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1 |

INTRODUCTION

| Juliane B. Marcolino® |

The inhibitive behavior of Quebracho tannin extract on SAE 1010 steel
corrosion in the acidic media is investigated. Potentiodynamic polarization,
electrochemical impedance spectroscopy (EIS), and scanning electron micro-
scopy (SEM) are first used to determine the inhibition efficiency of Quebracho
in 0.1 M HCI solution to identify the best extract concentration to subsequently
evaluate the inhibitor activity in CO,-rich aqueous solution at high pressure
(15MPa) and high temperature (70°C). Polarization curves revealed that
Quebracho extract acted as cathodic inhibitor and that the inhibition efficiency
is dependent on the extract concentration. The EIS measurements and SEM
analysis showed that the inhibitor had been adsorbed on the steel surface. The
inhibition efficiency of Quebracho in CO, medium was similar to the 0.1 M
HCI, reducing expressively the corrosion rate. The SEM images and X-ray
diffraction analysis showed that iron carbonate was the main corrosion product
formed on the metal surface in CO,-rich environment in the presence of
Quebracho. Besides, the corrosion scale was thinner and more compact in the
presence of inhibitor.
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Among the types of corrosion, corrosion of steel by
carbon dioxide in aqueous environment is responsible for

Carbon steels are widely used in oil and gas transporta-
tion systems by the petroleum industry. However, this
category of steels is very susceptible to corrosion in the oil
field environments. The corrosion of material results in
the loss of mechanical properties and can cause severe
damage in pipelines and equipment, which affects the
production due to need of pause for maintenance or
replacement of components. Additionally, the corrosion
failure can generate disasters with serious consequences
to environmental becoming a problem of worldwide
significance.!'3!

most of the tasks related to oil and gas fields, having a
significant impact on the oil industry."™ The CO,
dissolved in water leads to the formation of carbonic acid
(H,COs), which dissociates into hydrogen ions (H") and
bicarbonate ions (HCO; ™). Additionally, bicarbonate ions
also dissociate into hydrogen ions (H") and carbonate
jons (CO;3%7). When the HCO;~ and CO5*~ ions interact
with the Fe?* ions, they form iron carbonate (FeCOs) as
main corrosion product, which can attenuate or not the
corrosion depending on its properties.*>®! In case of
FeCO; formation with protective characteristics, it
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performs as a barrier to ionic diffusion on the steel
surface promoting a decrease in corrosion rates. How-
ever, the FeCO; scale when exposed to atmospheres with
the presence of oxygen can undergo chemical changes
that modify its properties via decomposition into FeO and
CO, affecting the protection. Besides, the iron oxide may
still experience further chemical transformations.!>°-14
Choi et al.®! observed that the addition of oxygen
increased the corrosion rate of the API 5LX65 steel and
that the surface of the steel was covered by a porous scale
with no defined morphology and when oxygen was
present in the corrosive medium the scale basically was
composed of oxygen and iron.

Furthermore, acidizing, which is a process used to
improve oil production, can also promote corrosion in the
production tubing and other components. In this case,
the corrosion rates in carbon steels are very high, as
acidizing is wusually carried out using heated acid
solutions. Hot hydrochloric acid at 15-28% is often used
for stimulation of the oil well.*>°]

Corrosion mitigation in the oil and gas industry has
been done by using inhibitors, application of protective
coatings, employing cathodic or anodic protection, and
by means of adequate corrosion monitoring and
inspection. In many cases, the use of inhibitors to
corrosion control is more advantageous once the
addition of inhibitor substance can be done without
suspension of the process. Toxicity, environmental
impacts, availability, and cost are some of issues that
are considered before choosing a corrosion inhibitor in
the oil and gas industry. In general, organic inhibitors
have been demonstrating to be more effective for steel
corrosion protection in acid media than inorganic
compounds. Amines, acetylene alcohols, quaternary
ammonium salts, and aldehydes are some of inhibitors
used for oil well acidization.!>16-2°]

