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Abstract
To follow and measure the microbially influenced corrosion acknowledged by academics and

engineers needs analytical technique of broad spectrum. The presence of microbes changes not
only the aqueous environment, but has a decisive impact on the solid surface whereto they
adhere and form biofilm with heterogenic composition. This layer with very high water content,
ions and microorganisms involved from the bulk solution modify the solid surfaces and
deteriorate them. This explains the need for instrumentation of wide spectrum in order the get the
measure of the dissolution of metals, deterioration of passive film. In this chapter, the mostly
used techniques are summarized. Some of them (electrochemical noise measurement,
electrochemical impedance spectroscopy, quartz crystal microbalance) are apt to follow
electrochemical reactions, deposition, and the change in the layer permeability induced by the
presence of microorganisms, by their metabolites or by the biofilm they formed. Other
techniques (scanning electron microscopy, environmental scanning electron microscopy,
confocal laser microscopy, confocal scanning microscopy, atomic force microscopy) can
visualize the microorganisms, their distribution in the gelatinous biofilm and give information
about the surface deterioration in 3D and in section. Spectroscopic techniques (FTIR, X-ray
photoelectron spectroscopy) inform us about the material composition, on the change of the
surface. The techniques are not only introduces and shows how is possible to use in case of MIC,
but their advantages and disadvantages are also mentioned. It is important to open the eyes on
the fact that, because of the complex phenomenon the microorganisms generate, parallel
application of different techniques is important. These techniques are reviewed regarding the
heterogeneous characteristics of microbial consortia and their possible influences on metal
substrata. Our intention is that this chapter will motivate application and combination of new and
previously used techniques for practical, industrial, detection and on-line monitoring to
determine the impact of biofilms on structural deterioration in different systems in the oil and gas
industry.
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Techniques used for MIC monitoring and evaluation

Any investigation of MIC needs input from scientists and engineers from interdisciplinary fields,
and it is especially important to combine various areas of expertise to tackle the phenomenon. In
particular, the diagnosis of MIC cannot be based only on microbiological data. Techniques
utilized for detection and monitoring of MIC include conventional electrochemical direct current
(DC) methods, alternating current (AC) electrochemical impedance spectroscopy (EIS) , optical
and electron microscopy, atomic force microscopy (AFM) , Fourier transform infrared
spectrometry (FTIR), scanning vibrating electrode mapping (SVEM), concentric electrode
technique, x-ray photoelectron spectroscopy (XPS) and Auger electron spectroscopy (AES) [1-
3]. The best approach to determine the presence of MIC in pipelines, apart from microbial test
results, is the integration of data from those different types of corrosion detection and monitoring
methods and system operating parameters. These data include main operating parameters such
as flow rate, temperature, pressure, pigging frequency, chemical treatment history, and fluid
physico-chemistry (chemical composition of gases, liquids and solids) which affect MIC directly
or indirectly.

1. Electrochemical methods in the study of MIC

Electrochemical methods applied to study MIC include those in which no external signal is
applied (e.g., measurement of redox potential (E.,) or corrosion potential (Er), and
electrochemical noise analysis (ENA)), those in which only a small potential or current
perturbation is applied (e.g., polarization resistance (R,) and electrochemical impedance
spectroscopy (EIS)), and those in which the potential is scanned over a wide range (e.g., anodic
and cathodic polarization curves, cyclic voltammetry) [1].

It is important to note that electrodes used in all electrochemical techniques measure the current
and/or voltage in order to estimate a corrosion rate. The surface of the electrode alters during
measurements as electric double layers form. However, in the presence of microorganisms,
biofilm will build up during the measurement, and thus the thickness and character of the film
formed on the electrode changes continuously. This explains why it is necessary to use, in
parallel, several different electrochemical techniques in order to obtain more precise results on
the electrode surface reactions, which can then be used to help explain MIC mechanisms [1-4].
1.1 Methods requiring no external signal

1.1.1 Redox potential



Redox potential in general is a measure of the oxidizing power of the environment. A
prepassivated platinum (Pt) electrode and an electrode of the metal of interest follow biofilm
development and its effects on the corrosion behavior of structural materials [5]. Since the
potential of Pt changes in the positive direction when either the oxygen concentration is
increased or pH is decreased, an indicator is added to the solution to determine pH changes
independently. Time dependence of the open-circuit potential (OCP or E;) of several steels was
compared to that of the prepassivated platinum electrode. Micro-organisms, by their presence or
their metabolic activity, during their growth and multiplication, can drastically alter the local
physical chemistry at the interface material environment, resulting in the initiation and
acceleration of localized corrosion [5, 6].

This technique has a great advantage as it could be used both in laboratory and field tests. In the
case of MIC, this method is not useful for determination of the corrosion rates and this is a
disadvantage. Such techniques also require simultaneous measurement of the pH. It is important
to choose the immersion time carefully, and so when the microbial colonization on the electrode
starts, the measured value will correspond to the chemistry at the electrode under the biofilm
rather than to that of the bulk environment. The redox potential measurements of electrochemical
reactions should be conducted under equilibrium conditions.

