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Abstract

The corrosion inhibiting effect of the tannin from Acacia mearnsii bark on API

5CT K55 steel, used for casing in the oil and gas industry, was investigated in

1M HCl medium with different tannin concentrations. Corrosion was mon-

itored by electrochemical tests using potentiodynamic polarization (PP) and

electrochemical impedance spectroscopy (EIS). Complementary analyses of the

corroded surfaces were performed by scanning electron microscopy (SEM),

atomic force microscopy (AFM), and X‐ray diffraction (XRD). With the appli-

cation of A. mearnsii tannin, the cathodic branch of the PP curves shifted to

lower corrosion current density values. EIS analysis indicated that inhibitor

molecules were adsorbed on the steel surface, which provided protection against

corrosion. The SEM, AFM, and XRD data showed that in the presence of the

inhibitor, a film and amorphous material were adsorbed on the steel surface,

plausibly associated with the formation of tannates. The highest inhibition

efficiency was obtained at an inhibitor concentration of 0.7 5 g L−1 (92%

determined by PP and 98% by EIS), and a high degree of surface coverage was

observed, compared with that obtained using the other concentrations of tannin.
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1 | INTRODUCTION

In the petroleum industry, carbon steels are widely
used in components and facilities for the extraction and
transportation of oil and gas due to the low cost of this
type of steel in relation to that of corrosion‐resistant
alloys. However, the corrosion resistance of carbon
steel is relatively low. From an economic point of view,
the impact of corrosion in the oil and gas industry is
very high, involving direct and indirect costs associated
with lost time, the replacement of materials for con-
struction, and the continuous involvement of personnel
in corrosion management, as well as safety and en-
vironmental consequences.[1,2] Crude oil and natural
gas can carry corrosive substances, such as H2S, CO2,

and O2, and water, which act as catalysts for corrosion.
Additionally, acidification is widely used to increase oil
production. In this technique, a high‐temperature acid
solution is pumped into the well to create channels in
the rocks to allow oil and gas to migrate more easily to
the surface and to dissolve rubble found in old wells to
restore and maximize productivity.[1–3] The acids used
in acidification treatments vary according to the nature
of the well and treatment. Some examples of acids used
are hydrochloric acid (HCl) 15%–28%, hydrofluoric acid
(HF), acetic acid (CHCOOH), chloroacetic acid
(ClCH3COOH), formic acid (HCOOH), and sulfamic
acid (H2NSO3H).[4–6] The acidification technique can
exacerbate the corrosion of production tubing, down-
hole tools, and casing. Thus, it is essential to control the
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corrosion to increase the lifetime of the metallic compo-
nents and facilities, as well as for safety in oil and gas
operations. However, corrosion mitigation in the oil and
gas industry is a complex process because the fluid char-
acteristics change over time, and the pressure and tem-
perature involved are high. Risks related to corrosion can
be minimized by using corrosion inhibitors, applying
protective coatings, employing cathodic or anodic protec-
tion techniques, and using appropriate corrosion mon-
itoring and inspection techniques.[2,4,7,8] The main factors
of concern in selecting a corrosion inhibitor in the oil and
gas industry include toxicity, low risk of environmental
pollution, availability, and cost. Therefore, developing
green corrosion inhibitors for applications in the oil and
gas industry is of fundamental importance. Since the
1990s, many studies have been carried out on the use of
natural compounds that afford non‐toxicity, biodegrad-
ability, and can be extracted by simple procedures at a
relatively low cost.[9–16] Tannins are recognized as natural
corrosion inhibitors, as they have antioxidant properties
derived from the polyphenolic and flavonoid groups in
their structure. Tannins are present in many herbs, trees,
fruits, and legumes, providing vast variability in structure
and molecular weight.[17] Metal protection is provided by
the adsorption of compounds in the extract of plants on
the metal surface.[11,12,14,18]

Acacia mearnsii (de Wild) is a very common hard-
wood species cultivated in several countries, and its bark
contains large amounts of tannins. The recoverable tan-
nins can reach up to 30% of the dry weight depending on
the extraction process employed.[17] The tannin from
A. mearnsii bark is a condensed tannin that is already
industrially produced on a large scale. In aqueous solu-
tions, tannins react with metallic ions to form a protec-
tive monolayer composed of tannates on the metal
surface, acting as a barrier for the corrosion process.
Tannates are amorphous in nature and are usually in-
soluble in aqueous solutions.[11,12,14–16,18–20] Few studies
have evaluated the inhibition of metal corrosion by
A. mearnsii tannin. Guedes et al.[12] and Rodrigues
et al.[18] employed tannin from A. mearnsii bark as a
corrosion inhibitor for aluminum alloys, and Gerengi
et al.[11] demonstrated that this inhibitor offers good
performance in controlling corrosion. Peres et al.[14] and

