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Biocorrosion on Surface of ASTM A283 Carbon Steel, Exposed in Diesel S10 and Tap Water
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This paper sets out to evaluate the corrosion and biocorrosion of carbon steel ASTM A283 exposed
to a Diesel S10 oil/tap water system under static conditions for 90 days. The following analyzes were
performed: physico-chemical in tap water, sulfur content in Diesel S10 and quantification of sessile
microorganisms in the biofilm formed on the metal. To monitor the corrosion process, mass loss,
scanning electron microscopy (SEM), energy dispersive spectroscopy (EDS), confocal laser microscopy
and X-ray diffraction (XRD) were performed. There were changes in the composition of the medium,
correlated with the formation of corrosion and biofilm products. There was biodegradation of the fuel,
which in contact with water influenced the development of microorganisms. Moreover, the corrosion
rate was classified as moderate, the main form of corrosion being seen to be local alveolar corrosion.
Therefore, the results revealed that water in diesel oil can be an aggravating factor in the process of

corrosion and biocorrosion.
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1. Introduction

Corrosion is a phenomenon that occurs in iron and many
ferrous alloys. This is what happens to carbon steel when
exposed to the atmosphere or submerged in water. Steel is
one of the materials most used in the construction of fuel
distribution and storage systems. However, there are few
studies on how and why corrosion occurs on metal surfaces in
the presence of Diesel S10 oil contaminated with tap water'.
According to the Manual Técnico da Petrobras?, Diesel S10
oil was introduced into the domestic market in January 2013.
This fuel was developed to meet the requirements of the
newest generation of diesel engines which were designed
to emit less particulate (PM) and nitrogen oxides (NOx)
contents compared to those produced previously. Thus, the
maximum sulfur content of the Diesel S10 oil is 10 ppm
(parts per million). Therefore, it is important to investigate
how corrosion behavior, which is associated with the action
of the environment and chemical, physical and biological
factors, occurs. In the industrial sector, biological action
is of great importance, due to the activity or action of
microorganisms, which can directly or indirectly influence
the process of corrosion of metal surfaces®. According to the
Agéncia Nacional de Petroleo, Gas Natural e Biocombustiveis
(ANP)*, Diesel S10 has become more sensitive to being
contaminated by microorganisms. It was observed that
reducing the sulfur content decreased the natural bactericidal
properties. Moreover, this effect would be increased with
the addition of biodiesel, since it is very hygroscopic.
This feature provides a higher moisture absorption and,
consequently, allows microbiological action, which occurs
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mainly at the fuel / water interface. This interface is an
environment conducive to microbial growth, either in the
presence of oxygen (aerobic) or in its absence (anaerobes)’.
In view of this, the recent commercialization of Diesel
S10 is of concern to the petroleum industry because of the
greater possibility of contamination and / or biodegradation
in fuel storage and transport tanks due to the presence of
water. Such contamination can occur from the initial stage,
with the production of diesel, which can be derived from
the process of condensation and washing; and continue up
to the final stage, when diesel is delivered to the consumer.
The objective of this study was to evaluate the corrosion and
biocorrosion of carbon steel ASTM A283 when exposed to
a static system containing S10 Diesel oil and tap water in
the ratio of 1/1 (v / v) in a 90-day timeframe.

2. Materials and Methods

In order to evaluate how and why corrosion and
biocorrosion occurs, immersion tests were performed on
four reactor systems, as shown in Fig. 1. Reactors 1, 2 and
3, corresponding to Fig. 1 (A, B, C), respectively, make up
the biphasic system. They contain the same diesel / water
proportions (1/1 v/ v), ie 4L of water and 4L of diesel. Also
there is Reactor 4 (Fig. 1 (D)), which contains 100% S10
diesel oil (8L of diesel). This 1/1 ratio was necessary to obtain
an ideal volume and thus to perform all the analyses in the
fluids. For the two-phase diesel / water system the immersion
tests were finalized at 30, 60 and 90 days for Reactors 1, 2
and 3, respectively. For the system containing pure diesel
(Reactor 4), the analyzes were performed at the end of 90
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Figure 1. Reactors containing carbon steel A283, with 6 specimens in each reactor: (a) Reactor 1, immersion of 30 days; (b) Reactor 2,
immersion of 60 days; (c) Reactor 3, immersion of 90 days and (d) Reactor 4, immersion of 90 days.

days of immersion. Each reactor contained 6 specimens,
which were distributed according to the characterizations
to be performed. Before the immersion process, these
characterizations were obtained to analyze the images of the
metallic surfaces. And they were used as standard images
and compared with images obtained over 90 days.