The use of different natural extracts as corrosion
inhibitors, known as green corrosion inhibitors, is
currently being studied because they come from renewable
resources, are nontoxic, easily available, and inexpensive.
Extracts of vegetables, fruits, woods, seeds, barks, leafs,
among others, were tested as corrosion inhibitors for steel
in different corrosive media and the results showed that
these materials have the potential to be used in corrosion
control.?2®! The inhibition efficiency increases with
extract concentration and usually acts as cathodic or
mixed-type inhibitor. The mechanism of metal protection
is by adsorption of extract compounds on the metal surface.
The inhibition of the corrosive process with the use of
natural inhibitors is usually attributed to the presence of
tannin that has antioxidant properties due to the
polyphenolic compounds and flavonoids present in its
molecule. Some studies have shown that the tannin's

performance as corrosion inhibitors is very satisfactory in
acidic environments.**27-2%]

The Quebracho colorado is a tree from South
America found in Argentina, Bolivia, and Paraguay.
This plant, popularly known as Quebracho, is divided
into two different species, being these Schinopsis
lorentzii and Schinopsis balansae, belonging to the
family Anacardiaceae.l*”! Quebracho is known by the
high tannin content in its wood, more specifically
proanthocyanidins. For extraction of the proanthocya-
nidins, the wood is chipped and boiled in an aqueous
medium. To enhance the extraction of these com-
pounds, sodium bisulfite may be added during boiling.
This process decreases proanthocyanidin structures and
increases the solubility by the insertion of sulfonic
groups. Quebracho extract contains approximately 95%
of proanthocyanidins and 5% of water-soluble su-
gars.[-32] Venter et al.!*®! characterized the proantho-
cyanidins extracted from this plant by electrospray
ionization. The authors have found that the predomi-
nant structures in these proanthocyanidins are dimers
to heptamers, with a catechin starter unit and fisetinidol
extender units condensed in the C4-C6 and C4-C8
positions, as shown in the scheme of Figure 1.

Currently, the most important industrial fonts of
proanthocyanidins are from Quebracho (S. balansae and
S. lorentzii) and black wattle (Acacia mearnsii) bark
extracts.2%-31:33 Among several applications, proantho-
cyanidins are utilized in leather manufacture, adhesives,
purification of water, and to decrease viscosity of drilling
mud for oil wells. However, the analysis of performance
of these extracts as corrosion inhibitor for steel in oil field
environments is not much explored yet.['7:193435 The

Catechin starter OH

Fisetinido! extender units

FIGURE 1 General structure of Quebracho proanthocyanidins
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literature is particularly scarcely about the investigation
of performance of green corrosion inhibitors in CO,-rich
medium, and no information was found in conditions
involving tests at high pressures. Thus, the main aim of
this study is to investigate the use of the Quebracho
tannin extract as an environmentally friendly inhibitor of
the corrosion process of SAE 1010 steel in both 0.1 M HCI
solution at room temperature and water saturated with
CO, at high pressure and high temperature.

2 | MATERIALS AND METHODS

2.1 | Materials

Samples of the low carbon steel (SAE 1010) of the pearlite
and ferritic microstructure were used in the corrosion
tests. Optical emission spectroscopy was used to deter-
mine chemical composition of the steel and is presented
in Table 1. Before the corrosion tests, the samples were
mechanically polished with silicon carbide paper using
different grades (#220 up to #1,200), rinsed with distilled
water, and cleaned with acetone.

Quebracho (S. balansae and S. lorentzii) bark tannin
extract (Indusol ATO—cold soluble ordinary Quebracho
powder extract) was acquired from Silvateam Brasil Ind.
This extract passed by a sulphiting process to transform
the phlobaphenes into soluble tannins. According to the
producer, this extract has high tannin content
(72 £1.5%), while the remaining 28% are composed of
8% humidity and 20% sugar or organic acids, and its pH is
4.7 +£0.3 in an aqueous solution of 6.9 °Bé. The solutions
for the corrosion tests were prepared dissolving Queb-
racho extract in distilled water using an ultrasonic bath
for about 10 minutes to homogenize the solution. The
solution in presence of Quebracho is transparent and has
a light brownish color.

Spectroscopic analysis of Quebracho was carried out
using a PerkinElmer Spectrum 400 model spectrophot-
ometer with Fourier transform infrared spectroscopy.
The spectrophotometer is equipped with a DTGS detector
and universal attenuated total reflectance accessory
(FTIR-UATR). The 3,800-650cm™* spectral range,
4 cm™! resolution, and 32 scans were utilized for analysis.
The sample of Quebracho powder was analyzed in the as
received condition.

