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Abstract

The inhibition ability of 2-Mercaptobenzothiazole (MBT) against the corrosion of AISI
steel 4130 in 1 M HCI solution was evaluated by polarization, electrochemical impedance
spectroscopy (EIS) and chronoamperometry. Polarization studies indicated that MBT re-
tarded both the cathodic and anodic reactions through chemical adsorption and blocking
the active corrosion sites. The adsorption of this compound obeyed the Langmuir adsorp-
tion isotherm. The inhibition efficiency was increased with inhibitor concentration as well as
temperature. EIS data was analyzed for an equivalent circuit model and showed that as the
inhibitor concentration increased the charge transfer resistance of steel increased whilst double
layer capacitance decreased. Kinetic and thermodynamic parameters such as activation en-
ergy, enthalpy, entropy and free energy of activation and adsorption were calculated. Atomic
force microscopy (AFM) and optical microscope were used to study the steel surface with and

without inhibitor.

Key words: steel 4130, corrosion, inhibitor, adsorption isotherm, Langmuir

1. Introduction

The survey of steel corrosion in acidic environ-
ments has turned into an important subject because
of the widened industrial utilization of acid solutions.
Such as the refining of crude oil that makes a wide
variety of corrosive media. Refinery corrosion is typ-
ically caused by a strong acid aggressing the surface
of equipments [1]. Generally, hydrochloric acid solu-
tions are used for pickling, chemical and electrochem-
ical etching of some metals and alloys [2]. Hot acid
solutions are mostly used for removing mill scales and
rusts from the metal surfaces in different industries at
raised temperatures, for example 60 °C in hydrochloric
acid and up to 95°C in sulfuric acid [3].

The use of corrosion inhibitor is one of the most im-
portant methods for protecting the surfaces of metals
or alloys against corrosion and reducing the corrosion
damage in acid solutions [2, 4]. An inhibitor must
move water molecules from the metal surface, inter-
act with anodic or/and cathodic reaction sites to de-

crease the oxidation or/and reduction corrosion reac-
tions, and prevent transportation of water and corro-
sion active species on the surface. Three main types of
inhibitors: organic inhibitors, inorganic inhibitors and
mixed material inhibitors are widely used in acidic
solutions [5, 6].

Inhibition of organic compound inhibitors is due
to the interaction between inhibitor molecules and the
metal surface via adsorption. The inhibitor adsorption
depends on parameters such as the surface charge and
nature of the metal, the inhibitor structure, aggress-
ive media type and the extent of aggressiveness and
also on the nature of its interaction with metal sur-
face. Furthermore, it depends on the presence of het-
eroatoms such as phosphorus, nitrogen, oxygen, and
sulphur, aromatic rings or multiple bonds. The inhib-
ition efficiency increases in the order O < N < S < P
[7].

These compounds decrease the corrosion rate by
blocking the active surface sites. Four kinds of adsorp-
tion may occur by organic inhibitors at metal /solution
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Fig. 1. Chemical structure of MBT.

interface: (i) electrostatic attraction between the
charged molecules and charged metal, (ii) interaction
between metal and uncharged electron pairs in the mo-
lecule, (iii) interaction between metal and p-electrons,
(iiii) both of (i) and (iii) [8]. The thiazole derivatives
were investigated in many works as corrosion inhibit-
ors for steel, zinc, aluminum and its alloys in acidic
solutions [9 — 11].

This work is devoted to study the inhibition char-
acteristics of MBT (a derivative of thiazole) as an
inhibitor for carbon steel in HCIl solution, using
potentiodynamic polarization measurements (Tafel),
electrochemical impedance spectroscopy (EIS), chro-
noamperometry and observation of surface topo-
graphy by atomic force microscopy (AFM) and optical
microscope.