The specimens that were exposed to S10 Diesel / tap
water medium were obtained from carbon steel ASTM
A283% with an elemental composition (Wt%) of0.14 C, 0.93
Mn, 0.01 Si, 0.021 P, 0.01 Cr, 0.01 Ni, 0.01 Cu, 0.042 Al,
0.001 V, 0.003 W, 0.001 Ti, 0.003 Nb and Fe equilibrium.
This steel is usually used to manufacture fuel storage tanks.

The specimens were machined in the dimensions of 30
mm X 10 mm x 3 mm and a 6 mm diameter hole was drilled
at one end. This equates to an exposed area of approximately
840 mm? in contact with static fluids. This hole served only to
suspend the specimens in the middle (half of each specimen
immersed in water and half immersed in diesel). Subsequently,
the specimens were sandblasted with glass microspheres to
homogenize their roughness and favor a better adhesion of
the biofilm and corrosion products. Before being immersed,

they also underwent a cleaning or degreasing process, during
which they spent 5s in isopropyl alcohol and 5s in acetone,
in accordance with Standard ASTM G1-03".

In order to obtain the mass loss as a function of the
initial and final mass, the specimens underwent the mass
measurement process before and after each immersion time
(30, 60, 90 days), with a high precision balance (0.1 mg
resolution). Out of the 6 specimens, 3 were removed from
each reactor, in its specific time, with the aid of a sterile
forceps. They were placed in containers containing 30 mL
of reducing solution. Subsequently, mechanical scraping was
performed with the aid of tweezers and a sterile spatula. Thus,
the entire area of each specimen was aseptically scraped in
order to totally remove biofilms which had formed on their
surface. The biofilm was removed and packed in the sterile
containers and was used for microbiological quantification.
After mechanical scraping, each specimen was transferred
to a Petri dish and submitted to acid pickling, for which it
remained in the acid solution for 10 seconds, and was then
placed in isopropyl alcohol and finally in acetone. The
specimens were transferred to a desiccator and kept under
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vacuum for 5 minutes. After 24h, they were weighed to the
tenth of a thousandth of a gram in order to investigate the
variation of the mass to obtain the corrosion rate according
to the Standard ASTM G1-037 as per Equation 1:

Corrosion Rate = % (1

where:

»  Kisaconstant of value equal to 8.76x10* mm/ year;

*  Tis the exposure time in hours;

*  Ais the area of the metal part in cm?;

*  Wis the mass loss in grams (initial weight - final

weight);

*  Disthe density of A283 steel, approximately 7.86

g/cm’.

In order to evaluate the loss of mass of the carbon steel
test specimens, Standard NACE RP-0775® was adopted,
which establishes the levels of corrosivity for carbon steel.
These three specimens, whose products were removed from
their surfaces, were not only used to obtain the corrosion
rate and to perform the microbial quantification in the
biofilm, but also to analyze the SEM / EDS, topography and
roughness. These analyses were performed on the surface
of the metal immersed in water and on the surface of the
metal immersed in oil.

In order to fix the biofilm and the corrosion products on
the metal surface, the 3 remaining specimens which were
used to analyze SEM and XRD on the ASTM A283 carbon
steel surface were immersed in 5% glutaraldehyde solution in
cacodylate for 24 hours. Subsequently, to finish the fixation
process, they were each submitted to 3 10-minute baths,
in 0.1M cacodylate, to be dehydrated in ethyl alcohol, in
proportions of 30 to 100%, in each of which they remained
for 5 minutes’. Finally, they were placed on Petri dishes
and in a vacuum desiccator for 5 minutes. Of these three
specimens only 1 was used for SEM analysis after biofilm
fixation, and it was metalized with gold (15 nm thickness).