TABLE 1 Chemical composition (% in weight) of SAE 1010 steel

C Si Mn P S

0.118 0.01 0.52 0.012 0.009

Cr
0.01
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2.2 | Corrosion tests in 0.1 M HCI1

First, corrosion inhibition tests were performed in 0.1 M
HCI solution at atmospheric pressure and at room
temperature by using potentiodynamic polarization (PP)
and electrochemical impedance spectroscopy (EIS) tech-
niques aiming to identify the concentration most appro-
priate to later evaluate the corrosion inhibition activity in
CO,-rich media at high pressure. For this purpose,
solutions with different concentrations (0, 0.5, 1.5, and
6 g/L) were prepared with the Quebracho tannin extract.

The electrochemical tests were done using a potentio-
stat/galvanostat from Autolab, PGSTAT302 N model.
Before EIS and PP measurements, the open circuit potential
(OCP) was measured for 1hr to reach a steady-state. For
EIS measurements, the frequency was varied from 10,000 to
0.1 Hz, with perturbation amplitude of 10 mV. The PP
curves were obtained with a scanning rate of 1 mV/s in the
range of potential of +300 mV in relation to the obtained
value of OCP. The electrochemical cell used in the
corrosion tests is composed of platinum counter electrode
(CE), a saturated calomel reference electrode (SCE), and the
steel sample as working electrode (WE) with exposed area
of approximately 1 cm?. All electrochemical measurements
were done in duplicate. The electrochemical parameters
were obtained from polarization curves by the Tafel
extrapolation method and the electrical parameters were
obtained from EIS by fitting using the ZView software,
version 2.90 (Scribner Associates, Inc.). Each potential in
this study is referred to the SCE (E = +241 mV SHE) and
the measurements were performed in naturally aerated and
unstirred solutions.

Equation (1) was used to calculate the inhibition
efficiency E (%) as obtained by the PP technique:

Pi)

E (%) = x 100,

(Rp, — R
TRy @

b;

where R, and R, Rp; are polarization resistance of SAE
1010 steel in 0.1 M HCIl without and with inhibitor,
respectively.

At the end of each corrosion test, the specimens were
washed with distilled water, dried and conserved in a
desiccator for further analysis of corroded surfaces using
scanning electron microscopy by field emission gun
(SEM-FEG).

Al Co Cu Fe

0.01 0.052 0.003 0.009 99.21
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2.3 | Corrosion tests in CO,-saturated
water at high pressure and high
temperature

The high-pressure corrosion tests simulating an environment
similar to that found in oil fields were carried out under
static conditions (without flux) in a stainless steel autoclave
(Parr Instrument). The corrosion tests were executed in
presence of oxygen and with a solution containing 1.5 g/L of
Quebracho extract, which was the concentration that
allowed the highest inhibition efficiency in 0.1M HCIl
medium. For comparison, a corrosion test without using
inhibitor was also done in the same experimental conditions.
The aqueous solutions with and without Quebracho extract
were saturated with carbon dioxide (CO,) with 99.99% of
purity. The temperature and pressure used in the experi-
ments were 70°C and 15 MPa, respectively. The SAE 1010
samples with approximate dimensions of (10 X 10 X 19 mm)
and prismatic shape were immersed in the corrosion
medium during 168 hr (7 days).

Owing to the difficulty of monitoring the corrosion
in situ by electrochemical techniques because of high
pressure involved, information about the corrosion
inhibition were obtained from mass loss tests and the
characterization of the corrosion products formed on
the steel surface. Once completed the period of corrosion,
the specimens were removed from the autoclave, washed
with distilled water, dried, and maintained in a desiccator
for posterior characterization.

Tests of mass loss were executed following ASTM
G1-90-Standard practice for preparing, cleaning, and
evaluating corrosion on test specimens.*®! The removal
of corrosion scale from corroded surface was done by
specimen immersion in acid solution at room tempera-
ture. The etching solution (1,000 mL) was prepared using
HCI and distilled water at 1:1 proportion with addition of
3.5 g hexamethylenetetramine. The time of immersion of
each specimen in acid solution was about 30s and after
that, the specimen was immediately washed in distilled
water and acetone, dried, and weighted on a balance of
0.0001 g precision. This process was repeated 20 times to
obtain the mass loss curves. The corrosion rate (CR) was
determined by Equation (2). The tests were done in
duplicate for each experimental condition and the
corrosion rate values were expressed as average.

