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Summary

This dissertation presents a research work related to innovative measurement ap-
proaches to study microbial corrosion. Microbial corrosion, also known as MIC (Micro-
biologically Influenced Corrosion), is an electrochemical process in which microorgan-
isms are able to promote metals degradation. The main motivations for this research
are related to the great relevance of this form of corrosion in many industrial applica-
tions and to the lack of specific laboratory methodologies to study it. Actually, even if
electrochemical measurements can give an important insight on the involved mecha-
nisms, traditional experimental setups for corrosion tests often are not able to reproduce
conditions found in a real environment and thus the obtained results can often be not
representative for a real application.

This topic has been addressed from a dual perspective: a new experimental setup
specifically tailored for microbial corrosion testing has been proposed, then an imag-
ing system to assess the effects of bacteria on sample surface has been developed. The
main innovation in the new methodology is related to the use of Microbial Fuel Cells
(MFCs) as environment to carry out the test. Actually they can be conveniently used
to perform the experiment in controlled conditions, monitoring many of the test pa-
rameters simply measuring the current flows in the MFC. Because of this, an ad-hoc
measuring system has been developed in order to monitor the experiment. Thanks to
this new setup, the corrosion resistance of different metals can be compared, provid-
ing useful information to researchers. Moreover, one of the main advantages is that
using MFCs it is possible to carry out an accelerated test without the risk of altering
the microorganisms metabolism. Finally, biofilm formation on sample surface, an im-
portant information but difficult to obtain from other electrochemical techniques, can
be monitored in continuum during the test.

The imaging algorithm that has been developed can be used at the end of a corro-
sion test in order to assess the bacteria attachment on sample surface. Using imaging
techniques can be of great interest because they can provide information that can not
be derived from other measurements. The main innovation in the proposed algorithm
is given by the use of micrographs taken at Scanning Electron Microscope (SEM) to as-
sess biofilm coverage. Actually, using this instrument, staining techniques are no more
required and sample preparation is easier. Manifold information can be derived from
the micrographs analysis, such as number of bacteria aggregates on sample surface and
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their dimensional distribution.
This research work has been completed with two studies: one concerning the use

of electrochemical measurements to investigate the microbial corrosion resistance of
stainless steel in hypersaline environment and the other related to the characterization
of innovative hybrid coatings for corrosion protection. The former aims at showing
the reader an overview of electrochemical measurements and morphological charac-
terizations used in the microbial corrosion field, presenting a real case study. It has
been inserted in the same chapter where the new technique is presented in order to
give a comprehensive picture of the current methodologies and of the possible ways
to innovate them. Then, in the final part of the dissertation, the characterization of in-
novative hybrid coatings is presented. They represent one of the possible strategies to
protect metals from microbial corrosion; in particular, the bacteriostatic effect of silver
nanoparticles has been investigated.This characterization uses both traditional electro-
chemical techniques and some of those presented in this dissertation, in order to show
their application.

Thus, the objective of the research work presented in this dissertation is to propose
new tools to study microbial corrosion. It has been pursued developing a new experi-
mental setup to perform corrosion tests and an imaging algorithm to characterize the
material at the end of it. Future work could further investigate the possibility of having
different setup for the MFCs. For example, a configuration using a dual chamber MFC
could be developed, so that different conditions can be established during the test.
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Preface

This PhD thesis addresses the topic of microbial corrosion from the perspective of
new possible measurement approaches to study this phenomenon. Motivations for this
research work can be found in the lack in scientific literature of specific methodolo-
gies to study this kind of corrosion, despite its importance in many environments and
industrial applications.

The introductory chapter presents a state of the art about the most important elec-
trochemical and imaging techniques commonly used in the field of microbial corrosion.
In Chapter 2, a new experimental setup to perform microbial corrosion tests is pro-
posed. An in-depth description of the system is provided, presenting also the results
from the characterization of two different materials. Then, a second contribution of this
PhD thesis is the development of an imaging algorithm to assess the effects of bacteria
attachment after a corrosion test and it is described in Chapter 3. Also in this case, the
proposed system has been used in different case studies to show the results that can be
obtained. Eventually, in Chapter 4 the characterization of coatings for corrosion pro-
tection is presented.

Chapter 1 - This chapter provides an overview of the different methodologies used
to study microbial corrosion. After a brief introduction on microbial corrosion, electro-
chemical and imaging techniques used for the study of this phenomenon are reviewed.

Chapter 2 - This chapter deals with electrochemical methods to assess microbial
corrosion. In the first part, a case study concerning the characterization of two stainless
steels is presented. It makes use of both electrochemical techniques and morphologi-
cal characterizations in order to show how they are applied in the field of microbial
corrosion. The second part of the chapter describes a new technique, proposed for the
assessment of microbial corrosion behaviour of different metallic alloys.

Chapter 3 - This chapter presents the development of an imaging algorithm to as-
sess the effects of microbial corrosion both on metallic surfaces and non-conductive
samples.

xv



Chapter 4 - This chapter reports the characterization of different typologies of hy-
brid coatings for corrosion protection, using some of the methodologies presented in
the previous chapters.

Chapter 5 - This last chapter summarises the results obtained during the study,
reporting the main contributions to the development of new measurements techniques
for microbial corrosion.
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Chapter 1

Introduction

This dissertation focuses on the development of new techniques to assess microbial
corrosion, a degradation process that can affect metals in many industrial and biomed-
ical applications. Even though this corrosion phenomenon has been studied since the
beginning of last century [1], only in last decades the questions arising from this topic
have been addressed using a real interdisciplinary approach. In this way, it has been
possible to combine knowledge and expertise from different disciplines like biology,
electrochemistry and material science to reach a deeper understanding of the mecha-
nisms underlying microbial corrosion. At the same time, in scientific literature there is
a lack of methodologies specifically tailored for this corrosion phenomenon, so this is
one of the motivations for this research work.

The researchwas carried out focusing both on electrochemicalmethods and imaging
techniques. For this reason, in this Chapter a general overview about microbial corro-
sion will be provided, giving then a deeper insight on electrochemical measurements
and imaging tools used to study microbial corrosion.

1.1 Brief introduction on microbial corrosion
Corrosion can be defined as an electrochemical process in which a metal undergoes

degradation when in contact with the environment [2]. It is a spontaneous process,
because for most of the metallic elements the oxidised form is thermodynamically more
stable than the reduced one. For this reason, gold is one of the few metals that can be
found in the reduced form during mining, while usually metal ores are found [3].

The electrochemical processes involving corrosion can be described as the coupling
of an anodic reaction, which is represented by the metal dissolution, and a cathodic
reaction consuming the electrons coming from themetal [2].These reactions can change
depending on the material and on the environment, but a general classification of the
main corrosion forms can be presented as follows:

1



1 – Introduction

• uniform corrosion, when the reactions proceed uniformly over the material sur-
face. It can be easily assessed and the corrosion rate can be quantified in order to
program proper maintenance.

• localised corrosion, when a specific part of the component or of the microstructure
is preferentially attacked. This is the most dangerous corrosion form, because of-
ten it is difficult to detect and it can lead to catastrophic failures. Different types
of corrosion can be classified under this category: galvanic corrosion, crevice cor-
rosion, pitting, erosion corrosion and stress corrosion cracking.

Microbial corrosion can be generally classified as a form of localised corrosion. It is
referred to also using expressions like ’Microbiologically Influenced Corrosion’ (MIC),
’Microbiologically Induced Corrosion’ or ’Biocorrosion’ [3]. It can be defined as an elec-
trochemical process wherebymicroorganismsmay be able to initiate, facilitate or accelerate
a corrosion reaction through the interaction of the three components that make up this sys-
tem: metal, solution andmicroorganisms [4]. In particular, bacteria are able to change the
interaction occurring at the interface between the metal and the electrolytic solution.
Actually, colonization of any surface by bacteria can be described as an accumulation
process, where microorganisms floating in the solution (planktonic population) adhere
to the substrate, remaining attached on it and becoming ’sessile’. In the first stage, a
conditioning film having a thickness of 20 nm - 80 nm is formed. It is composed of in-
organic ions and organic compounds, which are able to change the surface electrical
double layer and its wettability, promoting the following colonization. Bacteria start
to attach on substrate surface, adhering to it thanks to the production of exopolysac-
charidic substances (EPS), which will become the matrix of the biofilm. Increasing the
immersion time in the solution, microbial growth leads to the formation of colonies,
that expand on the surface forming a continuous biofilm. It is a gel containing about
95% of water and amatrix of exopolysaccharidic substances (EPS), where microbial cells
and inorganic detritus are trapped in. Biofilm is able to alter the chemical reactions and
the transport phenomena occurring on the biofouled surface, for example hindering
the oxygen diffusion to the substratum. After this point, portions of biofilm can detach
from the surface, but they are subsequently replaced by other planktonic microorgan-
isms [3]. A scheme of the different stages representing bacteria colonization of a surface
is shown in Fig. 1.1.

In natural environments, biofilm is composed not only by a single strain of bacteria,
but by a consortium of bacteria. This is an important feature, because microorganisms
can organise themselves developing behaviours that enables them to survive also in
hostile environments [5]. An example of this ability is given by the Quorum Sensing,
that is a mechanism of communication among microorganisms to coordinate their be-
haviour.

Biofilm can enhance the corrosion process through different mechanisms [6]:
• Alteration of the transport of chemical species from or towards the metal surface:
metabolites produced by bacteria can accumulate near the metal and diffusion of

2



1.1 – Brief introduction on microbial corrosion

Figure 1.1: Scheme showing the different stages of biofilm growth: a) Conditioning film
forms on the substrate b) Planktonic bacteria attach on substrate, become sessile and
produce EPS to anchor to the surface c) Bacteria form colonies d) Micro-colonies grow
and biofilm thickness increases e) Portions of the biofilm detach from the surface f) The
exposed areas are colonised by other planktonic bacteria
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1 – Introduction

compounds present in solution, such as nutrients or even biocides, can be hin-
dered.

• Facilitating the removal of protective films when the biofilm detaches: bacteria can
be entrapped in a superficial layer of corrosion products, which could detach to-
gether with the biofilm, exposing again the metal surface.

• Inducing differential aeration effects as a consequence of a patchy distribution of the
biofilm: oxygen diffusion can be hindered by the biofilm (even with thickness of
about 12 µm), so anodic sites form in areas covered by bacteria, while the other
become preferentially cathodic.

• Changing oxidation–reduction conditions at themetal–solution interface: redox con-
ditions can vary from bulk solution to the metal-biofilm interface because of res-
piration and metabolism of sessile microorganisms.

• Altering the structure of inorganic passive layers and increasing their dissolution
and removal from the metal surface: microbial consortia can cause depassivation
of the metal surface, increasing the corrosion rate of the material.

Environments in which metals can be affected by microbial corrosion include: oil
and gas industry, water systems, human body, seawater, nuclear waste storage facilities,
aviation fuel systems and heat exchangers [5]. Then, different are the bacteria strains
involved in microbial corrosion. The most common and widely studied are: Sulfate Re-
ducing Bacteria (SRB), Nitrate Reducing Bacteria (NRB), Acid Producing Bacteria (APB),
Metal Oxidizing Bacteria (MOB), Iron Oxidizing Bacteria (IOB), methanogens, fungi and
archea [7].

Electrochemical processes leading to microbial corrosion can be classified taking
into account the presence of oxygen in the electrolytic solution and themechanism used
by bacteria to oxidise the metal. In anaerobic environment, the two main mechanisms
are the extracellular electron transfer MIC (EET-MIC) and the metabolite MIC (M-MIC)
[7–9]. In the former case, the microbes use iron as the electron donor according to the
reaction:

𝐹𝑒0 ⟶ 𝐹𝑒2+ + 2 𝑒− (1.1)

This reaction occurs extracellularly, then the electrons are transported to the cyto-
plasm, where the reduction reaction can be catalysed by enzymes [7, 8]. In the absence
of oxygen the final electron acceptor can be represented by sulfate or nitrate ions:

𝑆𝑂2−
4 + 9 𝐻+ + 8 𝑒− ⟶ 𝐻𝑆− + 4 𝐻2𝑂 (1.2)

𝑁𝑂−
3 + 8 𝑒− + 10 𝐻+ ⟶ 𝑁𝐻+

4 + 3 𝐻2𝑂 (1.3)

2𝑁𝑂−
3 + 10 𝑒− + 12 𝐻+ ⟶ 𝑁2 + 6 𝐻2𝑂 (1.4)
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1.1 – Brief introduction on microbial corrosion

An important parameter is also the availability of carbon source. Actually microbes
need only a small amount of iron for their enzyme activities so, if available, they prefer-
entially use organic carbon as electron donor, which can be exploited more easily.Thus,
in case of carbon source starvation in the environment, corrosion rate can increase [10].

The second type of microbial corrosion in anaerobic environment is represented
by Metabolite-MIC. In this case, microbes like Acid Producing Bacteria are able to se-
crete corrosive metabolites such as organic acids [7,8]. Proton reduction does not need
biocatalysis by microbes, so the corrosion reactions proceeds as in abiotic conditions:

2 𝐻+ + 2 𝑒− ⟶ 𝐻2 (1.5)

while the anodic reaction is represented by 1.1.
Taking in account microbial corrosion in aerobic environment, it is possible to rec-

ognize three main processes: oxygen concentration cell, corrosion induced by Iron Ox-
idizing Bacteria and secretion of corrosive metabolites. In the former case, aerobic bac-
teria in the outer part of the biofilm are able to consume the available oxygen, creating
anaerobic conditions on the metal surface. If other parts of the material are not covered
by biofilm, or it has a lower thickness, differential aeration can increase the corrosion
rate: areas with lower oxygen concentration become preferentially anodic, while the
other cathodic. Iron Oxydizing Bacteria are aerobic microorganisms that can be found
in oilfield produced water. They are able to induce corrosion on steel oxidizing the fer-
rous iron to ferric iron, using oxygen as the final oxygen acceptor. Finally, secretion of
corrosive metabolites is a further mechanism. Some bacteria, such as the Acetobacter,
are able to oxidise ethanol to acetic acid during fermentation in presence of oxygen.
Moreover, fungi can secrete organic acids during their growth, leading to biodeteriora-
tion of both metals and other materials [7, 8, 11].

One of the main issues in the study of microbial corrosion is also represented by the
need of realistic experimental conditions in laboratory tests [12]. Actually, many factors
can influence the experiment results, and often one of themain difficulties is represented
by the choice of test conditions that can really simulate the ’real world’. First of all, often
tests are carried out using single bacteria strains, but this is unlikely to simulate the
complex microbial communities found in the environment. Single bacteria strains can
be useful to investigate a specific corrosion mechanism, but the results will be hardly
representative for the real conditions. As mentioned above, microorganisms behaviour
changes when collaborative mechanisms like quorum sensing are established. Then, the
test medium i.e. the electrolytic solution can select the proliferation of specific bacteria
strains or promote a particular metabolism related to MIC. Presence of nutrients, such
as the level of carbon sources or iron ions, can strongly influence the corrosion rate.
Moreover, often in a real environment the nutrients concentration is not constant, but
periods of starvation occur; this condition is not easily replicated in a laboratory setup.
Then, test media can influence also the abiotic corrosion processes. Because of this,
tests in sterile conditions are always needed in order to understand the real effect of
microorganisms [12].
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1 – Introduction

Other important parameters are represented by oxygen concentration inside the so-
lution and test temperature. Bacteria can be divided in three categories depending on
the terminal electron acceptor in their respiration process. [13] If they can use only oxy-
gen, they are called aerobes. If they can not use oxygen as terminal electron acceptor,
they are anaerobes, while facultative anaerobes are those that can use also other species
as terminal electron acceptor. Then, temperature plays an important role because bac-
teria activity is enhanced by higher temperatures, but at the same time each bacteria
strain has an optimal growth temperature. Thus, even when using a mixed inoculum,
that is an inoculum containing different bacteria strains, the choice of the temperature
will affect the type of microorganisms that will proliferate in the solution [3]. Moreover,
if real environmental conditions should be replicated, it should be taken in account that
temperature oscillations are always present and this will have also impact the test con-
ditions. Finally, another important choice when designing an experiment is between
batch or flow conditions. In the former case, stagnation is simulated, while the other
case is representative of systems like heat exchangers, pipelines or ship hulls.

Case studies on microbial corrosion can be found related to different metals. Mild
steel is probably one of the most widely studied materials in the field, because of the
large number of applications in which it is used [5]. Other important research studies
have been carried out on stainless steels, due to their applications in marine environ-
ment, where MIC is one of the most important risks as far as corrosion is concerned.
Moreover, even if copper and its alloys are generally believed to have a good resis-
tance against MIC, different studies demonstrated the presence of bacteria strains (e.g.
Thiobacillus thiooxidans) with a relatively high tolerance to copper ions [3].

This general overview presented the main features that characterize microbial cor-
rosion and the most important issues encountered in the study of this phenomenon.
Following sections will focus on methodologies used in this field.

1.2 Electrochemical techniques for microbial corro-
sion

Electrochemical techniques are widely used to study corrosion phenomena both
during laboratory tests and in-situ monitoring of materials. They can be used to derive
information about reactions occurring on the metal, about the surface reactivity or the
corrosion rate. Multiple advantages can derive from the use of such techniques; actu-
ally they can provide real time information about the ongoing processes and some of
them, being non-destructive, can be used to assess the conservation state of a compo-
nent without altering its conditions. It is possible to divide electrochemical techniques
for microbial corrosion in two main categories: the traditional ones, employed also for
the other corrosion phenomena, and specific setup designed to study MIC. In the first
group it is possible to list: Open Circuit Potential (OCP), Linear Polarization Resistance
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1.2 – Electrochemical techniques for microbial corrosion

(LPR), polarization curves, Electrochemical Impedance Spectroscopy (EIS) and Electro-
chemical Noise (EN). Among the specific experimental setup designed to study MIC it
is possible to account the dual cell technique, which is the most important contribution
in this area, and electrochemical sensors.

Open Circuit Potential is the simplest measurement that can be performed in order
to follow the changes in the sample surface reactivity. It consists in the measurement
of the voltage drop between the electrode surface and a reference electrode (RE) when
no voltage or current is imposed in the system. The OCP value can be analysed using
the polarization curve; actually, in case of stainless steels or metals exhibiting a passive-
active behaviour, it is possible to understand if the metal is in its passivity region or if,
on the contrary, pitting potential is approached. Moreover, evolution of the Open Cir-
cuit Potential in a solution containing bacteria can be compared to the trend in sterile
conditions in order to highlight the different changes occurring on the electrode sur-
face. The main drawback of this technique is that little information can be derived on
the corrosion rate of the metal immersed in that specific electrolytic solution [14].Then,
one of the issues is represented by the need of having a stable reference electrode. Ac-
tually, the growth of biofilm on the reference electrode can lead to a shift of its potential
in the solution and thus to not accurate measurements [15]. The electrode traditionally
employed as RE is the Saturated Calomel Electrode (SCE), but now in most of the lab-
oratories it has been replaced by the Silver Chloride RE in order to avoid the use of
mercury.