The physicochemical analyses were performed in tap
water. The parameters analyzed were chloride ions, total
iron and sulfate ions according to Methods APHA 4110
and 3120". These tests were performed before immersion
and after 90 days.

In order to obtain information on the biodegradation
of the fuel, an analysis of the sulfur content in the diesel
oil S10 was carried out. This analysis followed Standard
ASTM D 54532 - the Standard Test Method for Determining
Total Sulfur in Light Hydrocarbons, Spark Ignition Engine
Fuel, Diesel Engine Fuel and Engine Oil by Ultraviolet
Fluorescence (ANP) Motor Oil, No. 50 on 23.12. 2013 -
DOU 24.12.2013)".

Quantifying the main sessile microbial groups was
performed on the biofilm which had adhered to the metal:
total aerobic bacteria, acid-producing aerobic bacteria,
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iron- precipitating bacteria, total anaerobic bacteria and
acid-producing anaerobic bacteria.

The following is the production of the diluents for aerobic
and anaerobic culture media. The aerobic microorganisms
were quantified by diluting them in saline solution of 0.85%
NaCl, while the anaerobes were quantified in the reducing
solution.

Total aerobic bacteria were quantified by counting
Colony Forming Units (CFU) in a dehydrated Plate Count
Agar (PCA) culture medium (Merck, Darmstadt, Germany)
using the Pour Plate technique after 48 hours of incubation
at 35 + 1 °C. The pH was adjusted to 7.0 = 0.2.

Anaerobic and aerobic acid producing bacteria were
quantified using the Most Probable Number (MPN) technique
in red dehydrated phenol broth medium (Himedia, Mumbai,
India), supplemented with 1% sucrose, after 48 hours of
incubation at 35 + 1 °C. After homogenization, the pH was
adjusted to 7.4 £ 0.2. For anaerobic bacteria only, the medium
was purged with N, for 20 minutes.

The iron precipitating bacteria were quantified using
the Pour Plate technique in medium containing ammoniacal
ferric citrate after 15 days of incubation at 35 + 1 °C. After
homogenization, the pH was adjusted to 6.6 + 0.1. This
medium was stored without being exposed to light.

Total anaerobic bacteria were quantified using the Most
Probable Number (MPN) technique, in a sodium thioglycolate
fluid medium (Himedia, Mumbai, India) purged with N,
after 21 days of incubation at 35 + 1 © C. After complete
homogenization, the pH was adjusted to 7.1 £ 0.2. The tubes
were stored at room temperature.

All media were autoclaved at a pressure of 1 atm and a
temperature of 121 °C for 15 minutes. After removing the
culture media from the autoclave, it was necessary to stir
them for complete homogenization and, finally, they were
stored at room temperature.

3. Results and Discussion

3.1. Corrosivity of tap water over time

Physical-chemical characterization in tap water was
performed to obtain the main parameters related to the
corrosion process. It was obtained at the initial time (before
the experiments) and after 90 days, as shown in Table 1. As
can be seen, water presented low salinity in terms of chloride
and sulphate content in general.

A reduction in chloride ions, from 73.95 to 24.2 mg/L,
was observed between the initial state and after 90 days. This
reduction is directly associated with the corrosion kinetics
itself. The medium lost chloride ions due to their combining
with the metal to form ferric chloride as observed by Peters
et al.!® Thus, over time, the corrosivity of the medium was
reduced, due to the decrease in the content of chloride ions
in the water.
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Table 1. Physical-chemical results of tap water.

Parameter Time 0 90 days
Chlorides (mg/L CI) 73,95 24,2
Total Iron (mg/L Fe) <0,05 10,97
Sulfates (mg/L SO,) 7,41 25,3

During the oxidation of the ASTM A283 carbon steel,
the dissolved iron was transferred to the medium, which
may explain the increase of <0.05 to 10.97 mg/L of iron
in the water, as shown in Table 1. This behavior can also
be explained as a result of the action of iron precipitating
bacteria. They have the ability to oxidize ferrous ions (Fe*")
to ferric ions (Fe*") as a means of obtaining energy, thereby
causing the precipitation of ferric hydroxide'.