Rahim et al.[15,16] also achieved high inhibitory effi-
ciencies for carbon steel. Peres et al.[14] tested plain car-
bon steel (1% C) in aerated 0.1 mol L−1 Na2SO4 (pH 6.0
and 2.5) using a fixed tannin concentration of 2 g L−1,
where the best anticorrosion activity was found at pH 2.5.
These previous studies have shown that the anticorrosion
activity of tannin from A. mearnsii bark is very satisfac-
tory in acidic environments and that its efficiency de-
pends on the tannin concentration.[11,12,14,18] Martinez
and Stern[20] studied the mechanism of adsorption of
tannins on low‐carbon steel in the presence of sulfuric
acid at pH 1, 2, and 3 using a concentration range of 10−5

to 10−1 mol L−1 of tannin. At pH 1 and 2, the value of the
adsorption free energy suggests a chemisorption me-
chanism due to bonding between the oxygen lone‐pair
electrons of the tannin −OH group and the metal sur-
face, while at pH≥ 3, ferric tannate is formed, and the
free energy of adsorption suggests a physisorption me-
chanism. However, there is no consensus on the
appropriate tannin concentrations to be used because the
adsorption efficiency is highly dependent on the metal,
temperature, pH, and medium, and the anticorrosion
mechanisms are not fully understood. The present
work aims to investigate the mechanisms by which tan-
nin from A. mearnsii bark inhibit the corrosion of API
K55 steel used for casing in oil fields in 1M HCl medium.

2 | MATERIALS AND METHODS

2.1 | Preparation of steel specimen

API K55 carbon steel from a typical oil well casing[21]

was used as the test specimen. Table 1 shows the che-
mical composition obtained by optical emission spectro-
scopy (SPECTROMAXx from AMETEK Materials
Analysis Division®). The steel microstructure is shown in
Figure 1 and is composed of ferrite and perlite.

Before the corrosion tests, the samples were em-
bedded in acrylic resin, mechanically polished with sili-
con carbide paper of different grades (≠220 up to ≠1200),
rinsed with distilled water, cleaned with acetone, and
dried with hot air. The electrical contact was made with a
copper wire using a silver bonder.

TABLE 1 Chemical composition of API K55 steel (wt.%)

C Si Mn P S Cr Ni Mo Fe

0.235 0.239 1.35 0.022 0.0089 0.036 0.015 0.016 Remaining

Al Cu Ti Co Nb Sn Bi Zr

0.022 0.0096 0.0020 <0.0015 <0.0030 0.011 <0.0020 0.0018
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2.2 | Preparation of inhibitor solution

A. mearnsii tannin (Weibull AQ) was used as an in-
hibitor. This tannin was extracted from the bark of
A. mearnsii de Wild with hot water, and then spray‐dried
to produce the extract in the form of a powder. According
to the manufacturer, A. mearnsii tannin is rich in col-
loidal tannins, with a high number of nontoxic phenolic
dihydric nuclei, containing at least 93.5% active matter,
and the pH is 4.5–5.5 (20 vol.% in aqueous solution).
Chemically, acacia tannin is a mixture of complex sub-
stances, such as condensed polyphenols, mainly flavan‐3‐
4‐diol, in addition to other substances such as sugars and
hydrolysable gums. The tannin powder was weighed
using a 0.0001 g precision balance and then diluted to
different concentrations (0, 0.25, 0.50, 0.75, 1.0, and
1.5 g L−1) in 1M HCl aqueous solution (pH= 0.42). After
preparation, the solution was homogenized for 30min
using a magnetic stirrer. The concentrations above were
limited to 1.5 g L−1 to avoid non‐dissolved tannin parti-
cles in solution, as Peres et al.[14] observed that at con-
centrations above 2 g L−1, particles were visible in
Na2SO4 solutions at room temperature.

