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The corrosion rates in the presence of some indole derivates, namely, 9H-pyrido[3,4-bJindole (norharmane) and 1-methyl-9H-
pyrido[3,4-b]indole (harmane), as inhibitors of C38 steel corrosion inhibitor in 1 M HCI solution, were measured by potentiody-
namic polarization and electrochemical impedance spectroscopy (EIS) techniques, in the range of temperatures from 25 to 55°C.
Results obtained revealed that the organic compounds investigated have inhibiting properties for all temperatures. The inhibition
was assumed to occur via adsorption of the indole molecules on the metal surface. Adsorption of indole derivates was found to fol-
low the Langmuir isotherm. The apparent activation energies, enthalpies, and entropies of the dissolution process and the free ener-
gies and enthalpies for the adsorption process were determined by potentiodynamic polarization and electrochemical impedance.
The fundamental thermodynamic functions were used to collect important information about indole inhibitory behaviour.

1. Introduction

The effect of temperature on the inhibited acid-metal reaction
is highly complex, because many changes occur on the metal
surface such as rapid etching and desorption of inhibitor
and the inhibitor itself may undergo decomposition and/or
rearrangement. Temperature effects on acidic corrosion and
corrosion inhibition of iron and steel most often in HCI
and H,SO, solutions had been the object of a large number
of investigations [1-12]. However, it was found that few
inhibitors with acid-metal systems have specific reactions
which are effective (or more) at high temperature as they are
at low temperature [13-15]. Thermodynamic parameters such
as adsorption heat, adsorption entropy, and adsorption free
energy can be obtained from experimental data of the studies
of the inhibition process at different temperatures. The kinetic
data such as apparent activation energy and preexponential
factor at different inhibitor concentrations are calculated, and
the effects of the activation energy and preexponential factor
on the corrosion rate of steel were discussed [16-20].

Our earlier results obtained for 9H-pyrido[3,4-b]indole
(norharmane) and 1-methyl-9H-pyrido[3,4-b]indole (har-
mane) as corrosion inhibitors of C38 steel demonstrated that

correlation exists between the inhibition efficiency and the
chemical structure [21]. It was found that these compounds
are good inhibitors in acidic solutions and the inhibition
efficiency of these indole-type organic compounds may be
explained in terms of electronic properties (the energy of
the highest occupied molecular orbital (Eygyo) and the
energy of the lowest unoccupied molecular orbital (E; ;p0))-
The aim of this paper is to extend these investigations in
order to obtain a better understanding of the mode of inhi-
bitory action of the harmane and norharmane by calculating
thermodynamic parameters for both C38 steel dissolution
and inhibitor adsorption process in hydrochloric acid solu-
tion using potentiodynamic polarization and electrochemical
impedance spectroscopy (EIS).

2. Experimental

Electrode and Solution. Corrosion tests have been carried
out on electrodes cut from sheets of C38 steel. Steel strips
contained 0.36 wt% C, 0.66 wt% Mn, 0.27 wt% Si, 0.02 wt%
S, 0.015wt% P, 0.21wt% Cr, 0.02wt% Mo, 0.22wt% Cu,
0.06 wt% Al, and the remainder iron. The specimens were
embedded in epoxy resin leaving a working area of 0.78 cm”.



International Journal of Corrosion

TaBLE 1: Corrosion parameters obtained from electrochemical measurements of C38 steel in 1M HCI containing various concentrations of

indole derivates at 25°C.

Inhibitor Polarisation curves EIS
E_,.. versus SCE (mV) Teowe (yA-cmfz) 1IE (%) R, (Q-cm?) Cyq (yF-cm’z) IE (%)
1M HCI -529 284 — 49 +0.02 546
Norharmane
0.2mM —467 67 76 148 + 0.91 183 67
0.4 mM -476 61 79 238 + 1.65 120 79
0.8 mM —-494 52 82 514 £ 1.18 55 90
1.2mM —455 28 90 641 £ 1.73 44 92
Harmane
0.2mM —476 65 77 181 +£ 0.10 330 73
0.4 mM —489 55 81 321+ 0.97 270 85
0.8 mM —479 34 88 537 +0.17 188 91
1.2mM —492 24 91 735+ 0.68 148 93
— —
\ ya \ Va
N
H CH,

(a)

(b)

F1GURE 1: Chemical formulas of the tested inhibitors (a) norharmane and (b) harmane.