2. Materials and methods
2.1. Materials

Materials used in this work were Merck products of
analytical grade and were used without further puri-
fications. For study of the effectiveness of MBT in-
hibitor AISI steel 4130 cylinders were pressed into
Teflon holders playing the role of working electrodes.
The working area was 0.78 cm? and remained exactly
fixed in contact with aggressive solution. Then, they
were mechanically polished with various grade emery
papers (400, 600, 800, and 1200), and consequently
washed in acetone and double distilled water and fi-
nally dried by dry air and then placed in beakers con-
taining 1 M HCI solution.

The chemical composition of the steel 4130 samples
(wt.%) was distinguished by SPECTROLAB quanto-
meter (C: 0.2, Si: 0.13, Mn: 0.69, P: 0.02, S: 0.021,
Cr: 1, Ni: 0.23, Mo: 0.16, Cu: 0.22, V: 0.002, W:
0.008, Co: 0.008, Sn: 0.02, Pb: 0.002, As: 0.009,
Sb: 0.005 wt.%, Fe: bal.). The molecular structure of
2-Mercaptobenzothiazole (MBT) is given in Fig. 1.
Broad concentration interval was chosen where the
highest concentration was bounded by the solubility
of the inhibitor or by the observation of a plateau in
the 7 versus C. The intervals of MBT were chosen 50—
250 ppm up to solution limit. The acid solutions (1 M
HCl) were made from 37 % HCI stock solution using
double-distilled water.

2.2. Methods

Computer controlled ZAHNER Elektrik model
IM6Ex potentiostat was used for electrochemical
measurements. THALES software was employed for
assessing the experimental data. A three-electrode ar-
rangement consisting of steel 4130 as working elec-
trode, a platinum as counter electrode, and a satur-
ated calomel electrode (SCE) as a reference was used.
The electrochemical tests were conducted at 25°C,
45°C and 65°C temperatures.

For polarization measurements, the potential was
scanned with a scan rate of 1 mV s~! from —800 mV
to —200mV vs. SCE. Cathodic and anodic Tafel slops
(6. and f3,) were calculated from the Tafel regions
of cathodic and anodic branch of polarization curves,
respectively. Before recording the polarization data,
working electrode was maintained at its corrosion po-
tential for 30 min until a steady state was obtained.

Frequency ranging of EIS experiments was carried
over the frequency range from 100 kHz to 30 mHz and
peak-to-peak A.C. amplitude of 10 mV. The imped-
ance diagrams were plotted in the Nyquist represent-
ation. The results were used to achieve the equival-
ent circuit. Fitting of experimental impedance spec-
troscopy data to the proposed equivalent circuit was
done by means of a home written least square software
based on the Marquardt method for the optimization
of functions and Macdonald weighting for the real and
imaginary parts of the impedance [12, 13].

The surface morphology of steel specimens after
6 h placing in 1 M HCI in the absence and presence of
MBT were studied using Nanosurf easy Scan 2 AFM
and optical microscope.

3. Results and discussion

3.1. Polarization measurements and effect of
temperature

Figures 2a,b,c show the cathodic and anodic po-
larization curves of steel immersed in 1 M HCI in the
absence and presence of different concentrations of the
inhibitor and at different temperatures. As it can be
obviously seen from these Figs., the addition of MBT
to the corrosive media slows down both cathodic hy-
drogen evolution reactions and anodic dissolution of
steel. The corrosion current density and corrosion rate
of steel noticeably reduced in the presence of the in-
hibitor. The inhibition of both anodic and cathodic
reactions was more and more distinct with increasing
inhibitor concentration while the corrosion potential
nearly remained the same in comparison with blank
solution. These results indicate that MBT can be clas-
sified as the mixed type corrosion inhibitor [14]. The
cathodic branches in the presence of inhibitor give
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Fig. 2. Anodic and cathodic polarization curves (Tafel curves) for steel in 1 M HCI at (a) 25, (b) 45 and (c) 65°C without
and with various concentration of MBT: (1) blank, (2) 50, (3) 100, (4) 150, (5) 200 and (6) 250 ppm.

rise to parallel lines, which indicates that the increas-
ing MBT concentration does not modify the hydrogen
evolution mechanism, and the reduction of H* ions at
steel surface is charge transfer controlled [14, 15].

