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Abstract: We investigated the effect of the 2-mercaptobenzothiazole concentration on the sour-corrosion behavior of API X60 pipeline steel in
an environment containing H2S at 25°C and in the presence of 0, 2.5, 5.0, 7.5, and 10.0 g/L of 2-mercaptobenzothiazole inhibitor. To examine
this behavior, we conducted open-circuit potential (OCP), potentiodynamic polarization, and electrochemical impedance spectroscopy (EIS)
tests. Energy dispersive spectroscopy and scanning electron microscopy were also used to analyze the corrosion products. The results of the
OCP and potentiodynamic polarization tests revealed that 2-mercaptobenzothiazole reduces the speed of both the anodic and cathodic reac-
tions. An assessment of the Gibbs free energy of the inhibitor ( ) indicated that its value was less than −20 kJ·mol−1 and greater than −40
kJ·mol−1.  Therefore,  the  adsorption  of  2-mercaptobenzothiazole  onto  the  surface  of  the  API  X60 pipeline  steel  occurs  both  physically  and
chemically, the latter of which is particularly intentional. In addition, as the  value was negative, we could conclude that the adsorption of
2-mercaptobenzothiazole onto the surface of the pipeline steel occurs spontaneously. The EIS results indicate that with the increase in the 2-
mercaptobenzothiazole inhibitor concentration, the corrosion resistance of API X60 steel increases. An analysis of the corrosion products re-
vealed that iron sulfide compounds form on the surface. In summary, the results showed that an increase in the inhibitor concentration results in
a decrease in the corrosion rate and an increase in inhibitory efficiency. Additionally, we found that the 2-mercaptobenzothiazole adsorption
process on the API X60 steel surfaces in an H2S-containing environment follows the Langmuir adsorption isotherm and occurs spontaneously.

Keywords: API X60 steel; sour corrosion; 2-mercaptobenzothiazole; inhibitor concentration; electrochemical parameters; environments con-
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1. Introduction

Corrosion in industries such as the oil and petrochemical
industries  imposes  enormous  annual  costs  for  the  replace-
ment  or  repair  of  machinery.  Annually,  the  gross  national
product (GDP) values of countries around the world are re-
duced by nearly five percent due to corrosion. About a fifth
of this wasted GDP is in the oil and gas and petrochemical in-
dustries. One type of corrosion in oil and gas industries is that
caused by hydrogen sulfide (H2S) gas. Many oil and gas in-
stallations  are  constructed  of  carbon  and  stainless  steel,
which are subject to corrosion by H2S gas. In fact, H2S causes
a variety of types of corrosion in these steels [1–3]. This col-
orless odorous gas, which is soluble in water, oil, and alcohol,
has a fairly sweet taste. H2S is a weak acid, is very toxic to
humans, and can cause metallic corrosion when dissolved in
water  [4–5].  Oil  wells  with  an  H2S  content  higher  than  10
ppm in the soluble phase are referred to as sour wells [5–7].

If an acid gas contains H2S, the primary corrosion product
will be iron sulfide, which produces a film with poor adhe-

sion. However, although the ability to protect an iron sulfide
layer is better than that of iron carbonate, but for the iron sulf-
ide  film  to  be  shielded,  the  H2S  content  must  be  sufficient
[7–8]. The overall reaction of sour corrosion is as follows [9]:
Fe(s)+H2S(g) = FeS(s)+H2 (g) (1)

The  corrosion  of  pipeline  steels  in  the  presence  of  H2S
poses many problems for oil, gas, and petrochemical plants.
In  these  conditions,  the  formation  of  surface  layers  (corro-
sion products) on metal surfaces is very effective in mitigat-
ing the corrosion rate. The growth of these layers is strongly
dependent on the kinetics of their formation [9–11]. Differ-
ent types of iron sulfide may form in the presence of H2S, in-
cluding  cubic  ferrous  sulfide  (FeS),  mackinawite,  amorph-
ous FeS, and troilite [11–13]. In certain environmental condi-
tions, these layers will form on the surface and their relative
stability can be determined. Previous studies have shown that
these corrosion products can convert to one or another if the
necessary thermodynamic conditions are present. These sulf-
ide  shells  exhibit  different  shielding  properties,  with  the 
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highest protection potential being that of pyrite, followed by
pyrrhotite, troilite, and mackinawite. The protective nature of
these shells, in terms of the morphology (amorphous or poly-
crystalline) and composition of th e corrosion products,  de-
pends on factors such as the H2S concentration in the solu-
tion, pH, and temperature [14–15]. If sulfur is present in the
system  at  a  high  concentration,  a  pyrite  phase  forms.
Pyrrhotite is a non-stoichiometric form of FeS found in the
sourest  environments.  The  third  available  form  of  FeS  is
mackinawite, which is a semi-stable form of FeS that occurs
in  all  conditions,  especially  in  environments  with  low  H2S
activity. In addition, sulfide films in environments with a pH
above 6 and high concentrations of H2S have been found to
have very poor shielding properties despite the presence of a
dominant mackinawite phase. It is commonly observed that
as the concentration of this component increases, the protect-
ive properties of the surface films are lost [16–18].