_ K-Aw

CR = ,
A-t-d

()

where K is a constant (8.76 x 10* for mm/year), Aw is loss
of weight in grams, A is the sample surface area in cm?®
(9.6 cm?2), ¢ is the corrosion exposure time in hours, and
d is density of carbon steel (7.86 g/cm?>).

The inhibition efficiency () of Quebracho extract as
corrosion inhibitor was calculated by using the following
equation.

CR, — CR;
%) = —2—— x 100, 3
n (%) CR. 3)

where CR, is the corrosion rate without inhibitor and CR;
is the corrosion rate with inhibitor as obtained by mass
loss test.

The morphology and thickness of corrosion scales
were observed by SEM/FEG. The composition of the
corrosion scales was obtained by X-ray diffraction (XRD)
using a diffractometer with a Cu Ka X-ray source, 40 kV
and 30 mA, 0.1542 nm wavelength.

3 | RESULTS AND DISCUSSION
3.1 | Inhibitor performance in 0.1 M
HCI medium

Figures 2 and 3 show the OCP plot and the polarization
curves, respectively, for SAE 1010 steel for different
concentrations of Quebracho extract in 0.1M HCI
solution. Table 2 shows the electrochemical parameters
as obtained from the polarization curves by the Tafel
extrapolation method, and the inhibition efficiencies
were calculated by Equation (1).

It can be observed in the OCP curves (Figure 2) that
the presence of Quebracho in solution shifts the potential
to more active values and promotes a better stabilization
of the OCP with the exposure time to the corrosion
medium. The shift of corrosion potential was dependent
on the Quebracho concentration. It was also observed in
polarization curves (Figure 3) that the presence of
Quebracho leads to a reduction in the corrosion current
density of both anodic and cathodic branches. However,
it can be noted that its action is more accentuated in
cathodic reactions (reduction of hydrogen) with a little
shift to more active corrosion potential, behaving as a
slightly cathodic inhibitor for SAE 1010 steel in 0.1 M of
HCI, as also observed by Gerengi and Sahin.**! It can be
observed in Table 1 that up to 1.5 g/L the current density
decreases and the polarization resistance increases with
increasing Quebracho concentration. However, at high
concentration (6g/L) the corrosion current density
increased in relation to the concentration of 1.5 g/L and
the polarization resistance also decreased. The higher
polarization resistance obtained with inhibitor addition is
an indicative that a nonconducting physical barrier is
probably created at the interface of metal and electrolyte.
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FIGURE 2 Open circuit potential 0575 T
plots for SAE 1010 steel in 0.1 M HCl
solution for different concentrations of
Quebracho extract [Color figure can be
viewed at wileyonlinelibrary.com|
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The corrosion inhibition effect by Quebracho is
related with the fact of tannins in aqueous solutions
forming insoluble complexes (amorphous ferric-tan-
nates), due to reaction between iron oxide and tannin,
which polymerize on the metal surface forming a layer
that could act as a physical barrier for mass and transfer
charge. The highest inhibition efficiency was obtained for
1.5g/L of Quebracho with a value of 79%, according to
Table 2. The fact that for high concentration of extract
(6 g/L) did not provide higher inhibition efficiency can be
related to formation of porous layer or weak adsorption

500 1000 1500 2000 2500 3000 3500
Time (s)

of inhibitor causing secondary desorption from the metal
surface, as also observed by Rahim et al.*®!

EIS measurements after 1hr of immersion were
applied to obtain information about properties of the
surface in the presence or absence of inhibitor to help to
elucidate the inhibition mechanism.

Figure 4 shows Nyquist diagrams of SAE 1010 steel in
0.1 M HCI solution with different concentrations of the
Quebracho extract. It can be seen that for all samples, with
and without inhibitor, a single capacitive arc
and a small inductive loop are present. The addition of