In low anodic overpotentials, a significant inhibi-
tion, especially at higher inhibitor concentrations, is
observed [16] which was due to strong adsorption of
inhibitor and corrosion products on electrode surface.
Corrosion potential (Fcopy), current density (Icopr),
cathodic and anodic Tafel slopes (6. and f,), sur-
face coverage (), inhibition efficiency (n %) and po-
larization resistance (Rp) were calculated and listed
in Table 1. The degree of surface coverage () and the
percentage inhibition efficiency (IE %) were calculated
using the following equations [17]:

IE % — (1 _ Ii) % 100, (1)

0

h)

where Iy and I are the corrosion current densities in
the absence and presence of the inhibitor, respectively.

The values of polarization resistance (R,) were calcu-
lated from the known Stern-Geary equation [18, 19]:

babc

R, = .
P 23034 corr (ba + be)

(3)

The effect of temperature on the inhibited metal
corrosion reaction is very complex, because many
changes occur on the metal surface such as rapid de-
sorption of inhibitor. In the presence of the inhibitor,
the corrosion current of steel decreases at any given
temperature as inhibitor concentration increases due
to the increase of the degree of surface coverage. In
contrast, at constant inhibitor concentration, the cor-
rosion current increases with the rise of temperature.
Also it can be seen that the efficiency depends on the
temperature and increases with the rise of temper-
ature. This can be explained by the increase of the
strength of the adsorption process at elevated temper-
ature and would suggest a chemical adsorption mode.

3.2. Electrochemical impedance spectroscopy

Figure 3 shows Nyquist plots recorded for the
corrosion of steel in 1M HCI solution with and
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Table 1. Electrochemical parameters obtained from the polarization curves of MBT in different temperatures

Temp.  MBT Teon Eeorr Be Ba R, CR. IE 0
(C)  (ppm) (MAcem™?)  (mV) (mVdec') (mVdec') (Qem®) (mpy) (%)
Blank 459.6 ~513.5 715 157 46.41 210.9 - -
50 120 ~493.5 92.8 123 91.39 55.08 739  0.739
25 100 92.06 ~511.9 111 104 253.2 42.25 80 0.80
150 71.05 ~500.3 106 109 328.4 3261 845  0.845
200 63.38 518 99.6 114 364.2 29.09 862  0.862
250 54.74 ~513.3 88.7 100 372.9 2512 88.1  0.881
Blank 4444 477 120 129 6.074 2040 - -
50 700 ~511.6 119 183 44.73 321 84.2  0.842
45 100 488 ~503.7 115 147 57.41 224 89 0.89
150 212.4 -519.8 104 153 126.6 97.50 952 0.952
200 176 510 96.4 139 140.4 80.77 96 0.96
250 133.3 ~504.2 94 118 170.4 61.19 97 0.97
Blank 23 x 10°  —474.4 218 215 2.039 10580 - -
50 6 x 103 513 188 228 7.448 2758 73.9  0.739
65 100 43 x 103 -538.7 125 219 8.035 1974  81.3  0.813
150 2.5 x 103 5324 127 210 13.641 1156 89.1  0.891
200 1.6 x 10°  -541.3 153 203 22.549 7713 927 0.927
250 1.3 x 10°  -520.1 149 220 28.094  630.6 94 0.94

230

180

-Zs (ohm)

200
Zz (ohm)

Fig. 3. Nyquist plots for steel in 1 M HCI containing dif-
ferent concentrations of MBT at 25°C: (1) blank, (2) 50,
(3) 100, (4) 150, (5) 200 and (6) 250 ppm.