Linear Polarization Resistance is an important technique that can be used in or-
der to estimate the corrosion rate of the metal under study. It is performed sweeping
the sample potential in the neighbourhood of ±10 m𝑉 or ±20 m𝑉 around the OCP
and measuring the current flowing between the sample and the counter electrode. The
polarization resistance is thus defined as:

𝑅𝑝 = 𝜕𝐸
𝜕𝑖

∣
𝑖=0

(1.6)

that is the slope of the potential (E) versus current (i) curve at i=0. This value is pro-
portional to the inverse of the corrosion rate. The measurement is non-destructive, so
it can performed at regular time intervals during the test without altering it. Limita-
tions of this technique are encountered when localized corrosion is occurring, because
large fluctuations in 𝑅𝑝 can be found. Moreover, the relation between equation 1.6 and
the corrosion rate does not apply if the mechanism is controlled by diffusion, but only
under electron transfer-controlled conditions [15].

Changing the sample potential over a larger range, usually in the order of 0.5 V
or 1.0 V, it is possible to obtain the so called ’polarization curve’. It can be used to
better investigate the electrochemical behaviour of the material in that specific solu-
tion. For example, corrosion current and thus corrosion rate can be calculated using the
Tafel extrapolation. Moreover, pitting potential can be measured in order to assess the
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𝑅𝑠

𝑅𝑝𝑜
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𝐶
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Figure 1.2: Equivalent circuit model for fitting EIS Spectra.

susceptibility of the alloy to this kind of attack [14]. These results can be used to com-
pare the behaviour in solutions containing bacteria and in sterile conditions. As large
anodic and cathodic potentials are applied, irreversible modifications are induced on
the electrode surface and the measurement should be considered as a destructive one.
Moreover, in MIC field it should also be taken in account that bacteria metabolism can
be altered if large potentials are applied. Thus the effect of microorganisms could be
underestimated [15].

Another important electrochemical technique commonly used in corrosion tests is
Electrochemical Impedance Spectroscopy (EIS). A small alternating potential signal is
applied to the sample, measuring its impedance over a frequency range that generally is
between 10−2 Hz and 105 Hz. The small signal does not alter the bacteria activity and
does not influence the corrosion rate, so it can be considered as non-destructive [15].
Manifold information related to the superficial oxide layers can be gathered from EIS
measurements. Their effectiveness in protecting the bulk material can be derived from
the impedance magnitude. Moreover, impedance phase can provide important informa-
tion on oxide porosity or its possible discontinuity [14]. In order to have a deeper under-
standing of the system, EIS spectra can be fitted using an equivalent circuit model. It can
be useful in order to calculate values for physical parameters representing the system.
As an example, in Fig. 1.2 an equivalent circuit typically used to model the behaviour
of a metal with a superficial passive layer is presented.

The elements constituting the system are: 𝑅𝑠, representing the the solution resis-
tance, 𝐶 for the oxide layer capacitance, 𝑅𝑝𝑜 for the oxide pores resistance, 𝐶𝐶𝑑𝑙 for
the double layer capacitance and 𝑅𝐶𝑡 for the resistance to charge transfer. 𝑅𝐶𝑡 can be
used in order to monitor the corrosion rate of the material, as it models the rate of the
reactions occurring at the interface between the metal and the electrolyte and its trend
as a function of time can help to determine the electrochemical behaviour of the alloy.

Electrochemical Noise (EN) is an effective technique to detect if localised attack
is occurring on the metal. Two samples of the same alloy are immersed in the same
electrolytic solution and electrically connected through a Zero Resistance Ammeter
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1.2 – Electrochemical techniques for microbial corrosion

(ZRA) [14]. Fluctuations of the current or of the potential are measured as a function
of the immersion time and, as no external signal is applied, biofilm formation and de-
velopment is not influenced by this measure. A statistical analysis of the noise data can
thus provide information on the kind of attack.The used parameter is the ratio between
the standard deviation of the current noise and the root mean square current, generally
known as Localization Index (LI). If it is lower than 0.05, the corrosion process is oc-
curring uniformly on the material, if it is between 0.05 and 0.1, a mixed morphology is
present, while if this value is higher than 0.1, a localised attack is taking place [15].

As microbial corrosion is a peculiar phenomenon, determined by the activity of liv-
ing microorganisms, specific setup have been proposed to investigate it. The first one
was proposed by Little at the end of the eighties and is named ’Dual Cell Technique’ [16].
It makes use of a cell composed of two chambers, separated by a semi-permeable mem-
brane.They are filledwith the same electrolytic solution, but in one of them an inoculum
is added. Two samples of the same material are then immersed, one for each chamber,
and electrically connected through a Zero Resistance Ammeter (ZRA). A galvanic cur-
rent due to bacteria activity will arise, and it can be measured by the ZRA. Thus, using
this technique it is possible to study the influence of bacteria on the electrochemical
behaviour of a metal immersed in a specific solution. The measured current can not be
related to the corrosion rate, but can provide researchers with important information
on the effect of biofilm formation on the alloy, comparing biotic and abiotic conditions.
Even if theoretically elegant, this technique has never been widely used, probably due
to the difficulties in the realization of the experimental setup.

Other interesting tools to studymicrobial corrosion are represented by electrochem-
ical sensors; they are generally used to monitor the biofilm formation on a metal when
immersed in a specific environment. The sensor proposed by Licina consists of a stack
of stainless steel disks (alternatively, a Titanium alloy can be used), electrically insu-
lated from each other by means of epoxy resin [17]. It has a cylindrical shape, with a
base diameter of the order of 30 mm and a length of 50 mm, so it can be even added in a
plant or pipeline without altering its working conditions. One set of the metal disks is
polarised respect to the remaining ones and the arising current is measured. Performing
this measurement for a short period of time each day, it is possible to track the current
increase due to biofilm formation, because the bacteria colonization of the disks sur-
face favours the electron transfer to the metal. So, comparing the current value to the
baseline at the beginning of the immersion (when biofilm was not present), it is possi-
ble to detect and monitor biofilm formation [6]. Thus, this sensor can be conveniently
used in many industrial application, for example in order to understand if biocide treat-
ments are effective and to put in place the necessary procedure to avoid risks related to
microbial corrosion.

A theoretically similar setup was used by Angell in a research work to study mi-
crobial corrosion of AISI 304 stainless steel in anaerobic seawater [18]. In this case,
the sample was a concentric electrode made of the alloy to be characterized. A small
central anode was electrically insulated from a circular cathode surrounding it, using
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1 – Introduction

a Teflon spacer. Electrical wires were soldered on the back of each electrode and then
the embedded in resin. Using this configuration, it was possible to apply a current be-
tween the anode and the cathode, altering the bacteria colonization rate and observing
the consequences on the corrosion process. Actually, after removal of the applied cur-
rent, a galvanic current established between the two electrodes and this phenomenon
of course was not observed in abiotic tests. Such experimental setup can also be useful
to study the influence of different polarization times on the biofilm growth rate [19]. A
possible drawback of this technique is that the system is sustained by the external signal
applied by the potentiostat, so the bacteria metabolism could be artificially increased to
non-realistic conditions.

In order to try to overcome some of the limitations related to the current experi-
mental setup for the study of microbial corrosion, a new approach was proposed. It is
presented in Chapter 2, describing its functioning and its possible applications. Main in-
novation is related to the use of Microbial Fuel Cell (MFC) as the environment to carry
out the test. Indeed, this approach tries to combine some of the features of the Dual
Cell Technique and of the concentric electrode. As explained in the next Chapter, the
MFC setup enables researchers to assess the influence of bacteria on metal corrosion,
as the biofilm growth can be monitored in-continuum. Moreover, unlike the concentric
electrode setup, in this case the system is completely governed by bacteria activity, so
unrealistic increase in reactions rate can be avoided. Characterization of different ma-
terials has been carried out in order to show the information that can be obtained from
this technique and results are presented in the same Chapter.

1.3 Microscopy and imaging techniques formicrobial
corrosion

Electrochemical techniques are the most widely used in the corrosion field in or-
der to study the processes involved in metals degradation. Nevertheless, morphological
characterizations play an important role too, as they can help in the explanation of
the behaviour of different materials. In particular, assessing the biofilm structure is an
important point in order to understand the interaction between the metal and the elec-
trolytic solution containing bacteria. Biofilm coverage, that is the surface percentage
covered by microorganisms, can be an important parameter to explain the electrochem-
ical behaviour of the material. Moreover, its structure, that is the dimension of bacteria
aggregates and their three-dimensional organization, are important information that
can be correlated to the solution aggressiveness. Different microscopy techniques can
be taken in account, depending on the kind of information that should be derived from
the characterization, and different imaging approaches can be used to obtain a quanti-
tative assessment of the bacteria effects. Microscopy techniques can be divided in three
branches: optical, electron and scanning probes.

Optical microscopy is the most widely used technique in the biology field, both for

10



1.3 – Microscopy and imaging techniques for microbial corrosion
Ta

bl
e
1.
1:
Su

m
m
ar
y
of

po
ss
ib
le
el
ec
tr
oc
he
m
ic
al
te
ch
ni
qu

es
to

st
ud

y
m
ic
ro
bi
al
co
rr
os
io
n

Te
ch

ni
qu

e
A
pp

lie
d
si
gn

al
A
dv

an
ta
ge

s
Li
m
it
at
io
ns

O
pe
n
Ci
rc
ui
tP

ot
en
tia

l(
O
CP

)
N
on

e

Ch
an
ge
si
n
th
e
su
rf
ac
e
re
-

ac
tiv

ity
ca
n
be

m
on

ito
re
d

in
co
nt
in
uu

m
du

rin
g
th
e

te
st

D
iffi

cu
lt
to

co
rr
el
at
et
o
th
e

co
rr
os
io
n
ra
te

Li
ne
ar

Po
la
riz

at
io
n

Re
si
s-

ta
nc
e

10
m
V

or
20

m
V

ve
rs
us

O
CP

in
th
e
ca
th
od

ic
an
d

an
od

ic
di
re
ct
io
n

N
on

-
de
st
ru
ct
iv
e.

Ca
n

pr
ov
id
e
an

es
tim

at
io
n

of
th
e
co
rr
os
io
n
ra
te

N
ot

ap
pl
ic
ab
le

to
di
ffu

si
on

-c
on

tr
ol
le
d

pr
oc
es
se
s

Po
la
riz

at
io
n
Cu

rv
e

La
rg
e
po

la
riz

at
io
n
in

th
e

ca
th
od

ic
an
d
an
od

ic
di
re
c-

tio
n

U
se
fu
l
to

pr
ed
ic
t
th
e
be
-

ha
vi
ou

r
of

a
m
et
al

in
a

sp
ec
ifi
c
en
vi
ro
nm

en
t

D
es
tr
uc
tiv

e
m
ea
su
re
m
en
t

El
ec
tr
oc
he
m
ic
al

Im
pe
da
nc
e

Sp
ec
tr
os
co
py

A
lte

rn
at
in
g

vo
lta

ge
of

10
m
V

or
20

m
V

in
am

pl
itu

de

Su
pe
rfi
ci
al

la
ye
r

pr
ot
ec
-

tiv
e
eff

ec
tiv

en
es
s
ca
n

be
as
se
ss
ed
.N

on
-d

es
tr
uc
tiv

e

D
at
a
in
te
rp
re
ta
tio

n
no

ta
l-

w
ay
s
st
ra
ig
ht
fo
rw

ar
d
an
d

un
eq
ui
vo

ca
l

El
ec
tr
oc
he
m
ic
al
N
oi
se

N
on

e
It

is
ab
le

to
di
sc
rim

in
at
e

be
tw

ee
n

un
ifo

rm
or

lo
-

ca
lis
ed

co
rr
os
io
n

Lo
ng

m
at
he
m
at
ic
al

po
st
-

pr
oc
es
si
ng

to
co
rr
ec
tly

in
-

te
rp
re
tt
he

da
ta

D
ua
lC

el
lT

ec
hn

iq
ue

N
on

e

In
flu

en
ce

of
th
e

bi
ofi

lm
on

th
e
el
ec
tr
oc
he
m
ic
al
be
-

ha
vi
ou

r
of

th
e

m
at
er
ia
l

ca
n
be

in
ve
st
ig
at
ed

In
fo
rm

at
io
n
on

th
e
co
rr
o-

si
on

ra
te

ca
n

no
t
be

de
-

riv
ed

El
ec
tr
oc
he
m
ic
al
Se
ns
or
s

Vo
lta

ge
or

cu
rr
en
t

It
is

po
ss
ib
le

to
m
on

ito
r

th
e
bi
ofi

lm
fo
rm

at
io
n

N
o

sp
ec
ifi
c

in
fo
rm

at
io
n

on
th
e
co
rr
os
io
n
pr
oc
es
s

11



1 – Introduction

the low cost of the equipment and for the possibility to observe the biofilm without
almost any alteration of its appearance and structure. In order to observe the biofilm
using optical microscope, staining of the sample is required. It consists in the use of
fluorescent dyes that can bind with biological macromolecules in microorganisms and
then are able to fluoresce if irradiated with light at a specific wavelength [20]. Acridine
Orange, DAPI (4’,6-diamino-2-phenylinfole dihydrochloride) and Propidium Iodide are
some of the most widely used stains. The former is able to interact with DNA and RNA,
so highlighting the presence of microorganisms. Instead, using DAPI it is possible to
stain only living cells, while using Propidium Iodide dead cells are stained [21]. Thus,
staining a sample with both dyes, it is possible to have a representation of dead and
viable cells in the biofilm under study. This is an important information if, for exam-
ple, the effect of biocides is tested or if a new material with antibacterial properties is
investigated.

A specific optical instrument is the Confocal Laser Scanning Microscope (CLSM),
which enables researchers to obtain a three-dimensional representation of the biofilm.
Also in this case, staining techniques are required in order to dye the microorganisms
[20]. Main advantage of this instrument is that a direct quantification of the biofilm can
be performed, measuring its thickness. Moreover, the possibility to characterize the
biofilm structure is an important feature in studies related to biology. Actually, it can be
associated to the involved microorganisms or to their interaction with the substratum
under study.

Scanning Electron Microscopy (SEM) represents another possible technique to as-
sess biofilmmorphology, in particular when, as it often happens in studies related to mi-
crobial corrosion, the biofilm coverage is low. Using this instrument, an electron beam
scans the sample surface, and the obtained image is the result of the interaction between
the electrons and the outer layers of the material. If secondary electrons are analysed,
a topographical reconstruction of the surface is obtained. If backscattered electrons are
collected, it is possible to have compositional information about the sample. Thus a
comprehensive characterization can be performed, assessing the bacteria presence and
analysing also the chemical composition of the corrosion products [20]. Some disadvan-
tages, related in particular to the demanding sample preparation, can be encountered if
also the biofilm structure has to be investigated. Actually, SEM analysis must be carried
out in vacuum, in order to be able to focus the electron beam on the sample. So, it is
necessary to carefully dehydrate the biofilm, without altering its 3-D structure. In or-
der to do so, generally the procedure involves first a treatment with glutaraldehyde to
have cells fixation and then the immersion in different solutions with increasing con-
centration of ethanol in water in order to completely remove the water without making
the biofilm collapse. Nevertheless, the dehydration process can lead to a shrinkage of
the biofilm and to modifications in its structure [21]. From this point of view, even if
electron microscopy provides a better resolution at high magnification, CLSM can re-
duce the presence of artifacts generated during sample preparation. Moreover, SEM can
analyse only conductive samples, so if a thick biofilm covers the sample surface, or if
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1.3 – Microscopy and imaging techniques for microbial corrosion

the sample itself is non-conductive, it must be coated by a conductive layer (usually
Chromium, Gold or Carbon).

In order to overcome some of the issues related to dehydration of biofilm or non-
conductive samples, a different SEM typology has been developed. Its name is ESEM
(Environmental Scanning Electron Microscope) and it is able to work also at higher
pressure, so allowing to analyse hydrated specimens [21]. This is a major advantage for
biological samples, as their structure is not altered during sample preparation. ESEM
has been extensively used in many studies about microbial corrosion, as it can combine
the high resolution of electronmicroscopy with a simple sample preparation. Moreover,
chemical composition of corrosion products can be analysed in order to better inves-
tigate the corrosion mechanism. The main disadvantage that can be accounted is that,
of course, no information can be derived on cells viability when electron microscopy is
used.

Atomic Force Microscope (AFM) belongs to the category of scanning probe micro-
scopes. It is basically composed by a cantilever with a tip at its edge that scans the
sample surface, measuring the interaction forces between the tip and the sample [19].
It is thus able to reconstruct the surface topography at nanometric scale, obtaining in-
formation both on bacteria presence (as singly attached microorganisms or embedded
in biofilm) and on pits or corrosion products. Great advantages are related to the possi-
bility to analyse also wet samples, so almost no preparation is required [21]. Limitations
are due to the cost of the equipment, to the possible probe contamination after contact
with the sample surface and to the lack of information on chemical composition of the
material under study.

As briefly reviewed, different microscopy techniques can assess the surface mor-
phology obtaining complementary information. The subsequent step is thus to derive
from these analyses a measurement that can represent the samples conditions as far as
the biofilm growth on it is concerned. The approach can change according to the final
aim of the characterization, to the available instrument or to the measurement condi-
tions. The use of Confocal Laser Scanning Microscope is usually assisted by specific
software that is able to process the acquired images in order to obtain a 3D recon-
struction of the biofilm. COMSTAT is one of the most widely used, and it can provide
information on mean biofilm thickness, roughness, substratum coverage and surface to
volume ratio [22].These parameters can thus be used to compare the growth of different
strains in specific environmental conditions or study the influence of the substratum on
their behaviour.

An interesting approach, useful in particular to assess the biofilm growth not in
laboratory but during field testing, was proposed by Larimer [23]. It consists in an im-
age analysis of photographs taken with a commercial digital camera. First the sample
under study must be stained with appropriate dyes, then the change in colour due to
fluorescence is used to assess the amount of biofilm grown on the surface. The obvious
advantages of such technique are the low cost and the short time required to perform
the measurement. Moreover it can be performed directly in-situ when needed and is
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1.3 – Microscopy and imaging techniques for microbial corrosion

completely non-destructive. Of course, obtained information are limited and only an
estimation of bacteria concentration on sample surface can be performed; no informa-
tion can be derived on the biofilm morphology or the degree of surface coverage.