The working surface was subsequently ground with 180 and
1200 grit grinding papers, cleaned by distilled water and
ethanol. The solutions (1M HCI) were prepared by dilution
of an analytical reagent grade 33% HCI with doubly distilled
water. All the tests were performed in the range of tem-
peratures from 25 to 55°C. The tested inhibitors are 9H-pyri-
do[3,4-b]indole (norharmane) and 1-methyl-9H-pyrido[3,4-
blindole (harmane); their molecular structures are shown in
Figure 1. The investigated compounds were commercial pro-
ducts: norharmane (Aldrich, P99%), harmane (Sigma,
P98%), the concentration range of inhibitor employed was
0.2mM M to 1.2mM. The concentration of inhibitor was
determined in accordance with its solubility. Varela et al.
reports the solubility of norharmane and harmane in water
at 20°C, at pH 7 and 13, using the absorbance at the maxima
in the absorption spectra of saturated solutions [22]. The sol-
ubility of norharmane was 1.86 mM (pH = 7) and 1.81mM
(pH = 13). For harmane, the solubility was 1.61mM (pH =
7) and 0.786 mM (pH = 13). At lower pH (Our experimental
conditions, pH = 0), where the cationic form is the predo-
minant species, all the compounds present a very high sol-
ubility, and it was not possible to obtain data with this tech-
nique at lower pH.

Electrochemical Measurements. Electrochemical measure-
ments, including potentiodynamic polarization curves and
electrochemical impedance spectroscopy (EIS), were per-
formed in a three-electrode cell. C38 steel specimen was used
as the working electrode, a platinum wire as the counter, and
a saturated calomel electrode (SCE) as the reference. Before
potentiodynamic test and EIS experiments, the electrode was

allowed to corrode freely and its open circuit potential (OCP)
was recorded as a function of time during 3 h, the time nec-
essary to reach a quasi-stationary value for the open-circuit
potential. This steady-state OCP corresponds to the corro-
sion potential (E_,,,) of the working electrode. The anodic
and cathodic polarisation curves were recorded by a con-
stant sweep rate of 20 mV min~". Electrochemical impedance
spectroscopy (EIS) measurements were carried out, using ac
signals of amplitude 5 mV peak to peak in the frequency range
of 100 kHz to 10 mHz. Electrochemical measurements were
performed through a VSP electrochemical measurement
system (Bio-Logic). The above procedures were repeated two
times with success for each concentration of the two tested
inhibitors. The Tafel fit and EIS data were analysed using
graphing and analyzing impedance software, version EC-Lab
V9.97.

3. Results and Discussion

3.1. Effect of Concentration. The corrosion rates of metals and
alloys in aggressive solutions can be determined using dif-
ferent electrochemical methods. Electrochemical impedance
spectroscopy and polarisation curves were thus employed
in the present work to study the effect of indole derivates
concentration. The percentages of inhibition efficiency and
values of associated electrochemical parameters are listed
in Table 1. Inspections of the obtained data reveal that the
I.,.. values decrease considerably in the presence of harmane
and norharmane with increasing inhibitor concentration. The
E_... values shifted to more positive potentials in the presence
of indole derivates concentration, although there was not
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FIGURE 2: Effect of temperature on the cathodic and anodic
responses for C38 steel in 1M HCI.
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FiGure 3: Effect of temperature on the cathodic and anodic
responses for C38 steel in 1M HCI + 0.2 mM of norharmane.

a specific relation between E_ ., and inhibitors concentra-
tion. This effect may be related to the adsorption of the
organic compound at the active sites of the electrode surface,
retarding the corrosion reaction. The data also reveal that
the addition of harmane or norharmane causes a significant
increase in R, in the additive-free solution and diminishes
the value of Cy;. The decrease in Cy; could be attributed to
the adsorption of the inhibitors forming a protective layer on
the metal surface [23]. The inhibition efficiencies, calculated
from ac impedance study, show the same trend as these
obtained from polarization measurements. However, IE (%)
increases with inhibitor concentrations for both inhibitors,
reaching a maximum value at 1.2 mM. It was found that these
compounds are good inhibitors in acidic solutions and the
inhibition efficiency of these indole-type organic compounds
may be explained in terms of electronic properties. The
detailed study of 1M HCl at 25°C is reported in [21].