1.1.2 Corrosion potential (E o)

Corrosion potential, also known as open circuit potential, measurements require a stable
reference electrode (RE), usually assumed to be unaffected by biofilm formation, and a high-
impedance voltmeter. E.., values are difficult to interpret, especially when related to MIC [6].
Dickinson et al [7] demonstrated that microbiologically deposited manganese oxide on 316L
stainless steel coupons caused an increase in E,; and increased cathodic current density at more
anodic potentials.

Because of its simplicity, Ecor has been applied in MIC studies both in the laboratory and in the
field for many years. It measures both the anodic and cathodic processes simultaneously but only
the trends are assessed [8].

1.1.3 Electrochemical Noise Analysis (ENA)

Electrochemical noise (EN) data can be obtained either as fluctuations of Eqy, (fluctuations of

potential (E)) at an applied current (I), or as fluctuations of I at an applied E [6]. No external



signals are applied that may influence biofilm properties. It measures the potential and current
fluctuations simultaneously.

In this approach, two electrodes of the same material are coupled through a zero resistance
ammeter (ZRA). Simultaneous collection of potential and current electrochemical noise data
allows analysis in time and frequency domains. Analysis of EN data in the time domain results in
values of the mean potential (Ecop) and mean current (Icoup) of the coupled electrodes. This
technique gives the most plausible result on the electrochemical consequence of MIC [9].
Padilla-Viveros et al.[10] have investigated the electrochemical behavior of SAE1010 carbon
steel, which was exposed to a Desulfovibrio alaskensis (strain IMP-7760). With the
mathematical analysis of the electrochemical noise, and by using the localization index (LI), it
was possible to differentiate among corrosion processes, and the factors influencing each other
were determined. By determining LI (which can be defined as the standard deviation of the
current noise divided by the root mean square current), information about the proceeding
corrosion process can be obtained, as follows: if the value of LI is lower than 0.05, the corrosion
process is considered to be uniform, while an LI value between 0.05 and 0.1 corresponds to a
mixed corrosion type. A value of LI higher than 0.1 is typical to a localized corrosion process
[10].

1.1.4 Microsensors

Microsensors, usually in the form of microelectrodes and microoptodes (fiber optic micro
sensors), are crucial tools in biofilm research because they permit for the probing of local
environments and the quantification of local interactions at the microscale with high spatial
resolution, obtaining information that is problematic to get otherwise.

In a biofilm, as a result of the metabolic activity of the microorganisms, some materials are
consumed and some are produced. The concentration profiles of these substances convey useful
information about microbial activity and about mass transport.

Most of microsensors used in biofilm research are electrochemical sensors, where the most
useful are amperometric microsensors, which can be used to measure the concentrations of
dissolved gases, ions, and organic and inorganic molecules.

Ultimate microsensors have the following characteristics: small tip diameters to prevent
distortion of the local environment, small sensor surfaces for optimal spatial resolution, low

noise levels, stable signal, high selectivity, and strength to resist breakage [11].



Electrochemical microsensors of interest for microbial ecology are of H,S, methane etc. are
available commercially, thus it has become a relatively simple task to analyze the
microenvironment in stratified microbial communities for several chemical species.

The microsensors for measuring H,S in biofilm or in sediments have (measuring, counter and
guard) platinum electrodes (a modified oxygen microelectrode). The method is based on
amperometric technique when potassium ferricyanid is the redox mediator. This method could be
useful in neutral and moderate alkaline biofilm [12]. Microsensors have been used to establish
profiles of mixed species biofilms [13].

1.1.5 Dual-Cell Technique

The dual cell, split cell or biological battery allows continuous monitoring of changes in
corrosion rates due to the presence of a biofilm [14]. A semi-permeable membrane separates two
identical electrochemical cells biologically. The two working electrodes are connected to a
potentiostat set at null (0 mV) potential. Bacteria are present in one of the cells, and the sign and
magnitude of the resulting galvanic current are monitored to show the bacterial corrosivity. The
dual-cell technique does not provide the determination of corrosion rates, but monitor changes in
corrosion rate due to the biofilm presence.

1.1.6 Capacitance

Capacitance can be determined using the galvanostatic transient method. A constant-current
pulse is applied to the sample under investigation to produce an overvoltage—time response. The
applied current (I,pp) generates cathodic overvoltage (). After amplification through a high-
impedance differential amplifier, signals are recorded by a computer. The capacitance (C) is
determined by nonlinear fitting as:

n=1,,R,(1-exp[t/R,C]), (1)

»
where 7 is the time, assuming a simple parallel combination of polarization resistance (Rp) and C
as the model for the electrode/solution interface. In most cases, this produces an acceptable fit.
Close proximity of the working and reference electrodes and the small /,,, makes corrections for
uncompensated resistance unnecessary [6, 7].