without different concentrations of inhibitor obtained
at Fcorr- The Nyquist diagrams show one capacitive
loop at high frequencies and one inductive loop at
low-frequency values (two time constants). The first
capacitive loop, at high frequencies, arises from the
time constant of the electrical double layer and charge
transfer resistance. The presence of the low frequen-
cies inductive loop may be attributed to the relaxation
process obtained by adsorption species like Cl_;. and
H;,. on the electrode surface [20-23]. In other words,
the inductive behaviour at low frequency is probably
due to the consequence of the layer stabilization by

Fig. 4. Equivalent circuit compatible with the experi-
mental impedance data in Fig. 3 for corrosion of steel elec-
trode for different inhibitor concentrations.

products of the corrosion reaction on the electrode sur-
face (for example, [FeOH],4s and [FeH]nqs) involving
inhibitor molecules and their reactive products [21].
It may also be attributed to the re-dissolution of the
passivated surface at low frequencies [23].

The impedance of the inhibited steel increases
with increasing the inhibitor’s concentration and con-
sequently the inhibition efficiency increases. These
diagrams have similar shape; the shape is maintained
throughout all tested concentrations, indicating that
almost no change in the corrosion mechanism occurs
due to the inhibitor addition. The equivalent circuit
compatible with the Nyquist diagram recorded in the
presence of inhibitor was depicted in Fig. 4. To ob-
tain a satisfactory impedance simulation of stainless
steel corrosion it is necessary to replace the capacitor,
C, with a constant phase element (CPE) @ in the
equivalent circuit. The most widely accepted explan-
ation for the emergence of CPE behaviour, depressed
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Table 2. Impedance data for steel in 1 M HCI solution without and with different concentration of inhibitor at 25°C

Concentration (ppm)  Rs ()  Re, () Qa1 x 10* (F) n Ca x10° (F) 7(s) RL(Q) L (H)
Blank 1.5 23 29 0.87 27 0.62 2 15

50 1.5 104 13 0.89 13 1.4 18.5 35

100 1.6 275 ) 0.88 5 1.44 40 108

150 1.5 302 4 0.88 4.1 1.23 45 128

200 1.6 352 3 0.89 3 1.1 55 125

250 1.6 407 3 0.91 3 1.24 62 105

semicircles, is the microscopic roughness on solid elec-
trodes causing an inhomogeneous distribution in the
solution resistance as well as in the double-layer capa-
citance [24, 25]. The impedance of the CPE is defined
as Zcpg = 1/Q(iw)", where @ is a capacitive para-
meter related to the average double layer capacitance
(Ca1), and n is a dimensionless parameter related to
the constant phase angle. In equivalent electrical cir-
cuit, Ry, CPEq4; and R represent solution resistance,
a constant phase element corresponding to the double
layer capacitance and the charge transfer resistance.
L and Ry, are the inductive elements related to the
relaxation process.

The simplest approach requires the theoretical
transfer function Z(w) to be represented by:

R,
Z(w) = Rs + : ! ,
—  + (iwR, n
T (o) Ry (e HeQa)
iwRy, L
VA4 = 4
L) = ol (4)

where w is the frequency in rad s™!, w = 27 f and f is
frequency in Hz. To corroborate the equivalent circuit,
the experimental data are fitted to equivalent circuit
and the circuit elements are obtained. Table 2 illus-
trates the equivalent circuit parameters for the imped-
ance spectra of corrosion of steel in 1 M HCI solution.
The results demonstrate that the presence of inhibitor
enhances the value of R obtained in the pure medium
while that of Qq; is reduced. The decrease in Qq; val-
ues was caused by adsorption of inhibitor indicating
that the exposed area decreased. On the other hand,
a decrease in (Qq;, which can result from a decrease
in local dielectric constant and/or an increase in the
thickness of the electrical double layer, suggests that
inhibitor acts by adsorption at the metal-solution in-
terface and the formation of a protective layer on the
electrode surface [26]. The thickness of this protective
layer increases with increase in inhibitor concentra-
tion, since more inhibitor will electrostatically adsorb
on the electrode surface. This trend is in accordance
with Helmholtz model, given by the following equation
[27):

S
Cal = 602 ) (5)

where e is the thickness of the protective layer, ¢ is the
dielectric constant of the medium, ¢ is the vacuum
permittivity and S is the effective surface area of the
electrode.