3.2. Effect of Temperature

3.2.1. Potentiodynamic Polarisation. In order to get more
information about the performance of indole derivates, the
nature of adsorption isotherm, and thereafter to evaluate the
adsorption and activation processes, the influence of tem-
perature is studied by potentiodynamic polarisation. Some of
the polarisation curves for C38 steel electrode in 1 M HCl in
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FiGURe 4: Effect of temperature on the cathodic and anodic
responses for C38 steel in 1M HCI + 0.2 mM of harmane.

the absence and in the presence of 0.2 mM of norharmane
and harmane in the temperature range 25-55°C are given
in Figures 2, 3, and 4, respectively. As it can be seen,
raising the temperature increases both anodic and cathodic
reactions of C38 steel electrode both in the absence and in
the presence of inhibitors. Polarisation curves of the C38 steel
electrode in 1M HCI without and with addition of various
concentrations of harmane at 45°C are shown in Figure 5,
representative example. As it can be seen, the anodic and
cathodic reactions are affected by the addition of inhibitor.
Similar observations were found for all concentrations stud-
ied in the presence of both inhibitors. Accurate evaluation of
Tafel slopes by Tafel extrapolation is often impossible, simply
because an experimental polarization curve does not exhibit
linear Tafel regions [24-27]. Our experimental polarization
curves presented here do not display the expected log/linear
Tafel behaviour with anodic branches exhibiting curvature
over the complete applied potential range. The curvature
of the anodic branch may be attributed to the deposition
of the corrosion products or impurities in the steel (e.g.,
Fe,C) to form a nonpassive surface film [24]. The various
electrochemical parameters were calculated from Tafel plots
and summarized in Table 2. The inhibition efficiency and the
surface coverage degree (6) values for steel are also shown in
the same table. The surface coverage 0 was calculated from
(1) [28]. It has been observed from Table 2, that the corrosion
current density (I_,,,) increased with increasing temperature
in both uninhibited and inhibited solutions. The addition
of norharmane or harmane to the HCI solution shifts the
E_... towards more negative values at all of the studied tem-
peratures, although there was not a specific relation between
E_,,, and inhibitors concentration. The IE (%) values decrease
with increasing temperature; a decrease in inhibition effi-
ciencies with the increase in temperature might be due to
weakening of physical adsorption. Consider

0= Icorr - Icorr(inh) (1)
Icorr
where I, and I, ) are the corrosion current density

values in the absence and presence of indole derivates,
respectively.



International Journal of Corrosion

70120 1L (43! L01 VLS qIs— S129°0 L9 6¢1 601 199 v67— (4!

€6€9°0 79 i OIT SIL 96— 97950 9¢ LT1 LIT £98 99¢— 80

1045°0 LS (1)41 €l S8 96¥— L8150 4] 9¢1 VIl ¥56 L6V~ ¥0 <s
0¥0<°0 0s 8Vl o€l €86 705~ 6£8%°0 87 0<I wl €201 605— 0

— — — — — — — — o1l 1€1 7861 0S¥ — IDHINT

S¥6L0 6L 811 011 Sye 87— L¥0L°0 0L (1)41 L01 (453 a8Y— [l

06120 L 9tl €Il qee L8Y— ¥879°0 €9 o€l ael (344 S0S— 80

L££L9°0 L9 4! CIt 68¢ 887 — 0¥09°0 09 =1 [41! Ly 605— 70 14
€90 9 Pel LTT (387 96¥— S0LS°0 LS oF1 0¢T [ 105— 0

- - - - - - — - 601 0cl 61l 1S7— IDHINT

20880 88 811 €01 101 ¥ov— ££88°0 88 el €01 86 6L¥— (4!

€L18°0 8 8¢1 601 Pal 9G¥ — £708°0 08 I€1 01 a9l 0Ly— 80

17820 8L 9¢l oIl 81 0LY— £89L°0 LL 9t 601 S61 LY 70 e
S8¥L°0 L ¢l 811 (44 Or— 00220 L 44! 41! 9¢C CLY— 0