2.3 | Electrochemical measurements

Potentiodynamic linear polarization (PP) and electro-
chemical impedance spectroscopy (EIS) were used to study
the corrosion behavior of API K55 steel exposed to different
concentrations of tannin in 1M HCl solution at room
temperature. The electrochemical measurements were
performed using a three‐electrode cell connected to an
Autolab potentiostat/galvanostat (PGSTAT302 N model).
The electrochemical cell was composed of a platinum wire
counter electrode (CE), a saturated calomel reference

electrode (SCE), and an API K55 steel sample as the
working electrode (WE), with an exposed area of approxi-
mately 1 cm2. All electrochemical measurements were
performed in triplicate under aerated conditions, and all
potentials are referenced to the SCE (E=241mV vs. NHE).

Before each electrochemical measurement, the working
electrode was immersed in the test solution for 1 h to attain
a steady‐state open circuit potential (OCP). The EIS ana-
lysis was conducted at a frequency of 10,000 to 0.1Hz and
an amplitude of ±10mV. The electrical parameters were
obtained from the EIS data by fitting, using ZView soft-
ware. The PP measurements were performed in the voltage
range of −300 to +300mV in relation to the value for the
OCP obtained at a scan rate of 1mV s−1. Autolab Nova 1.1
software was used to analyze the electrochemical data from
the PP curves by the Tafel extrapolation method.

Equation (1) was used to calculate the inhibition ef-
ficiency E (%), as obtained by potentiodynamic polar-
ization and EIS techniques:

E
Rp Rp

Rp
(%) =

( − )
× 100,o i

i
(1)

where Rpo and Rpi are the polarization resistances of API
K55 steel in 1M HCl with and without the inhibitor,
respectively.

After approximately 3 h, each test was completed, and
the samples were washed with distilled water, dried with
hot air, and placed in a desiccator for further character-
ization of the corroded surface.

2.4 | Characterization of corroded
surface

Scanning electron microscopy (SEM), X‐ray diffraction
(XRD), and atomic force microscopy (AFM) were used to
characterize the corroded surfaces. For SEM analysis, a
field‐emission scanning electron microscope (F50‐FEI)
was used; the samples were pretreated by coverage with
gold. A Shimadzu diffractometer with a copper source
was used for the XRD analyses using conditions of 40 kV
and 30mA; the angle was varied from θ–2θ= 10°–80°
with a step size of 0.05°, over a time of 0.3 s. AFM ana-
lysis was performed using a Bruker Dimension Icon PT
microscope, with a scanning area of 8100 µm2.

3 | RESULTS AND DISCUSSION

Figure 2 shows the OCP during 1 h of measurement,
and Figure 3 shows the potentiodynamic polarization
curves for the different concentrations of inhibitors

FIGURE 1 Microstructure of API K55 steel
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used in 1 M HCl medium. Table 2 shows the electro-
chemical parameters (corrosion potential [Ecorr], cor-
rosion current density [jcorr], and polarization
resistance [Rp]) obtained from the potentiodynamic
polarization curves by the Tafel extrapolation method,

and the inhibition efficiencies were calculated by ap-
plying Equation (1).

The potentials (Figure 2) remained relatively stable
during 1 h of the OCP measurements for tannin con-
centrations of 0 and 0.25 g L−1, whereas for 0.50, 0.75,

FIGURE 2 Open circuit potential (OCP) for API K55 steel in 1M HCl medium with different concentrations of Acacia mearnsii tannin
[Color figure can be viewed at wileyonlinelibrary.com]

FIGURE 3 Polarization curves for API K55 steel in 1M HCl medium with different concentrations of Acacia mearnsii tannin [Color
figure can be viewed at wileyonlinelibrary.com]
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1.0, and 1.5 g L−1 of inhibitor, the potentials decreased
slightly over time in the direction of more active poten-
tials. The polarization curves (Figure 3) show that the
corrosion potentials changed by no more than 65mV in
the direction of more active values as the inhibitor con-
centration increased, and the anodic and cathodic bran-
ches shifted to lower current densities in the presence of
the inhibitor. This indicates that A. mearnsii tannin acts
as a mixed inhibitor. However, the cathodic branch of the
polarization curves was more strongly influenced by the
inhibitor, indicating that this tannin is more effective in
reducing the hydrogen reaction for API steel K55 in 1M
HCl medium, as found by Guedes et al.[12] for AA 7075
aluminum alloy. The highest inhibition efficiency was
obtained when the concentration of A. mearnsii tannin
was 0.75 g L−1, reaching an inhibitor efficiency of 92%,
possibly due to the formation of a more homogeneous
layer of tannate compounds on the steel surface. The
inhibition efficiency decreased slightly for inhibitor
concentrations of 1.0 and 1.5 g L−1, which may be related

to the formation of a porous layer or weak adsorption of
the inhibitor and consequent desorption, as also observed
by Bacca et al.[9]