Due to the diversity of corrosion mechanisms, the meth-
ods used for corrosion protection also differ [19–26]. Obvi-
ously,  effective  corrosion  protection  methods  must  be  de-
signed  based  on  the  nature  of  the  active  corrosion  factors
[25–30].  The  most  important  corrosion  control  methods  in
the field of sour-gas transportation involve the use of micro-
alloy steel tubes with special grades of gas pipeline transport-
ation, internal corrosion protection coatings, injection of cor-
rosion  inhibitors,  and cathodic  protection.  We note  that  the
above methods do not have the same levels of effectiveness.
For example, corrosion inhibitors and cathodic protection are
only applicable as auxiliary and support processes and can-
not  independently  control  corrosion in  a  gas-containing en-
vironment. On the other hand, pipelines made of micro-alloy
steels  or  the  application of  polymer  coatings  in  oil  and gas
pipelines  can  be  designed  and  implemented  as  stand-alone
solutions [31–32]. However, it has been empirically demon-
strated  that  one  of  the  relatively  inexpensive  methods  for
controlling sour corrosion is the use of corrosion inhibitors.
For this reason, in recent years, extensive research has been
conducted to determine the effectiveness of inhibitors on the
corrosion behavior of different steels [33–34].

One of the important ways to protect pipeline steels is to
use  organic  inhibitors.  Many  organic  compounds  that  con-
tain oxygen, sulfur, nitrogen, and multiple bonds are good in-
hibitors of different alloys. Azoles, which contain many con-
stituents, are an example of this type. Important derivatives of
azoles are mercapto-azole compounds, which have been re-
cognized in recent years as highly effective inhibitors of vari-
ous alloys. Inhibitors containing a mercapto group (–SH) can
form stable complexes with iron ions via thiol bonding. The
inhibition  mechanism  is  based  on  the  formation  of  com-
plexes between the inhibitor and iron ions on the surface of
the steel pipeline. The most important mercapto-azole com-
pounds  are  mercaptobenzoxazole,  mercaptobenzimidazole,
and  mercaptobenzothiazole  [35–37].  In  the  past  few  years,
the impact of inhibitors on the corrosion behavior of pipeline
steels has been extensively investigated. Okonkwo et al. [38]
investigated  the  effect  of  ambient  temperature  on  the  sour-

corrosion  behavior  of  API  X80  steel  pipeline  and  reported
that as the temperature increases from 20 to 60°C, the sour-
corrosion resistance of this alloy sharply decreases. Cen et al.
[39]  investigated  the  effect  of  2-mercaptobenzothiazole  on
the  corrosion  behavior  of  a  carbon  steel  and  found  2-mer-
captobenzothiazole  to  have  a  greater  effect  on  supercritical
CO2 than on non-supercritical CO2. Kartsonakiset et al. [40]
investigated the effect on corrosion of applying 2-mercapto-
benzothiazole  coatings on steel.  Their  findings showed that
the presence of 2-mercaptobenzothiazole in hybrid organic–
inorganic coatings improved corrosion resistance.

Based on the above information, in this study, we used the
2-mercaptobenzothiazole  inhibitor  in  various  environments.
We  investigated  the  effect  of  the  concentration  of  2-mer-
captobenzothiazole  on  the  corrosion  behavior  of  API  X60
pipeline steel and characterized the electrochemical and ther-
modynamic parameters in an H2S-containing medium. Previ-
ous researchers have not addressed this issue. 

2. Experimental

The  steel  samples  used  in  this  study  were  API  X60
pipelines consisting of wrought steel. For sampling purposes,
we used a pipeline currently in operation in the oil industry.
Using a spark emission spectrometer made in Germany, we
determined the  chemical  composition  of  the  steel,  which  is
reported  in Table  1.  This  type  of  steel  is  used in  pipe  con-
struction to transport oil,  gas, and water in the oil,  gas, and
petrochemical industries. To prepare steel specimens, we first
produced  steel  pieces  with  the  dimensions  1  cm ×  1  cm ×
1 cm. The steel pieces were then soldered to a copper wire.
Next, the back and side surfaces and the joints of the speci-
mens and copper wire were completely covered with epoxy
resin  so  that  the  area  of  pipeline  exposed  to  the  electrolyte
was 1 cm2.  Then, the bare surface of the steel samples was
polished  with  sand  paper  of  up  to  1500  grit.  The  samples
were then washed with acetone and dried at room temperat-
ure,  followed  by  washing  with  double-distilled  water  and
drying in air. They were then quickly subjected to open-cir-
cuit potential (OCP), potentiodynamic polarization, and elec-
trochemical  impedance  spectroscopy  (EIS)  tests.  The  steel
samples were then used as working electrodes in our electro-
chemical studies.
 
Table  1.      Chemical  composition  of  the  steel  samples  in  this
investigation wt%

C Mn Si P S V Ti Nb Fe
0.16 1.39 0.43 0.02 0.01 0.07 0.04 0.05 Balance

 
As  the  corrosion  inhibitor,  we  used  2-mercaptoben-

zothiazole manufactured by Merck, Germany. Fig. 1 shows
the chemical structure of this inhibitor.