As for the sulfate content, there was also an increase from
7.41 to 25.3 mg/L. Coincidentally, there was a reduction in
sulfur content in Diesel S10 oil during the experiments due
to the fuel biodegrading, as shown in Fig. 2. Microorganisms
may have used fuel as a source of carbon and energy as a
result of the exchange of nutrients between diesel and water'*.
Water contains nutrients that are needed for microorganisms
to develop and, in addition to carbon from hydrocarbons,
they are the factors that most influence microbial growth in
petroleum-derived fuels. Therefore, the consequence is the
production of emulsifying agents that promote the development
of microorganisms at the oil/water interface and accelerate
the decomposition of the oil and its solubility in water'.
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Figure 2. Total sulfur content in the S10 Diesel samples in contact
with water.

3.2. The presence of sessile microorganisms in
the biofilm

The quantification of the main sessile microbial groups
is shown in Fig. 3. As can be seen, the quantification of
total aerobic bacteria reached its maximum value, 3.9x10%
CFU / cm?, at 60 days, while the total anaerobic bacteria
reached its maximum value, 5x10' MPN / cm?, at 90 days.
The concentration of the aerobic microorganisms decreased
after 90 days, due to the system being static, without oxygen
renewal. This behavior is associated with the very dynamics
of biofilm formation and the synergism of microorganisms
present in the medium. Over time, the thickness of the
biofilm increased, which helped it separate from the sample
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Figure 3. Quantification of sessile microorganisms in the biofilm.

and activated the dynamic process of biofilm renovation'.
This also impaired the diffusion of oxygen and nutrients in
the biofilm, as observed by Delaunois et al.'’, when they
analyzed the biocorrosion processes in steel tubes in a water
distribution system. Given the lack of oxygen, favorable
conditions were provided through the microorganisms for
the development and growth of anaerobic bacteria, thus
characterizing a microbial consortium'. Similar results were
found by Lewandowski and Boltz'” in aqueous environments.
The adsorption of bacteria on the surfaces formed gelatinous
films from extracellular polymer substances that are excreted.
These microbial activities contributed to the corrosion process
on the metal surface.

3.3. Characterizing the corrosion

3.3.1 Influence of microorganisms and corrosivity of
water on corrosion rate

According to the results presented in Fig. 4a, the corrosion
rate was classified as moderate up to 30 and 60 days (0.030
and 0.026 mm / year, respectively) and as low in 90 days
(0.021 mm / year) for the biphasic system, in accordance
with NACE-RP-07758%. For Diesel S10 oil, the corrosion
rate was classified as low by 90 days (0.00026 mm / year).

As noted, the corrosion rate in the Diesel S10 oil is much
lower than in the biphasic system. The surface of the sample
exposed only in Diesel S10 did not show changes to the naked
eye as shown in Fig. 4b (4). This result can be explained
by the properties of the oil. According to Vieira'8, the oil is
characterized as having low conductivity and high resistivity.
These factors contribute to the low ion exchange between the
medium and the metal surface. This tends to reduce the rate
of corrosion. However, this does not mean that corrosion on
the metal surface cannot occur in the presence of diesel oil.
It is necessary to take into account the fact that automotive
diesel oil consists of a mixture of biodiesel and diesel oil.
Moreover, the predominant characteristic of biodiesel is to
be quite hygroscopic, that is, it has a propensity to absorb
water. In addition, biodiesel is biodegradable, due to the
action of microorganisms, which favor a lower oxidative
stability, thus reducing the useful life of the fuel. Therefore,
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Figure 4. (a) Average corrosion rate of carbon steel ASTM A283 sample. (b) Samples immersed in oil/ water biphasic systems - (1) 30

days; (2) 60 days; (3) 90 days; (4) 90 days immersion in Diesel S10.

the more moisture in the fuel, the greater the chances that
microorganisms will develop and, consequently, contribute
to corrosive actions on the substrate'’.