— — — — — — — — 601 111 £V8 V- IDHWI

GS16'0 16 L01 L8 (4 v — ¥106°0 06 [4n! €6 8¢ qSy— [

€088°0 88 611 €Il 143 6LV~ 6918°0 8 811 L6 4 ¥6v7— 80

€908°0 18 L01 86 <S 68%— S8L°0 6L (44! ot 19 9Ly~ ¥0 14
112270 LL 74! OI1 <9 9Ly~ 1¥79L°0 9L 4} L01 L9 L9V~ 0

— — — — — — — — 68 901 (454 09%— IDHINT

o eom (TN (PRGN W0 g (A (A0 v W0 ey (0, duar

QuBWLIRE] SQUBULIBIION

*S9JEALIOP 9[OPUI JO SUOTJRIJUIIUOD
JuaIaPIp SuTuTeIU0d [DH A T UT [993S 8¢ JO PaIpmys sarnjerodurd) SNOLIeA Je SaULIdIYe UonIqryul Surpuodsariod o) pue sjo[d [oje], WIoIj pajemoed siojowrered [eOTWAYD0O(Y g TT4V],



International Journal of Corrosion

2.5 4

1.5 1

's 0.5
(9}
T -051
" —1.5 - 0.8mM
2 12
~2.5 1
-35 : : : :
~0.75 ~0.65 ~0.55 ~0.45 ~0.35
E (V) (SCE)

FIGURE 5: Polarisation curves for C38 steel in 1 M HCI containing
different concentrations of harmane at 45°C.
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FIGURE 6: Arrhenius plots of corrosion In(I_,,,) versus 1/T of 1M

HCI and at different concentrations of harmane.

In order to calculate activation parameters for the corro-
sion process, Arrhenius (2) and an alternative formulation of
Arrhenius (3) were used:

_E
I =K —) 2
core = Kexp (% @

RT  /AS AH
L= a _8%a ) 3
NheXp( R )eXp< RT) 3)

where I, is the corrosion current density, K the Arrhenius
preexponential constant, E, is the activation energy for
the corrosion process, h is the Plank’s constant, N is the
Avogadro’s number, the enthalpy of activation (AH,), and the
entropy of activation (AS,).

Arrhenius plots for the corrosion density of C38 steel
in the case of harmane are given in Figure 6, representative
example. Similar plots are obtained in the case of norhar-
mane. The apparent activation energies (E,) at different
concentrations of indole derivates were determined by linear
regression between InI_ .. and 1/T and the result is shown
in Table 3. All the linear regression coeflicients were close
to 1, indicating that the C38 steel corrosion in hydrochloric
acid can be elucidated using the kinetic model. Inspection of
Table 3 showed that the values of E, determined in 1M HCI
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FIGURE 7: Arrhenius plots of corrosion In(I.,,,/T) versus 1/T of 1M

HCl and at different concentrations of harmane.

containing indole derivates are higher than that for uninhib-
ited solution. The increase in the apparent activation energy
may be interpreted as physical adsorption that occurs in the
first stage [29]. Moreover, the values obtained for norharmane
are somewhat higher than those obtained for harmane and
confirm the fact that the inhibitor efficiency of norhar-
mane is slightly lower than that of harmane. Szauer and
Brand explained that the increase in activation energy can
be attributed to an appreciable decrease in the adsorption of
the inhibitor on the steel surface with increase in temperature
[30]. Figure 7 showed a plot of In (I,,,/T) versus 1/T with a
slope of (-AH,/R) and an intercept (In R/Nh + AS,/R) from
which the values of AH, and AS, were calculated, respec-
tively. All estimated kinetic-thermodynamic parameters were
tabulated also in Table 3. Inspection of these data revealed
that the thermodynamic parameters (AH, and AS,) for disso-
lution reaction of C38 steel in 1 M HCl in the presence of both
inhibitors are higher than that of in the absence of inhibitors.
The positive signs of AH,, reflect the endothermic nature of
the steel dissolution process suggesting that the dissolution of
steel is slow in the presence of inhibitors [31]. Furthermore,
the values obtained for norharmane are somewhat higher
than those obtained for harmane and confirm the fact that
the inhibitor efficiency of norharmane is slightly lower than
that of harmane. One can notice that E, and AH, values vary
in the same way for both inhibitors (Table 3). The values of
AS, were negative both in the absence and presence of inhi-
bitors, implying that the activated complex represented the
rate-determining step with respect to the association rather
than the dissociation step. It means that a decrease in disorder
occurred when proceeding from the reactants to the activated
complex [30]. Also, the AS, shift can be explained as a
result of the replacement process of water molecules during
adsorption of organic inhibitor on the steel surface.