To prepare the solution containing H2S gas, we first pre-
pared Na2S, Na2SO4, H2SO4, and distilled water. To investig-
ate sour corrosion, we injected neutral gas into the solution to
remove oxygen, and prior to each test, the 1 M Na2SO4 solu-
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tion was purified with argon for 30–45 min. In this way, sev-
eral  cathodic  reactions  (oxygen  reduction)  could  be  per-
formed in the solution. Then, using H2SO4, the pH of the 1 M
Na2SO4 solution was increased up to three times. Lastly, the
required amount of Na2S was added to reach an H2S concen-
tration  of  10–20  ppm.  As  shown in  Eq.  (2),  Na2S will  dis-
solve and produce H2S gas [41]:
Na2S+2H+→ 2Na++H2S (2)

As small  amounts  of  H2S gas,  i.e.,  approximately 10–20
ppm, form near the surface of the working electrode, the ar-
gon gas  and dissolved oxygen must  be  depleted  during  the
electrochemical experiments. Then, we added 0, 2.5, 5.0, 7.5,
or  10.0  g/L  2-mercaptobenzothiazole  inhibitor  to  the  pre-
pared solutions. Finally, to investigate the sour-corrosion be-
havior of the API X60 pipeline steel under these conditions,
we performed OCP,  potentiodynamic  polarization,  and EIS
measurements after 2 h of immersion in the designed envir-
onment. We also note that we measured the final pH of the
corrosive medium with an electronic pH meter, the value of
which was  (5.1  ±  0.2).  The time required  for  the  corrosion
cell  to  reach  stability  was  120  min,  which  ensured  that  the
OCP  fluctuation  was  at  a  minimum.  Corrosion  tests  were
conducted at a temperature of 25°C using an AMETEK po-
tentiostat  (Model  2273  PARSTAT)  with  a  standard  three-
electrode tube containing the Ag/AgCl electrode as the refer-
ence electrode, a platinum rod as the auxiliary electrode, and
the test samples as the working electrodes. We note that the
potentiodynamic polarization test was performed in the range
of  (−1000 ± 100)  to  (1000 ± 100)  mV relative  to  the  OCP
with  a  scanning  rate  of  1  mV/s.  After  performing  the  first
OCP measurement, we performed the EIS measurements at
the OCP, an amplitude of 10 mV, and a frequency range of
10 mHz–100 kHz. Each test was repeated three times in the
designed environment to ensure the repeatability of the res-
ults in the sour-corrosion environment, after which, the cor-
rosion test results were analyzed using Zview2 software. In
each experiment, we used a fresh solution and controlled the
temperature  using  a  thermostat.  For  each  electrochemical
test, we calculated the inhibition efficiency (IE), surface cov-
erage (θ),  and corrosion rate in mm/a.  In addition,  we used
energy dispersive spectroscopy (EDS) and scanning electron
microscopy  (SEM)  to  analyze  the  morphology  and  surface
corrosion products of the samples. Given that the potentiody-
namic polarization test  is  destructive,  the sequence of these
electrochemical tests was as follows: first, we performed the
OCP test, followed by the EIS test, and then the potentiody-
namic polarization tests. 

3. Results and discussion 

3.1. Open-circuit potential

The OCP or  equilibrium potential  is  the  potential  of  the
sample in the absence of a current. Before conducting corro-
sion  tests,  sufficient  time  must  be  allowed  for  the  electro-
chemical cells to achieve stable conditions with little change
in potential. In some cells, these stable conditions occur after
a few minutes and in others after a few hours [42–45]. The
corrosion current in an open circuit can be also measured. In
electrochemical tests, the potential of open-circuit steel in the
electrolyte is typically performed first to ensure the environ-
mental stability of the steel. Then, other electrochemical tests
are based on information obtained from the OCP of the steel
in  that  particular  environment.  When  pipeline  steel  or  any
other  material  is  placed  in  an  electrolyte,  the  OCP  value
changes over time. This is because it takes a certain amount
of time for an oxide layer to form on the surface of that alloy
or fragment as an electrical double layer. Ostensibly, how the
OCP of a steel pipeline changes over time depends on sever-
al factors. The time required to reach the OCP of an alloy at a
constant value depends on the type of alloy and the chemical
composition of the electrolyte [46].

The  OCP tests  were  conducted  without  an  inhibitor  and
then with the addition of 2.5, 5.0, 7.5, or 10.0 g/L of the 2-
mercaptobenzothiazole  inhibitor  at  25°C. Fig.  2 shows  the
results of these tests, in which we can see that by reducing the
concentration  of  the  2-mercaptobenzothiazole  inhibitor,  the
OCP shifted to more negative values. This reflects the great-
er activity of API X60 steel dipped in the H2S-containing en-
vironment due to the increased level of corrosive ion attacks.
In  fact,  this  indicates  that  reducing  the  2-mercaptoben-
zothiazole inhibitor concentration increases the susceptibility
of API X60 pipeline steel to corrosion in an H2S-containing
environment.  This  finding is  highlighted by the shift  of  the
API X60 pipeline surface potential to more negative values.
The main factor explaining this result  is that the concentra-
tion  of  the  2-mercaptobenzothiazole  inhibitor  changes  the
structure  of  the  electrical  double  layer.  It  also  changes  the
concentration  of  the  reduction–oxidation  species  near  the
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Fig.  1.      Chemical  structure  of  2-mercaptobenzothiazole  com-
pound.
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surface of the API X60 pipeline steel.
Examination  of  Pourbaix  diagrams  for  an  H2S–H2O

double system shows that H2S gas has a relatively wide range
of stability. In solutions containing H2S gas, the cathodic re-
action occurs as follows [47]:
2H2S+2e− → H2+2HS− (3)

This reaction is limited by the penetration of H2S into the
solution and by the excess voltage of H2. The reaction shown
in Eq. (3) has two steps that occur as follows:
H2S+ e−→ H0+HS− (4)

H2S+H0+ e−→ H2+HS− (5)
This  mechanism indicates  that  upon initial  adsorption of

H2S,  the  metal  surface  is  directly  decomposed  into  atomic
hydrogen  and  disulfide  ions.  At  higher  cathode  voltages,
most of the HS− ions are decomposed. The decomposition re-
action of these ions is as follows:

2HS−+2e−→ H2+2S2− (6)
This reaction also occurs in two steps:

HS−+ e−→ H0+S2− (7)

HS−+H0+e−→ H2+S2− (8)
The anodic reaction for the API X60 pipeline steel in the

sour solution is a dissolution reaction of metallic iron and its
conversion to iron ions, which occurs in the following steps:
Fe+HS−→ FeHS− (9)

FeHS−ads→ FeHS++2e− (10)

FeHS+→ Fe2++HS− (11)
According to Eqs.  (3)–(11),  the noticeable change in the

OCP of the API X60 pipeline steel might be due to the high-
er activity of the HS− and S2− ions on the surface. The poten-
tials of these ions in the solution were shown to shift to more
active potentials. The reason for this is that in H2S-contain-
ing solutions, changes in the concentrations of the oxidizing
and reducing species are strongly dependent on the concen-
tration  of  the  inhibitor.  Any change in  the  concentration  of
the  inhibitor  can  have  the  effect  of  significantly  increasing
the concentration of the HS− and S2− ions on surface of the
API X60 pipeline steel, hence intensifying the surface activ-
ity and iron dissolution [48–49].

To obtain the OCPs, the samples were immersed in H2S
solution for 120 min. As can be seen in Fig. 2, up to 15 min,
the  OCP values  with  a  large  slope  shift  to  negative  values.
However,  during the second time interval  (15–40 min),  the
slope of the OCP changes with time. In the third stage (40–65

min),  the OCP variations show an upward trend. These de-
velopments occurred in the third stage reflect the formation
of a protective film on the surface of the API X60 pipeline
steel.  Finally,  in  the  fourth  zone,  the  slight  changes  in  the
slope reflect the stable conditions in the API X60 steel/solu-
tion  and  the  creation  of  conditions  suitable  for  conducting
electrochemical tests. Moreover, we note that the formation
of the protective film occurred only in the presence of a cor-
rosion  inhibitor.  In  the  absence  of  corrosion  inhibitor,  the
OCP during the test had a negative slope, indicating that no
protective  film  had  formed  on  the  surface.  Also,  the  OCP
curves indicate  that  increasing the concentrations of  2-mer-
captobenzothiazole  in  the  H2S  solution  reduced  the  anode
penetration of API X60 steel, which means that 2-mercapto-
benzothiazole delayed the cathodic reaction. It seems that by
increasing the concentration of the 2-mercaptobenzothiazole
inhibitor,  more  layers  of  coating  occurred  on  the  API  X60
pipeline in the H2S solution. 

3.2. Potential dynamic polarization

Fig. 3 shows potentiodynamic polarization diagram for the
API  X60  pipeline  steel  in  the  H2S-containing  environment
with and without the presence of different concentrations of
2-mercaptobenzothiazole. Table  2 also  shows  the  electro-
chemical parameters obtained from the figure. We calculated
the  efficacy  of  the  2-mercaptobenzothiazole  inhibitor  (IE)
based on the following relationship [50]:

IE = (1− Icorr

I0
corr

)×100 (12)

I0
corr Icorrwhere  and  are  the  corrosion  current  densities  ob-

tained at the intersection of the anodic and cathodic regions
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Fig.  3.      Diagram of  the  influence  of  2-mercaptobenzothiazole
concentration on the polarization of API X60 pipeline steel.

Table 2.    Influence of 2-mercaptobenzothiazole concentration on the electrochemical parameters of API X60 Steel

Inhibitor concentration / (g·L−1) Ecorr / mV vs. Ag/AgCl Icorr / (µA·cm−2) Corrosion rate / (mm·a−1) IE θ

0 −919 ± 8 63922 ± 7 1.325 ± 0.036 — —
2.5 −804 ± 9 22823 ± 9 1.012 ± 0.071 64 ± 1 0.64
5.0 −306 ± 8   8228 ± 9 0.851 ± 0.039 87 ± 1 0.87
7.5 −227 ± 9   3887 ± 5 0.604 ± 0.034 94 ± 1 0.94

10.0 −151 ± 9   1661 ± 8 0.507 ± 0.027 97 ± 1 0.97
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of  the  Tafel  curves  and  the  corrosion  potential  of  the  API
X60  steel  in  an  H2S-containing  environment,  without  and
with different concentrations of 2-mercaptobenzothiazole, re-
spectively. In addition, by dividing the IE value by 100, we
obtained the degree of surface coverage (θ) by the inhibitor.
As can be seen in Fig. 3, in the presence of 2-mercaptoben-
zothiazole, the corrosion current density decreased relative to
that in the solution without the inhibitor. This indicates that
the  traditional  2-mercaptobenzothiazole  reduced  the  anodic
and  cathodic  reactions  of  the  corrosion  process.  Also,  the
corrosion potential slowly shifted to negative values and the
cathodic  parts  of  the  polarization  graphs  were  clearly  sup-
pressed.  This  could  be  due  to  the  fact  that  the  2-mercapto-
benzothiazole inhibitor prevents the production of hydrogen.
In Fig. 3, we can also see that in the presence of 2-mercapto-
benzothiazole,  the  both  cathodic  and  anodic  currents  de-
creased. In both Fig. 3 and Table 2, we can see that with in-
crease in the concentration of the inhibitor, the corrosion rate
and corrosion current density substantially decreased. There-
fore, it can be said that 2-mercaptobenzothiazole can protect
the  surface  of  the  pipeline  steel  against  attack  by  corrosive
ions in sour environments.