1.2 Methods requiring a small external signal

1.2.1 Electrochemical Impedance Spectroscopy (EIS)

EIS technique records impedance data as a function of the frequency of an applied signal at a

fixed electrode potential. To obtain a complete impedance spectrum a large frequency range



must be investigated. Small signals required for EIS do not adversely affect the numbers,
viability, and activity of microorganisms within a biofilm [15]. EIS data determine the
polarization resistance (Rp) values that allow the calculation of the corrosion rate. EIS is
commonly used for steady-state conditions (at OCP, and uniform corrosion); however,
sophisticated models have been developed for localized pitting corrosion [16]. This technique
provides information about the properties of the formed layer on the electrode surface, such as
information about the compactness or porosity by analyzing the R, values, which allows its use
in the MIC evaluation investigations.

1.2.2 Polarization Resistance Method

By measuring R;, the corrosion rate of any metal can be continuously monitored [17]. R, is
defined as:

R,=(dE/dD)i=0 (2)

R, is the slope of a potential (E) versus current density (i) curve at Ecor, Where i = 0. Corrosion

current density (icorr) 1S calculated from R, as:

B/R, 3)

icorr =

where B=bb./2303(b,+b,) 4)

The exact calculation of i.. for a given time requires simultaneous measurements of R, and
anodic and cathodic Tafel slopes (b, and b.). Modern instruments are able to determine the
precise values of icr. A simplification of the polarization resistance technique is the linear
polarization technique when it is assumed that the relationship between £ and i is linear in a
narrow range around E.o; [18]. Usually, only two points (E, i) are measured, and B is assumed to
have a constant value of about 20 mV. This approach is applicable to field tests and forms the
basis of commercial corrosion rate monitors. g, can also be determined as the dc limit of
electrochemical impedance (i.e. at the low frequency Ilimit). For localized corrosion,
experimental R, data should be used as a qualitative indication for rapid corrosion. Large
fluctuations of R, with time are often observed for systems undergoing pitting or crevice
corrosion as R, data are meaningful for general or uniform corrosion but less so for localized
corrosion, including MIC. Additionally, the use of Stern—Geary theory (where corrosion rate is
inversely proportional to R, at potentials close to Ecor) is valid for conditions controlled by

electron transfer, but not for diffusion-controlled systems [19], as it is frequently the case in



MIC. The advantage of the polarization resistance method is the rapid and easy interpretation of
the results, and it shows good correlation with the gravimetrical method, which represents the
measured difference in weight before and after suffering corrosion. Its disadvantage is that it is
not applicable in localized corrosion cases. The presence of biofilms introduces additional
electrochemical reactions which complicates the linear polarization interpretation thus can lead
to nonlinear polarization behavior. Those uncertainty is the reason behind coupling this method
with other complementary techniques.

1.3 Methods that apply large signal polarization

Large signal polarization techniques require potential scans ranging from several hundred
millivolts to several volts. Potentiostatic or potentiodynamic polarization curves as well as
pitting scans use large signal polarization [20]. Polarization curves can be used to determine
corrosion currents (i.oy) by Tafel extrapolation. Mechanistic information can be obtained from
experimental values of the anodic and cathodic Tafel slopes (b, and b.). Pitting scans are used to
determine E;; and the protection potential (Epro).

In numerous cases, polarization curves have been used to determine the effects of
microorganisms on the electrochemical properties of metal surfaces and on the corrosion
behavior [1, 19]. The advantage of this technique is that it can be used under laboratory or field
conditions because of the easy interpretation of data. The major disadvantage of the large signal
polarizations is their destructive nature, that is, the irreversible changes of surface properties due
to application of large anodic or cathodic potentials which influence the microbial behavior, the
growth and multiplication and biofilm formation.

Choice of potential scan rate is important in MIC studies to reduce the effects on biofilm
structure and character. The faster the scan rate, the less the impact on microbial activities. The
advantage of potentiodynamic sweep techniques is their usefulness to predict the corrosion
behavior of passive metals in biotic media in the presence of biofilms. Disadvantages are that the
results depend on the sweep rate and experimental conditions. Slow potential sweep rates can
affect localized conditions at the metal-solution interface [20, 21].

To provide complex information about a surface covered by biofilm and data on MIC, some of
the techniques presented above should be used in parallel as a complementary method. The
reason is that the biofilm changes the electrode surface dramatically: the metal dissolution is

enhanced by its presence and with increasing film thickness (together with the continuous



internal reaction of microbes and production of aggressive metabolites) the surface properties
changes continuously.