Many are then the possible approaches to analyse micrographs taken with SEM.
Heuer et al. proposed an image processing based on images acquired using backscat-
tered electrons, where the contrast is directly related to the sample composition [24,25].
Their study was about oral implants, and the final aim was to quantify the biofilm for-
mation. In their investigation they were thus able to quantify the biofilm coverage in
different oral implants, analysing the micrograph with the ImageJ software in order to
differentiate the grey areas.

Another image processing that relies on SEM images was proposed by Vyas et al.
In this case, the algorithm is based on machine learning; so the software is trained to
identify bacteria not relying on the simple change in pixels colour, but also according to
features like edge detectors or image texture. This can be a great advantage in all those
cases in which the contrast between the biofilm and the substratum is limited or the
material surface has a high roughness [26].

Taking into account the possible microscopy techniques and imaging approaches, a
new imaging algorithmwas proposed, which is presented in Chapter 3. It analyses SEM
micrographs in order to obtain information about biofilm coverage and dimensional dis-
tribution of bacteria aggregates. After an image brightness and contrast normalization,
which is performed in order to limit the influence of the operator on the acquired im-
ages, the micrograph is processed identifying bacteria according to the pixel brightness.
Actually the algorithm is based on the contrast between the microorganisms and the
sample surface. Indeed, they appear as black spots on the bright metal surface, as they
have a lower electrical conductivity. This condition is verified as long as bacteria do not
completely cover the metal surface, but this hypothesis is not restrictive if the algorithm
is applied to microbial corrosion tests. The image processing has also been applied to
different case studies in order to assess the biofilm coverage on stainless steel coupons
immersed in different solutions containing bacteria.
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Chapter 2

Electrochemical methods for
microbial corrosion assessment

Some of the work described in this chapter has been previously published in [27, 28].

2.1 Introduction
Electrochemical techniques are an important tool to characterizematerials behaviour

when immersed in electrolytic solutions and assess their corrosion resistance in that en-
vironment; a general overview of them has been presented in Section 1.2. As a matter
of fact, none of these techniques can be considered comprehensive by itself, so different
measurements techniques must be coupled in order to have a complete description of
the system (considered as the interaction between the material and the solution). In the
first section of this Chapter, the characterization of two stainless steels immersed in a
hypersaline solution is presented. This represents an interesting case study for corro-
sion behaviour assessment, as the presence of many different salts in solution leads to
complex corrosion processes, which can be investigated only using a sufficiently diver-
sified measurement approach. In the second section of the Chapter, a novel technique
for microbial corrosion assessment is described. It aims at giving a new tool for ma-
terial characterization, providing information that are difficult to obtain from a simple
immersion test.

2.2 Electrochemical characterization of stainless steel
in hypersaline solution

This section presents the characterization of the corrosion behaviour of two Stain-
less Steels in hypersaline environment. A solution is defined as hypersaline if its salts
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2 – Electrochemical methods for microbial corrosion assessment

content is higher than that of ocean water. Hypersaline environments can be found in
many industries, like brinemining or in the oil industry.This is an interesting case study
from the material science perspective, because different research works can be found
concerning the electrochemical behaviour of stainless steels in marine environment
and in solutions containing bacteria [29–32], but hypersaline environments have been
rarely investigated so far. Moreover, different measurement techniques must be applied
in order to describe the interaction between the metal and the electrolytic solution in a
comprehensive way.

2.2.1 Materials and methods
The two materials under study were AISI 304 and AISI 316 Stainless Steel; their

nominal composition can be found in table 2.1. Samples have been realized cutting
metal sheets to the dimension of 10 mm × 10 mm. A wire was soldered on the back
of the specimen in order to have the electrical connection and then it was embedded in
polymeric resin in order to expose only the desired surface area to the electrolytic so-
lution during the test. Mirror-like surface finishing was achieved polishing the sample
on emery paper until 4000 grit, then they were rinsed with distilled water and dried in
air.

The electrolytic solution was hypersaline Starkey medium, whose composition can
be found in table 2.2. Oligo-elements were added in order to promote the bacteria pro-
liferation in the saline environment. The solution pH was adjusted to 8.0 ±0.2 and
remained constant during the whole duration of the test and the solution conductivity
was equal to 69.2 ± 0.5 mS/cm. The inoculum for bacteria was salt marsh sediments,
and it was added to the solution using a concentration of 10 vol%. Each sample was im-
mersed in a standard electrochemical cell containing 0.5 L of solution and the inoculum
was added after 24 hours after the beginning of the test. The experiments were carried
out at 30 ± 3 ∘C in naturally aerated conditions. Five samples were tested for each
material; in two of the five cases, inoculm was not added in order to characterize the
alloy behaviour in abiotic conditions.

Table 2.1: Chemical composition of the Stainless Steels used in the study

C % Mn % P % S % Si % Cr % Ni % Mo % N %
AISI 304 0.05 1.8 0.03 0.025 0.4 18.2 8.0 - 0.08

AISI 316 ⩽0.07 ⩽2.0 ⩽0.045 ⩽0.015 ⩽1.0 16.5-
18.5

10.0-
13.0

2.0-
2.5 ⩽0.11

Electrochemical measurements were performed using a Princeton Applied Research
VMP2 potentiostat, setting the sample as theworking electrode, using Saturated Calomel
Electrode (SCE) as the reference electrode and a platinum mesh as counter electrode.
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2.2 – Electrochemical characterization of stainless steel in hypersaline solution

Table 2.2: Chemical composition of the electrolytic solution

Concentration [g/L]

Starkey Medium 𝑁𝑎𝐶𝑙 45.00, 𝐶𝐻3𝐶𝑂𝑂𝑁𝑎 3.00, 𝑁𝐻4𝐶𝑙 2.00,
𝐾2𝐻𝑃𝑂4 0.50
Concentration [mg/L]

Oligo-elements

𝑀𝑔𝐶𝑙2 ⋅6𝐻2𝑂 55,𝐹𝑒𝑆𝑂4(𝑁𝐻4)2𝑆𝑂4 ⋅6𝐻2𝑂 7,𝑍𝑛𝐶𝑙2 ⋅
2𝐻2𝑂 1,𝑀𝑛𝐶𝑙2⋅4𝐻2𝑂 1.2,𝐶𝑢𝑆𝑂4⋅5𝐻2𝑂 0.4,𝐶𝑜𝑆𝑂4⋅
7𝐻2𝑂 1.3, 𝐻3𝐵𝑂3 0.1, 𝑀𝑜7𝑂2(𝑁𝐻4)6 ⋅4𝐻2𝑂 1, 𝑁𝑖𝐶𝑙2 ⋅
6𝐻2𝑂 0.05, 𝑁𝑎2𝑆𝑒𝑂3 ⋅ 5𝐻2𝑂 0.1, 𝐶𝑎𝐶𝑙2 ⋅ 2𝐻2𝑂 60

19



2 – Electrochemical methods for microbial corrosion assessment

Electrochemical Impedance Spectroscopy (EIS) measurements were performed in the
frequency range between 10−2 Hz and 105 Hz using a signal amplitude of 10 mV. Cyclic
Voltammetry (CV) measurements were performed polarizing the working electrode up
to 20 mV versus the open circuit potential (OCP) first in anodic and then in cathodic
direction; the scan rate was equal to 10 mV/min.

Epifluorescence microscopy was used to characterize biofilm coverage on samples
surface at the end of the test. Carl Zeiss AxioImager M2 microscope equipped with an
HXP200C light source and the Zeiss09 filter (excitor HP450r HP450200 C light source)
was used to acquire the images. Staining was performed using Acridine Orange (0.01%)
immediately after the end of the immersion test. The staining solution was left on the
samples surface for 10 minutes and then removed by means of abundant rinsing with
distilled water.

Scanning electron microscopy was used for final morphological characterization
of samples surface. Images were taken with a FESEM Supra 40 by Zeiss, applying an
accelerating voltage of 15 kV and using an aperture size of 30 µm.

2.2.2 Results and discussion
Samples were immersed in the electrolytic solution for 15 days and electrochemical

measurements were regularly performed. A concentration of NaCl equal to 45 g/Lwas
chosen for the hypersaline medium, because, as demonstrated in a previous publication,
it represents the optimal concentration for bacteria growth in case of hypersaline en-
vironment [33]. Actually, only halotolerant strains can survive in such solutions, thus
also the choice of the inoculum is not trivial. For this study, salt marsh sediments were
used because, as they are directly collected from the environment, they guarantee a
large biodiversity of bacteria strains [34]. In this way, results from the corrosion test
will also be more adherent to the materials behaviour in real applications.

Fig. 2.1 shows the Open Circuit Potential (OCP) trend during the test. It is possi-
ble to observe the decrease after the inoculum addition, which was after 24 hours from
the beginning of the test. This behaviour is similar for the two stainless steels and can
be correlated to the development of the planktonic population of bacteria inside the
solution. Actually, bacteria concentration was monitored measuring the solution ab-
sorbance and results show that it goes from 0.020 (value after 24 hours from inoculum
addition) to 0.835 (after 112 hours from inoculum addition). Moreover, oxygen concen-
tration measurements showed that the solution completely lacked oxygen. These three
phenomena can be correlated as the development of bacteria inside the solution leads
to oxygen consumption and this is highlighted also by the OCP values, that decrease
to a range that is typical for anaerobic conditions. A further evidence can be derived
from OCP measurements in abiotic conditions, where such trend can not be found. In
this case, after an initial increase, OCP decreases to values slightly higher than those
measured in solutions containing inoculum.This behaviour can be related to the exten-
sive corrosion occurring on the material during immersion, as it will be better described
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2.2 – Electrochemical characterization of stainless steel in hypersaline solution

(a) (b)

(c) (d)

Figure 2.1: Open Circuit Potential (OCP) measurements carried out during the test:
a) AISI 304 samples with inoculum b) AISI 316 samples with inoculum c) Comparison of
AISI 304 samples with and without inoculum d) Comparison of AISI 316 samples with
and without inoculum.

further on.
In order to assess the protective behaviour of the superficial oxide layer of the two

stainless steels during immersion in the electrolytic solution, EIS measurements were
carried out. Results are reported in Fig. 2.2 and Fig. 2.4 as Bode plots respectively for
AISI 304 and AISI 316. In the former case, it is possible to observe that the superficial
passive layer has good protective characteristics at the beginning of the test, as it can be
highlighted by the modulus of impedance, reaching values above 105 Ω ⋅ cm2, and from
the phase values above 80∘. Excluding the high-frequency part of the spectrum, where
the solution resistance has the most important effect, the behaviour is almost capacitive
in a wide range of frequencies until the last decade, in which the impedance phase
values slightly decrease. Increasing the immersion time, three main modifications can
be recognized in the Bode diagrams, that reveal a change in the protective capability of
the superficial layer. The modulus of impedance at low frequencies decreases to values
of about 4 ⋅ 104 Ω ⋅ cm2; moreover, as far as the phase is concerned, its maximum value
decreases below 80∘and two peaks appear. The trend of the modulus of impedance as a
function of the immersion time has been plotted in Fig. 2.3a . As it is possible to observe,
it decreases in the first part of the test and then stabilizes at the values beforementioned.
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2 – Electrochemical methods for microbial corrosion assessment

This fairly stable behaviour can be probably related to the anaerobic conditions inside
the solution, that are less detrimental for the material even if this alloy is not specifically
intended for environments containing such a high chloride content. The appearance of
two peaks in the phase plot after 160 hours of immersion can be related to the presence
of two time constants, that is a new interface between the oxide layer and the metal.

A different electrochemical behaviour could be highlighted for the AISI 316 samples.
Actually, even if a decrease in the impedance modulus can be observed in the first part
of the test, it remains close to 105 Ω ⋅ cm2, showing the good protective properties of
the superficial oxide. Moreover, a small decrease in the phase values can be noted, but
only one time constant is present until the end of the test. The trend of the modulus of
impedance for the AISI 316 samples can be seen in Fig. 2.3b. Also in this case, as already
noticed for AISI 304, the modulus value decreases in the first part of the test and then
stabilizes.

Tests carried out in abiotic conditions, that is without the addition of the inoculum,
showed a completely different behaviour for both the alloys. In this case, as bacteria
were not present, oxygen remained in the solution during the whole duration of the
test and this affected the stability of the superficial oxide layer. As can be seen in Fig.
2.5a for EIS measurements on AISI 304, modulus of impedance remains almost stable
(only a slight decrease can be observed), but significant modifications can be noticed in
the phase plot. Actually, a capacitive behaviour is present in the first part of the test,
until 72 hours of immersion, but in the second part it switches to a resistive behaviour,
characterized by phase values close to zero in the low frequencies range. The same
behaviour was observed for AISI 316, as can be seen in Fig. 2.5b. Also in this case a
decrease in the impedance modulus is present and the phase values drop to about 20∘.
This behaviour can be related to an extensive corrosion occurring on the sample surface,
presumably in the form of pits.

An additional electrochemical technique used to characterize the two stainless steels
was Cyclic Voltammetry. As this measurements was carried out employing a small po-
larization of the working electrode from its OCP, the aim was mainly to derive a quan-
tification of the polarization resistance, which is inversely proportional to the corrosion
rate. In this way a further confirmation of the results from previously described elec-
trochemical measurements could be obtained.

Results from the CV measurements of two samples are displayed in Fig. 2.6. On the
abscissa the potential versus SCE is reported; in this way it is possible to notice also
the shift towards lower values occurring during the test. The slope of the curve is an
estimation of the inverse of the polarization resistance, so this value has been calculated
for each measurement as:

1
𝑅𝑝

= 𝐼(𝑂𝐶𝑃 + 20 𝑚𝑉 ) − 𝐼(𝑂𝐶𝑃 − 20 𝑚𝑉 )
20 𝑚𝑉

(2.1)

in order to overcome the ambiguity given by cases in which the slope of the curve was
not constant in that potential range.
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2.2 – Electrochemical characterization of stainless steel in hypersaline solution

Figure 2.2: Bode plots recorded on the AISI 304 stainless steel sample immersed in
Starkey Medium inoculated with salt marsh sediments.
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2 – Electrochemical methods for microbial corrosion assessment

(a) (b)

Figure 2.3: Trend of the impedance modulus at 10−2 Hz measured on AISI 304 (a) and
AISI 316 (b) samples.

Results from calculation of 1/𝑅𝑝 are reported in Fig. 2.7. It is possible to notice
that the inverse of the polarization resistance, and thus the corrosion rate, is higher for
AISI 304 in comparison with AISI 316. Moreover, values remain quite stable during the
duration of the test, even if in both cases a small increase in 1/𝑅𝑝 can be observed in
the central part of the test, that is after 208 hours of immersion. The higher uncertainty
in measurements related to AISI 304 can be possibly associated to the higher corrosion
rate. Actually, when microbial corrosion is involved, large differences can be observed
between samples because the corrosion reactions are linked also to the bacteria activity,
which is hardly homogeneous in different batches. So this data dispersion is emphasized
when the corrosion rate is higher. On the other hand, the stable behaviour of AISI 316
sample leads to more accurate measurements.

After the end of the immersion test, samples surface has beenmorphologically char-
acterized in order to assess the biofilm growth. Bacteria attachment has been evaluated
using epifluorescence microscopy after staining with Acridine orange. Using this com-
pound, both the intracellular and extracellular nucleic acids are stained and thus bacte-
ria and EPS (Extracellular polymeric substance) become visible at microscope.

Biofilm coverage was found to be similar for the two materials, as it could be ex-
pected since none of them is characterized by bacteriostatic properties. In order to as-
sess the bacteria attachment and dimensional distribution of bacteria aggregates from a
quantitative point of view, an imaging algorithm has been employed (see Chapter 4 for
a complete description of the imaging system). Bacteria aggregates are identified thanks
to the contrast given by fluorescence; so the imaging algorithm is able to binarize the
image and then compute the desired parameters. Biofilm coverage is defined as the ra-
tio between the number of pixels occupied by microorganisms and the total number of
image pixels; then important information is related to large bacteria clusters, as they
are the most dangerous as far as microbial corrosion is concerned. So, as an example,
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Figure 2.4: Bode plots recorded on the AISI 316 stainless steel sample immersed in
Starkey Medium inoculated with salt marsh sediments.
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(a)

(b)

Figure 2.5: Bode plots recorded on the AISI 304 (a) and AISI 316 (b) samples immersed
in Starkey Medium without inoculum.

the software is able to compute the total number of large clusters (i.e. having size above
200 µm2) and their average size. Fig. 2.8 shows the bacteria identification on two im-
ages taken with epifluorescence microscope, while in table 2.3 further information on
biofilm coverage and dimensional distribution of large aggregates are reported.

Table 2.3: Results from imaging analysis using epifluorescencemicroscopymicrographs.

AISI 304 AISI 316
Number of large bacteria aggregates 1.8 ±0.7 2.6 ±1.2
Average size of large bacteria aggregates ( µm2) 196 ±39 192 ±37
Biofilm coverage 7.1% ±2.4% 7.8% ±2.9%

As it is possible to see, for both materials biofilm coverage is between 7% and 8%.
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(a)

(b)

Figure 2.6: Cyclic Voltammetry measurements performed on AISI 304 (a) and AISI 316
(b) samples immersed in Starkey Medium inoculated with salt marsh sediments.

The quite high uncertainty can be related to the heterogeneity of the inoculum, as it was
collected from environment. Actually, the use of this kind of inoculum can increase the
results dispersion, which is always relevant when dealing with biological samples. The
number and average size of large bacteria aggregates was found to be similar for the
two materials. This point can be taken as an indication of the good reproducibility of
the experiments.

Final morphological characterizations were carried out using electron microscopy.
Thanks to the high resolution that can be achieved with the instrument, it is possible
both to assess the bacteria attachment and the morphology of the corrosion attack.

Fig. 2.9 shows SEM micrographs of the AISI 304 samples. It is possible to notice
the presence of both singly attached bacteria and larger aggregates. In the former case,
they appear as black spots on the bright metal surface, uniformly distributed on the
sample. Larger clusters develop at longer immersion time and they generally represent
the most dangerous ones as far as microbial corrosion is concerned. Actually, they can
create areas of differential aeration or where corrosive compounds (such as chlorides
ions) can accumulate or pH changes can occur. In Fig. 2.9a it is possible to observe
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Figure 2.7: Trend of the inverse of the polarization resistance for AISI 304 and AISI 316
samples.

at higher magnification a bacteria cluster overlaying some corrosion products. Some
samples have been observed at SEM after removing the biofilm, in order to reveal the
corrosion morphology, which is otherwise partially concealed by attached bacteria. The
superficial oxide film appears deeply damaged in many parts of the surface, both in the
form of pits, and of larger discontinuities. This corrosion pattern is consistent with the
electrochemical measurements, in particular the EIS spectra, which were characteristic
of a discontinuous and non-protective oxide layer.