As observed in Fig. 4a, there was a reduction in the
corrosion rate as a function of the immersion time, for
the biphasic system. The highest corrosion rate was found
at 30 days of immersion. During this period, the sample
underwent accelerated corrosion due to direct exposure of
the metal surface to the medium, which was initially free
of a protective layer. Over time, deposits of solid particles,
corrosion products and adhesion of microorganisms that
promoted a physical barrier, thereby inhibiting the access of
the electrolyte to the substrate, due to the protective layer on
the surface, were observed (Figure 4b (1, 2, 3)). A relevant
factor is that the physical-chemical analysis of the water
revealed a low chloride concentration (as explained in item
3.1), which promoted a reduction of the aggressive effect of
this medium'®*, Therefore, the corrosion rate was reduced
due to lack of contact between the electrolyte and the metal,
while the metal part was still immersed in a medium that
presented low corrosivity.

Lopes et al.?! reported that microorganism-induced
corrosion in fuel storage tanks occurred due to the presence
of water, which is a medium in which bacteria are present
and abundant. To this extent, bacteria can migrate from one
fluid to another, i.e., they can contaminate the diesel through
the bacteria present in the water. This may cause corrosion
on the surface of the metal in contact with the oil, given
that surface exposure to localized attack can contribute to
the loss of material.

3.3.2. Analysis of morphology and surface elements

Fig. 5a shows the micrograph of the standard surface,
performed before the immersion process. It was compared
to the surface immersed in biphasic system after 60 days
(Fig. 5b): diesel (region 1) / water (region 2). It was also
compared to the surface immersed in Diesel S10 oil after 90
days (Fig. 5¢). These results show the extent of deterioration
of these surfaces after such immersion times.

The medium containing water presented high conductivity,
thus providing an exchange of ions between the electrolyte
and the substrate, leading to localized corrosion, as shown
inregion 2 of Fig. 5b. According to Vieira®?, when the metal
is immersed in water, corrosion is more aggressive initially
because there are no protective layers on the surface of the
metal. Corrosion products and biofilms have not yet formed at
this early stage. Therefore, the speed with which the corrosion
process is occurring is more intense. Over time, nonetheless,
this layer that forms prevents the electrolyte from coming
into direct contact with the substrate. Consequently, this
protective layer favors a reduction in the corrosion process,
in the following times, due to the formation of deposits
that cause an increase in the resistance to the reaction of
the corrosion.

The results of the samples immersed in the system,
containing Diesel S10 oil (Fig. 5¢), show that localized
corrosion occurred, although the corrosion rate was classified
as low. This type of mechanism of corrosion can occur due to
the action of acid metabolites generated by microorganisms
present in the medium®. According to Rodrigues et al.?,
the bacteria likely found in diesel oil are sulfate-reducing
bacteria, fermenters, total anaerobic bacteria, total acrobic
bacteria, iron-precipitating bacteria and fungi.

When doing a semiquantitative analysis of EDS, the
presence of Fe, O and Si was detected, as shown in Fig. 5d.
These are constituent elements of the ASTM A283 carbon
steel composition and the Si may be sourced from the glass
microspheres used during blasting or from Si compounds
present in the fluid. The elements (Na, Ca, F) detected in
the EDS of Figure 5 (e, f) are residual and are present in the
water. Fluoride, on the other hand, is the residual present
in the fuel, derived from the fluoranthene compound?, and,
thus, its quantity becomes insignificant. Hence, the analysis
of EDS only has a foundation when associated with XRD
analysis, where the elements found in the semiquantitative
analysis may suggest the presence of corrosion products
in the phases found in XRD. Delaunois et al.' observed
generalized internal corrosion in steel tubes in systems
containing water. EDS analysis on the surface of the pipe
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Figure 5. Micrographs. (a) Samples before starting the experiments; (b) Body immersed in biphasic system, in the region containing
water, after 60 days of immersion; (c) Body immersed in pure diesel oil after 90 days of immersion; (d, e, f) respectively. Magnification:
(a) 1000X; (b) 1000X; (c) 1800X.
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Figure 6. SEM of the specimen exposed in the in the water-
containing region, immersed in oil/water system after 60 days;
Magnification: 20.000X.