EIS data were obtained after 1 h of immersion of the
steel in the medium to obtain information about the
surface properties with and without the addition of the
inhibitor to better understand the mechanism of inhibi-
tion. Figure 4 presents the Nyquist plots for the different
inhibitor concentrations, which show a single capacitive
arc and a small inductive loop for each system. Fur-
thermore, the shape of the arcs did not change with the
addition of the inhibitor, indicating that the mechanism
of steel dissolution was not modified in the presence of
the inhibitor, as also observed in the PP curves in
Figure 2. However, the diameter of the steel capacitive
arc changed according to the concentration of the in-
hibitor; the larger the diameter of the arc, the greater the
resistance to polarization and, consequently, the lower
the corrosion rate. The diameter of the capacitive arcs
increased with inhibitor concentrations of up to

TABLE 2 Electrochemical
parameters obtained by PP and
inhibition efficiency for API K55 steel in
1M HCl medium with different
concentrations of Acacia mearnsii tannin

Tannin
concentration (gL−1)

Ecorr

(mV)
jcorr
(mAcm−2)

Rp

(Ωcm2)
Inhibitor
efficiency (%)

0 −493 3.57 10 –

0.25 −496 1.40 31 67

0.50 −501 1.08 42 75

0.75 −558 0.22 160 92

1.0 −530 0.32 80 87

1.5 −523 0.39 66 84

Abbreviation: PP, potentiodynamic polarization.

FIGURE 4 (a) Nyquist diagrams for API K55 steel in 1M HCl medium with different concentrations of Acacia mearnsii tannin.
(b) Amplification of the first phase of (a) [Color figure can be viewed at wileyonlinelibrary.com]
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0.75 g L−1, whereas for inhibitor concentrations of 1 and
1.5 g L−1, the diameter of the capacitive arc decreased
slightly, in accordance with the PP results. This behavior
indicates that corrosion is mainly a charge transfer‐
controlled process. The inhibitor molecules adsorbed on
the metallic surface dislocate water molecules and ad-
sorbed ions from the surface, decreasing their electrical
capacity. The small inductive loop observed at low fre-
quencies may be associated with the relaxation of the
adsorption of intermediate species due to corrosion or
adsorption of the inhibitor molecules on the metal sur-
face. The relaxation phenomenon has been reported in
the literature and is frequently associated with distinct
adsorbed species, such as H+, Cl−, O2−, or inhibitor
species on the metal surface.[10]

The Bode diagrams (Figure 5) show that both the im-
pedance modulus |Z| and the theta phase angle increased
as the inhibitor concentration increased up to 0.75 g L−1

because the inhibitor is more strongly adsorbed on the steel
surface. The plots show only one time constant, with a
maximum phase angle of approximately −65° for an in-
hibitor concentration of 0.75 g L−1, associated with the high
capacitive character of the film formed.

Tests were performed based on the EIS data to ap-
proximate the results to an electrical equivalent circuit.
The most suitable circuit (best fitting) is shown in
Figure 6, where Rs represents the resistance of the solu-
tion, Rct is the charge transfer resistance, and CPE is the
constant phase element, which represents a nonideal
capacitor, generally associated with a surface that is not

homogeneous. The CPE value depends on the roughness
and heterogeneity of the surface; RL and L represent the
resistive and inductive elements of the circuit.

An electrical double layer is formed when two con-
ductive phases (solid/liquid) are brought into contact,
generating an electrochemical interface known as a
double layer, characterized by an electrical charge dis-
tribution. Equation (2) was used to calculate the double‐
layer capacitance (Cdl) values:

C CPE ω ,= ( ) ndl max
( −1)

(2)

where CPE represents the constant phase element, ωmax

represents the highest peak intensity from the Nyquist dia-
gram, and n represents the degree of surface homogeneity.

