Studien Uber biologische Zersetzung von Farben und
Beschichtungen natlrliche Bakteriengemeinschaften zu integrieren, um mogliche
Zersetzungsmechanismen und den Schweregrad der Zerstérung/Interaktion so zeitnah und
realistisch wie moglich festzustellen.

Das vierte Kapitel umfasst unterschiedliche, hochempfindliche und rdaumlich auflésende
Techniken um MIC zu studieren. Der erste experimentelle Arbeitsschritt beinhaltete die
Entwicklung einer neuartigen Methodik zur Visualisierung von Metalloberflachen. Dazu
wurden Fluoreszenzmikroskopie, Atomkraftmikroskopie und der
Rasterelektronenmikroskopie Uber einen gemeinsam zu nutzenden Probentrager
verbunden. Diese Technik erlaubt es eine Probe unter verschiedenen Mikroskopen zu
betrachten und zu analysieren. Obwohl alle diese Techniken einzeln bereits in der
Korrosionsforschung zum Einsatz kommen, wurde zuvor noch nie von einem einfach zu
handhabenden System fiir die Kombination der einzelnen Mikroskope berichtet.

Der zweite und letzte Teil der experimentelle Arbeit in Kapitel vier deckt die Anwendung von
lokalen elektrochemischen Techniken ab. Die Vibrationssondenrastermessung (Scanning
Vibrating Electrode Technique, SVET) und elektrochemische Rastermikroskopie (Scanning
Electrochemical Microscope, SECM) wurden wegen ihrer hohen raumlichen Auflésung nahe
an der Metall-/Elektrolygrenzfliche eingesetzt. Durch das Kombinieren dieser Techniken in
situ  konnten Verdnderungen an den Metall-/Elektrolygrenzflache in Prasenz und
Abwesenheit von aeroben Bakterien nachverfolgt werden. Es konnte eine direkte Beziehung
zwischen Sauerstoffabnahme und der Biofilmbildung durch aerobe Bakterien
(Pseudomonaden) aufgezeichnet werden. Die Ergebnisse zeigten dass die Anwendung von
lokalen elektrochemischen Scantechniken mit hoher raumlicher Auflésung dazu geeignet
sind, in-situ-Informationen (ber die an der Metall-/Biofilm-/Elektrolygrenzfliche
stattfindenden Prozesse zu liefern.

Kapitel funf fasst die in den vorherigen Kapiteln gezogenen Schlussfolgerungen zusammen.
Darliber hinaus verknlpft die allgemeine Diskussion in diesem Kapitel einige der
vorangehenden Ergebnisse und Vorschldge. Der letzte Teil der These gibt einen
Zukunftsausblick tiber eine mégliche MIC-Uberwachung und Vorhersage, die auf Basis von
wissenschaftlichen Erkenntnissen umgesetzt werden kann.
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