Figure 7. (a) Topography of the specimen, after 60 days of immersion
in a two-phase system; (b) Roughness profile.

Figure 8. XRD spectrum of the metal surface, after 60 days of
immersion in a biphasic system.
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indicated Fe oxidation, due to the high percentage of oxygen,
besides the presence of different elements of the chemical
composition of the drinking water, such as: CI, Ca, Si, P and
Pb. According to Xu et al.”, the surface of the low-alloy steel,
immersed in water, suffered less severe corrosion due to the
formation of the CaCO, layer, which protected the surface.

Fig. 6 shows the formation of the layer deposited in
the sample for the biphasic diesel / water system for 60
days. The results showed superficial regions, which suggest
they are products of corrosion (region 1) and extracellular
polymeric material (EPM) (region 2), involving some isolated
bacterial cells (region 3). The surface of the metal presented
regions with a heterogeneous and irregular structure, due to
the dynamism in the formation of the biofilm. This surface
heterogeneity provided the presence of cavities and grooves
that are characteristic of alveolar localized corrosion, resulting
from the differential aeration mechanism (as will be seen
in Fig 7a). Vieira'® studied the occurrence of corrosion and
biocorrosion in API 5L X60 steel, exposed to crude oil and
water produced from 15 to 90 days of immersion. These
results also showed deteriorated surfaces with the presence
of cavities and furrows, in addition to new cells, that detach
and adhere due to the dynamic way in which the biofilm
formed and the corrosion products were generated, and
also the presence of extracellular polymeric material and
isolated bacterial cells. According to Oliveira®, in static
systems, a thicker biofilm is formed, which presents a porous,
non-compacted and non-adherent structure. This allows
the electrolyte to reach the metal, due to the structure of
the biofilm that forms irregularly or heterogeneously, over
the surface. Therefore, there was a discrete loss of mass,
indicating that, despite corrosion, it had no adverse effect
on the useful life of the metal.

3.3.3. Influence of the corrosion process on the
topography and roughness of the sample

Comparisons between the images of the standard surfaces
and after 30, 60 and 90 days showed grooves or cavities that
are characteristic of localized alveolar corrosion. Especially at
60 days, as shown in Fig. 7a. This type of corrosion showed
a rounded bottom and a depth inferior to its diameter (Fig.
7b). According to Arruda®, the biofilm growth on rough
surfaces promoted more niches for the adhesion of the
microorganisms due to the greater contact area of the metal
surface. Consequently, the biofilm grew thicker, with grooves
protecting the bacteria that adhered to the surface of the
forces that could remove them. Fig. 7b shows the graph of
the roughness profile, with the formation of a large cavity,
with a rounded bottom and a depth (50 pm) smaller than the
diameter (200 pm), which suggests the presence of localized
alveolar corrosion®’. These variations caused changes in the
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arithmetic mean of the roughness (R)) and the arithmetic
mean of the surface roughness (R_). Before the immersion
process in a two-phase system and in a system containing
the Diesel S10, R and R values were 1.7 pm and 2.3 pum,
respectively, for all specimens.

At 30 days of immersion the surface was not completely
protected because the layer formed was very irregular or
heterogeneous, thus generating a higher rate of corrosion
during that period. Despite the corrosion, the roughness of
the surface was practically unchanged after the cleaning
process, and so maintained the same values of R (1.7 pm)
andR_ (2.3 pm).

