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Environmental and economic concerns accelerated biofuels research and industrial production. Many countries have been using
diesel and biodiesel blends as fuels justifying research on biofilms formation and metals corrosion. Cylinders made of AISI-1020
carbon steel with an exposed area of 1587 mm?, water, and water associated with B3 fuel (diesel/biodiesel blend at 97 : 3 v/v) were
used.The formation of biofilms was detected, and biocorrosion was detected on AISI-1020. The results showed a variation in
sessile microflora during the experiments. In the biofilms, a significant concentration of aerobic, anaerobic, IOB, Pseudomonas
aeruginosa, and sulfate-reducing bacteria was observed. The corrosion rates varied between 0.45 + 0.01 and 0.12 + 0.01 mm/year,
depending on the experimental conditions. The main corrosion products identified were various forms of FFOOH, magnetite, and
all forms of FexSy. In systems where there were high levels of sulfate reducing bacteria, corrosion pits were observed. In addition,

the aliphatic hydrocarbons present in the fluid containing 10% B3 were totally degraded.

1. Introduction

Metal corrosion associated with the use of biofuels is a
new field of research, and this study aims to elucidate the
involvement of microorganisms in this process.

Several factors, such as environmental issues, energetic
sustainability, and excessive consumption of petroleum
products, have resulted in the rapid search for alternative
fuels in recent years. The need to decrease dependence on
nonrenewable fuels derived from petroleum and to reduce
pollution caused by burning these fuels has accelerated the
search for alternative energy sources, such as biofuels.

Biodiesel can be chemically defined as a mixture of
monoalkyl esters obtained from long-chain fatty acids.
Because biodiesel can be mixed with diesel in any proportion,

binary mixtures of diesel/biodiesel can be used as fuel. Diesel
fuel is a fuel derived from oil, and consists essentially of
paraffinic, olefinic, and aromatic compounds.

Several studies are underway to test different types of
fuel made from pure transesterified oils and those mixed
with petroleum diesel in different proportions. Such fuels
have shown good results when tested in the diesel engines
of buses, trucks, tractors, and electric generators [1]. There
have been reports in the literature that wear originating from
metal contacts in any mechanical system is reduced in diesel
cycle engines when biodiesel is added. Some studies on the
corrosive effects of diesel/biodiesel mixtures have recently
been published, but it is widely believed that biodiesel acts as
a lubricating additive in diesel engines, increasing engine life.
However, further studies are needed, especially to develop



techniques for the rapid assessment of corrosive processes in
media with low conductivity.

The presence of water and microorganisms in fuel
can induce changes in its properties over time due to
hydrolytic, microbial, and oxidative reactions. Corrosion and
degradation processes can be accelerated by these factors. So
the study of corrosion is important to prevent the loss and
collapse of metallic materials used to construct pipelines and
storage tanks.

Carbon steel is composed of an iron-carbon alloy, which
contains less than 2% carbon and some residual elements in
small concentrations, such as silicon, phosphorus, and sulfur.
This material has been principally used in the construction
of pipelines for the transportation of fuels. Metal corrosion
occurs due to chemical or electrochemical interactions
between the metal and the aqueous medium, which results
in the formation of corrosion products and the liberation of
energy [2, 3]. The corrosive processes associated with the use
of diesel/biodiesel mixtures is particularly relevant, especially
when it is associated with the possible damage caused by the
corrosion and degradation of biofuels from production to
storage and distribution.

In light of the above, the objective of this study was
to evaluate the formation of biofilms and their effects on
AISI-1020 carbon steel in a dynamic system containing fresh
water as the working fluid with 10%, 30%, and 60% B3 fuel
(diesel/biodiesel 97 : 3 v/v).

2. Materials and Methods

2.1. Metallic Cylinders and Equipment. Cylinders made of
AISI-1020 carbon steel with an exposed area of 1587 mm?
(internal diameter: 50 mm, length: 10 mm) were used. The
cylinders were blasted with glass beads, chemically treated
in the manner described by Torres and de Franga [4], and
weighed before being placed in the system.

The experiments were conducted in a looping system,
which is illustrated in the schematic shown in Figure 1. Fresh
water supplemented with different amounts of B3 fuel was
used as the circulating fluid. The B3 fuel, which was used
in Brazil from July 2008 to July 2009, consists of a mixture
of diesel and biodiesel in the proportions of 97:3 (v/v).
Actually, B5 fuel is used in Brazil, a mixture of diesel and
biodiesel in the proportions of 95: 5 (v/v).