According  to  previous  reports  [51–53],  if  the  corrosion
potential in the presence of an inhibitor, as opposed to the ab-
sence of an inhibitor, is displaced more than 85 mV toward a
more positive or negative potential, the inhibitor will be an-
odic  or  cathodic  in  type,  respectively.  However,  if  this  dis-
placement  is  less  than  85  mV,  the  inhibitor  will  be  con-
sidered to be mixed. A mixed inhibitor is one that simultan-
eously delays anodic or cathodic reactions, affecting the rate
of both anodic (metal dissolution) and cathodic (conversion
of  H+ to  H2)  reactions  involved  in  the  corrosion  process
[54–56]. In this study, with increase in the concentration of 2-
mercaptobenzothiazole  in  an  H2S-containing  environment,
the corrosion potential displacement was greater than 85 mV.
Therefore,  2-mercaptobenzothiazole  is  considered  to  be  an
anode or cathode potential inhibitor in H2S-containing envir-
onments for API X60 pipeline steel. As we can see in the po-
tentiodynamic polarization diagrams in Fig. 3, increasing the
concentration of the 2-mercaptobenzothiazole inhibitor in the
solution shifted the corrosion potential (Ecorr) to more posit-
ive values. This displacement exceeded 85 mV, which classi-
fies 2-mercaptobenzothiazole as a cathodic or anodic corro-
sion  inhibitor.  Therefore,  the  results  show that  2-mercapto-
benzothiazole  acts  as  a  physical  and  chemical  adsorption.
These results also suggest that increasing the concentration of
2-mercaptobenzothiazole  reduces  anodic  dissolution  and
delays hydrogen production. 

3.3. Adsorption consideration

It  is  known  that  if  the  adsorption  of  molecules  at  a
metal–soluble interface is the main reason for the adsorption
of  the  corrosion  inhibitor,  then  the  adsorption  isotherm
should be investigated to understand the relationship between
the inhibitor and the metal surface [57–60]. The surface ad-
sorption of inhibitor molecules on a metal surface is a substi-

tution  process  whereby  the  water  molecules  adsorbed  onto
the  metal  surface  are  replaced  by  inhibitor  molecules
[60–61].  Hence,  to  better  understand  the  inhibitory  adsorp-
tion mechanism and the electrochemical processes occurring
on the surface of API X60 pipeline, we investigated the ad-
sorption isotherms.  We also determined the distributions of
the inhibitor concentration in the electrolyte and on the sur-
face of  the API X60 pipelines by the adsorption isotherms.
Of the several models available for obtaining adsorption iso-
therms, the most widely used is the Langmuir isotherm model.

Adsorption isotherms can be used to calculate the thermo-
dynamic parameters involved in the adsorption of the inhibit-
ors. In fact, Langmuir isotherms are based on the equilibrium
of the total adsorption positions and the non-independent ad-
sorption  of  the  particles.  With  this  assumption,  the  propor-
tions of the surface coverage (θ) and the inhibitor concentra-
tion (C) are determined as shown in Eq. (13). In this equation,
θ is  unitless  and Kads is  the  adsorption–desorption equilibri-
um  whose  unit  is  the  inverse  of  the  concentration  (dm3·
mol−1), which is obtained using Eq. (14) [62–65].

KadsC =
(
θ

1− θ

)
(13)(

1
Kads

)
+C =

C
θ

(14)

The degree of surface coverage, which is the ratio of the
surface area coated by the inhibitor to the total metal surface
available  to  adsorb the inhibitor,  is  obtained using Eq.  (15)
[62–65]:

θ =
IE

100
= 1− Icorr

I0
corr

(15)

By plotting C/θ versus C (Fig. 4), a linear relation with a
continuous slope is obtained. Numerically, its value is equal
to the inhibition efficiency obtained using Eq. (15). In addi-
tion, as we can see from Fig. 4, at 25°C, we obtain a straight
line with a correlation coefficient (R2) greater than 0.98. This
indicates  the adsorption of  this  inhibitor  in  an H2S-contain-
ing  environment  following  the  Langmuir  adsorption  iso-
therm. The Langmuir model is a standard model for various
steel/inhibitor/electrolyte systems, in which the adsorbed mo-
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surface of API X60 steel.
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lecules  occupy  only  one  location  on  the  metal  surface
[65–68].

∆G⊖ads

Using  the  thermodynamic  results  obtained  from  the  ad-
sorption isotherms, we can determine the type of inhibitor ad-
sorption (chemical or physical). In fact, using the Kads values
and Eq. (16), we can obtain the Gibbs free energy of the in-
hibitor ( ) under different conditions, as follows [64]:
∆G⊖ads = −RT ln(1×106Kads) (16)

∆G⊖ads ∆G⊖ads

∆G⊖ads

where R is gas constant, and T is temperature. Table 3 shows
the  value, in which we can see that the  value is
negative. Negative  value and high positive Kads value
indicate  that  the  2-mercaptobenzothiazole  molecules  are
strongly  and  immediately  adsorbed  onto  the  surface  of  the
API X60 pipeline steel [68–70]. Generally, a free energy of
adsorption  value  of  −20  kJ·mol−1 or  lower  is  considered
standard for the electrostatic adsorption process between in-
hibitor molecules and a steel surface (physical adsorption). A
numerical value close to or higher than −40 kJ·mol−1 is con-
sidered  to  indicate  sharing  of  the  electrical  charge  and  the
transfer of electrons from organic molecules to the steel sur-
face (chemical adsorption) [71–76].
 