At 60 days of immersion, localized corrosion was detected.
The value for R, was 9.1 pym and R was 3.6 um. These
results are consistent with the formation of alveolar corrosion.
The analysis of the roughness profile was performed exactly
on the grove that had formed. Consequently, there was a
sharp change in the result for R , as this analysis is more
sensitive which comprises only a single profile, as shown
in Fig. 7b. When analyzing the occurrence of this localized
corrosion, it was observed that at 60 days, the results of the
quantifications, in Fig. 3, showed a maximum growth of some
bacteria, which boosted the corrosion process. Consequently,
use of the XRD analysis (Fig. 8) led to it being found that
there was a greater adhesion of the corrosion products
during this period. Despite this protective layer, a localized
corrosion process was observed after the cleaning process.
Lee et al.”® studied the influence of surface roughness on the
corrosion resistance of steel to corrosion. The results showed
that this resistance was closely related to the distribution of
surface grooves, which affected the diffusion of active ions
during corrosion, in specimens with rough surfaces. They
found that the pitting formation occurred preferably aligned
along the grooves and that surface roughness contributed
to the localized corrosion process. Xu et al.”’ also analyzed
corrosion products that adhered to the surface of low alloy
carbon steel and detected iron (III) oxide-hydroxide (FeOOH).
This layer separated from the surface and formed a film that
was less adherent and had irregularities, which contributed
to less protected regions being present, which led to the
localized corrosion.

After 90 days of immersion in the biphasic system, by
the kinetics of the biofilm itself, the layer was released,
thereby creating unprotected regions, which increased surface
roughness, in relation to the standard value, i.e., before the
immersion process. Hence, the values of R and R were
5.2 and 4.3. XRD analysis enabled this to be visualized as
all the constituent species of the corrosion products that
existed at 60 days were no longer detected.

At 90 days of immersion in a system containing only
Diesel S10 Diesel, there were also no changes in surface
roughness, which was evidenced by the low corrosion rate.

3.3.4. X-ray diffraction analysis (XRD)

Before starting the experiments, only Fe was detected,
since the surface did not contain products of corrosion, given
that the specimens had undergone the process of blasting and
cleaning. After 30 days, the formation of phases indicative
of oxides was observed, thus confirming that corrosion
was occurring. On that account, the spectra presented, in
addition to Fe, the formation of the compound of magnetite
(Fe,0,), siderite (FeCO,) and iron (II) oxide-hydroxide
(FeOOH). This behavior is associated with the initial
process, in which there is a layer consisting of corrosion
products still in formation, which favors the detection of
only a few phases. However, at 60 days of immersion, Fig.
8 showed that, in addition to these phases, new constituents
of corrosion products were detected: iron oxide (FeO), iron
sulphide (FeS) and the formation of the compound of iron
sulphide which includes mackinawite (Fe,, S). These new
detected phases correspond to the protective layer that has
developed. Since no sulfur was detected in the composition
of this steel, (if detected it would be just a residual value,
and would not be a significant value), probably the reactions
occurred because of the presence of the sulfur present in the
Diesel S10 oil and the sulfate found in the water. After 90
days of immersion, when this layer was removed from the
surface, and also due to the biofilm renewal cycle, the results
were the presence of only two compounds that indicate the
corrosion process: iron (Fe) and magnetite (Fe,0,). AIAbbas
etal.?’ also detected as constituents of corrosion products: an
iron sulphide compound that included mackinawite (Fe , S),
another biogenetic iron sulfide (FeS), siderite (FeCO,) and
iron (TIT) oxide-hydroxide (FeOOH). According to Edyvean®,
the mackinawite layer formed as a result of the H,S reactivity
with the iron is not stable and may have been dissolved
by the medium. Therefore, this protective film may have
caused failures due to the disruption of microbial action,
bulky growth and oxidation, thus contributing to localized
corrosion. According to Enning et al.*!, some microorganisms
converted the lactate to acetate through pyruvate to produce
FeCO,. According to Sun et al.”>, the corrosion product is
formed by the ions resulting from the anodic and cathodic
reactions, as shown in Eqgs. 2 and 3, respectively:

*  Anodic reaction:

Fe — Fe*" +2¢" @)
. Cathodic reaction:

1/202 +HQO+2€_—> 20H 3)
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Fe* ions reacted with OH" ions, forming Fe(OH),, as
shown in Eq. 4, for the corrosion product.

