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Weight loss and corrosion rate measurements were determined by the immersion of the carbon steel
for 24 hours in NACE brine; varying the rotation speed (200, 1000 and 2000 rpm) and the temperature
(35, 50 and 65 °C). At this immersion time, the steel interface was further characterized by
Electrochemical Impedance Spectroscopy technique (EIS), using the rotating cylinder electrode
configuration. It was observed an increase in the oxidation of the steel by influence of the rotation
mainly at temperatures of 50 and 65 °C; the corrosion rates increase from 25.99 to 110.52 and 45.2 to
135.27 mpy, respectively. This active oxidation is evident in the EIS characterization recording a
shrinkage of the complex plots as the rotation and temperature were enhanced. According to the EIS
analysis the electrochemical responses are governed by the oxygen diffusion process through the
corrosion products under the influence of the electrode rotation. Using XRD analysis, the iron
compounds formed by oxidation - precipitation after the immersion are mainly composed by magnetite
(FesO4) and feroxyhyte (3-FeOOH), respectively; being the feroxyhyte partially removed by the
rotation favoring the active dissolution of the steel.
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1. INTRODUCTION

It is well known that the internal corrosion process in pipelines is mainly due to the corrosive
brine transported along with the oil [1-3]; whose percentage (water cut) enhances the corrosion rate
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[4]. In the oil industry, control of the corrosion process is achieved by dosing corrosion inhibitors such
as amines, amides, imidazole, among others [3,5,6]. Previous to their application, they are evaluated in
laboratory using different methods such as: wheel test, cylinder electrode, rotating cylinder electrode
and/or rotating cage, among others [7,8]. With the exception of the wheel test, these techniques are
used to evaluate the corrosion process under different flow conditions (based on Reynolds number)
simulating operating pipelines.

It has been established that the corrosion inhibitors should be evaluated using similar
conditions as those found in pipelines; however, it is difficult to mimic the corrosive media and/or the
presence of corrosive gases. Hence, it is important to analyze the chemical composition of different
brines transporting the hydrocarbon phase, in this case from the South of Mexico. According to these
analyses, high salinity values above 40 % have been determined reaching acid pHs (below 5) and/or in
the presence of corrosive gases (H.S, CO,). Taking into account these results the NACE 1D182 [9]
brine is adopted for evaluating the corrosion process of the steel, determining the inhibitor behavior of
different chemical compounds and/or the selection of corrosion inhibitors. The benchmark of this
investigation is studying the corrosion process of 1018 carbon steel immersed in a brine solution to
consider pipelines transporting water cuts above 85 % in field.

Thus in this work, different corrosion studies using the NACE brine described in ref [9]
varying the rotation speed and temperature are performed, using the rotating cylinder electrode
configuration. The aim of these studies is identifying the corrosiveness of the brine in absence of
corrosive gases by using weight loss (WL), electrochemical impedance spectroscopy (EIS) and X-ray
diffraction (XRD) techniques. These results are important when electrochemical probes are used for on
line monitoring corrosion rates in field and/or evaluating different corrosion inhibitors. Furthermore, in
a forthcoming publication the corrosiveness of the brine in presence of corrosive gases will be
addressed in order to establish the influence of CO; or H,S during the steel oxidation.

2. EXPERIMENTAL SECTION

A rotating cylinder electrode configuration to perform gravimetric and electrochemical
measurements was used after the immersion of the steel for 24 hours. The experiments were conducted
in a conventional three electrode cell (200 mL), using a silver/silver chloride electrode Ag/AgCl (0.235
V vs. SHE) as reference and introduced into a Luggin capillary. The rotating cylinder electrodes (RCE)
were 12 mm in diameter and 7.96 mm in length (aprox. 3 cm?) made of 1018 carbon steel and the
auxiliary electrode was a graphite rod. The NACE 1D182 brine had the following chemical
composition: 9.62 % NaCl, 0.305 % CacCls,, 0.186 % MgCl,.6H,0 and 89.89 % doubled distilled water
[9]. This aqueous solution was non deaerated containing 6 to 8 ppm of oxygen approximately. The
corrosion studies were performed two times varying the temperature (35, 50 and 65 °C) and the
rotation rate of the electrode (200, 1000 and 2000 rpm). The temperature was controlled using a
recirculating bath.