02F
— 0glL
8- 059l

03F —= 15gL
—— 6glL

b
o

E (V vs ECS)
)
o

07
0.8 =
0.8 E
FIGURE 3 Polarization curves for
SAE 1010 steel in 0.1 M HCI solution for g T s L
different concentrations of Quebracho 1E-5 1E-4 1E-3

extract [Color figure can be viewed at
wileyonlinelibrary.com]|

Current density (A/cm?)
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TABLE 2 Potentiodynamic polarization parameters obtained 10° - 30
for SAE 1010 steel in 0.1 M HCI with different concentrations of T —— 0glL
Quebracho extract [ —O0— 05¢g/L o .
| —e— 15¢/L Veley
Inhibitor I...r Polarization . =¥ 6igi/L 4 3 —-20
concentration E.,. (mA/ resistance Efficiency | @ E?;
(g/L) mV) cm?® (Q-cm?) (E, %) ; N 1
0 —570 63 95 - e
0.5 —587 54 135 29 ®
1.5 —585 16 451 79 ]
6.0 592 36 153 38 TR

inhibitor does not change the shape of Nyquist plots,
which suggests that steel dissolution mechanism is not
altered in presence of inhibitor, as also observed on the PP
curves (Figure 3). However, the capacitive arc diameter is
dependent on the concentration of Quebracho extract due
to changes of resistance, suggesting that the corrosion of
SAE 1010 steel is predominantly driven by charge transfer
process and adsorption of layer that protects the steel
surface. However, the diameter of capacitive arc of 1.5 and
6.0 g/L are almost the same, indicating that there is an
optimum concentration of extract to be used. The
adsorption of inhibitor molecules on the steel surface
can cause replacement of water molecules and adsorbed
ions from the surface, decreasing its electrical capacity.
The relaxation of adsorbed intermediate species (H*, C1~,
0?7, or inhibitor species) from the steel surface due to
corrosion process can be responsible for the inductive
behavior observed at low frequency. Several authors!® !
have reported this phenomenon of inductive loop at low
frequencies. In fact, inductive comportment at low
frequency is more evident for high Quebracho content.

-75
—— 0glL
r —O— 05g/L
—e— 15¢g/L
50 —— 6g/L

N 25

25 50 75 100 125
7
FIGURE 4 Nyquist plot of SAE 1010 steel for different
concentrations of the Quebracho extract in 0.1 M HCI solution
[Color figure can be viewed at wileyonlinelibrary.com]

]0‘ Ll vl ol ol ol el 1l g
102 10" 10° 10" 10 10° 10 10°
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FIGURE 5 Bode modulus and frequency phase-angle plots of
SAE 1010 steel for different concentrations of Quebracho extract in
0.1 M HCI solution [Color figure can be viewed at
wileyonlinelibrary.com]

The Bode-phase diagrams (Figure 5) show only one
capacitive time constant and evidenced that both the
impedance modulus 1Z| and the phase angle increase
with inhibitor concentration, as the adsorption of
inhibitor on the steel surface is intensified.

All the diagrams converged very well to the equivalent
electric circuit proposed in Figure 6. In the electrical
circuit, R1 is the solution resistance, R2 the charge transfer
resistance, CPE1 the constant phase element, and the
inductive elements are R3 and L. The corresponding
electrical results are shown in Table 3. It can be observed
in Table 3 that the charge transfer resistance (R2) increases
with inhibitor concentration confirming that the corrosion
process is charge-transfer controlled. In addition, the
constant phase element (CPE1) decreases in presence of
inhibitor reinforcing that the improvement of protection is
reached by adsorption of inhibitor molecules on the
surface blocking the electrochemical active sites.

The SEM images (Figure 7) confirm that the presence
of Quebracho in solution protects the surface of SAE 1010
steel by adsorption inhibitor molecules. In the micro-
graphs of Figure 7a,b corresponding to 0 and 0.5g/L of
inhibitor, respectively, the preferential ferrite dissolution is
clearly visible and no deposit on the surface was observed.
Furthermore, it can be seen small islands probably

R1

o
I v,-}

L1 R3

FIGURE 6 Equivalent electric circuit proposed
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TABLE 3 Impedance parameters for corrosion of SAE 1010 steel in the absence and presence of different concentrations of the
Quebracho extract in 0.1 M HCI solution

Inhibitor concentration (g/L) x* R1(Q) CPEl (WF/cm®) n R2 (Q/cm? L1 (H/cm? R3 (Q/cm?)