Table  3.      Calculated thermodynamic parameters  for  the  ad-
sorption  of  2-mercaptobenzothiazole  inhibitor  on  the  surface
of API X60 pipeline steel in an H2S-containing environment

Temperature / °C Kads / (dm3·mol−1) ∆G⊖ads / (kJ·mol−1)

25 1.524 −35.27482
 

∆G⊖ads

∆G⊖ads

Here,  our  assessment  of  shows  that  its  value  is
lower  than  −20  kJ·mol−1 and  higher  than  −40  kJ·mol−1.
Therefore, the adsorption of 2-mercaptobenzothiazole on the
surface of the API X60 pipeline steel is in the form of physical–
chemical adsorption. Also, as the  has a negative value,
we  can  conclude  that  the  adsorption  of  2-mercaptoben-
zothiazole on the surface of the pipeline steel occurs spontan-
eously. 

3.4. Electrochemical impedance spectroscopy

EIS tests were performed to investigate the electrode/elec-
trolyte  interface  and to  evaluate  the  processes  occurring  on
the surface with and without the 2-mercaptobenzothiazole in-
hibitor  in  the  H2S-containing  environment. Fig.  5 shows
Nyquist diagrams obtained from the EIS tests, in which we
can observe that with increase in the concentration of the 2-
mercaptobenzothiazole inhibitor, the diameter of the Nyquist
plots increased significantly. This illustrates the excellent in-
hibitory performance of the 2-mercaptobenzothiazole inhib-
itor in preventing corrosion of the API X60 steel surface in
H2S-containing  medium.  Also,  the  shapes  of  the  Nyquist
plots are incomplete semicircles, with their centers below the
real impedance axis. These incomplete semicircles formed by
the  Nyquist  plots  could  be  due  to  surface  heterogeneity  or
corrosion  control  by  the  charge-transfer  processes  [77–79],
which is known as the dispersive effect. The results obtained
in this study reveal that at all concentrations of 2-mercapto-
benzothiazole,  the  material  has  an  inhibitory  effect  on  the

surface corrosion of API X60 pipeline steel.
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X60 steel.
 

We used an electrical equivalent circuit to understand both
the impedance and how the elements are positioned at the in-
terface of the pipeline/electrolyte steel. The circuit in Fig. 6
shows two conditions: (a) without corrosion inhibitor and (b)
with corrosion inhibitor. The elements of this equivalent cir-
cuit include the solution resistance (Rs), resistance of the film
formed on the  steel  surface  (Rf),  constant  phase  element  of
the film formed on the steel surface (CPEf),  charge-transfer
resistance of  the electric  double layer  of  steel  (Rct),  and the
constant phase element corresponding to the film formed on
the electric  double layer  (CPEct).  The electrochemical  para-
meters are obtained by matching the impedance data with the
equivalent  circuit,  as  shown  in Table  4.  From Fig.  5 and
Table 4,  we can see that the decrease in the constant phase
element (CPE) is proportional to the increase in the diameter
of the Nyquist diagrams. As a result, it can be said that with
the increase in the concentration of the inhibitor, the CPE de-
creased,  which  led  to  an  increase  in  the  diameter  of  the
Nyquist plots. Eventually, this leads to higher corrosion res-
istance [80–83]. This decrease in the CPE can be attributed to
a decrease in the local dielectric constant or an increase in the
thickness of the electrical double layer.  It  also indicates the
adsorption of 2-mercaptobenzothiazole inhibitor molecules at
the  pipeline  steel/electrolyte  interface  as  well  as  corrosion
control by this inhibitor. Moreover, according to Table 4, it is
evident  that  in the presence of  2-mercaptobenzothiazole in-
hibitor,  the Rf values  increase  significantly  relative  to  that
without any inhibitor, and this increase is proportional to the
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Fig.  6.      Equivalent  circuit  matching  of  the  Nyquist  diagrams
in  the  EIS  tests  (a)  without  corrosion  inhibitor  and  (b)  with
corrosion inhibitors.
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inhibitor  concentration.  In  a  sense,  we  can  say  that  the  ad-
sorption  of  the  inhibitor  onto  the  surface  of  the  API  X60
pipeline steel is due to the formation of a very high-strength
protective  film.  The  resistance  of  this  protective  film  in-
creases with increase in the concentration of the 2-mercapto-
benzothiazole inhibitor due to the increased adsorption of the

inhibitor’s molecules onto the surface. An assessment of the
Rct values reveals that by increasing the concentration of the
2-mercaptobenzothiazole  inhibitor,  the Rct values  increased
due to the adsorption of the 2-mercaptobenzothiazole inhibit-
or  on  the  surface  of  the  API  X60  pipeline  steel,  which
changed the nature of the electrical double layer.