A different superficial morphology was found on AISI 316 samples. Also in this
case the samples were characterized by singly attached bacteria uniformly distributed
on the surface and by some larger clusters, but a different corrosion pattern could be
observed after removing the biofilm. Actually, the dominant morphology was made
of localized attacks and small pits. Fig. 2.10 shows some micrographs from AISI 316
samples. In Fig. 2.10a it is possible to observe the bacteria attachment and a detail at
higher magnification representing a bacteria cluster. Fig. 2.10b shows some corrosion
pits or localized damages present on the surface.

Samples tested in abiotic conditions showed the same corrosion pattern found in
the tests using inoculum, but the attack was more extensive. AISI 304 samples exhibited
large areas of the oxide layer damaged by the chlorides attack, in good agreement with
EIS measurements. Actually electrochemical measurements highlighted the breakdown
of the passive layer, demonstrated by the transition, in particular at lower frequencies,
from a capacitive behaviour to a resistive one.

In AISI 316 samples, the corrosion morphology was characterized by pits, whose
dimension was larger than those found in tests using inoculum. For both materials, this
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(a)

(b)

Figure 2.8: Micrographs for AISI 304 (a) and AISI 316 (b) samples taken using epifluores-
cence microscopy on the left and identified bacteria using the imaging algorithm on the
right. Bacteria clusters having dimension above 200 µm2 are labelled in red, otherwise
in green.

behaviour in abiotic conditions can be explained considering the solution oxygen con-
centration during the immersion test. Development of planktonic population of bacteria
in the solution leads to oxygen consumption and so anaerobic conditions, which are less
aggressive for the two stainless steels.
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(a)

(b)

Figure 2.9: SEM micrographs taken on AISI 304 before (a) and after (b) removing the
biofilm. Yellow arrows highlight the presence of bacteria.

2.2.3 Conclusions
This study presented the characterization of the corrosion behaviour two stainless

steels in hypersaline solution. The use of both electrochemical measurements and mor-
phological characterizations allowed to fully describe the behaviour of the two ma-
terials, highlighting a different corrosion mechanism. During the experiments involv-
ing bacteria, great influence was given by anaerobic conditions, that established after
about 140 hours from the beginning of the test. Actually these are less aggressive for
the two stainless steels, that were able to partially preserve their superficial passive
layer, despite the high amount of chlorides inside the solution. The superficial oxide
layer was found to be more stable and protective for AISI 316 if compared to AISI 304,
as demonstrated by electrochemical measurements and morphological characterization
with SEM.Moreover, biofilm coveragewas similar for the twomaterials after immersion
in the electrolytic solution, so this parameter did not influence the corrosion rate.
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(a)

(b)

Figure 2.10: SEM micrographs taken on AISI 316 before (a) and after (b) removing the
biofilm. Yellow arrows highlight the presence of bacteria.

Performing the tests without inoculum addition, a different electrochemical be-
haviour was found for both alloys. Actually, without the microorganisms inside the
solution, oxygen concentration remained constant during the experiment and this af-
fected the stability of the passive layer in the hypersaline environment. Both materials
were characterized by an extensive corrosion attack, under the form of pits for AISI 316
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(a)

(b)

Figure 2.11: SEM micrographs taken on AISI 304 (a) and AISI 316 (b) samples after im-
mersion in abiotic Starkey Medium.

and of a more general attack for AISI 304.
This case study represents an interesting example of corrosion inhibition caused

by bacteria activity. Actually, their metabolism changed the environmental conditions
inside the electrolytic solution, making them less aggressive for the materials under
study. Further work could better characterize the different superficial oxide layer in the
two alloys, for example by means of X-ray Photoelectron Spectroscopy (XPS), in order
to understand more in depth the corrosion mechanism.
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2.3 A novel approach for microbial corrosion assess-
ment

“Methodologies commonly employed to study MIC can be divided into two major
groups: field tests and laboratory tests. In the former case, the material is tested directly
in the environment where it is used; this provides the advantage of having results di-
rectly applicable to the system under study, but, on the other hand, leads to long ex-
periments and to great difficulties in discriminating the effects of individual parameters
during the test [35] [36].

Laboratory tests are usually based on electrochemical measurements, such as metal
open circuit potential monitoring, Electrochemical Impedance Spectroscopy (EIS), po-
larization resistance and Electrochemical Noise Analysis (ENA) [37]. Main limitations
of these approaches are connected to the difficulty in carrying out accelerated tests
avoiding any alteration of the microbial activity in order to not get to misleading con-
clusions [3].

In addition, another issue in MIC testing is the choice of using a single bacterial
strain or an inoculum containing a wide variety of bacteria. In the former case, studies
on the effect of specific types of bacteria on metal corrosion can be performed, but gen-
erally it is difficult to derive information about the overall behavior of the material. Ac-
tually in a real environment a great variety of bacteria is present and this modifies their
activities and their role in the corrosion processes. Collaborative behaviors between
different bacteria strains can occur inside the biofilm, leading to harsher conditions for
the material under investigation [3].

A unique solution to arrange a fast and reliable methodology specifically suited
for MIC is still missing in scientific literature. An interesting solution proposed by Lit-
tle [16] is the Dual Cell Technique: two samples of the same material are immersed in-
side two identical electrochemical cells separated by amembrane and then connected to
a zero resistance ammeter. Bacteria are added into one of the two cells and the galvanic
current between the two specimens is monitored in order to study MIC susceptibility
of the material versus the sterile conditions. This solution has the advantage of having
the possibility of using real inoculum, however, despite it is a theoretically elegant ex-
periment, this technique has been rarely used, perhaps because of the difficulty in the
realization of the test.

Another interesting solution, which allows one to use real inoculum, is to use Mi-
crobial Fuel Cells (MFC), innovative tools able to convert organic matter into energy
thanks to the activity of bacteria [38, 39]. Actually, mechanisms involved in the elec-
tron transfer to and from the electrode, which are at the base of the operation of a MFC,
are the same responsible for corrosion processes [9]. An approach similar to that of the
Dual Cell technique proposed by Little, is therefore the dual chamber MFC. In this case
bacteria are added to both chambers of the fuel cell, one in aerobic conditions and one in
anaerobic conditions. A current arises, due to the different biofilm present on the metal
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surfaces, and mechanisms of microbial corrosion can be studied both in aerobic and
anaerobic conditions. In the proposed system, a further simplification has been made,
as it involves a Single Chamber Microbial Fuel Cell (SCMFC). In this case, described in
the following sections, aerobic reactions take place on an air-breathing cathode [40] and
the sample is immersed in the electrolytic solution in anaerobic conditions. As soon as
bacteria colonize the metal surface, it is possible to measure a current flowing between
the sample and the aerobic cathode, highlighting the growth of the biofilm on the sam-
ple and the reactions catalysed by bacteria.” [28] ©2019 IEEE

2.3.1 Experimental setup
The proposed technique makes use of Microbial Fuel Cells (MFC) to perform cor-

rosion tests in known and controlled conditions [27]. MFCs are innovative tools that
exploit bacteria activity to catalyze chemical reactions and produce energy, chemicals
or recover byproducts [41, 42]. They can be designed in different configurations, ac-
cording to the working conditions and the bacteria populations living on the electrodes
surfaces; main distinction can be done between Double Chamber Microbial Fuel Cells
(DCMFC) and Single Chamber Microbial Fuel Cells (SCMFC). In the first case, anode
and cathode are immersed in two different electrolytic solutions, separated by a semi-
permeable membrane. In this way, it is possible to have different conditions in each of
the chambers, as an example aerated and anaerobic, and the different reactions occur-
ring on the two electrodes will lead to a current flowing between anode and cathode.
SCMFCs represent a further simplification of the whole setup. Actually, anode and cath-
ode are immersed in the same electrolytic solution containing the bacteria inoculum.
One of the electrodes acts as an air-breathing cathode, using oxygen as terminal elec-
tron acceptor; the other one, which acts as the anode, is completely submerged in the
electrolytic solution and not exposed to the air, so that anaerobic reactions occur on
its surface. Thus, different bacteria populations develop on each of the electrodes, col-
onizing its surface and leading to different electrochemical potentials [43]. Connecting
anode and cathode, in presence of bioavailable products (fuel of the MFC) which can be
oxidized by bacteria, the cell is able to produce an electric current circulating between
the two electrodes [44, 45].

When the MFC has reached stable working conditions, that is the biofilm has cov-
ered the two electrodes surfaces, they have stabilized at different potentials and the
current between them is no more increasing, the corrosion test can be performed. “A
sample of the metal under study is immersed inside the solution containing bacteria and
connected to circuit of the SCMFC. The current that flows in the cell is measured as a
function of the immersion time in order to collect information on the bacteria-induced
metal degradation and on the microorganisms activity. As a matter of fact, the anodic
current measured in the SCMFC can be correlated with two phenomena whose effects
are superimposed: the oxidation of the metal and the bacteria metabolism, which oxi-
dize bioavailable organics. In both cases, electrons are transferred to the air-breathing
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cathode, where oxygen is the ultimate electrons acceptor after several redox reactions
of electrochemical, biotic, and abiotic character.” [28] ©2019 IEEE

Using a MFC as environment to carry out a corrosion tests brings different advan-
tages. Actually, it represents a system whose operation is totally based on the presence
and activity of microorganisms; anode and cathode are made of the samematerial, so no
current would arise without bacteria metabolism. Thus it is possible to collect the solu-
tion to fill the MFC directly in-situ from the environment that is supposed to be studied
and the presence of bacteria in it would be simply demonstrated by the current output.
This can be considered a great simplification if compared to usual procedure, which es-
timates bacteria concentration in a solutionmeasuring its absorbance. Moreover, within
certain ranges, anodophilic bacteria produce current/voltage signals proportional to the
oxidation of bioavailable organics, so the concentration of nutrients in the solution can
be monitored measuring the current flowing between the two electrodes [46,47].This is
an important point, as the nutrients concentration influences any microbial corrosion
test, but often it is not tracked as it would require costly chemical analyses (enzymatic
essay, gas chromatography, HPLC- High Performance Liquid Chromatography or col-
orimetric essay). Finally, stable anaerobic conditions are present in the solution and this
can be monitored measuring the anode electrochemical potential.

The MFCs used in this experimentation were Pyrex bottles with an opening on the
side to insert the air-breathing cathode. The anode is immersed in the solution filling
the cell, which has a volume of 0.125 L. Both anode and cathode were carbon cloth
with a living biofilm on them [27]. The anode is immersed in the electrolytic solution
and it is colonized by anaerobic bacteria, as the solution lacks oxygen; on the other
side, aerobic bacteria are present on the air-breathing cathode, which is exposed to
the external environment [14]. The anode inside the solution is square shaped and has
surface of about 25 cm2; the cathode has a circular shape, with a surface of about 5 cm2.
A photograph of the used SCMFC is presented in 2.12.

2.3.2 Measuring system
An ad-hoc measuring system has been designed to monitor the experiment in the

MFC. In order tomeasure all currents flowing in the cell, an analog-to-digital acquisition
board has been used, employing the three resistors as shunts. The block diagram of the
measuring system is shown in Fig. 2.13 and it is composed of the following.

• A Single Chamber Microbial Fuel Cell (SCMFC). It can be represented as a two
electrodes cell, filledwith the solution containing the bacteria inoculum.The sam-
ple made of the material whose microbial corrosion behaviour has to be assessed
is immersed in the cell and then connected to the electrical circuit of the MFC.

• A set of resistors (𝑅𝑆, 𝑅𝐶 and 𝑅𝐴) which are employed as shunts to monitor the
current evolution. Even though this is not the only possibility as other approaches
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Figure 2.12: Picture of the Single Chamber Microbial Fuel Cell: a Pyrex®bottle of 0.125 L
volume equipped with the air-breathing cathode on the opening on the left side, the
anode connected through the small opening on the right side and the big opening on
the top for positioning the sample electrode. [28]

Figure 2.13: Block diagram of the measuring system: the SCMFC with the carbon cloth
anode, the air-breathing cathode and the sample as the third electrode; the three resis-
tors, the LM35 temperature sensor and the Digital Acquisition board (DAQ) connected
to a PC. [28]

based for example on zero-gauss current sensors could be used, this setup is ex-
tremely cheap and can be used to arrange a simple measuring system. To perform
the corrosion test, a reproducible working point must be selected for the for the
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MFC, in order to be able to compare results from different experiments. Resis-
tance values can be chosen in order to maximise the cell current or to work close
to the maximum power point. In the former case, the minimum resistance values
is limited only by the measuring system sensitivity.

• “An analog to digital acquisition board (ADC) which is used to measure the volt-
age drops on the shunts and therefore to monitor the current evolution. Several
solutions can be used for this block such as digital acquisition boards or micro-
controller based boards. The former are more suitable and flexible to design the
system, the latter are extremely cheap using solutions as an example based on
Arduino boards [48]. These solutions would also decrease the overall cost of the
entire measuring system, avoiding the use of a dedicated PC. In addition to the
current measurements, also the temperature has to be monitored as this is a crit-
ical parameter in microbial corrosion tests since the bacteria activity is strongly
inhibited when temperature decreases.

• A PC which is either used to manage the system, in the case the ADC block
requires it, or only to store the measured data.”

“In the proposed measuring system, the current flowing from the sample 𝐼𝑆, the
current flowing to the cathode 𝐼𝐶, and the current flowing from the anode 𝐼𝐴 can be
obtained as:

𝐼𝑆 = 𝑉𝑆
𝑅𝑆

(2.2)

𝐼𝐶 = 𝑉𝐶
𝑅𝐶

(2.3)

𝐼𝐴 = 𝑉𝐴
𝑅𝐴

(2.4)

where 𝑉𝑆, 𝑉𝐶, and 𝑉𝐴 are the voltage drops on 𝑅𝑆 and 𝑅𝐶, and 𝑅𝐴, respectively. The
circuit enables a simple check of the system operation since the currents have to obey
the Kirchhoff’s current law:

𝐼𝐴 + 𝐼𝐶 + 𝐼𝑆 = 0 (2.5)

Any deviation of the current sum from zero has obviously to be considered either due to
the measuring uncertainties or to a system malfunctioning. The voltage drop between
anode and cathode, which is the operating point of the SCMFC, is simply:

Δ𝑉𝐴𝐶 = 𝐼𝐴 ⋅ 𝑅𝐴 − 𝐼𝐶 ⋅ 𝑅𝐶 (2.6)

This voltage can be controlled by suitably choosing the value of the resistors so that
any SCMFC load condition can be easily implemented. ” [28] ©2019 IEEE
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2.3.3 Experimental results
In order to validate the technique and the proposed measuring setup, different ex-

periments have been performed. In this section, two tests will be presented, representa-
tive for a material with a poor corrosion resistance, namely the carbon steel, and with
a good corrosion resistance, namely the AISI 304 stainless steel.

The MFC was filled with an electrolytic solution containing the bacteria inoculum;
the inoculum was sludge collected from an anossic tank of a wastewater plant, in order
to guarantee a wide variety of bacteria and perform tests in a real condition. Sodium
acetate was added at the beginning of each test as carbon source for bacteria inside the
fuel cell, using a concentration equal to 3 g/L. During the experiment, bacteria oxidise
this nutrient, generating the current flow between anode and cathode. As the acetate is
consumed, the current flowing between the MFC electrodes decreases, reaching values
close to zero [44]. This trend was used to monitor the nutrients concentration in the
solution and acetate was added when the current flowing between anode and cathode
dropped to about 15% of the initial value. After each acetate addition, its concentration
reached about 3 g/L, a value which allows having stable conditions for more than 6
days.

Samples were prepared using the common procedure for corrosion tests. They were
cut from a sheet to the dimension of 10 mm × 10 mm, an electrical wire was soldered
on one of the sample faces and then it was embedded in a polymeric resin in order
to expose only one side of the sample to the solution. Finally, the metal surface was
polished on abrasive paper until 4000 grid, rinsed in deionized water and dried.

In order to ensure a good bacteria activity and keep reproducible conditions, all tests
were carried out at 30 ± 3 ∘C.

The DAQ system was realized by using a National Instrument USB6216 DAQ board.
This board contains a 16 bit ADC, is equipped with 16 single-ended input channels and
is capable of working with an input range of ±0.2 V.

Tests carried out on mild steels samples used a configuration in which resistors
were chosen in order to maximise the power output of the MFC, as these are the most
favourable conditions for a stable functioning of the fuel cell. Maximum power point
was found to be 𝑅𝐶 = 𝑅𝐴 = 100 Ω, so an equivalent resistor was chosen for the
third component of the circuit 𝑅𝑆 = 100 Ω. “On the other hand, for tests carried out
on stainless steel a configuration with anode and cathode kept at about the same volt-
age was chosen. In this way it is possible to maximise the bacteria activity, and so to
have harsher conditions for the material under study, even though at the expense of the
SCMFC output power. Therefore, 𝑅𝐶 and 𝑅𝐴 were selected to have a lower nominal
value of 22 Ω. Since the measuring system is designed to work with samples character-
ized by good corrosion resistance, low 𝐼𝑆 values are expected so that an 𝑅𝑆 resistance
with nominal value of 100 Ω has been selected. These resistors were measured with an
uncertainty of 0.03% by using a calibrated HP34401. By using carbon-films resistors, a
thermal coefficient of about ±350 ppm/∘C can be expected that turns out in a thermal
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related uncertainty of less than 0.2% for a temperature change of ±5 ∘C, which reason-
ably is the maximum expected change.

The reduced value of 𝑅𝐶 and 𝑅𝐴 leads to a slightly higher current compared to
the value measured on the mild steel sample, which anyway is expected to remain of
the order of 1 mA or below. In this condition, the maximum voltage difference between
anode and cathode is of the order of 40 mV, which does not exceed about 10% of the
open circuit voltage difference expected (i.e. 400 mV).

The voltage drops on both 𝑅𝐴 and 𝑅𝐶, measured by the USB6216, are of the order
of 20 mV which allows employing the USB6216 input range of ±200 mV without the
need of external amplifiers therefore having the possibility of working without external
power supply. Since the USB6216 has a maximum stated uncertainty lower than 90 𝜇𝑉
with an input range of 200 mV, this turns out in an uncertainty for anode and cathode
currents, whose values are expected to be of the order of 1 mA, of about 0.45%.