The experiments were conducted with circulating fluids
composed of fresh water and water containing B3 at con-
centrations of 10%, 30%, and 60%. The respective mixtures
were transferred to the reservoir of the looping system
(Figure 1), which is made from 316 L stainless steel with a
flow rate of 1L/s. It was used a Willy analog manometer
coupled to a WTP series 4010 pressure transmitter to record
pressure measures. During the tests, the measured pressures
were about 1 psi, which corresponds to 0.07 kgf/cm?. Fluid
temperatures were not controlled in order to reproduce field
conditions during biofuels transportation through industrial
pipelines, and a variation between 35 and 45°C was observed.

2.2. Microbial Quantifications. Planktonic microorganisms
were measured only at the beginning of the experiment,
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F1GURE 1: Looping diagram. (1) Reservoir containing the fluid;
(2) support for the cylinders; (3) thermocouple; (4) flow meter;
(5) pressure sensor; (6) centrifugal pump.

and, at the end of each experiment, only sessile microor-
ganisms were measured. To measure the microorganisms,
the cylinders were placed in vials containing a reducing
solution, and the biofilm was removed by scraping with a
sterile spatula. The composition of the reducing solution
was (ing/L): sodium thioglycollate 0.124, 2.5 yeast extract,
ascorbic acid, and sodium chloride 8.5. Four milliliters of a
0.025% m/m resazurin solution was added and completed
with 1000 mL of distilled water. The reducing solution was
purged with N, in order to obtain an anaerobic condition
and stored in sealed vials. The pH was reached to 7.2 + 0.2,
and vials were sterilized at 121°C for 15 minutes. Under
that condition, the redox potential of the solution was
approximately —100 mV. To quantify the amount of aerobic
microorganisms, a saline solution of 0.85% NaCl was used
to dilute the microorganisms. To quantify the amount of
aerobic microorganisms, a saline solution of 0.85% NaCl was
used to dilute the microorganisms [4].

The total amount of aerobic bacteria (AB) and fungi (TF)
were quantified by counting the colony forming units (CFUs)
with the pour plate technique. Plate count agar and potato
dextrose agar (Merck, Darmstadt, Germany) were used for
bacterial and fungi counting, respectively. The number of
CFU was determined after incubation for 48 hours and
120 hours for bacteria and fungi, respectively. The total
amount of anaerobic bacteria (ANB) was quantified with
the most probable number technique (MPN) in the liquid
medium thioglycolate (Merck, Darmstadt, Germany) purged
with N after 21 days of incubation. The sulphate reducing
bacteria (SRB) were quantified with the MPN technique in
a modified Postgate E medium [5] and purged with N,
after 21 days of incubation. Pseudomonas aeruginosa was
quantified by counting the number of CFU in a cetrimide
agar medium (Merck, Darmstadt, Germany) with the pour
plate technique after 48 hours of incubation at 35 + 1°C.
The iron oxidizing bacteria (IOB) were also quantified by
the pour plate technique with a medium containing ferric
ammonium citrate [6] after 15 days of incubation. The
amount of acid producing aerobic bacteria (APAB) was
determined by MPN technique using red phenol medium
(Acumedia Manufactures, Mich, USA), supplemented with
1% sucrose, 48 h of incubation at 35 + 1°C. The amount of
acid producing anaerobic bacteria (APANB) was determined
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TasLE 1: Planktonic microorganisms in the fluids used in the process.

Microorganism Water Water + 10% B3 fuel Water + 30% B3 fuel Water + 60% B3 fuel
AB (CFU/mL) 5.3 x 107 4.8 x 10* 3.6 X 107 4.9 x 1010

IOB (CFU/mL) 9.2 X 10° 6.4 X 10° 1.2 x 107 5.0 X 10°

SRB (MPN/mL) ND 9.5 x 10* 1.4 X 103 1.4 X 10°

ANB (MPN/mL) 0.4 x 10! 1.4 x 10 1.4 x 1010 2.9 x10°

TF (UFC/mL) ND 2.0 x 10! 1.9 x 102 3.7 X 10%
APAB (MPN/mL) 0.9 x 10! 4.5 %103 2.0 x 103 2.5 x 10?
APANB (MPN/mL) 0.9 x 10! 1.5 x 10° 1.5 x 10* 1.6 X 10°

P. aeruginosa (CFU/mL) 2.9 x 10° 3.5 x 10° 2.6 x 104 4.6 x 10°

by same method described for quantification of APAB; but
liquid media was purged with N3, and flasks were incubated
for 21 days. Incubation procedures were done at 35 = 1°C
irrespective of studied microbial group.