 
Table 4.    Electrochemical parameters obtained by circuit matching of the Nyquist diagrams

Inhibitor concentration /
(g·L−1)

Rs /
(Ω·cm2)

Rf / (Ω·cm2) Qf / (µΩ·sn·cm−2) n1 Rct / (Ω·cm2) Qct / (µΩ·sn·cm−2) n2

0   12 ± 4 — — 0.57 ± 0.13 242 ± 8 294.267 ± 0.764 —
2.5   45 ± 7 406 ± 8 365.018 ± 0.371 0.79 ± 0.15 729 ± 9 188.657 ± 0.214 0.90 ± 0.08
5.0   69 ± 6 512 ± 7 302.382 ± 0.413 0.84 ± 0.12 746 ± 8 147.029 ± 0.620 0.92 ± 0.09
7.5   89 ± 8 561 ± 8 267.917 ± 0.246 0.89 ± 0.09 837 ± 9   89.613 ± 0.479 0.95 ± 0.11

10.0 107 ± 8 594 ± 9 206.842 ± 0.370 0.94 ± 0.17 948 ± 9   47.068 ± 0.708 0.98 ± 0.12
Note: Qf is capacitor time constant for inhibitor film; n1 is phase arctangent for inhibitor film; Qct is capacitor time constant for pipeline;
n2 is phase arctangent for pipeline.
 

|Z|

|Z|

Fig.  7(a)  shows  the  Bode  curves  obtained  from  the  EIS
tests.  The  Bode Z curve  ( ,  based  on  frequency)  of  the
pipeline steel with inhibitor protection is linear with the slope
of −1. With the diffusion of destructive agents onto the sur-
face  of  the  pipeline  steel,  the  slope  of  this  curve  changes.
Subsequently, corrosion starts at the interface of the electro-
lyte  and  the  surface  of  the  pipeline  steel.  Generally,  to  de-
termine the protective behavior of the film (the adsorption of
the inhibitor onto the surface of the pipeline steel) and assess
the parameters of this film, the slope of the Bode Z curve was
studied  [79–80].  Here,  the  Bode Z curves  are  substantially
higher in the presence of different concentrations of 2-mer-
captobenzothiazole, as compared to that in the absence of the
2-mercaptobenzothiazole  inhibitor.  This  suggests  that  the
surface of the API X60 steel is well protected by the 2-mer-
captobenzothiazole inhibitor. However, a comparison of the
Bode Z curves in Fig. 7(a) shows that the highest  occurs
when using 10 g/L 2-mercaptobenzothiazole inhibitor. These
results  match well  with those obtained from the OCP tests,
potentiodynamic  polarization  tests,  and  the  Nyquist  plots.
The  Bode  phase  plots  in Fig.  7(b)  show  that  these  curves
range  from  the  phase  angles  of  −30°  to  −85°  with  2-mer-
captobenzothiazole inhibitor as compared to that without in-
hibitor.  As  such,  we  can  conclude  that  the  pipeline  steel  is

protected  by  2-mercaptobenzothiazole  in  the  sour  environ-
ment,  and has high resistance and low capacity [79–80].  In
fact, the adsorbed inhibitor on the surface of the pipeline steel
acts  as  a  barrier  against  the  attack of  the  ions  and prevents
diffusion of the electrolyte into the surface of the steel. Con-
sidering  the  general  electrochemical  behavior  indicated  by
the  Bode  phase  curves,  we  know that  the  protection  of  the
API  X60  pipeline  steel  by  the  2-mercaptobenzothiazole  in-
hibitor in the sour environment is almost the same as that un-
der  different  conditions,  with  the  only  difference  being  its
lower or higher resistance. Generally, during the immersion
of  pipeline  steel  in  an  electrolyte,  the  protective  film  that
forms  is  saturated  with  the  solution,  which  forms  an  ionic
conduction pathway in the film for the passage of destructive
ions to the pipeline surface. Therefore, the greater is the ad-
sorption of the inhibitor on the surface of the steel, the great-
er is the adhesion between the inhibitor and the surface, and
the smaller is the pathway for the diffusion of the attacking
ions and thus the lower is the corrosion rate. Given the EIS
results,  all  concentrations  of  2-mercaptobenzothiazole
provided  barrier-type  protection.  However,  their  efficiency
increased with increase in the concentration of  2-mercapto-
benzothiazole  due  to  the  reduction  in  the  attacking ions.  In
the  Bode  phase  plots  of Fig.  7(b),  there  are  two  maximum
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phase values with the 2-mercaptobenzothiazole inhibitor, but
one  maximum  phase  value  without  the  2-mercaptoben-
zothiazole inhibitor. This suggests the presence of two time
constants  for  the  condition  with  the  2-mercaptoben-
zothiazole inhibitor, but one for that without the 2-mercapto-
benzothiazole inhibitor. 

3.5. Examination of the corrosion products and morpho-
logy

We used SEM to evaluate the morphology and corrosion
products formed on the surface of the API X60 pipeline in the
H2S-containing  environment.  We  performed  this  test  at  the
end  of  the  potentiodynamic  polarization  test  in  an  environ-
ment containing 10 g/L of 2-mercaptobenzothiazole inhibit-
or. EDS analysis of the corrosion products was also used to
measure the local quantities of the constituents of the protect-
ive film. Using this procedure enables the assessment of the
corrosion mechanism proposed by the electrochemical meth-
ods. Fig. 8 shows an SEM micrograph and EDS analysis of
the API X60 pipeline steel surface tested in an H2S-contain-
ing environment with 10 g/L of 2-mercaptobenzothiazole in-
hibitor. In the figure, it appears that the failure of the passive
film occurs by the formation of a relatively large hole on the
surface of the API X60 pipeline steel, along with a substan-
tial  amount  of  sediment  around  the  cavity.  In  addition,  as
shown in Fig. 8, the formation of a non-stick protective film

is evident on the surface of the API X60 pipeline steel,  the
composition of which includes elements such as sulfur, iron,
and oxygen. The presence of different amounts of sulfur in
the surface film points to the occurrence of H2S corrosion on
the surface of the API X60 pipeline steel. In fact, it is known
that a sour-corrosion mechanism is activated on the surface
of the API X60 pipeline steel due to the formation of an iron
sulfide film. In general, the structure and shielding of an iron
sulfide  film is  dependent  on  the  concentration  of  hydrogen
sulfide  in  the  environment.  Overall,  the  environmental
factors, production conditions, and microstructural character-
istics  have  a  synergetic  influence  on  the  properties  (e.g.,
mechanical  and  corrosion  properties)  of  strategic  engineer-
ing components [84–89].