Since the USB6216 has a maximum sampling rate of 400 kHz, all measurement are
performed by simultaneously sampling all signals at 40 kHz and taking 8000 samples
per channel; the measurement therefore requires only 200 ms, and consequently the
effect of the power supply noise is negligible. The data averaging also reduces the ADC
noise contribution so that the final expected uncertainty on each value is lower than
the stated value.

In these experimental conditions therefore an uncertainty lower than 1% is obtained
for anode and cathode current values, which are higher then 600 𝜇𝐴; same uncertainty
is obtained also for the sample current which is about 125 𝜇𝐴.

A check of the correct system operation can be easily obtained by observing the
current sum which has to be zero by design. By considering anode and cathode current
the most important part of the sum to obtain an easy uncertainty estimation, a max-
imum sum of less than 2% of the current can be expected for currents of the order of
1 mA, i.e. a maximum sum current lower than 20 µA is expected.

The temperature is measured by using a simple LM35 temperature sensor connected
to a dedicated input channel set to an input voltage range of 1 V. The temperature
uncertainty for temperatures in the range 25 ∘C to 35 ∘C can be expected to be of the
order of 0.5 ∘C.” [28] ©2019 IEEE

Carbon steel samples

“Fig. 2.14 shows the current evolution during a test performed on a mild steel sam-
ple. As it is possible to observe, the current (𝐼𝑆) starts flowing from the sample to the
cathode since the beginning of the measurement, with a simultaneous reduction of the
current flowing from the carbon cloth anode (𝐼𝐴). An 𝐼𝑆 sharp increase is measured
immediately after test beginning, as bacteria started immediately colonizing the mild
steel surface. The sample becomes the electrode preferentially providing electrons to
the cathode, due to the superimposition of two phenomena: sodium acetate oxidation
(related to bacteria metabolism) and metal oxidation. The 𝐼𝑆 value is due to these two
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Figure 2.14: Current evolution in the microbial fuel cell during a test performed on a
mild steel sample for 14 hours. 𝐼𝐴, 𝐼𝐶 and 𝐼𝑆 trends as a function of time are shown.
The microbial corrosion attack starts immediately after the exposure of the sample to
the electrolyte, as confirmed by the immediate increase of all current values (as can be
observed in the expanded plot). [28]

contributions, which cannot be separated. The temporary decrease in 𝐼𝑆 occurring in
the first hour, with a consequent increase in 𝐼𝐴 (see expanded plot in Fig. 2.14), can be
probably related to the stabilization of the electrodes potentials after the connection of
the sample in the SCMFC (of course the extensive corrosion occurring on the metal is
changing its chemical composition). In the first part of the test, lasting approximately
the first 6 hours, the mild steel sample remains the preferential anode of the cell and
extensive corrosion occurs on its surface. Because of this, the conductivity of the sam-
ple metallic surface progressively decreased as well as the activity of bacteria on it.
With the reduction of the sample current (occurring after 6 hours from the beginning
of the test), the quantity of electrons provided by the cell anode increases again, lead-
ing to the last step of the test when, as the metal surface is completely covered by a
corrosion products layer mainly composed of oxides and sulphides, micro-organisms
are no longer able either to induce corrosion on it or to supply electrons derived from
oxidation of acetate present in the solution. Thus, the fuel cell gets back to its normal
operation, with current flowing almost only between anode and cathode.” [28] ©2019
IEEE

After the test, which lasted about 24 hours, the sample was characterized using
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Figure 2.15: FESEM image of the mild steel surface after 1 day of immersion in the
operating SCMFC. Red arrows indicate cracks at grain boundaries, green ones biofilm
and yellow ones highlight the presence of sulphides. The test results are shown in Fig.
2.14

electron microscopy, in order to analyse its superficial morphology. As it is possible to
see in Fig. 2.15, bacteria were able to colonize the sample surface already after only one
day of immersion in the solution. Extensive corrosion can be observed on the sample,
that led to cracks at grain boundaries and to the detachment of some fragments of
material from the surface. At higher magnification, biofilm is clearly visible, highlighted
by green arrows in the micrograph. Moreover, iron sulphide cristals (identified through
Energy Dispersive X-ray Spectrometry, EDS) were found on the sample; they can be
related to the corrosion reaction of iron in anaerobic environment:

𝐹𝑒2+ + 𝑆2− ⟶ 𝐹𝑒𝑆 (2.7)

Thus SEM characterization can confirm that the high values of current flowing be-
tween the sample and the cathode during the test can be related to the extensive corro-
sion occurring on its surface and to the bacteria colonization.
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Figure 2.16: Current evolution in the microbial fuel cell during a test performed on an
AISI 304 sample for 17 days.

Stainless steel samples

After characterizing a material with a poor corrosion resistance, the system was
employed to test an alloy with more protective superficial oxide layer and thus a better
corrosion resistance. Results for AISI 304 Stainless Steel are reported in Fig. 2.16.

In the graph, which shows the current evolution during the 17 days test, it is possible
to see the main trend of 𝐼𝐴 and 𝐼𝐶 representing the periodical acetate consumption
by bacteria. Actually, after about four days of operation, the current drops to about
0.2 mA, but, after a new acetate addition to restore the 3 g/L concentration, it increases
again to the initial value. Observing the 𝐼𝑆 current, it is possible to see that, unlike
the previous case, the system is less perturbed by the connection of the third electrode
to the MFC circuit. The carbon cloth remains the preferential anode during the whole
duration of the experiment, even if after some hours an additional current contribution
starts flowing from the sample to the cathode (see Fig. 2.17 for an expansion of the 𝐼𝑆
trend).

𝐼𝑆 increases since the beginning of the test, as bacteria attach on sample surface and
colonize it, providing also to this electrode the electrons coming from acetate oxidation.
It is possible to state that this current value is directly related to bacteria activity because
it decreases when the organic matter is consumed in the MFC, as it happens for 𝐼𝐴 and
𝐼𝐶. Moreover, after an initial increase, 𝐼𝑆 stabilizes to about 60 µA, presumably due to
the complete colonization of the surface. Also in this case, the measured current sums
two contributions due to microorganisms: oxidation of the metal (that dissolves in the
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Figure 2.17: 𝐼𝑆 trend as a function of time recorded in the same test of Fig. 2.16; the cur-
rent values are normalized to the surface area of 1 cm2. 𝐼𝑆 increases after any addition
of acetate highlighting the bacteria activity on the sample surface. [28]

Figure 2.18: Currents sum (𝐼𝐴 + 𝐼𝑆 + 𝐼𝑆) from the test in the SCMFC of Fig. 2.16 and
temperature trend during the experiment.

solution) and bacteria metabolism, related to the oxidation of the acetate, which is the
fuel inside the cell.

Fig. 2.18 also shows the current sum, which as expected remains always below
±20 µA and which shows a correlation with the temperature, as expected since the
resistors have a not negligible thermal coefficient. The temperature during all the tests
remains between 27 ∘C and 32 ∘C.

After the test, the sample surface was characterize using electronmicroscopy. In this
case, no signs of corrosion could be highlighted. The biofilm covered almost continu-
ously the electrode surface, confirming the indication given by the 𝐼𝑆 trend. Removing

43



2 – Electrochemical methods for microbial corrosion assessment

Figure 2.19: SEM images of the AISI 304 sample surface after 17 days of immersion in
the operating SCMFC.

the biofilm in some part of the surface, it was possible to observe the metal surface,
which appeared undamaged; the scratches are related to the polishing process.

Comparison with traditional immersion test

“The obtained test results highlight how the current 𝐼𝑠 from the sample seems to be
representative of the biofilm growth on the sample and consequently of the corrosion
on the surface, enabling researchers to easily compare microbial corrosion resistance of
different materials in a simple and direct way.

To confirm this correlation, the results obtained through the proposed measuring
system have been compared to those of a standard immersion test where the polariza-
tion effect, due to the connection of sample inside the fuel cell, is not present.

The immersion tests were carried out in parallel with the SCMFC test, using the
same electrolytic solution, wastewater, in the same temperature range of 30 ± 3 ∘C
and adding acetate at the same time interval even though the bacteria activity in the
solution is not monitored.

Results have been compared in terms of corrosion behavior of the metal assessed by
means of Electrochemical Impedance Spectroscopy (EIS), as commonly done in corro-
sion tests [49–51]. This technique has been preferred to other possible electrochemical
measurements, as it is non-destructive and does not alter the corrosion process occur-
ring on the material. EIS measurements were performed on both samples after three
weeks test by using an Ivium CompactStat, by applying a sinusoidal signal with am-
plitude 10 mV in the frequency range 10−2 Hz to 105 Hz and acquiring 5 points per
frequency decade. A silver chloride electrode was used as reference electrode and a
platinum wire was used as counter electrode.

Themorphological characterization of themetallic surfaceswas performed bymeans
of Field Emission Scanning Electron Microscopy (FESEM Supra 40 by Zeiss) collecting
the images at 5 kV with a 20 µm aperture.
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Figure 2.20: Bode plots recorded on the AISI 304 stainless steel sample immersed in the
electrolytic solution containing the bacteria inoculum for three weeks. [28]

EIS spectra are presented in Fig. 2.20 as Bode diagrams.The plots show amore stable
condition for the sample that underwent a simple immersion test, for which impedance
modulus reaches values close to 105 Ω ⋅ cm2 and the phase reaches almost 80∘ (at low
frequencies), showing a good corrosion resistance still after 20 days of immersion. This
result is consistent with the good corrosion resistance of AISI 304 steel in a solution
containing bacteria. As far as the SCMFC test sample is concerned, a different condition
could be highlighted. Actually, the test had been more aggressive for the metal, which
exhibits an impedance modulus one order of magnitude lower than the other sample
(about 104 Ω ⋅ cm2 at low frequencies). The phase reaches a maximum value of 60∘,
indicating a less protective nature of the superficial layer.

Observing the samples at FESEM after the two tests, it is possible to compare the
different biofilm coverage (see Fig. 2.21). Images show a completely different biofilm
growth between the two samples. The sample tested inside the fuel cell exhibits a con-
tinuous biofilm coverage, which conceals the metal. The presence of the air-breathing
cathode, where reduction reactions are able to exploit the electrons coming from oxida-
tion of acetate and metal, favours the colonization of the electrode surface by bacteria.
On the other hand, colonization by bacteria appears at a less advanced stage for the
sample that underwent a simple immersion test. Micro-organisms are present on the
surface, but only discontinuously, as they have not developed a compact biofilm well
adherent to the surface.

Moreover, good agreement can be found between currents 𝐼𝑆 measured for different
materials during the test in the SCMFC and EIS spectra collected after the test. Actu-
ally, alloys with poor corrosion resistance exhibited high 𝐼𝑆 values and low modulus of
impedance (for the carbon steel samples, values close to 102 Ω ⋅ cm2 at low frequen-
cies); on the other hand, for materials with good corrosion resistance, low 𝐼𝑆 values
and higher modulus of impedance can be found (such as in the case of the stainless
steel sample). As the current flowing from the sample to the cathode is related to metal
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Figure 2.21: SEM images of the AISI 304 sample surface after the test in the operating
SCMFC (on the left) and after the immersion test (on the right). [28]

oxidation as well as to bacteria metabolism, a direct relationship between such current
and the corrosion rate can not be established. It is however possible to state that, in this
specific test condition, the corrosion current is at most equal to 𝐼𝑆. So a comparison be-
tween different materials is possible and, as discussed for EIS measurements, supported
also by traditional electrochemical methods.” [28] ©2019 IEEE

2.3.4 Conclusions
“An innovative approach for microbial corrosion testing has been presented. The

proposed system, that makes use of a single chamber microbial fuel cell, has been ex-
ploited in a comparative study to assess the microbial corrosion behavior of mild steel
and stainless steel samples, highlighting of course the different corrosion resistance of
the two alloys.

Information gained by the test are manifold. By measuring the current between an-
ode and cathode, it is possible to monitor the bacteria activity so that it is possible to be
sure to have enough nutrient concentration to have active bacteria. After sample con-
nection inside the fuel cell, measuring the current between sample and cathode allows
users to detect corrosion reactions occurring on metal surface. In the case of a mate-
rial with poor corrosion resistance, large variations in the current flowing in the fuel
cell can be observed, highlighting the corrosion reactions that are in progress on metal
surface. On the other hand, when a material with good corrosion resistance is tested in-
side the cell, the current measured between sample and cathode increases slowly, until
it stabilizes. This current monitoring enables to assess the progressive sample surface
colonization by bacteria, which form the biofilm, and the corrosion processes ongoing
on the sample surface.

The use of single chamber microbial fuel cell allows users to perform tests in con-
ditions similar to the real ones and is faster then in the case of simple immersion test.
Actually, the sample polarization obtained in the fuel cell leads to a faster colonization
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of the metal surface by bacteria.
In addition, by employing the SCFMC a direct measurement of the nutrient concen-

tration is not required since the current monitoring can be used as a direct indicator of
the bacteria activity. This permits to avoid employing costly instrumentation and opens
to the possibility of replicating the measuring system to several microbial cells to study
the corrosion resistance of different materials at a minimum cost.

This new technique can be considered as an additional tool for researchers in mi-
crobial corrosion field. As previously discussed, test conditions are more aggressive
than a simple immersion test and many important information can be easily gathered
from currents flowing in the SCMFC. Compared to the Dual Cell technique, the pro-
posed methodology has a simpler experimental setup. Moreover, information that can
be derived from the two experiments are slightly different. Actually, in the SCMFC, test
conditions are strictly anaerobic, allowing to study more in depth this situation. On
the other hand, the Dual Cell technique is more focused on the comparison between
material behaviour in sterile conditions or in an environment containing bacteria.

Advantages of this new proposed technique are then related to the test simplifica-
tion in the part specifically related to biology, because bacteria cultures are not needed,
as the solution can be taken directly from the environment. Eventually, performing ex-
periments with different bacteria strains allows one to obtain results more adherent to
those found in each real specific condition.” [28] ©2019 IEEE

2.4 Conclusions
This Chapter presented some of the most significant electrochemical measurements

that can be used for the assessment of microbial corrosion during laboratory tests. In the
first part, a case study involving the electrochemical behaviour of two different stainless
steel grades immersed in hypersaline solution was discussed. The use of a multianalyt-
ical approach, that exploited the results of different electrochemical and morphological
characterizations, permitted to differentiate the corrosion resistance of the two different
materials in the solution containing bacteria. Moreover, an interesting corrosion inhi-
bition due to microorganisms metabolism was highlighted comparing results in biotic
and abiotic conditions.

In the second part of the Chapter, a novel experimental setup formicrobial corrosion
study was presented. Main advantages of this technique are related to the simplification
of some of the measurements needed to monitor the test. Moreover, tests conditions can
be derived from the working parameters of the Microbial Fuel Cells. Results from the
characterization of different materials have been presented.
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Chapter 3

An imaging system for microbial
corrosion assessment

Some of the work described in this chapter has been previously published in [52, 53].

3.1 Introduction
The role of electrochemical techniques in the corrosion field is of clear importance;

as already discussed in Chapter 1, manifold are the information that can be derived from
them to study the material-environment interaction and the corrosion mechanisms oc-
curring. Nevertheless, most of them can not be considered as stand-alone techniques, as
they must be coupled to each other or to other chemico-physical characterizations such
as optical and electron microscopy, in order to investigate the mechanism and the mor-
phology of the corrosion reactions occurring on the metallic surface. Moreover, in the
specific case of microbial corrosion, an important role is played by the bacteria attach-
ment on the sample surface. Actually, formation of biofilm can generate preferential
sites for corrosion attack, as it creates areas of differential aeration or where corrosive
compounds (such as chlorides ions) can accumulate or pH changes can occur. Thus, a
great advantage can derive from the development of an imaging system able to quantify
the microbial adhesion on sample surface.

Many approaches for imaging analysis are possible when microbial corrosion (MIC)
is concerned. In particular, these techniques can be classified taking into account the
instrument used for image collection or the main purpose of the characterization (cor-
rosion assessment or biofilm growth). If surface morphology is the main concern, gen-
erally stereo-microscope, reflected light microscopy and Scanning Electron Microscopy
(SEM) are used [54–57]. In order to obtain a more accurate three-dimensional recon-
struction of the sample surface, white light interferometry or Fourier Transform Pro-
filometry can be used, so that pit formation can be detected [58,59]. Most important ad-
vantages of these techniques can be related to the easy way in which corrosion pits can
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be detected; their limit is related to the detection of biofilm and attached microorgan-
isms, as the magnification is too low. On the other hand, in order to have the best mor-
phological characterization of the biofilm, Confocal Laser ScanningMicroscope (CLSM)
is widely used [60–65]. This technique allows to obtain quantitative information about
biofilm coverage and also its three-dimensional structure, providing important infor-
mation to researchers in biology. One of the main limitations is that the sample has
to be prepared using staining techniques, that often are not available in laboratories
focused on materials science.

In this Chapter, an imaging system to analyse bacteria adhesion on sample surface
will be presented. It is able to process micrographs taken at electronmicroscope in order
to provide information on biofilm coverage and size distribution of bacteria aggregates
present on the material after immersion in a solution containing bacteria. Even if other
microscopy techniques could be used to assess the attachment of microorganisms (see
Section 1.3 for the discussion about imaging techniques for microbial corrosion analy-
sis), it was decided to use electron microscopy for different reasons. First of all, it has
a sufficient resolution to analyse also samples with a low biofilm coverage, which is a
common condition for corrosion field. Moreover, sample preparation for electron mi-
croscopy is easier than the one required for many optical techniques, as it does not
require staining. Finally, unlike CLSM or epifluorescence microscopy, SEM is routinely
used in any Material Science laboratory, so additional equipment or expertise is not
required.

In the next Section, the imaging algorithm will be described in details, providing
information about different steps, from image acquisition to processing. Then, two case
studies will be presented, involving respectively ametallic sample and a non-conductive
sample, in order to show the different parameters to use for the algorithm and the results
which is possible to obtain.

3.2 Contours detection imaging algorithm for SEM im-
ages

The imaging algorithm is written in Python and employs the OpenCV opensource
environment, already used in many applications involving the identification of specific
objects in images [66,67]. The whole process can be divided in four steps: image acqui-
sition using SEM, image brightness and contrast normalization, image thresholding to
obtain a binary image and finally the bacteria identification.