Weight loss measurements were recorded until a variation of 0.1 mg during the cleaning
(removal of corrosion product) of the samples, using an analytical balance. The cylinder electrodes
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were mechanically polished using SiC emery papers in the following order: 240 and 400 until
obtaining homogeneous surfaces and rinsed with alcohol. After the immersion the steel cylinders were
chemically cleaned using an inhibited hydrochloric acid [10].

After the immersion tests, the open circuit potential (OCP) was recorded as were the EIS
characterization using an amplitude of 10 mV vs the corrosion potential using a GAMRY potentiostat
— galvanostat. The frequency was varied from 100 kHz to 0.01 Hz at 10 points per decade. The EIS
diagrams were fitted by means of equivalent circuit and the non linear regression algorithm developed
by Boukamp [11].

XRD was used to determine the iron phases formed on the carbon steel after its immersion in
the NACE solution, using a diffractometer with Cu Ka radiation. A range from 20° to 120° was
scanned with a step width of 0.02°. The qualitative analysis of the XRD spectra was carried out using
commercial software.

3. RESULTS AND DISCUSSION

3.1. Gravimetric measurements

In order to evaluate different corrosive conditions of the steel immersed for 24 hours in the
NACE brine, the weight loss measurements were recorded varying the rotation speed of the cylinder
and the temperature. The WL values at 35 °C were 0.00433, 0.00657 and 0.0093 grams and rotation
rates of 200, 1000 and 2000 rpm, respectively; meanwhile for 50 and 65 °C, for the same rotations, the
values were: 0.0041, 0.0126, 0.0172 and 0.0071, 0.01643 and 0.0203 grams. According to these
results, the steel oxidation is enhanced by the temperature and rotation of the electrode; being one
order of magnitude larger for 50 and 65 °C than those recorded at 35 °C. Besides, during the
immersion tests, a dark colored surface was evident on the entire steel when the oxidation is moderate
(e.g. 35 °C); meanwhile whether the oxidation is augmented (e.g. 50 and 65 °C), a red color film seems
to be externally formed covering most part of the surface. It is assumed this film is likely formed by
precipitation with poor adherence because it is easily detached from the steel surface by influence of
the rotation favoring the oxidation of the steel.

Based on these results and the specifications of the carbon steel cylinders (density 7.86 g/cm®),
the corrosion rate in mills inch per year (mpy) were calculated and shown in Figure 1. As can be seen
the minor corrosion rates are obtained at 35 °C varying from 28.52 to 61.37 mpy as a function of the
rotation speed; followed for the temperatures at 50 and 65 °C, reaching values from 25.99 to 110.52
and 45.2 to 135.27 mpy, respectively. These corrosion rates at 50 and 65 °C and 1000 and 2000 rpm
can be related with a rapid dissolution (active condition) of the steel in the Brine solution.

It seems that the corrosion rate of the steel increases linearly as a function of the temperature
and the rotation; this increase is minor for 35 °C (slope 0.0183), meanwhile for 50 and 65 °C the slopes
recorded are similar (~0.048); being very corrosive towards the steel. It is presumed that once the
electrode is rotated there is a decrease in the thickness of the corrosion films and the diffusion of
aggressive species (e.g. oxygen) is enhanced raising the dissolution of the steel and the likely
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precipitation of iron compounds at the film — solution interface. Under these conditions, the dissolution
of the steel could be similar for 1000 and 2000 rpm, however the mobility of different species (iron
ions and oxygen) through the corrosion films is favored as the temperature increases.
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Figure 1. Corrosion rate measurements of carbon steel immersed after 24 hours in NACE solutions
using a Rotating Cylinder Electrode configuration.