2.3. Weight Losses and Corrosion Rate. The mass loss of
the cylinders was quantified after 15 days. The method
used included acid pickling with HCI 26% (v/v), followed
by neutralization with NaOH 10% (w/v), then washing
with distilled water, and degreasing with isopropyl alcohol
and acetone. After drying in a vacuum oven model MA-
030 (150 mmHg) for 30 minutes at 70°C, cylinders were
transferred to a desiccator and subsequently weighed on an
analytical balance.
The corrosion rate was obtained from

wi — Wf
A - t(day/year) - D’

Corrosion rate = (1)
where w; is initial weight; wy final weight; A area of the
cylinder; D density of carbon steel (0.00786 g/mm?); ¢
exposure time.

2.4. X-Ray Diffraction, Scanning Electron Microscope, and
Chromatography Assays. The corrosion products formed on
the surface of the cylinders were dried at 45°C and analyzed
with X-ray diffraction in a Rigaku equipment coupled to a
Cu source of 40 kV and 20 mA current.

For scanning electron microscope (SEM) measurements,
the cylinders were immersed in a fixative solution of 5%
glutaraldehyde in a sodium cacodylate buffer 0.1 M and
maintained at 30°C for 24 hours. After the fixation step,
three consecutive washes were performed with sodium
cacodylate buffer 0.1 M. The cylinders were then dehydrated
using ethanol at increasing concentrations (30-100%) and
coated with gold. The visualization was performed with an
environmental SEM, model FEI Quanta 200 [7].

Previously to chromatography assays, fluid samples were
treated by liquid-liquid extraction with analytical grade
dichloromethane, according to procedures described by
Miranda et al. [8]. Chromatography analyses were performed
to verify the possible biodegradation of diesel present in
the mixtures. It was used a gas chromatograph coupled
to mass spectrometer (Shimadzu Europe GC/MS, model
QP5050A), equipped with a Valcobond VB-5 column (30 m
length X 0.25mm diameter X 0.25um thickness), under

the following conditions: injector temperature: 290°C; inter-
face temperature: 280°C; injection mode: split; carrier gas:
helium; column internal pressure: 52.8 kPa; column flow:
1 mL/min; linear velocity: 36.3 cm/s; split ratio: 48; total flow:
50 mL/min; initial temperature programming: 50°C for 2
minutes; variation: 6°C per minute until reaching 280°C and
stabilized for 20 minutes; mass spectrometer scan time: 3
minutes to 60.37 minutes; sweep: 40 m/z to 350 m/z.

3. Results and Discussion

Table 1 shows the results of the initial measurements of the
planktonic microorganisms in water and in the mixtures
of water + B3 fuel at the beginning of each experiment.
The fluids under study facilitate nutrients transport to the
metal probes surface favoring microbial adhesion. In water,
the growth of SRB was not observed. However, when the
water was mixed with fuel, significant quantities of SRB were
observed. It should be noted that there was an increase of all
groups of microorganisms in the mixtures, which indicates
that the fuel was contaminated.

SRBs have the ability to reduce sulfates via dissimilatory
to generate energy for biosynthesis reactions related to
their growth and maintenance, with the production of
hydrogen sulfide (H,S). These are heterotrophic and strictly
anaerobic bacteria, but, despite this condition, they are able
to tolerate the presence of oxygen in extreme environmental
conditions [9, 10]. SRBs stand out because the biocorrosive
process they mediate is not only associated with biofilm
formation, but also with the production of metabolites,
such as biogenic H,S, that causes serious environmental and
corrosion problems during the processing and storage of
petroleum and derivatives.

Figure 2 shows the microbiota that have adhered to the
cylinders after 15 days of operation. It may be noted that
the number of microorganisms varied in the four systems,
which is probably due to the differences into availability of
nutrients. In addition, the adherence of a significant amount
of SRB in the system containing the greatest concentration of
tuel is worth noting. Bacteria are considered early colonizers
of inanimate surfaces in natural and synthetic environments.
Most investigations of microbiologically influenced corro-
sion are directed toward the behavior of biofilms that consist
of pure or mixed cultures [11].
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FIGURE 2: Sessile microorganisms in AISI-1020 carbon steel after 15
days under a flow of 1 L/s of water and mixtures of water + B3 fuel
at concentrations of 10%, 30%, and 60%.

Table 2 shows the corrosion rates calculated after 15
days. The corrosion rate is a parameter of great importance,
because it provides information on the intensity and severity
of the deterioration process of a particular system.