2 Surface analytical methods

2.1 Microscopic techniques

Microscopy includes three well-known branches: optical, electron, and scanning probe. Each
branch has advantages and disadvantages. During the last decades the microscopic methods have
significantly improved, enhanced the understanding of microbial growth, biofilm formation, the
microorganism’s interaction with surfaces (i.e. study of MIC) [22]. Visualization of
microorganisms has always been critical because of its soft consistency, always changing in size
and surface character, and due to the EPS content that surround them. Some of the earliest
microscopic observations were in situ microscopy of algae and bacteria. In this chapter, three
microscopic techniques are highlighted. Confocal laser microscopy (CLM), scanning electron
microscopy (SEM) together with the environmental scanning electron microscopy (ESEM) and
atomic force microscopy (AFM) allow visualization of microorganisms and observation of
biofilm in real time. There is increasing number of reports of these innovative technologies in the
recent MIC literature [23]. The complementary nature of the microscopy methods, scanning
electron microscopy and atomic force microscopy make it possible to visualize and assess
surfaces modified by the single cells and by presence of different biofilms formed from
microorganisms.

The evaluation of the shape and organelles of cells and their visibility could be enhanced by
special techniques like staining and the evaluation by fluorescence microscope.

2.2 Scanning electron microscopy (SEM) and environmental scanning electron microscopy
(ESEM)

SEM produces images of a sample by scanning it with a focused beam of electrons. The
electrons generated in a cathode, amplified by anode, focused by a magnetic lens, interact with
atoms of the sample, producing various signals (backscattered and secondary electrons, X-ray).
The backscattered and secondary electrons give morphologic information in 3D images, the X-
ray determines the composition of the solid surface. The most common mode of detection is by
secondary electrons emitted by atoms excited by the electron beam. The best scanning electron

microscopes can achieve a resolution better than 1 nanometer [24].



Even though SEM produces photographic information on the sample, but is unable to produce
quantitative data on the sample surface. SEM operates under high vacuum, which is a significant
drawback of this technique specially when applied in investigation of MIC. That’s because the
biofilm, with its gelatinous consistence and cells of microorganism embedded into the

extracellular matrix of the biofilm suffer shrinkage when the water content evaporates.

Figure 1 Fluorescence microscopic image of mixed culture isolated from oil well.

The ESEM was developed by substantial alteration of SEM. The ESEM instrument deviates
substantially from the SEM as in the case of the ESEM only a part of the electrons can scan the
spot as the other electrons are scattered on the gas particles (mainly water molecules or other
inert gases), which allow the measurement at high pressure. The vacuum regions are separated

from the high pressure and the low pressure instrumental area. The differential pumping enables



that the electron beam, because of scattering on different gas molecules, progressively loses
electrons. The measure of the lost electrons depends on the gas molecules, pressure and the
accelerating voltage. But at the end, the quantity of electrons that reach the surface is enough for
scanning and imaging the solid surface. All these adjustments make the ESEM proper for
imaging specimens in their natural state, i.e. the samples keep their water content and their
structure is visualized in the original form, which helps the visualization of biological samples.
ESEM is useful tool to demonstrate the real structure of biofilms, cells embedded in the
extracellular matrices on solid surfaces [25-27].

Specimens are placed in high vacuum chamber of SEM or low vacuum in case of environmental
scanning electron microscope (ESEM), which helps in visualization of biological samples.
ESEM is useful tool to demonstrate the real structure of biofilms, cells embedded in the

extracellular matrices on solid surfaces [25, 26].
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Figure 2 Backscattered SEM image of SRB on mild steel.



2.3 Atomic force microscopy (AFM)

Atomic force microscopy, which has very high resolution, was developed to extend the
application field for visualization of not only conductive but also of non-conductive materials. It
enables the study of surfaces with and without layers (passive oxide layer, molecular or thicker
coatings etc.). The technique is based on the measurement of forces between the tip and the
sample surface under investigation.

The AFM can be used for imaging, force measurement and manipulation experiments. From the
MIC point of view, the imaging and the force measurements are mostly used.

When the imaging function is applied, 3D images provide important information on the form of
the microbial cells, on the outer part of the cell surface, and via analyzing the images; the section
mode furnishes information to the length and width of microorganisms. Additionally, the surface
coverage by exopolymeric substances as well as the biofilm formation can be followed in time.
The other operational option is the measurement of the force formed between the tip and the
surface. It could be followed in time during scanning or at focusing onto one spot on the surface.
In MIC studies, this operational option is importance to visualize not only the formation of
scattered patchy EPS layer but also the continuous biofilm with various components as well.
AFM could visualize the topography of surface covered by different, corrosion relevant bacteria
which produces iron sulfide and initializes localized accumulation of sulfide, regenerating anodic
sites and, in the case of iron, the cathodic sites are also activated in the vicinity of the anodes [28,
29]. In contrast to the SEM the advantage of AFM is that it can provide higher resolution than
SEM, and it does not require high vacuum. AFM is a versatile technique that allows visualization
under atmospheric conditions as well as in liquid; additionally, it is possible to combine the AFM
method with electrochemical measurement when the change in the electrochemical parameters
(Ecorr> 1com €tc.) are followed parallel with the morphological consequence of the electric field
[30].