Fig. 9 shows an SEM micrograph and EDS analysis of the
surface  of  API  X60  steel  tested  in  an  H2S  environment
without  the  2-mercaptobenzothiazole  inhibitor.  We  can  see
that no surface film formed on the surface of the steel. In fact,
as depicted in this figure, the surface of the steel is severely
damaged, and this damage is uniformly distributed over the
surface of the steel. A comparison of the amount of damage
in Figs. 8 and 9 indicates that with the inhibitor, the steel sur-
face experiences much less damage than without the inhibit-
or.  These  observations  match  well  with  the  corrosion  rates
obtained from the electrochemical tests. We can also see in
the EDS spectrum that the corrosion products on the surface
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Fig. 8.    (a) SEM micrograph and (b) EDS analysis of the API X60 steel surface tested in H2S-containing environment containing 10
g/L 2-mercaptobenzothiazole inhibitor.
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Fig. 9.    (a) SEM micrograph and (b) EDS analysis of the surface of the API X60 steel tested in an H2S environment without 2-mer-
captobenzothiazole inhibitor.
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of the steel contain the elements sulfur, iron, and oxygen. The
presence of the various amount of the sulfur in the analysis of
the corrosion products is indicative of the presence of H2S on
the surface of the API X60 pipeline steel. 

4. Conclusions

In this study, we investigated the effect of the 2-mercapto-
benzothiazole  concentration  on  the  sour-corrosion  behavior
of API X60 pipeline steel in an H2S-containing environment.
We  evaluated  the  corrosion  behavior  of  API  X60  pipeline
steel in H2S-containing environment at 25°C in the presence
of 0, 2.5, 5.0, 7.5, and 10.0 g/L of 2-mercaptobenzothiazole
inhibitor.  OCP, potentiodynamic polarization,  and EIS tests
were  performed  to  determine  the  corrosion  behavior  of  the
API  X60  pipeline  steel  in  these  conditions.  SEM and  EDS
analyses  were  also  performed  to  identify  the  corrosion
products  formed on the  surface  of  this  steel.  The  results  of
this study are as follows:

(1) Our examination of the OCP curves revealed that the
OCP shifted to a much more negative value in the absence of
the 2-mercaptobenzothiazole inhibitor. However, in the pres-
ence  of  the  2-mercaptobenzothiazole  inhibitor,  potential
changes and fluctuations in the OCP curves showed an up-
ward trend, which indicated the formation of a protective film
on the API X60 pipeline surface.

(2) The corrosion potential displacement was determined
to be greater than 85 mV with increase in the concentration of
2-mercaptobenzothiazole in an H2S-containing environment.
Therefore, we can conclude that 2-mercaptobenzothiazole in
an H2S-containing medium is an anodic or cathodic potential
inhibitor for API X60 steel.

(3)  Our  evaluation  of  the  potentiodynamic  polarization
curves showed that the inhibition efficiency and surface area
increased with increase in the concentration of  2-mercapto-
benzothiazole  in  the  H2S-containing  environment.  Under
these circumstances, the corrosion current density and corro-
sion rate of the API X60 steel decreased.

(4)  In  the  potentiodynamic  polarization  curves,  the  cur-
rent densities in both the cathodic and anodic branches of the
Tafel  curves  decreased  in  the  presence  of  2-mercaptoben-
zothiazole  in  the  H2S-containing environment,  compared to
those in the absence of 2-mercaptobenzothiazole in the H2S-
containing  environment.  This  reflects  the  effect  of  2-mer-
captobenzothiazole  on  both  the  cathodic  and  anodic  reac-
tions of the API X60 pipeline steel, as well as its complex in-
hibitory mechanism.

(5) Based on verification of the Langmuir adsorption iso-
therm, we found that  the 2-mercaptobenzothiazole inhibitor
adsorbed onto the API X60 steel surface in the H2S-contain-
ing environment followed a Langmuir adsorption isotherm.

∆G⊖ads

∆G⊖ads

(6) The  analysis showed that the value was determ-
ined  to  be  less  than  −20  kJ·mol−1 and  more  than  −40
kJ·mol−1.  Therefore,  the  adsorption  of  2-mercaptoben-
zothiazole on the surface of the API X60 pipeline steel was
both  physical  and  chemical.  Also,  as  the  showed  a

value was negative, we concluded that the adsorption 2-mer-
captobenzothiazole  on  the  surface  of  the  pipeline  steel  was
spontaneous.

(7) Examination of the Nyquist plots showed that 2-mer-
captobenzothiazole at all concentrations had an inhibitory ef-
fect on the surface corrosion of the API X60 pipeline steel.
According to these plots, increase in the concentration of 2-
mercaptobenzothiazole  inhibitor  significantly  increased  the
diameters of the Nyquist plots, which indicates the excellent
inhibitory performance of the 2-ercaptobenzothiazole inhib-
itor in preventing corrosion of API X60 steel surfaces in an
H2S-containing environment.

(8) An analysis of the corrosion products showed that iron
sulfide compounds had formed on the surface of the steel. 
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