3.2.2. Impedance Measurements. The corrosion behaviour of
C38 steel in 1M HCI solution in the presence of indole
derivates was also investigated by EIS in the temperature
range 25-55°C. The EIS of C38 steel electrode in 1M HCI
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TABLE 3: Thermodynamic parameters calculated from Tafel plots for the adsorption of indole derivates in 1 M HCI on the C38 steel at different

temperatures.
Norharmane Harmane
Con. (mM) 1 1 1 1 1 1 1 1
E, (kmol™) AH, (k] mol™) AS, (Jmol™ K™) E, (kJmol™) AH, (k] mol™) AS, (Jmol™ K™)
HCI 24.42 23.29 —119.48 — — —
0.2 31.73 30.60 -99.81 31.20 30.07 -101.88
0.4 32.38 31.25 -98.12 31.80 30.67 -100.43
0.8 33.40 32.27 -95.27 35.18 34.05 -90.53
1.2 37.99 36.85 -81.97 36.89 35.76 —-86.63
90 A
18 1 * +
o + '
g + 95 + " *
9 + NE .
N . + g !
D . < 404 .
+A a b A a . NI + NN *
24 A% - tboog 8 "
ﬁ 'Y + . [ +
-2 : : : : ﬁ } kS ’
0 10 20 30 40 50 104 . . .
Z, (Qem?) 0 50 100 150 200
+ 25°C ° 45°C Z, (Qem?)
& 35°C ° 55°C +25°C o 45°C
a 35°C o 55°C

FIGURE 8: Nyquist diagrams for C38 steel in 1M HCI at different
temperatures.
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FIGURE 9: Nyquist diagrams for C38 steel in 1M HCI containing
0.2 mM of norharmane at different temperatures.

solution in the absence and in the presence of of 0.2mM
of noharmane and harmane, at different temperatures, are
shown in Figures 8, 9, and 10; representative example. Figure
11 shows the impedance plots of C38 steel electrode in 1M
HCI solution in the absence and presence of different con-
centrations of norharmane at 35°C. It can be seen that, the
size of the capacitive loop increased by increasing the con-
centration of norharmane. All the impedance spectra were
measured at the corresponding open-circuit potentials. After

FIGURE 10: Nyquist diagrams for C38 steel in 1M HCI containing
0.2 mM of harmane at different temperatures.
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FIGURE 1I: Nyquist diagrams for C38 steel in 1M HCI containing
different concentrations of noharmane at 35°C.

analyzing the shape of the Nyquist plots, it is concluded that
the curves obtained up to 45°C approximated by a single
capacitive semi-circles, showing that the corrosion process
was mainly charge transfer controlled. The general shape of
the curves is very similar for all concentrations studied. The
diameter of Nyquist plots (R.) decreases with increasing
temperature for both inhibitors. For the most temperatures
45 and 55°C, an inductive loop appeared at low-frequency
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FIGURE 12: Nyquist plots: (O) experimental data and (—) fit data, together with the equivalent circuit used to fit the impedance data, recorded
for a C38 electrode (a) in 1M HCI solution + 0.2 mM harmane at 35°C and (b) in 1 M HCl solution + 0.2 mM norharmane at 55°C.

values. Similar observations were found for all concentrations
studied. The presence of the LF inductive loop may be
attributed to the relaxation process obtained by adsorption
species like CI_;, and H;“ds on the electrode surface [32-35].
It may also be attributed to the adsorption of inhibitor on
the electrode surface [36] or to the redissolution of the passi-
vated surface at low frequencies [37]. The above impedance
diagrams (Nyquist) contain depressed semicircles with the
center under the real axis; such behaviors characteristic for
solid electrodes and often referred to as frequency dispersion
have been attributed to roughness and inhomogeneities of
the solid surfaces, impurities [38-41]. Therefore, a constant
phase element (CPE) instead of a capacitive element is used
to get a more accurate fit of experimental data set. For analysis
of the impedance spectra exhibiting one capacitive loop, the
equivalent circuit (EC) given in Figure 12(a) was used to fit
the experimental spectra while the EC shown in Figure 12(b)
was used for the impedance spectra containing one capacitive
loop and an inductive loop. Simulation of Nyquist plots with
above models shows excellent agreement with experimental
data (Figures 12(a) and 12(b); representative example).