As the Qg4 exponent (n) is a measure of the sur-
face heterogeneity, value of n indicates that the steel
surface becomes more and more homogeneous as the
concentration of inhibitor increases as a result of its
adsorption on the steel surface and corrosion inhibi-
tion. The increase in values of R, and the decrease
in values of Qq; with increasing the concentration also
indicate that inhibitor acts as primary interface inhib-
itor and the charge transfer controls the corrosion of
steel under the open circuit conditions.

In order to calculate and compare the time con-
stants [28], the CPE values were transformed into a
pure capacitance (C) using equation:

Q=R""'c". (6)
A time constant 7 was calculated using:
7= RC. (7)

In the HCI solutions, the mean value for the time
constant was increased in presence of inhibitor. There-
fore, equivalent circuit could be associated with slow
charging/discharging processes in presence of inhibitor
[29].

3.3. Adsorption isotherm behaviour

On the progress of the corrosion reactions of steel
in HCI solution, the temperature plays an import-
ant role. As the temperature increases, the energy
of the reactants increases to form the activated com-
plex which dissociates to yield the corrosion products
[30]. Basic thermodynamic information on interac-
tion between metal surface and inhibitor molecules
can be provided by adsorption isotherm that em-
ployed for thermodynamic calculations of inhibitor
adsorption [31]. There are different adsorption iso-
therms such as Langmuir, Temkin, Fi-Away, Bockris-
-Swinkels, Flory-Huggins and Frumkin [32]. Using
thermodynamic data attained from isotherms can help
to distinguish the kind of adsorption of inhibitor
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Fig. 5. Langmuir adsorption isotherm (6/(1 — 6) vs. C) of inhibitor in 1 M HCI at (a) 25, (b) 45, and (c) 65°C.

(chemisorption or physisorption). Organic inhibitors
adsorption at the metal/solution interface can be illus-
trated by exchange of water molecules with inhibitor
molecules on the metal surface [33]:

Org(sol) + xHQO(ads) — Org(ads) + xH2O(sol)- (8)

In this formula, Org ) is inhibitor of molecules dis-
solved in solution and Org(,gs) is inhibitor of mo-
lecules adsorbed on metal surface. Also, H2O(so1
and H2O(,q5) are water molecule and adsorbed wa-
ter molecule on metal surface in solution, respect-
ively, and z is size ratio which represents the num-
ber of water molecules that substitute with inhibitor
molecules.

The experimental data attained from polarization
information could be fitted by Langmuir adsorption
isotherm according to this equation [34]:

5 = ad507 (9)

where 6 is the surface coverage, K,q4s is the adsorption-
-desorption equilibrium constant, C' is the inhibitor
concentration.

As seen from Figs. 5a,b,c, the plot of 6/(1 — )
versus C' yields a straight line with a correlation coef-
ficient more than 0.97, showing that the adsorption
of these inhibitors in acidic solution is fitted to Lang-
muir adsorption isotherm. This adsorption isotherm
represents that there are no interactions with other
adsorbed species and adsorbed molecules occupy only
one site on the metal surface [35, 36].