0 3.96x107*  31.83 330 0.81 36.63 643.8 1,593

0.5 596x107*  34.04 160 0.86 53.79 1,683 1,226

1.5 3.06x107%  40.40 113 0.85  73.63 1,683 700.5

6.0 9.61x10™*  35.78 137 0.83  75.56 1,562 562.3
associated to ferric-tannats deposits adsorbed on surface, (Figure 8), a broad band in the region of 3,227 cm™, can
which are evident when 1.5 and 6 g/L of inhibitor were  be observed, assigned to —OH stretching and at 2,962 and
used (Figure 7c,d). 2,920 cm ™%, the CH, CH,, and CHj3; stretching vibrations,

The FTIR results for the Quebracho are shown in derived from carbohydrates, sugars, and proanthocyanidin
Figure 8 and Table 4. In the analysis of the FTIR spectrum C-ring.[*°! The aromatic bond stretching (C=C-C) appears
in the region of 1,605; 1,515; and 1,443 cm™ and the C-O
bond stretching of pyran, typical of proanthocyanidin C-
rings, at the 1,358 and 1,286 cm™.1***3! Another C-O
bond stretching appears in the region of 1,196-973 cm™".
At 1,117 and 1,087cm™" appears the aromatic C-H in
plane and at 840, 810, and 771 aromatic C-H out-of-plane
bend."**! The mechanism of metal protection by the
Quebracho tannin extract is principally because of the
OH™ groups on the vicinity of aromatic rings that form
chelates with iron ions.[??!

3.2 | Inhibitor performance in
CO,-saturated water at high pressure and
high temperature

The performance of the Quebracho extract was also
evaluated in the CO,-saturated water at high pressure
(15MPa) and high temperature (75°C) using 1.5g/L,
which was the concentration that exhibited the highest
inhibition efficiency (79%) in the HCl medium.

0.15 4

0.12 4

0.09

Log (1/R)

0.06

0.03 4

35100 ' 30100 ' ZSIUD ' ZUIUU ' ISIOU ' 10100
FIGURE 7 Scanning electron microscopy images of corroded
surface of SAE 1010 steel for different concentrations of the

Quebracho extract in 0.1 M HCl solution (a) 0 gL™(b) 0.5 gL'(c) 1.5 FIGURE 8 Fourier transform infrared spectroscopy-universal
gL(d) 6 gL attenuated total reflectance accessory spectrum of Quebracho extract

Wave number (cm”)
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TABLE 4 Functional groups and frequency assignments for
Quebracho extract from the Fourier transform infrared spectro-
scopy-universal attenuated total reflectance spectrum

Vibrational bands of Quebracho

extract
Vibrational group  Quebracho Assignment
C-H 771 (m) Aromatic C-H out-of-
plane bend
810 (W)
840 (w)
C-H 1,087 (w) Aromatic C-H in plane
bend
1,111 (m)
Cc-0 973 (m) C-0 stretch
1,033 (vs)
1,157 (s)
1,196 (w)
1,286 (W)
1,358 (m)
c=C-C 1,443 (s) Aromatic ring stretch
1,515 (m)
1,605 (s)
—CH 2,920 (w)  -CH, —-CH,, and -CH,
stretch
2,962 (m)
-OH 3,227 (vs) -OH stretch

Abbreviations: m, medium; s, strong; vs, very strong; w, weak.

Figure 9 shows the mass loss curves of SAE 1010 steel
corroded in the CO,-saturated water medium containing
0 and 1.5g/L of the Quebracho extract at 15MPa and
70°C. The average corrosion rate calculated by Equation

0.3500

(2) in the absence of inhibitor was 1.639 mm/year and
with 1.5g/L of inhibitor the corrosion rate decreased
considerably to 0.395mm/year, corresponding to an
efficiency of inhibition of 76%. This efficiency is very
similar to the one obtained when the same concentration
of inhibitor in 0.1 M HCI medium was used which was
79%. The scales formed in absence of inhibitor were
removed in the second cycle of immersion, whereas in
the presence of inhibitor the scales were completely
removed only after the tenth cycle suggesting a better
adhesion to the steel surface.

Figure 10 shows SEM images of the steel surface after
corrosion in CO,-saturated water medium at 70°C and
15MPa pressure with and without inhibitor. It is
interesting to note that the morphology of corrosion
scale is distinct with and without inhibitor. It can be
observed that in presence of inhibitor the entire surface
of the steel is covered by crystals of iron carbonate
(FeCO3). The iron carbonate crystals have morphological
characteristics similar to those formed in the absence of
oxygen,[5’6’9] indicating that the presence of Quebracho
avoid the FeCOj3 chemical degradation via reaction with
oxygen. Figure 11 presents the cross-section of scales,
showing that the scale corresponding to the sample
corroded in presence of inhibitor is thinner and more
compact when compared with the one formed in the
absence of inhibitor. These results suggest that the
presence of Quebracho as an inhibitor in the solution
leads to the formation of scales with superior protective
properties, reducing the corrosion rate.