3.2. Electrochemical studies

3.2.1. Open circuit potential measurements

After the immersion of the steel for 24 hours in the NACE solution, the open circuit potential
was recorded and plotted in Figure 2. It is interesting to note that for each temperature the potential
becomes positive almost 50 - 54 mV as the rotation speed is raised at 2000 rpm, except for 65 °C;
meanwhile, the potentials seems to be very similar for each rotation rate. These variations in the open
circuit potential could be related with minor modifications at the film — solution interface, e.g. an
increase in the dissolution of the steel, precipitation of different iron compounds and/or a decrease in
the thickness of the corrosion films by the rotation. All these phenomena may be occurring
simultaneously during the steel oxidation which shown an active condition as the potential becomes
positive, enhancing its oxidation (see Figure 1).
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Figure 2. Corrosion potential measurements after 24 hours of immersion of carbon steel in NACE
media using a Rotating Cylinder Electrode configuration.

3.2.2. EIS characterization

In Figures 3 — 5 are displayed the EIS diagrams of the steel immersed in the NACE solutions.
In these figures, important variations in the impedance values (mainly Nyquist plots) are recorded, as a
result of the steel oxidation depending on the temperature and rotation of the electrode.

At the lower temperature (35 °C), Figure 3, the complex plots exhibit a capacitive behavior
related with the presence of semicircles which decreases in diameter from 200 to 100 ohms as the
rotation increase from 200 to 2000 rpm (Figure 3a); however, the plot at 1000 rpm is slightly modified
because the appearance of a second loop at low frequencies. The reduction in the impedance values by
influence of the rotation can be related with a conventional diffusional process occurring from the bulk
solution to the interface, through the corrosion products or both. Conversely to the Nyquist plots, the
Bode diagrams (Figure 3b) are less sensitive with the rotation of the steel. In this Figure, the capacitive
responses are dominant from intermediate to low frequency regions which are similar for 200 and 1000
rpm; meanwhile for 2000 rpm the appearance of two maxima at intermediate frequencies (~10 Hz) is
observed. In this regard, the phenomena involved in the oxidation of the steel are influenced by the
rotation of the electrode.
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Figure 3. EIS diagrams recorded after 24 hours of immersion of carbon steel in NACE media at 35 °C
using a Rotating Cylinder Electrode configuration. The continuous line represents the fit
obtained using the Boukamp program.

When the temperature is increased at 50 and 65 °C (Figures 4 and 5), similar complex and
Bode diagrams are displayed than those shown in Figure 3. In the former, the semicircle responses
decrease in diameter reaching impedance values less than 70 Q (Figure 4a) and 50 Q (Figure 5a), as a
function of the rotation rate; these modifications in the complex plots can be related with an increase in



Int. J. Electrochem. Sci., Vol. 11, 2016 10191

the active oxidation of the steel, favoring its dissolution, the formation of iron ions (Fe*? and/or Fe*?),
its diffusion and the likely precipitation of iron compounds.
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Figure 4. EIS diagrams recorded after 24 hours of immersion of carbon steel in NACE media at 50 °C
using a Rotating Cylinder Electrode configuration. The continuous line represents the fit
obtained using the Boukamp program.

In the other hand, minor modifications are detected in the Bode diagrams when the temperature
is increased; e.g., it can be noticed a decrease in the phase angle values at 200, 1000 and 2000 rpm in
Figures 4 and 5. Also as the rotation increased, the capacitive response observed for 200 rpm split in
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two maxima phase angles for 1000 and 2000 rpm at intermediate frequencies. The maxima detected at
100 and 1 Hz are enlarged for 2000 and 1000 rpm, respectively. Taking into account these capacitive
responses, it can be considered they are related with diffusion processes which are controlling the
oxidation of the steel under the influence of the rotation rate. Similar findings are evident in Figure 5
when the temperature is 65 °C, except that the maxima phase angles are less defined from intermediate
to low frequencies regions.