The parameters calculated with the application of
these models are summarized in Tables 4 and 5. The values
discussed show that the organic compounds investigated have
inhibiting properties for all temperature values. This conclu-
sion is based on the values of R in inhibitors presence.
They are greater than those in 1 M HCI. The temperature rise
leads to a decrease of R, values. This is due, on one hand,
to the increase of the rate of metal dissolution and, on the
other hand, to the shift of the adsorption/desorption equilib-
rium towards the inhibitor’s desorption and hence to the
decrease of surface coverage degree. The n value almost
decreases with temperature increase and this is interpreted
as an evidence for surface inhomogeneity increase. The latter
is attributed to the accelerated corrosion and the developed
metal surface. Atlower temperatures the inhibitors adsorb on
the most active surface sites; this results in a decrease of sur-
face inhomogeneity. The desorption, which is favored by

high temperatures, will increase with this effect. The Cy
value was calculated using (4) [42-44]:

Cdl =(A- Rctl_n)l/n~ (4)

It is clear that the addition of harmane or norharmane causes
a significant increase in Cy; in the additive-free solution for
all temperatures studied. As the double layer capacitance can
be connected with the thickness of the layer of adsorbed
inhibitor molecules at the interface and this dependence is
of reverse proportionality; it follows that the thickness of
the adsorption layer will decrease with temperature increase.
Similar tendency was found for CPE constant (A) for all tem-
peratures studied. It can be seen from Tables 2, 4, and 5 that
the inhibition efficiencies calculated by both methods show
the same trend. The IE (%) values decrease with increasing
temperature and no difference of numerical values of inhi-
bition efficiencies was observed at 25 and 35°C. However the
results obtained at 45 and 55°C show a difference in numerical
values obtained by both methods. This variation may be due
to the difference between methods, which each method is
realised differently with some conditions and assumptions.

To obtain the activation parameters from the impedance
technique, values of R and those of 3, and [, obtained at
different temperatures were used to calculate values of I,
according to Stern-Geary [45] equation:

Af_(L), -

lgwy=—"""—""7""~
2303 (B + o) \Ree

Figures 13 and 14 show the Arrhenius plot for the results
obtained in 1 M HCI solutions in the presence of harmane,
representative example. Similar plots are obtained in the case
of norharmane. The results are in good agreement with those
obtained from polarization studies and show the same trend.
The difference of numerical values of AS, determined from
the two techniques may be attributed to the different methods
that have been used for the determination of the corrosion
rates.
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TABLE 4: Values of the elements of equivalent circuit required for fitting the EIS for C38 steel immersed in the presence and absence of
norharmane at different temperatures.

Temp ('C) R, (Qcm?) A10* (Q7's"cm™) n Cy (uF cm™?) L(Hcm™@) R, (Qcm®) IE (%) 0
25 49 +0.02 9.5+0.73 0.853 + 0.014 546 — — — —
Blank 35 17 + 0.64 20.5+4.21 0.795 + 0.421 863 18 +1.87 6 +1.26 — —
45 12+ 0.94 43.5 + 3.56 0.745 + 0.362 1583 15+ 2.35 3+0.87 — —
55 3+0.96 72.8 +5.64 0.735 + 0.093 1834 10 £ 8.54 2+1.25 — —
25 148 + 0.91 291+ 0.02 0.871 + 0.008 183 — — 67 0.6689
0.2 mM 35 53+0.43 4.37 £0.25 0.836 + 0.053 209 — — 60 0.6038
45 30 £ 0.35 10.88 + 3.65 0.765 + 0.059 380 25+ 4.61 9+178 50 0.5000
55 10 £ 0.65 13.35 + 1.75 0.815 + 0.120 501 2+0.40 2+1.37 50 0.5000
25 238 +1.65 1.89 £ 0.19 0.872 + 0.005 120 — — 79 0.7941
0.4mM 35 95 +0.89 3.53+0.14 0.829 + 0.052 175 — — 78 0.7789
45 55 +3.04 6.19 £ 0.94 0.790 £ 0.032 252 10 £1.20 15+ 1.60 73 0.7273
55 14 + 0.93 8.84 +2.31 0.831 + 0.054 362 3+0.21 2+0.32 64 0.6429
25 514 + 1.18 0.84 £ 0.03 0.883 + 0.012 55 — — 90 0.9047
0.8 mM 35 180 + 1.04 3.18 +0.13 0.825 + 0.045 173 — — 82 0.8235
45 85+ 1.56 5.01 + 0.30 0.814 + 0.023 244 7+0.27 14 + 0.90 79 0.7857
55 22 +1.55 713 £ 0.47 0.809 + 0.251 267 6 +1.60 2+110 77 0.7727
25 641 £ 1.73 0.66 + 0.02 0.887 + 0.010 44 — — 92 0.9236
12 mM 35 245 + 0.55 23+0.78 0.803 £ 0.072 114 — — 91 0.9143
45 123 £ 0.81 2.9+0.57 0.802 + 0.140 127 — — 88 0.8780
55 25+ 0.41 4.46 + 0.17 0.804 + 0.023 149 6+ 0.50 3+143 80 0.8000
0.8 T -1.6
w031 A\ :; ~2.1 1 . .
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FIGURE 13: Arrhenius plots InI_,, versus 1/T of 1M HCI and at FIGURE 14: Arrhenius plots of corrosion In(I_,,,/T) versus 1/T of 1M