To calculate activation parameters for the corro-
sion process, Arrhenius (Eq. (10) and transition state
Eq. (11)) employed [37]:

Teorr = AeXP <%> ) (10)

AH° AS°
RT)exp( 2 ) (1)

I _ BT IS
corr — Nh Xp



A. R. Hoseizadeh et al. / Kovove Mater. 52 2014 35-45

41

Table 3. Activation parameters of the dissolution of steel in 1 M HCI solution in the absence and presence of inhibitor

in 1M HCI
MBT conc. E, A AH° AS° AG°
(ppm) (kJ mol™) (uA cm™?) (kJ mol™) (kJ mol™* K~1) (kJ mol™!)
25°C 45°C 65 °C
Blank 82.20 1.23 x 10%7 79.57 0.0733 57.7 56.23 54.77
50 81.72 2.24 x 106 79.10 0.0591 61.45 60.27 59.1
100 80.22 9.22 x 105 77.58 0.0519 62.11 61.07 60.03
150 77.67 2.16 x 101 71.44 0.0279 63.09 62.54 61.98
200 67.48 3.37 x 103 65.41 0.0071 63.29 63.14 63
250 63.04 4.8 x 10'? 64.16 0.0013 63.75 63.73 63.70

where I is the corrosion rate, A is the Arrhenius
pre-exponential factor, F, is the activation energy for
corrosion process, h is the Planck’s constant, N is the
Avogadro’s number, R is the gas constant, T is the
absolute temperature, AH® is the enthalpy, and AS°
is the entropy of activation. A fitted straight line is
obtained for the plot of In I, versus 1/T, Fig. 6.
The activation energies (F,) at different concentra-
tions of inhibitor were determined by linear regres-
sion of these graphs. The results are listed in Table 3.
Radovici reported that inhibitors for which F, is smal-
ler in the presence of inhibitor than in the absence of
that in the solution undergo chemisorption [38]. The
chemical adsorption is due to formation of coordin-
ated bond between the d-orbital of iron and inhibitor
molecules on the surface of steel through lone pair of
electron of N, S and O atoms [39]. Szauer and Brand
explained that the decrease in activation energy can be
referred to a considerable increase in the adsorption of
the inhibitor on the steel surface with increase in tem-
perature. As more adsorption of inhibitor molecules
occurs, desorption decreases because these two oppos-
ite processes are in equilibrium. More adsorption of
inhibitor molecules at higher temperatures makes the
lower surface area of steel exposes in contact with acid
environment, resulting decreased corrosion rates with
increase in temperature [40].

A study of Table 3 shows that values of E, in 1 M
HCI containing MBT are lower than that in uninhib-
ited solution (82.2 kJmol~!). Increasing of inhibitor
efficiency and decreasing in the apparent activation
energy reveals chemical adsorption. Furthermore, de-
crease in A reduces the corrosion rate of the carbon
steel. So, the corrosion rate of steel decreased with
increasing the inhibitor concentration [41].

Plotting log(Icore/T) versus (2.303RT)~! s
showed in Fig. 7. In these plots the straight lines
are obtained with a slope (—AH°) and an inter-

R AS°
cept of (log N7 m) from which the values

of AH® and AS° can be calculated that are given in
Table 3. Investigation of these data shows that the
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Fig. 6. Arrhenius plot for steel corrosion in 1 M HCI in the

absence and presence of different concentrations of MBT:

(1) blank, (2) 50, (3) 100, (4) 150, (5) 200 and (6) 250
ppm.

~J

) K,l)

1 2
loe 7...T" (WA cm
o conr
o —
ot L e 13
oy X
///

-1

0.0029 0.003 0.0031 0.0032 0.0033

22037 R (mol T

Fig. 7. Transition state plot for steel corrosion in 1 M HCl

in the absence and presence of different concentrations of

MBT: (1) blank, (2) 50, (3) 100, (4) 150, (5) 200 and (6)
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Table 4. Thermodynamic and equilibrium adsorption parameters for adsorption inhibitor on steel surface in 1 M HCI
solution

Different thermodynamic equations

AHags (kJ mol™)

ASags (kJ mol™* K1)

Basic Thermodynamic Equation
Van’t Half Equation
Gibbs-Helmholtz Equation

22.14 0.179
24.3 0.184
24.3 -

thermodynamic parameters (AH® and AS®) for dis-
solution reaction of steel in 1 M HCI in the presence of
inhibitor are lower (64.16kJmol™!, 0.0013 kJ mol~!)
than that in the absence of inhibitor (79.57 kJ mol~!,
0.073kJmol~1). The positive values of AH, mean
that the dissolution reaction is an endothermic pro-
cess in HCI solution.