-160

A 200mpm  [] 1000rpm {2000 rpm

-120 1

Zimag (Q)
3

0 40 80 120 160 200
Zreal (Q)

A 200rpm ] 1000 rpm O 2000 rpm

Phase angle (0)

0.01 0.1 1 10 100 1000 10000 100000
Frequency (Hz)

Figure 5. EIS diagrams recorded after 24 hours of immersion of carbon steel in NACE media at 65 °C
using a Rotating Cylinder Electrode configuration. The continuous line represents the fit
obtained using the Boukamp program.
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Based on these diagrams, the rotation speed favored the oxidation of the steel in major extent
than the temperature raising the sensitivity of the EIS technique and its beneficial application in field
measurements.

In specialize literature studying the corrosion process of mild steel in sour or aerated
environments [12-19], different diffusion process that could be occurring through the corrosion films
had been reported; e.g. iron ions from the metal to the aqueous solution and/or the oxygen gas from the
electrolyte to the carbon steel interface. In the first case, the iron ions could be diffusing by interstitial
[20-23] through the oxide forming iron compounds by precipitation; meanwhile, the diffusion of
oxygen through the films is for considering the reduction reaction on the steel and the likely
precipitation of hydroxides [14-19]. It is presumed the diffusion of the iron ions is favored by the
temperature and/or rotation, meanwhile the oxygen is mainly introduced by rotation until the film —
solution interface; being this diffusion process retard whether this specie diffuse through the corrosion
films. Hence it can be considered these diffusion phenomena during the characterization of the steel by
EIS technique and related with the formation of two maxima phase angles in the Bode plots.
Furthermore the contribution of the steel oxidation at the metal — film interface can be considered in
the simulation of the EIS diagrams.

Figure 6 sketches the equivalent circuit describing the corrosion process occurring in three
simultaneous steps in the following way: Rs is the solution resistance (Q), Cs is the corrosion product
layer capacitance (uF) and Rct is a charge-transfer resistance at the metal-corrosion products interface
(Q). Rginr and Qi1 is an electrical arrangement to describe Fe?* ion diffusion through the oxide film,
which is the most plausible phenomenon to account for the iron compounds formed externally on the
steel surface. To extrapolate the low-frequency diffusion impedance, Rgir, and Qgi, are associated with
the molecular oxygen diffusion process typical of aerated solutions [14-19]. The fitting obtained in
Figures 3 to 5 is represented by the continuous line using the equivalent circuit program developed by
Boukamp [11]. In these Figures it can be observed a reasonable fitting (Chi-Sqrd: 10®) and the
parameters obtained are indicated in Table 1.
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Figure 6. Equivalent circuit used for fitting the EIS diagrams using the Boukamp program.
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Table 1. Parameter values obtained after the fitting of the EIS diagrams using the Boukamp program.

Temperature | Rotation | Ry | CidF | Rer | Quin Ruif1 Quif2 Ruir
rate (Q) (Q) | (siemens) (Q) (siemens) (Q)

200 0.7 | 4135 | 068 | 0.23 | 0.74 | 22.14 | 0.27 |0.53 | 196.25

35°C 1000 | 0.88 | 466.6 | 0.73 | 0.35 | 0.72 | 1215 | 49.33 1 | 30.31

2000 | 0.66 | 542.2 | 0.19 | 0.80 | 0.67 | 20.42 0.28 ]0.94 | 81.91
200 0.65| 8723 | 0.26 | 1.07 |0.755| 15.62 | 0.874 | 0.62 | 189.65
50 °C 1000 0.6 | 5455 | 0.26 | 1.625 | 0.653 | 4.07 2.07 ]0.67 | 69.49
2000 | 0.62 | 5214 | 0429 | 0.21 |0.843| 231 241 |0.50 | 40.64
200 0.63 | 8124 | 0.172 | 1.483 | 0.761 | 34.27 3.55 |0.68] 96.41
65 °C 1000 0.6 | 990.0 | 0143 | 3.16 |0.713| 1.71 266 |0.71 | 43.06
2000 | 0.56 | 465.24 | 0.184 | 1.681 | 0.645| 24.66 | 14322 | 1 | 38.95