The AFM operates by an ultra-fine needle (so-called tip) affixed to a cantilever. The extra sharp
top of the needle (where only some atoms are present) runs over the surface. As the tip moves up
and down due to the surface irregularity, the laser beam, which illuminates the cantilever,
reflects and allows the direct measurement of the deflection by simply changing the angle of
incidence for the laser beam. In this way, an electronic image is the result. There are different

operating modes of the AFM. One is the "contact mode", when between the tip and the sample



repulsive force acts. In case of attracting force between the tip and the sample, the so-called
“non-contact mode” is the operating manner. The third action form is the “tapping-mode” when
the tip moves constantly between the “contact” and “non-contact” force ranges. The
measurement in tapping mode is very beneficial in case of soft samples; this mode is useful for
biological samples, because the tip will not damage the soft surface (and the soft material will
not contaminate the tip) [31]. This technique allows measuring the section of special objects and
gives numerical values on the surface objects and its roughness. AFM is able for topographical
imaging of bacteria, biofilm, and corroded steel surfaces in high-resolution, and for
quantification of localized corrosion [32]. By the atomic force microscope, it is possible to study
the surface topology of various materials in the presence of bacteria [33]. It provides not only the
observation of specimens at molecular resolution, but also the quantification of surface feature.
The AFM has been useful in elucidating corrosion phenomena related to biofilms on metal
surfaces. Bacterial colonization on a copper surface was observed by AFM and the pits were
found to be associated with microbial activity [34].

AFM successfully visualized the microorganisms as single cells as well as embedded in biofilms,
the formation of biopolymer network, and the deteriorating effect of corrosion relevant microbes
in the microbiologically influenced corrosion, the slime with bacteria and the etched metal
surface caused by the present of acid producer microorganisms [35-37].

2.4 Confocal laser microscopy (CLM)

CLM is widely used in the biological sciences. The instrument forms a physical barrier system
(confocal apertures) to create a thin plane-of-focus in which out-of-focus light has been
eliminated. A laser light source provides the intense, coherent, collimated light necessary to
penetrate deep into a thick specimen. The laser light excites fluorophores, (intrinsic or added to
the sample). Photomultiplier tubes detect the resulting fluorescence, and the results are digital
images. Images of the x-y plane (parallel to the surface) are collected automatically as a
computer-controlled stepping motor alters the z dimension (depth). The ability of CLM to
resolve three-dimensional structures in the micrometer range allows the exploration of biofilm
architecture in the native state: hydrated, living cells within an exopolymer matrix. CLM
facilitates the visualization of biofilm structures by eliminating the interference arising from out-

of-focus objects [37].
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Figure 3 Pseudomonas cells on mild steel (a,b) and their colony (c)



2.5 Confocal laser scanning microscopy (CLSM)

In this instrument a laser beam, which passes the surface and excites fluorophores, is focused
into an area of the sample under investigation by an objective lens, and the collected emitted
photons from the sample will realize images of the structure in 3D on the pre-selected depth level
and time. The CLSM is suitable for in situ studying biofilms, and monitoring their formation.
The importance of this method is that the microorganisms are visualized in viable form; the
distribution of the microbes within the biofilm is also monitored. Additionally, the visualizes
interaction of bacteria (or other, corrosion relevant microorganisms) with the solid surface could
help in understanding the MIC, as well as enables the kinetic study of MIC. The results got by
this technique can be compared by results of other methods (e.g. EIS), it helps the more precise
understanding of chemical processes caused by microbes, the determination of diffusion
processes in the biofilm, and enables in situ registration of microbial responses to anodic and
cathodic interactions.

2.6 Confocal Raman microscopy (CRM)

The spectral information in confocal microscopy can be obtained through different
techniques such as absorption, reflection, transmission, emission, photoluminescence,
fluorescence or Raman spectroscopy. In the 1990s an optical microscope was coupled with a
Raman spectrometer, and the so-called micro-Raman spectroscopy was established. In this case,
the microscope was used to focus the excitation light to a small spot of a few micrometers in
diameter to obtain a Raman spectrum from a microscopic area. The advantage of using a
microscope objective instead of a simple lens is the high collection efficiency for the Raman
signal due to the high numerical aperture of the microscope objective. This technique, which was
called Raman mapping, could be used to extract the relevant chemical information from each
spectrum and to create a map of the distribution of the chemical components in a sample with a
lateral resolution of a few micrometers [38].