Fe*"+20H — Fe(OH), “4)

This insoluble product usually occurs in neutral or basic
medium, which in the presence of oxygen in the solution
led to the formation of Fe (OH) 3 and y-FeOOH as shown
in Eqs 5,6 and 7:

4Fe(OH),+ O, + 2H,0 — AFe(OH ), (5)
4Fe(OH ), + O, — 4FeOOH + 2H,0 (6)

Fe(OH), — FeOOH + H,O (7

Also, in an oxygen deficient medium, there was the
formation of magnetite (Eq. 8).

3Fe(OH), — Fe;O,+2H,0O+H, ®

As for iron oxide, Fe,0,, when not hydrated, was in
the form a-Fe,O,, which is known as hematite, but when
hydrated, its form was: Akaganeite (B-FeOOH), Lepidocrocite
(y-FeOOH) and Goetite (a-FeOOH). Thus, rust can consist
of three layers of hydrated iron oxides, in different oxidation
states: FeO, Fe,0, e Fe,O,.

According to the metabolic activities of microorganisms,
there is usually a cathodic reaction under depleted natural
conditions (Eq. 9):

2H,0+2e — H,+20H ©

Thus, the microorganisms can use cathodic hydrogen to
reduce sulfate to sulfide as follows (Eq. 10) 3:

5042_ +9H '+ 8¢ — HS +4H,0 (10)

This reaction usually happens at a slow pace, with
no bacteria biocatalysis. However, in systems containing
microorganisms, the reaction can be rapid, being enzymatically
catalyzed. Some hydrogen sulphide ions will convert to
hydrogen sulphide, especially at acidic pH, as described in
Eq. 11, below™:

HS +H — HS (11)

The production of hydrogen sulphide and iron oxidation
(anodic reaction) led to the formation of different types of
iron sulphide as shown in Eqgs. 12 and 13°:
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0 2 -
Fe’ - Fe™ + 2¢e (12)

Fe' +H.S - Fe,S.c+2H o

According to Liu et al.** and Melo etal.*’, the ferrous ions (Fe*)
produced by the dissolution process reacted with sulfide metabolised
by the bacteria with the subsequent production of different forms
ofiron sulfide Fe S (Mackinwita, Jarosita, Pirotita and Greigita).

4. Conclusion

The corrosion behavior of the ASTM A283 carbon steel
and the biodegradation of the Diesel S10 oil subjected to a
biphasic immersion oil/water system were investigated and
the following conclusions were obtained:

Corrosion and biocorrosion processes contributed to
changes in chloride, iron and sulfate concentrations. These
changes in the original composition of the medium may
have occurred due to the microbial growth of the corrosion
products and may also have been formed because of chemical
reactions in the biphasic system.

When quantifying the microorganisms, the aerobic
bacteria were active in the consumption of oxygen, which
contributed to the development of the anaerobic bacteria.
These microorganisms influenced the results of the corrosion
rate on the metal surfaces.

The corrosion rate was classified as moderate for the
specimens immersed in the biphasic system, and low for
the specimens immersed in Diesel S10 oil. A decrease
was observed in the corrosion rate during the 90 days of
immersion in a two-phase system, which was associated to
the formation of a layer consisting of corrosion products and
biofilms throughout the experiments, which made it difficult
for the electrolyte to reach the base metal.

SEM images showed localized corrosion and revealed
biofilms, which adhered to the surface of the metal. Corrosion
products have been found along with shapes that suggest
that they are microbial cells that are involved in extracellular
polymeric material.

Topographic analyzes confirmed the presence of localized
alveolar corrosion in some regions, thus showing that corrosion
did not occur generically and/or homogenously. Moreover,
the roughness of the surface contributed to accelerating the
corrosion process and the formation of biofilms that adhered
to the surface.

XRD spectra presented different phases, along with Fe
as magnetite (Fe,0,), siderite (FeCO,), iron hydroxide oxide
III (FeOOH), iron oxide (FeO) and iron sulphide, including
FeS and (Fe S ). These are constituents of the corrosion
products, mainly after 60 days of immersion, which may be
related to the mechanism of differential aeration.
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