From the slopes of 6/(1 — ) versus C lines, K,4s
values can be obtained. K .45 is related to the standard
free energy of adsorption with the following equation
[36]):

AGL4s = —RTIn(55.5Ka4s)- (12)

By using Eq. (12), the calculated AGY,, at 65°C
is —37.6 kJ mol~!. The negative sign of AG® and high
value of K,qs indicates that MBT molecules adsorbed
strongly and immediately on the steel surface [42].
Usually, the magnitude of standard free energy of ad-
sorption around —20 kJ mol~! or less negative is con-
sidered for electrostatic interactions between inhibitor
molecules and charged metal surface (i.e., physisorp-
tion). The magnitude of AG° near —40kJmol~! or
more negative is usually assumed for charge sharing
or transferring from organic molecules to the metal
surface to form a coordinate type of metal bond (i.e.,
chemisorption) [36]. In this work, AGZ,, is a negat-
ive value and near —40kJmol~!, so the adsorption
process is chemisorption.

In acidic solution, nitrogen atom in thiazole ring
can be protonated easily because is planar and hav-
ing greater electron density. Coordinate covalent bond
formation between electron pairs of unprotonated
N-atom and S-atom in thiazole ring and metal sur-
face can take place. The inhibitor has two nucleophilic
centres likely to undergo a protonation in acid me-
dium: the nitrogen and the sulphur located in the mo-
lecular structure.

Corrosion inhibition of MBT for steel can be better
explained by using entropy ASg,;. and the enthalpy
AHZ,, of adsorption which can be calculated from the
following integrated van’t Hoff equation [42]:

o ASP 1
In Koqq = — —ads | Sads 4 )y~ 13
1 Rad T R "5 (13)

Enthalpy and entropy of adsorption can be ob-
tained from plotting In K, 45 versus 1/7, straight lines

are attained with intercept equal to (ASZ/R) +
In(1/55.5) and slope equal to —HZ,./R. The calcu-
lated values of the entropy of adsorption and heat
of adsorption are listed in Table 4. Also the Gibbs-
-Helmholtz equation can be used for calculating the

enthalpy of adsorption [43]:

I(AG°. /R AH?
{%} —— (14)

By integrating from Eq. (14) it can also be repres-
ented as:

AGS,, AH?,.
adas — adas K. 1

o

The obtained value of AHy,, is given in Table 4.
It can be seen that the value of enthalpy of adsorp-
tion in Gibbs-Helmholtz equation agrees with the one
obtained using van’t Hoff equation. Heat of adsorp-
tion (AHZ2,,) and entropy of adsorption (ASZ,,) can
also be found based on the following thermodynamic

equation [44]:

AG;

° o= AHS, — TASS

ads*

ads (16)
For this inhibitor, AH_ . and ASy,. values are given
in Table 4. The values of thermodynamic parameters
for the adsorption of inhibitors can represent benefi-
cial information about the corrosion inhibition mech-
anism. An endothermic adsorption (AHZ,, > 0) in-
dicates the chemical adsorption where an exothermic
adsorption (AHZ,, < 0) may involve physical one,
chemical one or a mixture of both [45]. In an exo-
thermic process, chemisorption can be differentiated
from physisorption by considering the absolute value
of AHZ,,. According to Table 4, the positive sign of
AHZ,. shows that the adsorption of inhibitor is endo-
thermic and indicating that it is a chemical adsorption
process approving previous deduction. The positive
sign of AS?,, is also related to substitutional process,
which can be attributed to an increase in the solvent
entropy and more positive water desorption entropy.
It also can illustrate with increase of disorders due to
the more water molecules which can be desorbed from
the metal surface by one inhibitor molecule [46].
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2.5 3.4. Chronoamperometry