It is important to reduce the fluorescence background as much as possible. Unfortunately, it is
not always possible to have not any fluorescence; so in this case the confocal detection setup
limits the collection of fluorescence to photons emitted from the focal plane. This reduces the
fluorescence background signal, so that in many cases Raman images can be obtained. In
biological samples, such as microbial cells and tissues, infrared spectra often show broad spectral

features, which can give information regarding cellular components. The advantage of confocal



Raman microscopy is that it allows its use in industry and in academic as well as in bioscience
research. The unique advantage of the confocal Raman microscopy is that it does not need any
sample preparation, it gives improved axial and spatial resolution; and it furnishes detailed
analysis of cells in their natural state. The images can contain full spectral information at each
pixel so that the distribution of components within the cell can be visualized based upon
their Raman signature [39]. Using confocal Raman method, the changes in a variety of cells,
including bacteria can be monitored over time [40] and comparison between vial and dead cells
can be easily analyzed. Sandt et al. [41] have used confocal Raman microspectroscopy
successfully in the study of chemical heterogeneities of Pseudomonas aeruginosa biofilms in
situ. They monitored the formation of extracellular polymeric substances (EPS). The
spectroscopic signature of the cells in the biofilm and of the EPS were differentiated and their
distribution in biofilm colonies and within water channels was mapped in-plane and in-depth.
Beier et al. [42, 43] have used confocal Raman microspectroscopy to differentiate species of
bacteria grown in biofilms.

3. Piezoelectrical methods: quartz crystal microbalance (QCM)

QCM uses acoustic waves generated by oscillating a piezoelectric, single crystal quartz plate to
measure mass variations. QCM is a sensitive gravimetric tool that has been used to a narrow
extent in biofilm and MIC related studies. The advantages of the QCM include high sensitivity
(ng.cm ), continuous data in situ, the nondestructive of monitoring the processes on surfaces,
besides being able to combine with other applied techniques such as voltammetry, EIS, optical
spectroscopy, etc. QCM is a gravimetric tool that can measure mass changes on the crystal
surface at nanogram levels, which makes it a useful tool for monitoring the kinetics of bacterial
mass accumulation during the process of biofilm formation [44-46]. Originally developed for
applications in the field of metal corrosion and its inhibition, QCM was first used to monitor
biofilm formation in Pseudomonas cepacia [44]. Several research works demonstrated that QCM
is a useful technique for monitoring anchorage-dependent cell attachment and detachment on
metal surfaces [47]. QCM long-term monitoring of biofilm formation of P. aeruginosa on gold
combined with optical reflectance allowed studying the viscoelastic biofilm properties [48].
However, general limitations due to the viscoelastic nature of biofilms, modified systems were
developed namely, the quartz crystal microbalance with dissipation mode (QCM-D). Changes in
dissipation energy (AD) and crystal frequency (Af) over time, predict the adhesion behavior of



bacteria, which enables the possibility to follow the bacteria interaction and adhesion process
with the surface [49]. Resolution of frequency and dissipation in liquids is on the order of &+ 0.1
Hz and 1 x 1077, respectively [49]. The change in dissipation provides knowledge to how readily
an adsorbed layer elastically deforms when the crystal shears (its elastic modulus) and how much
the film repels deformation (its viscosity).

Incorporated simulation software, usually included in the instrument package with commercial
instruments, permits modeling the experimental data with theory to extract meaningful
parameters such as mass, thickness, density, viscosity, or storage modulus in order to
characterize the biofilms [50].

The role of microbes in MIC processes is mainly due to their metabolisms associated with
microbial growth and reproduction (by-products). Several papers appeared on bacterial adhesion
but little attention was given to the use of QCM in monitoring biocidal activity on biofilm
formation [47-53]. Even though QCM is an easy-to-use, low-cost device, but it has not been
applied extensively in research laboratory studying biofilms and MIC related mechanisms.

4. Spectroscopic analytical methods

Spectroscopic analytical methods are based on measuring the amount of radiation produced or
absorbed by molecular or atomic species of interest. Spectroscopical methods have been applied
in microbiology related fields in different ways for quantitative and qualitative analysis. Two
methods will be discussed are Fourier transform infrared spectroscopy (FTIR-spectroscopy) and
X-ray photoelectron spectroscopy (XPS).

4.1 Fourier transforms infrared spectroscopy (FTIR)

In the last decades there was a significant development in the FTIR-spectroscopic technique
(wavelength accuracy, spectral reproducibility). The wavelength interesting in the case of MIC
study ranges between 2.5 and 20 um i.e. in the medium infrared. The molecules are vibrationally
excited, the remaining radiation results in adsorption bands at different frequencies, as well as
vibrational and rotational bands. The adsorption bands expressed in wavenumbers has advantage
as it is proportional to the absorbed energy. In the spectrum of functional groups present in
molecules are represented in the 4000 and 1500 cm-1 range and the deformation, bending and
ring vibrations are below 1500 cm-1. This range could denominate to the “fingerprint” of

molecules.



Within the FTIR techniques there are special others like the transmission mode, diffuse
reflectance and attenuated total reflectance spectroscopy (J. Schmitt et al [54].)