Table 3 presents the electrical parameters obtained
from the EIS data. The values of Rct and Cdl were higher in
the presence of the corrosion inhibitor, where the highest
value was found for the inhibitor concentration of
0.75 g L−1. This is probably due to the decrease in the local
dielectric constant and/or the increased thickness of the
electrical double layer due to the inhibitor molecules ad-
sorbed on the metal surface. The highest inhibition effi-
ciency was achieved for the inhibitor concentration of
0.75 g L−1, consistent with the PP data. The inhibition ef-
ficiency for this concentration obtained by EIS was 98%,
while that obtained using PP was 92%. The EIS data show
no significant difference in the inhibition efficiency for the
inhibitor concentrations of 0.75, 1.0, and 1.5 g L−1; how-
ever, at 0.75 g L−1, a more protective film was formed.

After the electrochemical tests, complementary ana-
lysis of the steel corroded surface was performed using
field‐emission SEM, XRD, and AFM. Observation of the
steel surface after the corrosion tests in tannin solutions
revealed the formation of a film on the steel surface.
However, this film was not blue‐black, as observed when
ferric‐tannate compounds are formed at higher pH.[14,15,20]

Figure 7 shows the SEM images of the API K55 steel
surface for different A. mearnsii tannin concentrations.
The SEM images of the steel surfaces exposed to the cor-
rosive solution without the inhibitor (Figure 7a) show ir-
regularities, due to the preferential dissolution of ferrite.

FIGURE 5 Bode diagrams for API K55 steel in 1M HCl
medium for different concentrations of Acacia mearnsii tannin
[Color figure can be viewed at wileyonlinelibrary.com]

FIGURE 6 Equivalent circuit. CPE, constant phase; Rct, charge
transfer resistance; RL and L, resistive and inductive elements; Rs,
resistance of the solution
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In the presence of the inhibitor (Figures 7b–e), a black
film with a morphology similar to that of iron‐tannate was
formed on the steel surface.[15] For tannin concentrations
of 0.25, 0.50, 1.0, and 1.5 g L−1, the films were less
homogeneous than for those formed with 0.75 g L−1, with
a lower degree of surface coverage for the former. The
SEM image in Figure 8a shows an area where the cor-
roded steel surface is coated with the film, along with an
uncoated region. The energy‐dispersive X‐ray spectro-
scopy (EDX) spectrum of the uncoated region (Figure 8b)
show the typical elements present in the steel chemical
composition (Fe, C, and Mn), whereas, in the coated area
(Figure 8c), the elements detected by EDX are Fe, C, and
O, indicating the formation of iron‐tannate.

AFM images of the corroded surface are shown in
Figure 9. The surface roughness values, namely, the
quadratic roughness (Rq), mean roughness (Ra), and
maximum roughness (Rmax), are summarized in Table 4.
The AFM images and surface roughness data for the
corroded surface show that the roughness was higher for
the corroded steel in the presence of the inhibitor. This
may be an indication that inhibitor molecules were ad-
sorbed on the steel surface during the corrosive process,
corroborating the results obtained by electrochemical
techniques and SEM. For the concentrations of 0.25 and
0.50 g L−1 of tannin, the roughness was similar but was
higher than in the case of the steel corroded without the
addition of the inhibitor and in the presence of the

TABLE 3 Electrochemical parameters from EIS for different inhibitor concentrations

Tannin
concentration
(g L−1) Rs (Ω)

Rct

(Ω cm−2) n L (H cm−2)
RL

(Ω cm−2)
CPE

(F cm−2)
Cdl

(F cm−2)
Rp

(Ω cm−2)

Inhibitor
efficiency
(%)

0 3 7 0.86 113 32 8.38 × 10−4 4.81 × 10−4 5 –

0.25 5 37 0.80 1941 330 4.98 × 10−4 2.66 × 10−4 33 83

0.50 7 68 0.77 7727 670 4.33 × 10−4 2.26 × 10−4 61 91

0.75 3 285 0.84 35 404 2613 8.28 × 10−5 5.47 × 10−5 256 98

1.0 6 183 0.80 42 346 1941 1.62 × 10−4 9.79 × 10−5 166 97

1.5 3 174 0.81 37 923 1514 1.41 × 10−4 8.78 × 10−4 155 96

Abbreviation: EIS, electrochemical impedance spectroscopy.