The XRD was performed to confirm the composition
of the scales (Figure 12). Gothite (a-FeOOH) and iron
oxides (Fe;0,4) such as hematite are present in the scale
formed without the inhibitor. However, it can be noted
that in presence of inhibitor the majority of the peaks is

0.3000
0.2500
0.2000

0.1500

Mass loss (g)

0.1000

0.0500

0.0000

—a— 0 g/L sample 1
—e— 0 g/L sample 2
—a— 1.5 g/L sample 1
—v— 1.5 g/L sample 2

Cycles number

FIGURE 9 Mass loss curves of SAE 1010 steel corroded in CO,-s

aturated water medium containing 0 and 1.5 g/L of Quebracho extract

at 15MPa and 70°C [Color figure can be viewed at wileyonlinelibrary.com|
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FIGURE 10 Scanning electron microscopy images of the corrosion scales formed on the surface of SAE 1010 steel corroded in
CO,-saturated water medium at 15 MPa and 70°C during 7 days in the absence of Quebracho extract (a) and in the presence of 1.5g/L
of Quebracho extract (b) [Color figure can be viewed at wileyonlinelibrary.com]

characteristic of FeCO;. These results confirm that the
presence of Quebracho was effective, preventing the iron
carbonate scale from undergoing chemical changes
through reaction with oxygen that could compromise
its protective characteristics.

The results obtained by SEM and XRD indicate that in
absence of inhibitor formation of FeOOH occurs, which
results from oxidation of iron metal into ferrous ions
(Fe®*) that further is oxidized into ferric ions (Fe™).
Furthermore, the Fe** in equilibrium with FeOOH can

FIGURE 11 Scanning electron microscopy images of cross-section of scales formed on the surface of SAE 1010 steel corroded in
CO,-saturated water medium at 15 MPa and 70°C during 7 days in the absence of Quebracho extract (a) and in the presence of 1.5g/L

of Quebracho extract (b)
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FIGURE 12 X-ray diffraction patterns of scales formed on the surface of SAE 1010 steel corroded in CO,-saturated water medium at
15 MPa and 70°C in the absence of Quebracho extract (a) and in the presence of 1.5 g/L of Quebracho extract (b) [Color figure can be viewed

at wileyonlinelibrary.com|

be reduced to Fe** ions due to contact with steel through
the pores of the scale, and afterward the Fe2* compounds
can be oxidized again forming iron oxides, as previously
reported by Stratmann!**! and Rahim et al.”*®! However, in
presence of inhibitor, the tannin molecules may complex
with Fe*" ions producing ferrous-tannates, which can also
be oxidized into ferric-tannates. In addition, ferric-
tannates can be also formed by reacting directly with
Fe’* ions; and because of the tannin, high reducing power
the Fe(III) oxides can be reduced into Fe** ions. In the
presence of oxygen, the Fe** ions can then be complexed
by tannins forming ferric-tannates.*****! Nevertheless,
tannate deposits were not observed on the steel surface.

4 | CONCLUSIONS

e The Quebracho extract demonstrated good perfor-
mance as inhibitor for the SAE 1010 protection in
0.1 M HCI solution and in the oil field environment.

e The polarization curves showed that the Quebra-
cho extract acts predominantly as cathodic inhi-
bitor for corrosion of low carbon steel in 0.1 M HCI
medium.

e The EIS measurements and SEM analysis revealed
that the corrosion of SAE 1010 steel in 0.1 M HCI is
principally controlled by charge transfer process and
adsorption of layer that protects the steel surface.

e In water saturated with CO,, Quebracho promoted the
growth of a thinner and more compact corrosion scale
on SAE 1010 steel composed of FeCOs;, evidencing that
it provides favorable conditions for the formation of
scale with protective properties in the presence of O,.

e The inhibition efficiency of Quebracho in the CO,
medium was similar to the 0.1M HCI, reducing
expressively the corrosion rate.
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