The solution resistance is in the same order of magnitude (less than 1 Q) and slightly decreases
when the rotation rate and temperature are enhanced; this variation in the conductivity of the brine can
be related with the dissolution of the steel depending on the temperature and rotation of the electrode.

In order to discuss the semiconductor properties of the corrosion films formed on the steel, the
capacitance element can be related with modifications in the chemical composition and/or thickness of
the corrosion films. In the former, when exist the formation of iron oxides and sulfides with a porous
nature, capacitance values in the order of mF had been reported [13-16]; meanwhile for resistive
passive films, these values are less than 100 puF [24-26]. In table 1, it can be observed values from
413.5 to 542.2 pF for 35 °C as a function of the rotation rate, conversely, the capacitance decreases for
50 and 65 °C. In general these results are less than 1 mF, indicating the likely formation of iron oxides
with a porous nature. As a robust approximation, a minor thickness by the rotation of the electrode is
expected accompanied with an increase in the capacitance. This assumption could explain the
maximum capacitance values recorded at 35 °C at 2000 rpm; unlike this temperature the results
obtained at 50 and 65 °C can be explained considering the likely formation of different corrosion
products, instead of commonly iron oxides (see below).

To describe the oxidation of the steel, the resistances (Rct, Rgirt and Rgirz) obtained by the
simulation of the EIS diagrams can be analyzed. The Rt term shown the minor values decreasing
from 0.68 to 0.143 €, as the temperature and the rotation rate increased; likely related with the steel
oxidation. According to these results, this oxidation is rapid however the diffusion of different species
through the corrosion films controlled its corrosion rate; likely due to the interstitial iron ions (Rgi1)
and molecular oxygen (Rgir) diffusion [12-19]. In one hand, the Rgir; element seems to be similar
varying the rotation of the electrode at 35 °C; meanwhile for 50 and 65 °C, these values decrease. This
means that depending on the corrosion products formed on the steel and its thickness, the diffusion of
iron ions is influenced for rotations at 1000 and 2000 rpm; it is presumed the formation of stable iron
oxides adhered to the steel for 35 °C being less removed for these conditions. At 50 and 65 °C it seems
that the semiconductor properties of the corrosion films are different, because the Rgirn element
decreases as a function of the temperature and rotation; except the resistance obtained at 2000 rpm and
65 °C. To explain these results the likely formation of different iron compounds on the steel surface is
considered, e. g. hydroxides or oxy-hydroxides by precipitation; because they are easily detachment
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from the steel surface. Thus a decrease in the thickness is expected, enhancing the ingress of corrosive
ions, the diffusion of iron ions and the precipitation of oxy-hydroxides on the steel electrode (active
oxidation).

In the other hand, the oxygen diffusion is influenced because the rotation and temperature. This
hypothesis is supported by considering the variation of the Rgir, term in Table 1. It is observed a
decrease in this resistive element as a function of the temperature and in major extent by the rotation of
the electrode. The minor values obtained were 40.64 and 38.95 Q at 2000 rpm at 50 and 65 °C,
respectively. Taking into account these results the diffusion of the oxygen until the steel is occurring at
the same rate; however the corrosion rates are larger for 65 °C (see Figure 1). Furthermore, these
experimental conditions are the most aggressive during the immersion of the steel (see Figure 1) in the
NACE solution; this mean that the diffusion of molecular oxygen through the iron compounds is
controlling the corrosion rate of the steel varying the temperature and the rotation of the electrode.