The advantage of FTIR in studying of biofilm was recognized more than 20 years ago as this
technique is suitable for identification of microorganisms in a non-invasive way. Spectra got in
non-destructive mode are fingerprints of microorganisms. By the FTIR -attenuated total reflection
technique the in situ observation of biofilm formation is possible on a ATR crystal (germanium)
as well as it is proper for differentiation between inorganic and organic materials and microbes.
The application of a flow cell allowed the investigation of binding mechanisms between the
biofilm and the solid surface and it was proved that this binding process was caused by the EPS
[55]. The identification of microbial samples by FTIR spectra was demonstrated by Helm et al.
[56]. The FTIR spectroscopy was successfully used by Nicholas et al. [57] to analyze bacteria
alone, bacteria embedded in EPS matrix as well as in gelatinous, thick microbial biofilms. The
disadvantage of the FTIR technique used to characterize MIC is that it cannot make and
differences between vial and dead cells, it is useable only under laboratory conditions and the
high water in the biofilm disturbs the spectrum. This is the reason that though the FTIR is a very
important measuring technique, it should be combined together with other, electrochemical
methods and the results should be compared.

4.2 X-ray photoelectron spectroscopy (XPS)

In this technique the sample under investigation, which is placed into ultra-high vacuum
chamber, is irradiated with X-rays that leads to formation of photoelectrons. These
photoelectrons (originate from some micrometer to some nm of the solid surface) with their
characteristic energies represents the atoms they are originate from. The intensities of their
spectra are proportional with the concentration of atoms and indicate their oxidation states. With
other words, the XPS spectrum gives information about the surface composition and the
chemical state. Another possibility to determine the depth profile by use of Ar" bombardment is
by changing the take-off angles of photoelectrons [58, 59]. XPS makes possible the
determination of the cell surface composition and its modeling mainly by three molecular classes
like polysaccharides, peptides and hydrocarbon-like compounds. There were experiments when
the microbial cell surface structure of a group of special bacilli were determined [60] and they
have found that the spectral carbon components varied significantly among strains but not the

nitrogen and oxygen peaks. The individual cell components were also determined.



The disadvantage of the XPS technique is that it works under ultra-high vacuum. This is the
reason that cooling devices should prevent the biological samples from dehydration and
decomposition. Results got in chemical states should also be compared with similar results
derives from other technique [62, 63]. Another problem is that this technique is not applicable
under industrial conditions.

5. Summary.

As the MIC is recognized better and better by specialists, the analytical methods used for identify
and characterize the MIC came into the focus in the last decades and the importance of these
techniques is re-evaluated and further developed. One should keep in mind that several scientists
of different fields (e.g. corrosion engineers, microbiologists) have been using as well as
developing new techniques which are better capable to follow the damages caused by corrosion
relevant microorganisms and give numerical data on its measure and on the kinetic of these
undesired processes. The understanding of the MIC needs continuous collaboration among
scientists and engineers as well as microbiologists.

This chapter gives a brief review on the techniques used for investigation of biocorrosion on
solid surfaces in different oil and gas industrial environments.

Electrochemical methods reviewed in detail demonstrated the wide variety of techniques to
measure the rate of microbial deterioration, to follow the kinetics of corrosion processes, and, at
the same time, the advantages and disadvantages of each techniques used in MIC evaluation was
pointed out. The problem is that, in the course of measurements, the electrode surface changes
continuously because of electrode surface alteration caused by microbial adhesion and biofilm
formation. Among the electrochemical techniques the most proper method for evaluation of
microbial corrosion is the noise analysis but its disadvantage is the need of complex
mathematical models to get the real current and voltage values. It is recommended to use, in
parallel the other electrochemical methods in order to clearly see corrosive deterioration due to
the presence of microbes and their metabolic activity. It is necessary to evaluate the biocorrosion
by different (not only by) electrochemical methods and, after comparing the results, more precise
evaluation of biocorrosion will take shape.

Biofilms formed in different environments under either field or laboratory conditions on
naturally occurring or man-made surfaces have been extensively studied in various stages of

bioorganic film development using a wide range of microscopy techniques. These investigations



provide mainly qualitative assessments, while surface chemical techniques can provide
quantitatively estimation of the changes in surface composition caused by the biofilm formation
and electrochemical corrosion processes.