In order to gain more insight about the effect of in-
20 1 hibitor on the electrochemical behavior of steel in 1 M
\/// HCI solution, potentiostatic current-time transients
were recorded. Figure 8 shows the current transients

of steel electrode at —0.4V vs. SCE applied anodic
potential. Initially the current decreases monotonic-
ally with time. The decrease in the current density is
due to the formation of corrosion products layer on the
1.0 anode surface. However, in later times the current in-
creases tracing approximately a straight line to reach
: a steady state value depending on applied potential
05 (Fig. 8). The increase in current is related to the dis-
0 50 100 150 200 250 300 solution of the steel and pit nucleation and pit growth.
1(s) In presence of inhibitor, increasing current was not ob-

served and electrode was inhibited from corrosion due

Fig. 8. Current transients of steel electrode at —0.4 V vs. to inhibitor adsorption.
SCE: (1) blank, (2) 250 ppm of MBT.

Mean fit 2.98um

Line ft 149nm

Toooaraohv ranae

Opm W . 49 5pm

Fig. 9. AFM surface topography images immersed for 6 h in 1 M HCI: (a) in the absence of inhibitor; (b) in the presence
of 250 ppm of MBT.
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Fig. 10. Optical micrographs (400x) of the steel alloy immersed for 6 h in (a) 1 M HCI, and (b) 1 M HCI containing 250
ppm of MBT.

3.5. Surface studies

AFM provides an excellent technique of consider-
ing the surface topography. The corresponding two
and three-dimensional images of corroded surface of
carbon steel in the absence of inhibitor after 6 h im-
mersion in 1 M HC1 (25°C) are shown in Fig. 9a. These
images show that the surface looks rather uneven and
seems potholed shape with 2.98 um mean roughness.
The AFM images of corroded surface of carbon steel in
the presence of 250 ppm of MBT are shown in Fig. 9b.
As can be seen from these figures, it is obvious that
the surface looks more uniform and becomes more
flat than that in the absence of inhibitor with 156 nm
mean roughness.

The metallographs presented in Fig. 10a,b show
the morphologies of the electrode surface after 6h
immersion in 1M HCI (25°C) with and without in-
hibitor. The sample in HCI solution shows localized
attacks which appear as drastic changes of the sur-
face (Fig. 10a), while sample immersed in the 250 ppm
MBT-added solution shows smooth surface with low
density of pits and a few hole-like defects are present
on the surface (Fig. 10b).

4. Conclusion

1. 2-Mercaptobenzothiazole (MBT) has a consid-
erable inhibition effect on the corrosion of steel in 1 M
HCI solution. Its inhibition efficiency is proportional
to concentration. The high inhibition efficiencies of
thiazole derivatives attributed to adherent adsorption
of the inhibitor molecules on the metal surface.

2. The potentiodynamic polarization curves indic-
ate that MBT inhibits both cathodic hydrogen evolu-
tion reactions and anodic metal dissolution. So it be-

haves as a mixed type corrosion inhibitor.

3. Langmuir adsorption isotherm best fits with
experimental data. The value of AGh,, close to
—40kJ mol~! is an evidence that the adsorption of in-
hibitor occurs through charge sharing or transfer from
the inhibitor molecules to the metal surface to form a
coordinate covalent bond (chemisorption).

4. Gibbs free energy, entropy and enthalpy of ad-
sorption indicate that the adsorption process is spon-
taneous, increases disorders, endothermic and the mo-
lecules are adsorbed on the metal surface by the pro-
cess of chemisorption.

5. Surface studies show that the surface of sample
in solution with inhibitor molecules looks more flat
and more uniform with lower roughness than that in
the uninhibited solution.
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