Based on the corrosion rates determined by weight loss and the resistance (Rgif2) values related
with the controlling step in the oxidation of the steel, the corrosion current density and the Tafel
constant (B) can be calculated. The current density varied from 56.83 - 295.8 pA/cm? supporting the
active dissolution of the steel as a function of the temperature and rotation; meanwhile the B values are
less sensitive with an average of 0.0312 V or 31.2 mV. It is noteworthy this B value for on line
monitoring corrosion rates using electrochemical probes, because conservative values in the order of
22 mV had been reported [27]; being slightly minor in comparison with those calculated using weight
loss measurements.

3.3. XRD studies
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Figure 7. XRD patterns (Cu-Koy wavelenght) of the corrosion products formed on the carbon steel
immersed after 24 hours in NACE media at 35, 50 and 65 °C.
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In order to establish the chemical composition of the corrosion products, after the immersion of
the steel in the brine solution at different temperatures and rotation rates, it was performed the XRD
characterization. Typical diffractograms recorded varying these experimental conditions are displayed
in Figure 7, where is observed the signals of the substrate (Chart 96-901-3474 and 96-900-6626),
magnetite (Chart 96-152-6956), feroxyhyte (Chart 96-100-8763) and sodium chloride (Chart 96-900-
8679).

At the lower temperature and rotation (Figure 7a) mainly the signals related with the formation
of magnetite (Fe;O,) are detected; which is the commonly metallic oxide reported during the oxidation
of the steel [15,28,29]; meanwhile for rotations at 1000 and 2000 rpm, there are the presence of
additional peaks related with the formation of feroxyhyte (6-FeOOH). The formation of both magnetite
and feroxyhyte also are observed at 65 °C varying the rotation of the electrode (Figure 7c); meanwhile
at 50 °C only the signal of this oxy-hydroxide is recorded, however is expected the formation of
magnetite too. The formation of 5-FeOOH is likely related with the diffusion of interstitial iron ions
through the oxide which can be easily transported and precipitated at the film — solution interface. The
intensity of the signals detected by XRD could be different depending on the thickness of the corrosion
films which is modified by the rotation of the electrode.

Based on these results the oxidation of the steel proceeds via the formation of magnetite which
is widely known being protective and adherent to the surface [28,29]. This oxide can be further
oxidized raising the precipitation of feroxyhyte on the steel immersed in the media. This oxy-
hydroxide had shown a less protective behavior because is partially removed by influence of the
rotation of the electrode. These transitions in the chemical composition of the films could be explained
depending on the oxidation of the steel; being moderate at 35 °C and aggressive for 50 and 65 °C (see
Figure 1). This fact could explain the variations in the open circuit potentials shown in Figure 2 and the
variation in the impedance values for 50 and 65 °C (see Figures 4 and 5). In the other hand it is
observed the presence of different peaks indicating the precipitation of NaCl during the tests. It is
likely to consider that this salt is trapped beneath deposits during the rotation of the electrode.

4. CONCLUSIONS

In this work the characterization of the carbon steel immersed in an aerated NACE brine
varying the temperature (35, 50 and 65 °C) and the rotation rate (200, 1000 and 2000 rpm) is carried
out using the rotating cylinder electrode configuration. These corrosion studies were performed by
Weight Loss, EIS and XRD techniques. In the former is observed an increase in the oxidation rate of
the steel as a function of the temperature and rotation rate. This active oxidation of the steel is evident
in the EIS diagrams at 50 and 65 °C and 1000 and 2000 rpm; being observed a decrease in the
impedance and/or phase angles values. Meanwhile by XRD technique is recorded the signals of the
magnetite and feroxyhyte on the steel surface. The formation of this oxy-hydroxide by precipitation is
partially removed with the rotation; enhancing the active dissolution of the carbon steel.
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