3.2.1 Image acquisition
Image acquisition can be performed by the operator setting proper parameters for

the instrument, such as the acceleration voltage and working distance, according to
the sample superficial conductivity and its morphology. Acceleration voltage can vary
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3.2 – Contours detection imaging algorithm for SEM images

typically between 1.5 kV and 30 kV. A higher value guarantees a higher signal and
a lower noise in the final micrograph; moreover, increasing acceleration voltage it is
possible to improve the resolution, that is the minimum-resolvable distance in the final
image. At the same time, in case of insulating samples, problems related to charging
effect can arise. Actually, if electrons are not able to ground properly, image artefacts
can appear, generally visible as white spots. Finally, acceleration voltage influences the
electrons penetration depth.Thus, using a higher voltagewill lead to a larger interaction
volume in the material and so the analysis will be affected also by sample inner layers.

As far as the working distance is concerned, it is generally set in the range between
1 mm to 3 mm, in order to have a good signal. Typically, choosing a smaller working
distance allows to have a lower acceleration voltage, which could be favourable in case
of not well conductive samples. Thus this two parameters must always be set taking in
account the material under analysis and should be adapted to each other.

In this work, micrographs have been collected by means of a Field Emission Scan-
ning Electron Microscope (FESEM - Supra 40 by Zeiss), using the In-Lens detector. As it
is placed coaxial to the primary beam, it has a higher electron efficiency at low acceler-
ation voltages if compared to the secondary electrons detector.Thus, lower acceleration
voltages can be applied, avoiding charging effects and obtaining a signal coming only
from interaction with the most outer layers of the sample. For the micrographs in this
work, acceleration voltage was set to 5 kV, using a working distance of about 3 mm.

Magnification was chosen in order to obtain a good compromise between image
resolution and dimension of the analysed area, considering that the expected size for
singly attached bacteria ranges between 2 µm to 15 µm. Therefore, selecting a magni-
fication equal to 1000X, corresponding to an analysed area of about 400 µm×300 µm,
and an image dimension of 2048 pixels × 1536 pixels, it is possible to obtain a reso-
lution of the order of 0.2 µm/pixels. This configuration has been used for all imaging
analysis described in this Chapter, unless otherwise specified.

3.2.2 Image brightness and contrast normalization
“After setting magnification and pixel size, the operator can acquire the micrograph,

varying image brightness and contrast so as to obtain the best visualization of the sam-
ple morphology. Setting these parameters is a critical operation, often influenced by
operator’s personal decisions, which makes any automatic image processing difficult
to be applied.

In addition, the image brightness can change over the scanned surface because of
the different topography and roughness and as a consequence of charging effects occur-
ring when the electron beam hits non conductive species, such as bacteria aggregates,
corrosion products or salt crystals left on the sample after drying. The low voltages
used by the field emission microscope and the efficiency of its detector greatly help to
reduce the charging effects making them almost negligible. However, brightness can
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still significantly change due to the different surface morphology in the different ar-
eas (i. e. different positions) of the scanned image, perhaps due to non planarity of the
sample [68].

Therefore, an image normalization has to be performed in order to obtain SEM im-
ages whose contrast and brightness are reasonably independent from the operator. This
processing involves three steps:

1. Estimation of brightness changes due to the different morphology of the surface
area;

2. Correction of brightness changes in the different positions;

3. Normalization of the image contrast to eliminate the operator setting effect.

The first step requires identifying a brightness plane whose value is described by
the following equation:

𝐵 = 𝐵0 + 𝛼𝐵𝑋𝑥 + 𝛼𝐵𝑌𝑦 (3.1)

where 𝐵 is the brightness of the metallic surface area not interested by microbial cor-
rosion, 𝐵0 is the average brightness value, 𝛼𝐵𝑋 and 𝛼𝐵𝑌 are the brightness changes
with position coefficients, and 𝑥 and 𝑦 are the position coordinates.

Since the samples have an average brightness which is almost constant in the ab-
sence of corrosion, the identification of the brightness average value could be easily
performed if one is able to find on the image the areas not affected by corrosion, i.e. in
the specific case of microbial corrosion, areas not affected by bacteria growth. Such a
manual selection can be avoided in most cases since the area covered by the bacteria
is usually limited with respect to the total scanned metallic surface, so that the image
brightness as a function of the coordinates can be easily estimated by solving in the
Least Square sense the matrix equation:

B = U ⋅ 𝜆 (3.2)

where B is the column vector of all pixels brightness, U is 𝑛𝑃𝑖𝑥 × 3 matrix in which
the row is [1, 𝑥, 𝑦] and accounts for the position of each line in the B vector and 𝜆 =
[𝐵0, 𝛼𝐵𝑋, 𝛼𝐵𝑌]′ is the vector containing the sensitivities whose estimation is referred
to as �̂�.

Of course the actual estimated brightness values depend on the way the images are
acquired, i.e. on the SEM operator; however, tests performed on several images with
average brightness in the range of 140 to 220 out of a maximum value of 255 led to
position coefficients whose maximum value is of the order of 9 ⋅ 10−3 on x axis and of
3 ⋅ 10−2 on the y axis. This leads to maximum brightness changes of the order of 40
units out of 255 units.
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3.2 – Contours detection imaging algorithm for SEM images

The second pre-processing step, once �̂� has been estimated, can be simply obtained
by computing the corrected brightness 𝐵𝑐 as:

𝐵𝑐 = 𝐵
1 + 𝛼𝐵𝑋𝑥 + 𝛼𝐵𝑌𝑦

(3.3)

obtaining therefore an image whose brightness is no longer affected by brightness
changes in the different surface areas.

The third step can be obtained simply by changing image contrast by modifying
the brightness values, so that they cover all the available gray levels. In order to avoid
a normalization affected by the presence of few abnormal white and black spots, the
image brightness 𝐵𝑚𝑖𝑛 and 𝐵𝑚𝑎𝑥 can be obtained by:

𝐵𝑚𝑖𝑛 = ∑
𝑝𝑖𝑥𝑒𝑙𝑛𝑢𝑚𝑏𝑒𝑟

𝑃𝑥𝑦 ∶ 𝐵𝑝 < 𝐵𝑚𝑖𝑛; 𝑘𝑃𝑡𝑜𝑡 (3.4)

𝐵𝑚𝑎𝑥 = ∑
𝑝𝑖𝑥𝑒𝑙𝑛𝑢𝑚𝑏𝑒𝑟

𝑃𝑥𝑦 ∶ 𝐵𝑝 > 𝐵𝑚𝑎𝑥; 𝑘𝑃𝑡𝑜𝑡 (3.5)

where 𝑃𝑥𝑦 is the generic pixel, 𝑃𝑡𝑜𝑡 is the number of pixels in the image and 𝑘 is the
coefficient usually in the range of 5% to 10%, which is used to define the number of
pixels shown as black and white.

Once𝐵𝑚𝑖𝑛 and𝐵𝑚𝑎𝑥 have been estimated, the image brightness can be normalized
as:

𝐵𝑠 =
⎧{
⎨{⎩

0, if 𝐵 ≤ 𝐵𝑚𝑖𝑛

(𝐵 − 𝐵𝑚𝑖𝑛) 𝑀𝑎𝑥𝐵
𝐵𝑚𝑎𝑥−𝐵𝑚𝑖𝑛

, if 𝐵𝑚𝑖𝑛 < 𝐵 < 𝐵𝑚𝑎𝑥

𝑀𝑎𝑥𝐵, if 𝐵 ≥ 𝐵𝑚𝑎𝑥

(3.6)

where 𝑀𝑎𝑥𝐵 is the maximum brightness value of the image.
After image brightness and contrast normalization, the processed image appears

with a uniform background, representing the sample surface, and bacteria aggregates
appearing as black spots.” [52] ©2019 IEEE

3.2.3 Bacteria identification
“Bacteria identification and estimation of the relative amount of attached bacteria

on a surface can be performed trying to separate in the image the areas covered by the
bacteria themselves. In principle this operation is reasonably easy, though questionable,
when performedmanually by an operator, but it is muchmore difficult when performed
in an automatic way. The request is, for each pixel on the image, to define if it belongs
to a bacterium or not, i.e. the image, which in general is a grey-scale one, must be
converted into a binary one applying some form of threshold. After that, it becomes
easy to estimate the relative amount of bacteria simply by counting the pixels belonging
to bacteria areas with respect to the total.” [52] ©2019 IEEE
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The image conversion from gray scale to binary can be performed applying a proper
threshold value, related to the sample morphology and so to the image contrast. Actu-
ally, the threshold process needs to be adapted to the image appearance, in particu-
lar discriminating between metallic samples and non-conductive samples. In the for-
mer case bacteria can be easily identified as dark spots, i.e. when their brightness (e.g.
the black level) is at least 20% lower than the average brightness. In the case of the
non-conductive sample, bacteria appear slightly brighter than the background, so the
threshold process tags them if their brightness is at least 2% higher the the background.
A broader discussion about this point is presented in the following two sections.

Finally, bacteria identification is performed by using the OpenCV opensource envi-
ronment [69, 70] by using the findContour function set to identify dark spots. This
function returns a list of contourswhich can be easily shown on the SEM image, flagging
the identified aggregates. Moreover, dimensional distribution can be obtained, provid-
ing also other important information for material characterization such as number of
aggregates present on the surface and biofilm coverage.

3.3 Application to metallic samples
The imaging algorithm has been used to characterize bacteria attachment on stain-

less steel samples after immersion in two different solutions containing bacteria. The
aim was to assess quantitatively the biofilm coverage, both in terms of surface percent-
age covered by bacteria and as dimensional distribution of bacteria aggregates.

Two samples were prepared for the immersion test, following the usual procedure
for corrosion tests. Samples dimension was 10 mm × 10 mm, they were embedded in
polymeric resin, then polished on abrasive paper until 4000 grid, rinsed in deionized
water and dried. The material was AISI 304 stainless steel (chemical composition can be
found in Table 2.1) and the solutions used for the test were Starkey Medium and Artifi-
cial Seawater (see compositions in Table 3.1). The former is a classic growth medium for
bacteria, containing mainly sulphates and chlorides ions; the latter has a more complex
composition simulating marine environment, also a favourable solution for microor-
ganisms proliferation. Different corrosion morphologies are expected for the samples
immersed in the two solutions. In particular, the presence of phosphates in the Starkey
Medium should accelerate bacteria proliferation both as planktonic population in the
solution and attached on the sample surface. Salt marsh sediments have been used as
inoculum for the two solutions; they were added in the concentration of 10 vol%. The
test lasted for about 200 hours and the temperature was kept in range of 30 ± 3 ∘C.

When the immersion test concluded, samples were rinsed in deionized water and
dried. In this way, bacteria not attached to the sample surface can be washed away,
avoiding to alter the following count. Moreover it is important to avoid that the elec-
trolytic solution remains on the sample during drying, as it would lead to the formation
of salt crystals on it, which would create problems during image acquisition. Actually,
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Table 3.1: Electrolytic Solutions Composition

Electrolytic Solution Concentration [g/L]

Starkey Medium
𝐾2𝐻𝑃𝑂4 0.50, 𝑁𝐻4𝐶𝑙 1.00, 𝑁𝑎2𝑆𝑂4 1.00,
𝐶𝑎𝐶𝑙22𝐻2𝑂 0.100, 𝑀𝑔𝑆𝑂4 ⋅ 7𝐻2𝑂 2.00, 𝑁𝑎𝐶𝑙
24.53, 𝐶𝐻3𝐶𝑂𝑂𝑁𝑎 3.00

Artificial Seawater
𝑁𝑎𝐶𝑙 24.53,𝑀𝑔𝐶𝑙2 5.20,𝑁𝑎2𝑆𝑂4 4.09,𝐶𝑎𝐶𝑙2 1.16,
𝐾𝐶𝑙 0.695, 𝑁𝑎𝐻𝐶𝑂3 0.201, 𝐾𝐵𝑟 0.101, 𝐻3𝐵𝑂3
0.027, 𝑆𝑟𝐶𝑙2 0.025, 𝑁𝑎𝐹 0.003, 𝐶𝐻3𝐶𝑂𝑂𝑁𝑎 3.00
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3 – An imaging system for microbial corrosion assessment

Figure 3.1: SEM image of a metallic surface affected by microbial corrosion (on the left)
and identified elements on the micrograph (on the right): polishing lines are highlighted
in yellow, singlemicroorganisms attached on the surface are labelledwith green arrows,
larger bacteria clusters are identified by red circles and salt crystals by blue circles.

the presence of salt crystals on the sample appears at SEM as white spots surrounded
by dark areas (because of the different conductivity) and this would make the micro-
graph difficult to process by the software. At the same time, it is important to avoid that
attached bacteria detach from the sample during the washing step, so particular care
should be used during this step.

After drying, the sample can be observed using SEM and micrographs can be taken.
An acceleration voltage of 5 kV and a working distance of 3 mmwas used to acquire the
images; the magnification was of 1000X, obtaining an analysed area of about 400 µm×
300 µm. At least ten micrographs were acquired for each sample, choosing random
points on the surface.

Fig. 3.1 shows, as an example, a micrograph representing one of the samples im-
mersed in Starkey Medium. In the background, the metal surface is visible, character-
ized by a slightly brighter colour and some ’lines’ passing on it. These are scratches
related to the polishing step, which have a negligible influence on the corrosion test
(as their roughness is very low), but could alter the imaging process if not correctly
analysed. Then, some dark spots can be observed in the micrograph, representing the
microorganisms attached on the sample surface. It is possible to see that both singly
attached bacteria and larger agglomerates are present. In the former case, they have a
size in the ranging from about 2 µm to 10 µm, corresponding to an area spanning from
3 µm2 to 20 µm2. Bacteria aggregates can range between from 5 µm2 up to 2000 µm2

or 3000 µm2. Finally, last element that can be found in a SEMmicrograph after a corro-
sion test is the presence of salt crystals. Asmentioned before, they appear as white spots
on the sample surface. As the algorithm is set to identify only black objects in the image,
generally they do not represent a problem for the analysis, anyway if charging effects
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occur they could alter the appearance of the micrograph. In particular, if salt crystals
are surrounded by a black halo, this could interfere on the bacteria identification. All
the discussed elements have been identified in Fig. 3.1.

Fig. 3.2 shows the results obtained from the processing of two micrographs, corre-
sponding to a sample immersed in Starkey Medium (on the left) and in Artificial Sea-
water (on the right). The former exhibits a superficial morphology characterized by
the presence of large bacteria clusters and, at the same time, a high number of singly
attached bacteria. This leads to a low superficial conductivity of the sample and, con-
sequently, to a low contrast in the acquired micrograph. This effect can be mitigated
thanks to the image brightness and contrast normalization, as it is possible to see in the
second image. After this pre-processing, the metal surface appears brighter and a higher
contrast is present between it and the bacteria aggregates. In this way, it is possible to
apply the thresholding and convert the gray-scale image to a binary one: all pixels hav-
ing a brightness at least 20% lower than the average are converted to black pixels, while
the others become white. The pre-processing step is important in order to let the user
choose a higher threshold value, so as to avoid wrong identification during the binariza-
tion. After that, bacteria identification is performed using the findContour function
in OpenCV. In the last image of the left column of Fig. 3.2 it is possible to see the iden-
tified bacteria aggregates differentiated according to their size: the smaller aggregates
are labelled in green, while the larger ones are in red. The former are generally singly
attached bacteria or small clusters; they represent the early stages of bacteria coloniza-
tion of the sample surface. The size that discriminates between the two categories can
be set arbitrary to about 200 µm2, which corresponds to an agglomerate of about 10 to
20 bacteria. The number of small aggregates can give an important information about
the solution aggressiveness and the microorganisms concentration in it. On the other
hand, large bacteria clusters can be considered the most dangerous ones, as they could
create preferential sites for microbial corrosion attach. So their number and average size
can give an important indication about the microbial corrosion attach occurring on the
metal surface.

The sample immersed in Artificial Seawater exhibited a different superficial mor-
phology, characterized by singly attached bacteria and only few large bacteria clusters.
So in this case the influence of microorganisms on the superficial conductivity is less
evident and the contrast between the metal surface and the attached bacteria is high
already in the acquired image; because of this, the effect of the normalization is less
evident. After the thresholding, the identification step is able to recognize the attached
bacteria. In this case, a lower number of large aggregates is present. Moreover, bacteria
size appears slightly higher, presumably due to different bacteria strains present in the
two solutions.

Additional data derived from the processing of the two images are reported in Table
3.2. The total number of large bacteria aggregates per micrograph is 12 for the sample
immersed in Starkey Medium and 8 for the other. The two samples differ also in the
number of small bacteria clusters per micrograph: 18509 in one case and 7343 in the
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other. The average size of large bacteria aggregates is higher for the sample immersed
in Starkey Medium, indicating a more appropriate solution for bacteria proliferation if
compared to Artificial Seawater. Moreover, the different average size of small bacteria
clusters suggests a different shape and so, presumably, different bacteria strains present
in the solution. This is a reasonable hypothesis, because using salt marsh sediments as
inoculum a wide variety of bacteria is present in the solution at the beginning of the
experiment and only some strains develop, depending on the solution composition. Fi-
nally, biofilm coverage can be calculated as the ratio between image pixels occupied
by bacteria and the total number of pixels in the micrograph. This value is similar for
the two samples, but taking in account the different number of large aggregates, which
are the most dangerous, it is possible to say that the microbial corrosion attack is in a
more advanced stage in the sample immersed in Starkey Medium.This information can
also be derived from histograms representing dimensional distribution of bacteria ag-
gregates; results for the two images are presented in Fig. 3.3. Immersion in artificial sea-
water lead to a condition in which bacteria are singularly and randomly attached on the
surface with only few bigger agglomerates, which can be recognized in the histogram
ranging until 3000 µm2. On the other hand, immersion in Starkey solution induced the
formation of a higher number of bigger aggregates (area above 20 µm2).

Analysing all the acquired images, it was possible to calculate average values for all
the parameters under investigation. Results are reported in Fig. 3.4 as histograms and
in Table 3.3.

As it is possible to see, samples immersed in Starkey Medium present a higher num-
ber of small bacteria aggregates, characterized also by smaller dimensions. As far as the
number of large aggregates is concerned, the situation is different for the two environ-
ments. The two samples immersed in Starkey Medium have an average number of large
aggregates per micrograph close to 10 units, while for the samples immersed in Artifi-
cial Seawater this value is of about 5 units. The average size for large bacteria clusters
is similar for the two samples.