Fluorescence microscopy allows visualization of microbial cells scattered on solid surfaces. This
is a useful technique as, after staining with different dyes, not only the microorganisms are
visible but we get information about their status (the cell are vial or dead, the different
constituents of a cell are “illuminated” etc.). Scanning electron microscope provides quasi-3D
images on single cells and colonies as well as patchy or continuous EPS layers (but mainly in
dehydrated state). Additionally, the opportunity of EDX it informs us about the change in the
surface composition caused by the presence of microorganism. The environmental scanning
electron microscope works under less high vacuum, and this microscopy is more useful for
investigation of microbes under “quasi normal” environment and visualize the biofilm in 3D
form. Among the microscopic methods the CLM, CLSM, CRM and the AFM were detailed, in
all cases both the advantages and the disadvantages were summarized in studying the
biocorrosion. The advantage of the confocal Raman microscopy is that it needs no sample
preparation and it is able to improved axial and spatial resolution over conventional microscopy,
and it makes possible to perform extremely detailed analysis of cells in their natural state.
Atomic force microscope, which works under atmospheric conditions and also in liquid,
visualizes the microbial cells, the mats and the biofilms under natural conditions in 3D and the
analytical software enables to measure the dimension of microbes (characteristic for each
species) as well as the pits they generate on the metal surface, and to calculate the roughening of
surface caused by the presence of microorganisms and their biofilm. The introduction of
spectroscopic techniques (FTIR, XPS) explains why and how these methods support the
cognition and understanding of MIC.

The review of the various techniques explains the importance of parallel application of several
methods in order to get more precise information about the corrosion initialized by
microorganisms and to be sure that the microorganisms are responsible for the undesired

deterioration.



Table 1. A summary of advantages and disadvantages of methods applied in MIC related

research investigations.

Applied Method \ Advantages \ Disadvantages \ Ref. \
Electrochemical ~ methods
Redox helps to understand the change in | the presence of the oxygen is 5,
potential Ecor not always connected to the 6
corrosion reactions
Corrosion easily informs about the change it could fluctuate because of 6,
potential (Ecorr) in the passive/surface layer the surface irregularity 7,
8
Electrochemical | gives the most reasonable date got by this technique need
Noise Analysis information about the serious mathematical 6,
(ENA) electrochemical consequence of | evaluation 9,
the MIC 10
measures the oxygen production | the oxygen production could
Microsensors and H,O; evolution caused by be followed by depletion by 11,
microbial respiration in a small corrosion relevant reactions 12,
area; it could also be used in 13
mixed population
Dual-Cell continuous monitoring of it does not give correct
Technique changes in corrosion rate in the measure of the corrosion rate 14
presence of biofilms but only indicates its change
caused by the microbes
it gives a model of the reactions | the overvoltage caused by the
Capacitance between the electrode and constant current pulse can 6,
solution interface modify the structure of the 7
biofilm
Electrochemical | appearance of pits is in situ the surface layer continuously
Impedance detected; it informs about the changes;
Spectroscopy (EIS) | porosity of the surface layer the inability to quantify EC
parameters, such as R, from 15,
impedance spectra 16
when MIC is the identified
corrosion mechanism (which
requires a model electrical
circuit for impedance
analysis
Polarization continuous monitoring of metal it is proper for electron
Resistance corrosion rate; transfer controlled processes 17,
Method (Ry) but not for diffusion controlled | 18,
one (which is the MIC) 19
Methods that apply | useful for prediction of corrosion | slow potential sweep rate
large signal rate in biotic media, in the affects the corrosion processes | 19,
polarization presence of biofilm; fast potential 20,
(potentio-static/- | scan rate less disturbs the 21




| dynamic methods) | microbial activity

Surface analytical methods

Scanning electron

easy to use for monitor microbial

at the SEM: dehydration of the

(AES)

microscope adhesion and biofilm formation microorganisms/biofilm 24,
(SEM), EDX as well as the visualization of destroys the original structure 25,
Environmental deteriorated metal surface; when 26,
scanning electron | combined together with EDX: 27
microscopy quantitative data on the surface
(ESEM) composition
Atomic force visualization of vial and dead it does not give any 28,29,
microscopy cells as well as microbial information about the surface | 30,31,
(AFM) adhesion, biofilm formation composition 32,33,
under atmospheric condition; 34,35,
numerical evaluation of microbes 36
Confocal laser visualization of hydrated living use of stain; focal length can
microscopy cells and the exopolymeric cause difficulties in
(CLM); matrix visualization of microbial
Confocal laser community 37
scanning
microscopy
(CLSM)
Confocal Raman | useful in studying chemical It cannot make distinction 38,39,
microscopy heterogeneity; distribution of between living and dead cells | 40,41,
(CRM) microbes in biofilms could be 42,43
mapped in-plane and in-depth
Piezoelectrical methods
Piezoelectrical easy-to-use technique, the conductivity of the 44,45,
methods, QCM | cost effective solution changes during the 46,47,
biofilm formation; difficult to | 48,49,
obtain same alloy as applied in | 50,51,
industry; unable to 52,53
differentiate between
processes
Spectroscopical methods
Fourier transform | it can in-situ analyze the change | it can’t differentiate between
infrared in the biofilm composition vial and dead cells 54,55,
spectroscopy 56,57

(FTIR)

X-ray Individual cell components and dehydration by ultra-high 58,
photoelectron microbial cell surface structure vacuum 59,
spectroscopy could be measured 60,

(XPS) and Auger 61,
electron 62,
spectroscopy 63
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