FIGURE 7 SEM images of API K55 steel surface corroded in 1M HCl with different inhibitor concentrations. (a) 0 gL−1, (b) 0.25 gL−1,
(c) 0.5 gL−1, (d) 0.75 gL−1, (e) 1.0 gL−1 and (f) 1.5 0 gL−1 of Acacia mearnsii tannin. SEM, scanning electron microscopy [Color figure
can be viewed at wileyonlinelibrary.com]
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inhibitor at a concentration of 0.75 g L−1, plausibly due to
the presence of an adherent inhibitor film that is not
uniform and/or does not fully cover the steel surface. With
an inhibitor concentration of 0.75 g L−1, the roughness
was lower than that obtained with concentrations of 0.25

and 0.50 g L−1, which may be related to the formation of a
more homogeneous and uniform protective layer rather
than full coverage of the metal surface, confirming that
the highest inhibition efficiency was achieved with an
inhibitor concentration of 0.75 g L−1.

FIGURE 8 (a) SEM image of API K55 steel surface after corrosion in presence of tannin as inhibitor showing two regions, coated and
uncoated. (b) EDX spectrum of uncoated region. (c) EDX spectrum of coated region. EDX, Energy‐dispersive X‐ray spectroscopy; SEM,
scanning electron microscopy [Color figure can be viewed at wileyonlinelibrary.com]

FIGURE 9 3D AFM images of API K55 steel surface corroded in 1M HCl medium with and without the addition of corrosion inhibitor.
3D, three dimensional; AFM, atomic force microscopy [Color figure can be viewed at wileyonlinelibrary.com]
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XRD was used to determine the formation of crystalline
corrosion products. The analysis was performed using a
bulk sample. The X‐ray spectrum of the sample corroded
in the medium without the addition of the inhibitor
(Figure 10a) shows only characteristic iron peaks (α‐Fe) at
angles of 45° and 65° and very low‐intensity peaks of iron
hydroxides (goethite and lepidocrocite). The profile of the
sample corroded with 0.75 g L−1 of inhibitor (Figure 10b)
presented additional enlarged peaks at approximately 20°
and 35°, indicating the presence of iron oxides (Fe3O4‐
magnetite or Fe2O3‐maghemite). The enlarged peaks are
plausibly related to amorphous products. Of note, iron‐
tannates are amorphous.[15,16,19] The α‐Fe peak at 45° was
also present in the X‐ray spectrum, but of lower intensity,
indicating that the surface was not completely covered by
the film. With the addition of 1.0 g L−1 of inhibitor
(Figure 10c), the characteristic Fe peaks were observed at

45° and 65°, in addition to the presence of a small amount
of amorphous products, indicating that part of the surface is
not fully covered with protective film, corroborating the
electrochemical results and SEM images.

4 | CONCLUSION

From the analysis of the corrosion inhibition of API K55
steel by tannin of A. mearnsii bark in 1M HCl medium,
the following conclusions can be drawn:

– The potentiodynamic polarization curves showed that
the tannins from A. mearnsii bark mainly influence
the cathodic reactions, shifting the corrosion current
density to lower values.

– Electrochemical analyses show that A. mearnsii bark
tannin provides high inhibition efficiency at a con-
centration of 0.75 g L−1 (92% as determined by PP and
98% from EIS).

– The Nyquist and Bode diagrams confirm the results
obtained in the potentiodynamic polarization tests,
indicating the adsorption of a film of inhibitor mo-
lecules on the steel surface, which provides protec-
tion against corrosion. SEM and AFM images of the
steel surfaces exposed to different inhibitor con-
centrations and the surface roughness data confirm
the formation of an adsorbed film on the steel sur-
face in the presence of the inhibitor. The degree of
surface coating and the properties of the protective
film depend on the concentration of the in-
hibitor used.

– XRD analyses indicate that in the presence of the in-
hibitor, an amorphous material is deposited on the
steel surface, possibly associated with the formation of
tannates.

– All results showed that the tannin of A. mearnsii bark
presents high performance as a corrosion inhibitor for
API steel in acid medium, and is promising in many
industrial sectors, including the oil industry. The fact
that it is already commercially available is an im-
portant advantage.
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TABLE 4 Roughness values obtained from AFM for API K55
steel surface corroded in 1M HCl medium with and without the
addition of corrosion inhibitor

Tannin concentration
(g L−1) Rq (nm) Ra (nm)

Rmax

(nm)

0 628 483 8362

0.25 1399 1120 10 209

0.50 1393 1110 12 556

0.75 1153 888 8969

Abbreviation: AFM, atomic force microscopy.

FIGURE 10 Diffractograms of the corrosion products formed
on the surface of the samples with and without inhibitor [Color
figure can be viewed at wileyonlinelibrary.com]
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