3.4 Application to non-conductive samples
The same imaging algorithm has been applied also for the identification of bacteria

on non-conductive sample. This condition can be found when, for examples, a poly-
meric material is being characterized. Actually, polymeric coatings are commonly used
to protect metals from corrosion and some of them have bacteriostatic properties that
can be exploited in environmentswheremicrobial corrosion can occur. So, even if differ-
ent techniques can be used to assess the antimicrobial properties of a specific material,
great advantage could arise from a software able to analyse images acquired through
electron microscopy, providing information about bacteria attachment on sample sur-
face.
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3.4 – Application to non-conductive samples

Figure 3.2: Results from the image processing for a sample immersed in StarkeyMedium
(on the left) and in Artificial Seawater (on the right). Bacteria clusters having dimension
above 200 µm2 are labelled in red, otherwise in green.
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(a)

(b)

Figure 3.3: Histograms showing dimensional distribution (expressed as agglomerate
area) for the samples immersed in Starkey medium (a) and artificial seawater (b).

Figure 3.4: Value and uncertainty for different parameters related to bacteria attachment
on stainless steel samples after immersion in Starkey Medium (S) and artificial seawater
(M).
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Figure 3.5: SEMmicrograph of a metallic sample (on the left) and of a polymeric sample
(on the right) after immersion in a solution containing bacteria. Microorganisms are
pointed out with circles.

As said before, “images taken with SEM are closely correlated to the sample compo-
sition and conductivity: areas with high conductivity lead to bright areas while on the
contrary areas with lower conductivity lead to dark areas on the image. This makes it
easy to detect spots with low conductivity on a conductive surface, but makes it more
difficult to highlight areas of different composition but similar conductivity. Actually
in the case of a polymeric coating, being it non-conducting, the sample must be coated
with a thin layer of a conductive material (such as Gold, Chromium or Graphite). This
leads to an image in which colours are more uniform and bacteria are difficult to dis-
tinguish from the substrate. Of course, the operator can change the image contrast and
brightness to adjust it for the sample, but the problem still remains. As an example, Fig.
3.5 shows side by side the images of two samples with the samemagnification and taken
with the same instrument. Both images refer to samples that have been immersed in a
solution containing bacteria: the sample on the left refers to a bare metal (therefore a
conductive material), while the sample on the right refers to a metal coated by epoxy
resin (i.e. a non-conducting sample). The micrographs were acquired at a magnifica-
tion of 5000X and refer to an area of about 60 µm× 40 µm, while the expected bacteria
size is in the range of 2 µm to 10 µm. The pixel resolution of the images was of about
0.065 µm/pixel.

Some bacteria can be seen attached on the surface of both samples, but the images
appear quite different. On the left, bacteria appear as dark sports on a light background,
as the contrast is given by the different conductivity. In the other case, as the sample
has been coated by a conductive thin layer of Chromium, the contrast is limited and is
only given by the morphology of the surface (i.e. by microorganisms attached on the
epoxy resin).
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In addition to the intrinsic difference of the images due to the sample conductivity,
also the average sample brightness can change according to the position on the sample.
This can be a consequence either of a not perfect sample planarity, or of the so-called
charge effect [68]. In any case a correction of this effect is reasonably easy if the spot to
be identified has an high contrast [52], but can be critical if such a contrast is minimal
like in the case of coated samples.

A possible solution to this problem is to avoid treating the image as a whole and
compute a local brightness average value according to the point and to use this value
as the reference point to decide if a pixel is a candidate to be considered as belonging
to a bacteria aggregate or not.

The size of the image to be considered for the local brightness average depends
on the size of the expected spots: on one hand selecting a too small area might be
detrimental turning out in missing some of the spots, on the other hand a too large area
may lead to missing a local brightness average change. Since with the used acquisition
parameters the bacterium size is expected to be of the order of 150 pixels maximum, a
size of 200 pixels was selected to be considered for the local brightness estimation.

The threshold process needs also to be adapted to the image appearance, in particu-
lar in the case of a coated samples, where the contrast between the background and the
bacteria is minimal. In the case of the bare metal sample, bacteria can be easily identi-
fied as dark spots, i.e. when their brightness (e.g. the black level) is at least 20% lower
than the average brightness. In the case of the coated sample, bacteria appear slightly
brighter than the background, so the threshold process tags them if their brightness is at
least 2% higher than the background. Of course this encompasses most of the bacteria,
but also some of the points which are not bacteria, but have a higher brightness.

Fig. 3.6 shows as an example the result of the threshold process on two images
referring to the same samples of Fig. 3.5. It is clear how in the case of the uncoated
sample the threshold process works easily, while in the case of the coated sample the
resulting image is much more complex. In addition, the colour brightness inversion
due to the different conductivity is clear and in the coated sample the attached bacteria
appear as white areas over a dark background.

After image binarization, bacteria identification was performed using the OpenCV
open source environment, as described in Section 3.2.3, but the findContour function
was set to identify bright spots. This function returns a list of contours identified by a
closed path. As the imagemagnificationwas higher than in the previous case, additional
parameters were taken in consideration during the identification process. These have
been used in order to remove small spots and to avoid counting areas too thin to be
considered bacteria The first parameter is the area 𝐴𝑐 enclosed by the contour, defined
as:

𝐴𝑐 = ∑
𝑥

∑
𝑦

𝑎𝑖𝑗 (3.7)

where the sum extend over the entire identified area. Contours with an area of less then
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Figure 3.6: Results from the image processing for a metallic sample (on the left) and a
polymeric sample (on the right).

2 µm2 are considered spurious spots and non counted.
The second parameter used for the removal of spurious spots is the ratio between

the contour area and the area corresponding to the rectangle enclosing the contour.
Discarding contours with a ratio below 10% lets discarding contours which have a wire-
like shape and therefore cannot be considered as bacteria.

Fig. 3.6 shows an example of the obtained results where the identified contours, both
for the bare metal and for the coated one are shown in green colour.” [53] ©2019 IEEE

This imaging algorithm was used to characterized the bacteriostatic behaviour of
silver-epoxy nanocomposites. Results are presented in Section 4.3.3.
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3.5 Conclusions
In this Chapter, an imaging algorithm has been presented. As described, it is able to

identify bacteria aggregates on sample surface after a corrosion test. It has been tested
both on metallic samples and non-conductive ones, discussing the different parameters
that should be used to optimize the procedure. Obtained information are related to
the number of bacteria aggregates attached on the sample surface, their average size
and also their dimensional distribution. These data, coupled with the electrochemical
measurements, can provide a deeper insight in the study of the microbial corrosion
behavior of different materials.
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Chapter 4

Hybrid organic coatings for
corrosion prevention

Some of the work described in this chapter has been previously published in [53, 71].

4.1 Introduction
Different strategies can be undertaken in order to protect metals from corrosion.

One of the most common is represented by the use of a coating that is able to act as
a barrier against external environment and aggressive agents. In the field of materials
science, an interesting innovation occurred in last decades has been represented by the
development of ’hybrid materials’. They are a new class of materials that combines the
properties of polymeric and inorganic ones. Actually, the dispersion of a nanometric
filler inside the organic matrix leads to a nanocomposite in which different proper-
ties can be optimized. So it is possible for example to improve superficial hardness or
barrier properties of the polymeric resin, keeping at the same time its toughness or
transparency.

The aim of this study was to characterize the corrosion protection effectiveness of
three different typologies of epoxy-based hybrid coatings. Three different nanofillers
have been tested: silica nanoparticles, graphene oxide nanoplatelets and silver nanopar-
ticles. The barrier properties of the coatings have been tested using Electrochemical
Impedance Spectroscopy and Scanning ElectroChemical Microscopy. Moreover, bacte-
riostatic properties of the coatings containing silver nanoparticles have been investi-
gated.

4.2 Materials and methods
In order to characterize the three typologies of coating, low carbon steel Q-Panel

Standard Test Substrate, purchased from Q-Lab, was used as coated material. These
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substrates have a superficial roughness 𝑅𝑎 = 0.5 µm, as declared in the product speci-
fications. The Q-Panel substrates were cut to the dimensions of 25 mm × 25 mm and
then cleaned with acetone.

Three epoxy-based coatings have been studied, containing a different nanofiller
inside the polymeric matrix: silica nanoparticles, graphene oxide nanoplatelets or sil-
ver nanoparticles. The UV-curable epoxy resin was 3,4- epoxycyclohexylmethyl - 3’,4’-
epoxycyclohexyl carboxylate (CE), purchased from Sigma-Aldrich. Silica nanoparticles
have been produced in-situ inside the polymeric matrix during the polymerization pro-
cess using TEOS (Tetraethoxysilane) as precursor. Two TEOS concentrations have been
chosen, respectively 15 wt% and 30 wt% and Irgacure 250 (Basf) was used as photoini-
tiator (concentration 4 wt% respect to the epoxy resin). Graphene oxide (0.05 wt%)
was dispersed in the epoxy resin using IKA Ultra-turrax at 30000 rpm for about 5 min
and finally placing the mixture in an ultrasonic bath for about 60 min, as described
in [72]. Also in this case, Irgacure 250 was the photoinitiator. Silver nanoparticles have
been produced in-situ inside the polymeric matrix, following the procedure described
in [73]. The epoxy resin was mixed with the silver precursor (silver hexafluoroanti-
monate, AgSbF6) in concentration equal to 1 wt% or 3 wt% and with the photoinitiator
(2,2-dimethoxy-2-phenyl acetophenone, DMPA), in concentration of 2 wt%.

“Formulations were deposited on the steel substrates using the draw-down rod coat-
ing technique in order to obtain a fixed and controlled thickness of about 60 µm±15 µm.
The used procedure is the same described in other research papers [74,75]: some coating
liquid is placed on the substrate surface, afterwards a wire wound rod is rolled over the
surface, so as to spread the liquid over the whole surface and doctor off the excess of
coating fluid. Any other deposition technique could be applied (e.g. brushing, spraying
etc.), but the draw-down rod technique assures an easy and reproducible procedure.
UV-curing process was the following step and had a duration of about 180 s with light
irradiance on the sample surface of about 60 mW/ cm2. Samples coated with the TEOS
formulation underwent also a heat treatment to complete the sol-gel reactions (90o C
for 4 hours at 95% RH) following the procedure presented in [76].” [71] ©2018 Società
Italiana di Fisica

Coated samples were characterized by means of EIS in order to investigate the pro-
tective effectiveness of the coating exposed to an aggressive solution. EIS measure-
ments were performed in a conventional three electrodes electrochemical cell, using an
Ag/AgCl electrode as the reference electrode and a NiCr wire as the counter electrode.
The cell was filled with 0.1 M NaCl aerated solution for tests in sterile conditions, while
raw wastewater was used for tests assessing the antimicrobial properties of the Ag-
doped coatings. EIS measurements were performed in the range of 10−2 Hz to 105 Hz,
with an applied voltage of 100 mVpp. The exposed area was of about 0.8 cm2; all results
have been scaled to the equivalent area of 1 cm2. Measurements were performed after
24 hours and 96 hours for the tests in sterile conditions and regularly until 240 hours
of immersion for the tests in wastewater.

“SECM analyses were carried out in 0.1 MKCl (potassium chloride), to which 5 mM
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K4Fe(CN)6⋅3 H2O (potassium ferrocyanide) solution was added to act as electrochem-
ical mediator. The measuring cell was composed of a tip with diameter of 10 µm (set
as working electrode), a reference electrode (Ag/AgCl electrode) and a counter elec-
trode (Pt wire). The tip was positioned at a distance of 10 µm (equal to the tip diameter)
from the sample surface. This was detected with a vertical line-scan in feedback mode
as the height at which a 25% reduction of the current was measured by the probe re-
spect to the value in bulk solution. Acquisitions were performed through a scan rate of
30 µm/s and a step size of 10 µm. The tip was set at a potential of +0.5 V with respect
to the Ag/AgCl reference electrode; the current that is measured between working and
counter electrodes is due to two possible oxidation reactions inside the solution related
to the electrochemical mediator (eq. 4.1) and to the corrosion reaction of the steel sub-
strate (eq. 4.2), respectively:

𝐹𝑒(𝐶𝑁)4−
6 ⟷ 𝐹𝑒(𝐶𝑁)3−

6 + 𝑒− (4.1)

𝐹𝑒0 ⟶ 𝐹𝑒2+ + 2𝑒− (4.2)

Being that the sample is non-conductive, as long as the coating covers and protects
the surface, the only signal is given by the mediator oxidation reaction (eqn. 4.1). Thus
the value of current that is measured depends on the distance between the tip and the
sample surface: approaching the surface, oxidation reactions are limited by hindered
diffusion of new species near the tip, so the measured current decreases. The SECM
measurements, performed on areas of 500 µm × 500 µm, were used to obtain morpho-
logical information about samples surface when immersed in the electrolytic solution.

Final morphological characterizations were performed bymeans of a Field Emission
Scanning Electron Microscope (FESEM Supra 40, ZEISS) using an acceleration voltage
of 15 kV and and aperture of 20 µm to take high magnification images.” [71] ©2018
Società Italiana di Fisica

4.3 Results and discussion
“Visual appearance of the coated samples can be observed in Fig. 4.1. All coatings

show a good transparency; the finishing is slightly glossy, but it does not modify the
aesthetic appearance of the metallic substrate. The use of a draw-down rod for coating
deposition allows one to obtain a constant thickness, but turns out in a not perfectly flat
coating which sometimes appears as a wavering on the images. However this drawback
can be easily overcomewhen the coating is applied notmanually but using an automatic
tool.” [71] ©2018 Società Italiana di Fisica

In the following, results fromdifferent characterization techniqueswill be presented.
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Figure 4.1: Picture of the samples under study: A) Steel without coating B) Epoxy coating
C) Epoxy coating with addition of silica nanoparticles D) Epoxy coating with addition
of graphene oxide nanoplatelets E) Epoxy coating with addition of silver nanoparticles.

4.3.1 Electrochemical characterization
Coatings protective effectiveness has been assessed by means of Electrochemical

Impedance Spectroscopy. All formulations have been compared to the bare epoxy resin
in order to better highlight the effect of the different fillers and results are reported in
Fig. 4.2 as Bode diagrams.

It is possible to see that all coatings exhibit a capacitive behaviour, reaching phase
values close to 90∘, at high frequencies, demonstrating a good protective effective-
ness against the electrolytic solution. At lower frequencies, in all cases the modulus
of impedance reaches a plateaux and the phase shifts to a resistive behaviour, that is
values close to 0∘.

As far as the coatings containing silica nanoparticles are concerned, it is possible
to observe the beneficial effect of the nanofiller. Actually, the modulus of impedance
increases from about 106 Ω ⋅ cm2 to 107 Ω ⋅ cm2 for the two formulations containing
TEOS. A higher concentration of TEOS does not lead to an improvement of the material
barrier properties, probably due to an inhomogeneous dispersion of the precursor in the
epoxy resin. Actually, silica domains of bigger dimension can act as local defects in the
coating and have a less significant effect on its protective capabilities. All formulations
containing TEOS show a stable behaviour during the immersion in the 0.1 M NaCl
solution. Only a slight increase in the impedance modulus can be observed, which could
be related to a slight oxidation of the steel at the interface between the coating and the
metal.

Best corrosion protective behaviour was found for coatings containing graphene
oxide nanoplatelets. Actually, the addition of aminimal concentration of nanofiller leads
to an increase of the impedance modulus to 2 ⋅ 107 Ω ⋅ cm2, which remains almost
stable during the 96 hours of immersion. This behaviour can be related to the lamellar
shape of the nanofiller, which is characterized by a thickness lower than 10 nm and a
lateral dimension in the order of somemicrometers [77,78]. Actually, thanks to the high
specific surface, it is able to decrease the water diffusion rate inside the the coating.This
point will be better clarified using SECM measurements.
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𝐶𝑃𝐸𝐶𝑑𝑙
WE

Figure 4.3: Equivalent circuit model used for fitting the EIS spectra.

Coatings containing silver nanoparticles showed an heterogeneous behaviour. Ac-
tually the addition of 1 wt% of AgSbF6 did not have an effect on the protective effec-
tiveness of the coating; as it is possible to see, modulus of impedance is lower that that
of the bare epoxy resin. Probably silver nanoparticles act more as point defects than
as a reinforcement for the polymeric matrix. On the other hand, the addition of 3 wt%
of AgSbF6 leads to an increase of the impedance modulus, that reaches values close to
107 Ω ⋅ cm2.

“EIS spectra have been modelled through the equivalent circuit model shown in
Fig.4.3, typically used in the case of organic coatings that undergo a degradation, where
𝑅𝑠 is the resistance of the electrolytic solution which has been assumed fixed at the
value of 100 Ω, 𝑅𝑓 is the film resistance, in parallel with 𝐶𝑃𝐸𝐶𝑓 (Constant Phase Ele-
ment) representing the capacitance of the film and eventually 𝑅𝑐𝑡 is the Charge Trans-
fer resistance, in parallel with another CPE (𝐶𝑃𝐸𝐶𝑑𝑙), that models the double layer
capacitance at the interface with the metal.

The physical meaning of the CPE in the equivalent circuit model is correlated to the
surface heterogeneity of the coatings [79, 80]; the CPE impedance value is represented
by equation:

𝑍 = 𝐶
(𝑖 ⋅ 𝜔)𝛼 (4.3)

where 𝐶 is a constant related to the specific system under investigation, 𝜔 = 2𝜋𝑓 takes
into account the frequency, 𝑖 =

√
−1 is the imaginary unit and 𝛼 is a coefficient

independent from frequency that ranges between 0 and 1 [79]. This element is a gen-
eralization of a classic capacitor, which becomes a specialized case of a CPE, when 𝛼 =
1; when 𝛼 = 0 the CPE is equivalent to a resistor, while when 𝛼= -1 is equivalent to an
inductor.

𝑅𝑐𝑡 and 𝐶𝑃𝐸𝐶𝑑𝑙 values obtained by fitting the EIS spectra by means of the equiv-
alent circuit model of Fig.4.3 are reported in Table 4.1. In Fig. 4.4 EIS data are presented
as Nyquist plot, superimposing the measured spectra after 96 hours of immersion with
the one modelled through the equivalent circuit.