The data in Table2 show that water was especially
corrosive, probably due to the large amount of adhered
IOB (on the order of 10° cells/cm?). Iron oxidizing bacteria
are gram negative and microaerobic, which allows them to
actuate in the corrosion process via the oxidation of ferrous
ion, which attacks the metallic material to form ferric ions to
give rise to structures known as tubercles increasing metals
corrosion [12].

Ambrozin et al. [13] believe that diesel/biodiesel mix-
tures are less corrosive than diesel fuel alone. Diesel contain-
ing sulfur compounds may promote more intense corrosion,
especially in the presence of microorganisms like SRB. It was
observed that the corrosion rates decreased as the amount
of biofuel in the system increased, which demonstrates a
protective effect on the material despite the presence of
SRB and IOB, microorganisms that accelerate the corrosion
process. One explanation for this phenomenon may be
related to the presence of Pseudomonas aeruginosa in the
biofilms. Studies are underway to evaluate the ability of the
exopolysaccharides produced by these bacteria to inhibit the
corrosion process [14, 15]. Quantification of Pseudomonas
aeruginosa was performed, and significant amounts were
encountered in the biofilms on the surface of the metals
exposed to the fuel (Figure 3).

When analyzing the corrosion products formed on the
surface of the cylinders, after exposure for 15 days with
X-ray diffraction (XRD), it was possible to identify iron
oxide hydrates (Akaganeita, Goethita, and Lepidocrocita),
magnetite, and all forms of FexSy (Mackinwita, Jarosita,
Pirotita, and Greigita) in the experiments. Figure 4 presents
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TaBLE 2: Corrosion rates as a function of the B3 fuel concentrations.

Fluids Corrosion rate (mm/year)
Water 0.45 +0.01
Water + 10% B3 fuel 0.35 +0.05
Water + 30% B3 fuel 0.14 +0.02
Water + 60% B3 fuel 0.12 = 0.01
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FIGURE 3: Quantification of sessile Pseudomonas aeruginosa on the
AISI-1020 carbon steel after 15 days of experimentation.
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FiGUre 4: X-ray diffractogram of the products formed after the

cylinders were exposed to the water + 10% B3 fuel for a period of
15 days.

the XRD measurements corresponding to the experiments
conducted with the 10% B3 fuel.

Goethite and Lepidocrocite are the main crystalline
phases in the composition of rust, which is a complex
mixture of various crystalline phases of iron oxides and
hydroxides that approximately correspond to the global
formula FeOOH. These phases are primarily responsible for
the reddish-brown color [16].
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FIGURE 5: SEM of biofilms formed on AISI-1020 carbon steel,
exposed to the fluid water + 30% B3 fuel for a period of 15 days.

Ficure 6: SEM of biofilms formed on AISI-1020 carbon steel,
exposed to the fluid water + 60% B3 fuel for a period of 15 days.

In Figure 5, the microorganisms attached to the metal
surface can be observed, which confirms the results found
in other aqueous systems [12, 17]. Pitting corrosion can be
seen in Figure 6.

During the process, the biodegradation of linear C9
to C20 hydrocarbons was quantitatively verified (Figure 7).
These compounds are present in the diesel fraction of the
B3 fuel. Practically all of these compounds degraded after 15
days in the 10% fuel, as can be seen by comparing Figures
7(a) and 7(b).

Studies report that pure biodiesel is highly biodegradable
in aquatic and terrestrial environments and that 90-98%
of biodiesel is mineralized between 21 and 28 days in
both anaerobic and aerobic conditions at room temperature
[18]. Bucker et al. [19] have confirmed the hypothesis
that the addition of biodiesel in diesel fuel increases its
biodegradability in experiments with various diesel/biodiesel
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FiGure 7: Aliphatic hydrocarbons detected in the system water +
10% diesel/biodiesel with gas chromatography. (a) Before the
process and (b) after 15 days of processing.

mixtures by studying fungi isolated from contaminated
systems.

4. Conclusions

The results show that the B3 fuel harbors microorganisms.
In experiments with dynamic systems, it was found that the
biofilm composition and corrosion of AISI-1020 carbon steel
is influenced by concentration of biodiesel in the working
fluid. Pitting corrosion was observed when biodesel was
supplemented to water and the main corrosion products
identified were the various forms of FfFOOH, magnetite, and
all forms of FexSy. The complete biodegradation of aliphatic
hydrocarbons in the diesel present in the B3 fuel was also
observed.
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