For the steel sample, 𝑅𝑐𝑡 is of about 350 Ω ⋅ cm2 and 𝐶𝑃𝐸𝐶𝑑𝑙 is of about 2.64⋅10−3

with 𝛼 = 0.8, thus indicating the poor corrosion resistance of the low carbon steel in
the aggressive electrolyte. A significant increase in the charge transfer resistance can
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Table 4.1: Rct and CPECdl values obtained by fitting the impedance spectra by the equiv-
alent circuit model of Fig. 4.3

Rct (Ω ⋅ 𝑐𝑚2) 1 hour CPECdl, 1 hour

Epoxy 2.5 × 106 6.5 × 10-5 (𝛼 = 1)
Epoxy + 15 wt% TEOS 1.1 × 107 3.8 × 10-6 (𝛼 = 0.7)
Epoxy + 30 wt% TEOS 8.9 × 106 8.9 × 10-7 (𝛼 = 0.7)
Epoxy + 0.05 wt% Graphene Oxide 2.4 × 107 3.3 × 10-7 (𝛼 = 0.8)
Epoxy + 1 wt% AgSbF6 1.2 × 106 1.5 × 10-6 (𝛼 = 0.8)
Epoxy + 3 wt% AgSbF6 6.6 × 106 9.7 × 10-8 (𝛼 = 0.8)
Low Carbon Steel 3.56 × 102 2.64 × 10-3 (𝛼 = 0.8)

Rct (Ω ⋅ 𝑐𝑚2), 96 hours CPECdl, 96 hours

Epoxy 3.8 × 106 4.2 × 10-5 (𝛼 = 0.7)
Epoxy + 15 wt% TEOS 1.2 × 107 8.2 × 10-8 (𝛼 = 0.8)
Epoxy + 30 wt% TEOS 1.9 × 107 2.3 × 10-7 (𝛼 = 0.8)
Epoxy + 0.05 wt% Graphene Oxide 1.9 × 107 3.6 × 10-7 (𝛼 = 0.7)
Epoxy + 1 wt% AgSbF6 8.8 × 105 4.3 × 10-6 (𝛼 = 0.8)
Epoxy + 3 wt% AgSbF6 6.5 × 106 8.4 × 10-8 (𝛼 = 0.7)
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4.3 – Results and discussion

Figure 4.5: SECM measurement on a) Epoxy-TEOS and b) Epoxy-Graphene Oxide coat-
ings after 1 hour and 48 hours. [71]

be observed for the three hybrid coatings with respect to the bare metal, but also when
compared to the bare Epoxy Coating.The highest𝑅𝑐𝑡 value is found for the formulation
containing graphene oxide, while the sample containing 1 wt% of AgSbF6 is the only one
that does not exhibit a beneficial effect for the addition of the filler. Moreover, during
the 96 hours of exposure to the electrolytic solution, no significant changes could be
observed for all the coatings.

From the fitting of the impedance spectra, 𝛼 values close to the unity were obtained
for all samples, indicating a behavior similar to a capacitor. High values of the 𝐶𝑃𝐸𝐶𝑑𝑙
are expected for bare low carbon steel substrates, while lower values are recorded onto
coated samples not affected by degradation. Moreover, such CPE values remain almost
constant for the Graphene Oxide Coating over the 96 hours of exposure inside the elec-
trochemical cell, while decreases for the formulation containing TEOS, probably due to
the water uptake by the coating exposed to the electrolytic solution.

In order to better understand the degradation mechanism of the different coatings
when immersed in the electrolytic solution, the SECM techniquewas used. In particular,
the aimwas to compare the different water absorption analysing the modification in the
superficial morphology. So the same area was scanned at different immersion times, in
order to detect changes in its roughness or defects being formed. Results for Epoxy-
TEOS and graphene oxide samples are presented in Fig. 4.5.
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SECM graphs have been plotted with the z axis (representing the current) inverted,
so as to give a direct topographical representation of the surface [81]. Specimens ap-
pear not perfectly flat since the beginning of the test, due to the manual procedure to
spread the coating on the metal surface. Epoxy-TEOS specimens show a higher rough-
ness (respect to grafene oxide samples), characterized by peaks that protrude from the
surface. Moreover, this kind of defects increases their dimension with the immersion
time in the electrolyte, even if this does not influence the protective capabilities of the
coating (as seen through the EIS measurements). The reason for this changes can be
attributed to water uptake by the polymer, discovered in an early stage through SECM
technique, but still difficult to detect through EIS. Actually, in order to have a significant
decrease in the impedance modulus, a longer ionic conductive path would be necessary,
so longer immersion time are required. In the case of graphene oxide coatings, the sur-
face is smoother, even if still characterized by the presence of peaks. A notable point
is that in this case the surface is less deteriorated by the immersion in the electrolytic
solution, both considering the peaks and the mean roughness of the surface.

This behaviour can be explained in a twofold way. First of all, the shape of the filler
inside the polymeric matrix plays an important role, as the lamellar shape of graphene
oxide nanoplatelets is particularly suited to obstacle the diffusion of electrolyte through
the coating [82, 83]. Actually, as it can be seen also from FESEM micrographs, silica
nanoparticles have a spherical shape, which leads to lower tortuosity if compared to
the effect of lamellar fillers [84]. Moreover, also the different hydrophilicity of the two
coatings must be taken in account. As reported in scientific literature for analogous ma-
terials, TEOS-containing coatings are characterized by lower contact angles with water
respect to graphene oxide ones [72, 76]. The role of the filler, if compared to graphene
oxide coatings, is less effective in preventing absorption of water from the environment.
Thus SECM measurements are an additional evidence of the different behavior of the
two materials, which is in good agreement with previous literature [85,86].” [71] ©2018
Società Italiana di Fisica

4.3.2 Morphological characterization
After immersion in the electrolytic solution, samples superficial morphology was

characterized using electronmicroscopy. In agreementwith EISmeasurements, no signs
of corrosion could be observed on the metallic surface and the metal was still coated by
the polymeric coatings. In all samples, only a slight degradation of the polymer could
be observed.

Fig. 4.6 shows the “FESEMmicrographs of the Epoxy-TEOS coating before and after
96 hours of immersion in the NaCl solution. The same morphology described in litera-
ture for Epoxy-TEOS coatings can be observed. Some silica nanoparticles, characterized
by size in the range of 100 nm − 200 nm, are visible near the surface of the coating
already after deposition. Actually, this can be explained because the inorganic phase
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Figure 4.6: FESEM micrographs of the Epoxy-TEOS coating as deposited (on the left)
and after 96 hours of immersion in 0.1 M NaCl aerated solution in the electrochemical
cell used for the EIS measurements (on the right). [71]

(more polar than the organic one) tends to enrich superficial layers of the material. Af-
ter permanence inside the electrochemical cell, a slight degradation of the resin occurs
and it leads to the exposure of silica nanoparticles directly to the surface. Nanoparticles
appear well distributed and dispersed in the organic matrix, without a major segrega-
tion of the silica phase. In the case of graphene oxide coatings, it was not possible to
distinguish the filler inside the matrix, due to the same chemical composition and to the
shape of the lamellae. This can also be interpreted as a sign of good dispersion of the
nanofiller inside the polymer.” [71] ©2018 Società Italiana di Fisica

Samples containing silver nanoparticles had a morphology similar to that of Epoxy-
TEOS coatings. At lower magnification, a slight degradation of the polymer could be
observed, even if the coating was still adherent to the substrate. At higher magnifi-
cation, silver nanoparticles could be seen, having a diameter ranging between 30 nm
and 80 nm. Also in this case, it is possible to notice the good dispersion of the nanofiller
inside the polymeric matrix, that can be related to the process route used for the pro-
duction of the nanocomposite.

4.3.3 Antimicrobial behaviour of Ag-doped organic coatings
Bacteriostatic properties of the silver nanocomposites have been evaluated immers-

ing the samples in raw wastewater. Using such electrolytic solution guarantees to have
a large variety of bacteria strains and thus to have a condition that aims at reproducing a
real environment. The test had a duration of 240 hours and was carried out at a temper-
ature of 30 ± 3 ∘C. Protective effectiveness of coatings containing silver nanoparticles
has been evaluated first by means of EIS measurements during immersion in the elec-
trolytic solution and then throughmorphological characterization of the sample surface
after the immersion test.
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Figure 4.7: Silver-Epoxy nanocomposite (1wt% AgSbF6) after 96 hours of immersion in
the 0.1 M NaCl solution.

Results from EIS measurements have been plotted in Fig. 4.9 as Bode diagrams, com-
paring the two formulations containing silver nanoparticles to the bare epoxy coating.
All three samples exhibit a less protective behaviour against the aggressive electrolyte,
as can be seen from impedance modulus, which is more than one order of magnitude
lower than for the tests in NaCl solution. Moreover it does not remain stable during im-
mersion, but decreases in the course the tests.The less effective protective behaviour can
also be deduced analysing the phase values, that remain close to 0∘ in a large part of the
frequency range.The behaviour is similar for the two formulations with silver nanopar-
ticles; the sample containing 3 wt% of AgSbF6 has a higher modulus of impedance at
the beginning of test, but then it stabilises to about 105 Ω ⋅ cm2.

Also in this case, EIS spectra have been modelled through the equivalent circuit
model shown in Fig. 4.3. Results are reported in Table 4.2 , while in Fig. 4.8 the impedance
spectra recorded after 240 hours of immersion are plotted as Nyquist diagrams super-
imposing them with the model obtained from the equivalent circuit.

For all samples, resistance to charge transfer is one order of magnitude lower than in
the tests in NaCl solution. Moreover it does not remain stable but decreases during the
test, indicating an increase in the corrosion rate for the steel substrate due to exposure
to the solution containing bacteria. Higher values are found for the Constant Phase
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Table 4.2: Rct and CPECdl values obtained by fitting the impedance spectra by the equiv-
alent circuit model of Fig. 4.3

Rct (Ω ⋅ 𝑐𝑚2) 1 hour CPECdl, 1 hour

Epoxy 1.3 × 105 3.8 × 10-4 (𝛼 = 0.7)
Epoxy + 1 wt% AgSbF6 1.1 × 105 1.4 × 10-5 (𝛼 = 0.7)
Epoxy + 3 wt% AgSbF6 4.6 × 106 9.5 × 10-6 (𝛼 = 0.9)

Rct (Ω ⋅ 𝑐𝑚2), 96 hours CPECdl, 96 hours

Epoxy 4.2 × 104 7.0 × 10-4 (𝛼 = 0.8)
Epoxy + 1 wt% AgSbF6 6.7 × 104 2.1 × 10-5 (𝛼 = 0.7)
Epoxy + 3 wt% AgSbF6 8.7 × 104 5.7 × 10-5 (𝛼 = 0.7)

Figure 4.8: Nyquist plots recorded on the different coatings after 240 hours of immersion
in raw wastewater and results from fitting: a) Epoxy coating b) Epoxy coating + 1 wt%
of AgSbF6 c) Epoxy coating + 3 wt% of AgSbF6
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Element modelling the double layer capacitance, with 𝛼 of about 0.7.
At the end of the immersion test, bacteriostatic behaviour of the silver nanocompos-

ites was evaluated by means of morphological characterization of samples surface. Us-
ing electron microscopy it was possible to assess the bacteria attachment on the coating
surface and evaluate the effectiveness of the nanofiller in preventing bacteria adhesion.
SEM micrographs for the three samples are shown in Fig. 4.10.

As can be seen from the images, a completely different condition is found for the
three coatings. As far as the bare epoxy coating is concerned, it is possible to see that
bacteria are able to colonize the sample surface, forming a biofilm made of large aggre-
gates. Even if a failure of the coating could not be observed during these tests, this con-
dition is the most dangerous, as chemical compounds produced by bacteria metabolism
can accelerate the coating degradation. In the case of the formulation containing 1 wt%
of AgSbF6, bacteria are still able to attach on sample surface, forming a biofilm that
covers almost uniformly the coating. Large bacteria clusters are not present, but the
morphology is that of singly attached bacteria. Moreover, to better understand the in-
formation gained from this characterization, it should be noticed that using electron
microscopy it is possible to evaluate only the bacteria attachment on sample surface,
without assessing if they were still living at the end of the test. To have this additional
information, staining techniques would be required.

Increasing the concentration of silver precursor to 3 wt%, even better results could
be observed. Actually, bacteria adhesion on the coating surface is almost completely
inhibited and only few microorganisms are present on it.

FESEM micrographs have been analysed using the imaging algorithm presented in
Section 3.4, in order to quantify the biofilm coverage for the different samples. Fig. 4.11
shows three micrographs representing the sample surface of the three coatings after im-
mersion in wastewater and the results from the bacteria identification. The software is
able to identify bacteria in virtually all cases, even if, as discussed in Section 3.4, the low
contrast between the microorganisms and the coating surface, makes the identification
more problematic than in cases involving a metallic sample.

Using the imaging algorithm it is possible to assess both the biofilm coverage (that
is the ratio between the number of image pixels occupied by bacteria and the total
number of pixels in the image) and the dimensional distribution of bacteria aggregates.
Biofilm coverage is about 21% for the bare epoxy coating and 17% and 3% for the coatings
containing respectively 1 wt% and 3 wt% of AgSbF6. Moreover, looking at dimensional
distribution of bacteria aggregates, reported in 4.12 as histograms, it is possible to assess
the different morphology of bacteria clusters. In the bare epoxy samples aggregates
dimension reaches 100 µm2, while in the other two cases it is limited to about 20 µm2,
that is the size of singly attached bacteria. It is thus possible to conclude that, even if
a similar biofilm coverage is found for the epoxy coating and the samples containing
1 wt% of AgSbF6, the presence of large aggregates is a more dangerous condition for
applications involving microbial corrosion.
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(a)

(b)

(c)

Figure 4.10: SEMmicrographs showing samples surface after immersion in rawwastew-
ater: a) Epoxy coating b) Epoxy coating + 1 wt% of AgSbF6 c) Epoxy coating + 3 wt% of
AgSbF6.
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Figure 4.11: SEM micrographs and identified bacteria on three samples after immersion
in wastewater: a) Epoxy coating b) Epoxy coating + 1 wt% of AgSbF6 c) Epoxy coating
+ 3 wt% of AgSbF6.

Figure 4.12: Histograms showing dimensional distribution of bacteria aggregates on
different samples: a) Epoxy coating b) Epoxy coating + 1wt% of AgSbF6 c) Epoxy coating
+ 3 wt% of AgSbF6.

4.4 Conclusions
This study presented the characterization of three typologies of hybrid organic coat-

ings. As could be assessed by means of electrochemical measurements, the three differ-
ent nanofillers are able to significantly improve the barrier properties of the epoxy resin
against an aggressive electrolyte. Best corrosion protection performance was found for
coatings containing Graphene Oxide. Actually, thanks to the lamellar structure and low
hydrophilicity of the filler, they exhibit a good protective behaviour even using a very
low filler content. Moreover, SECM measurements showed the lower water uptake of
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this kind of coatings if compared to the formulation containing silica nanoparticles. Fi-
nally, antimicrobial properties of coatings containing silver nanoparticles has been eval-
uated immersing the samples in wastewater. Electrochemical measurements showed a
similar behaviour for the two formulations containing AgSbF6, but a completely dif-
ferent superficial morphology was found at the end of the immersion test. In samples
without silver nanoparticles, formation of large bacteria clusters could be observed,
which is the most dangerous condition. The addition of silver nanoparticles had a ben-
eficial effect already using 1 wt% of AgSbF6 and showed the best performance in the
samples containing 3 wt% of AgSbF6, which were almost not colonized by bacteria.
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Chapter 5

Conclusions

This dissertation presented the results obtained in the study of innovative measure-
ment techniques for microbial corrosion assessment. This topic was addressed focusing
both on the development of a new experimental setup for MIC testing and on the use
of imaging techniques for characterization of microbial colonization of sample surface.

As discussed in Chapter 2, the use of Microbial Fuel Cell as environment to carry
out a microbial corrosion test has several advantages if compared to a traditional im-
mersion test. Actually, it is possible to monitor many test parameters avoiding specific
and costly analysis, but simply measuring the currents flowing in the MFC electrical
circuit. Before the beginning of the test, it is possible to verify the presence of bacteria
in the electrolytic solution measuring the current flowing between the anode and the
cathode of the MFC. Actually, without bacteria activity no current could flow between
the two electrodes, as they are made of the same material. Then, during the test it is
possible to track the presence of nutrients in the solution monitoring the MFC power
output. This is a great simplification, because it can avoid the use of chemical analy-
sis to measure nutrients concentration. When the sample under study is connected the
the MFC electrical circuit, it is possible to monitor the gradual colonization of sample
surface by bacteria. Actually, the current flowing between the sample and the cathode
can be associated to the biofilm growth on the metal surface and to the corrosion reac-
tions occurring on it. Thus it is possible to compare the microbial corrosion resistance
of different materials and the different biofilm growth rate. Moreover, the sample po-
larization in the MFC allows one to have more aggressive conditions if compared to a
simple immersion test without altering bacteria metabolism.This technique can thus be
considered as an additional tool for researchers in the microbial corrosion field, in order
to study and compare the behaviour of different materials in an environment containing
bacteria.

In the second part of the thesis, an imaging algorithmwas presented. It aims at quan-
tifying bacteria attachment on sample surface at the end of a corrosion test analysing
micrographs taken using electron microscopy. The choice of this specific microscopy
technique was due to its widespread use in many Materials Science studies; so it does
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not require additional skills or expertises. Moreover, it does not require staining tech-
niques, so it simplifies part of the sample preparation. Bacteria are identified in the
micrograph relying on the contrast due to the different conductivity between the bac-
teria and the metal surface. So it is possible to binarize the image choosing a brightness
threshold value to discriminate between pixels occupied by bacteria and by the metal
substrate. The following identification of the microorganisms present on the sample
surface permits to obtain a dimensional distribution of bacteria aggregates, which is an
important information in order to assess their influence on the sample surface reactiv-
ity. Moreover, the computation of different parameters, such as the biofilm coverage or
the average size of bacteria aggregates allows to compare the behaviour of a specific
material in different electrolytic solution.

Traditional techniques and some of the proposed ones have been used to character-
ize the corrosion resistance properties of different materials. In Chapter 2, the microbial
corrosion resistance of two stainless steels has been investigated using both electro-
chemical techniques and morphological characterizations. This allowed to highlight an
interesting case of corrosion inhibition due to the oxygen consumption caused by bac-
teria metabolism. Eventually, in Chapter 4 the characterization of innovative hybrid
coatings for corrosion protection has been presented. Electrochemical measurements
permitted to compare the protective effectiveness of the different nanofillers dispersed
in the polymeric matrix. Then, the bacteriostatic behaviour of the hybrid coatings con-
taining silver nanoparticles was assessed using the proposed imaging algorithm. The
use of SEM micrographs allowed to quantify the bacteria attachment as a function of
the silver content inside the material, highlighting the good antimicrobial behaviour of
the Ag-doped epoxy coating.

The studies presented in this dissertation can be considered as a contribution in the
field of measurements for microbial corrosion. In particular, one of the main purposes
was the simplification of some of the issues related to the biological part of the exper-
iments, and this was achieved both through the new experimental setup and through
the imaging system, that does not rely on staining techniques. Further developments of
this research can be pursued in the study of new configurations for theMFC setup in or-
der to study different experimental conditions. In this way, not only anaerobic, but also
aerobic conditions could be reproduced, enabling researchers to investigate different
environments using a single experimental setup.
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