different concentrations of harmane.

3.3. Adsorption Isotherm. Inhibition by organic compounds
is, mainly, due to their ability to adsorb onto a metal surface
to form a protective film. The establishment of isotherms that
describe the adsorption behaviour of corrosion inhibitor is
important as they provide important information about the
nature of metal-inhibitor interaction. It has been reported
that the adsorption of the inhibitor molecules depends on a
variety of factors such as the presence of functional groups
(either electron donating or withdrawing), charge distribu-
tion at the donor atom, the 7 orbital character of donating

HClI at different concentrations of harmane.

electrons, the nature of substrate metal and the type of inter-
action between organic molecules and the metallic surface as
well.

The most frequently used isotherms are Langmiur (6),
Temkin (7), and Frumkin (8). All these isotherms are tested.
In all cases, the degree of surface coverage (6) is plotted
as a function of the inhibitor concentration (Ci,;). In the
present study, values of 0 are obtained from I_,,, and R.
The significance of the adsorption isotherm was obtained by
calculating the correlation coefficients (R%). As an example,
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TABLE 5: Values of the elements of equivalent circuit required for fitting the EIS for C38 steel immersed in the presence and absence of harmane
at different temperatures.

Temp (‘C) R, (Qcm?)  Al10* (Q7's"cm™) n Cy (uF cm™)  L(Hem™@) R, (Qcm®) IE (%) 0
25 49 + 0.02 9.5+0.73 0.853 + 0.014 546 — — — —
Blank 35 17 + 0.64 20.5+4.21 0.795 + 0.421 863 18 +1.87 6 +1.26 — —
45 12+ 0.94 43.5 +3.56 0.745 + 0.362 1583 15+ 2.35 3+0.87 — —
55 3+0.96 72.8 £5.64 0.735 + 0.093 1834 10 + 8.54 2+1.25 — —
25 181 £ 0.10 4.82+0.19 0.866 + 0.042 330 — — 73 0.7293
0.2 mM 35 73 +0.61 6.92 +0.44 0.816 + 0.501 353 — — 71 0.7123
45 50 £1.23 9.73 £ 0.27 0.805 + 0.062 468 25+ 8.41 8 +3.02 70 0.7000
55 16 £ 0.81 19.5 + 4.03 0.719 + 0.501 503 11+0.34 3+0.8 69 0.6875
25 321+ 0.97 3.71+£0.37 0.870 + 0.036 270 — — 85 0.8474
0.4mM 35 129 + 0.65 5.29 £0.09 0.804 + 0.074 275 — 84 0.8372
45 82 +1.54 7.95 +1.02 0.784 + 0.128 375 25+ 1.74 9+15 82 0.8171
55 21 +£2.31 10.31 £ 2.13 0.824 + 0.054 455 21 +£0.58 4+13 76 0.7619
25 537 £0.17 2.52+0.27 0.873 + 0.051 188 — — 91 0.9088
0.8 mM 35 218 £ 0.56 3.96 £ 0.72 0.795 + 0.104 211 — — 90 0.9037
45 136 £ 1.53 437 +£0.73 0.811 + 0.091 226 — — 89 0.8897
55 27 +1.20 8.64 +2.03 0.780 + 0.035 299 5+0.12 2+0.76 81 0.8148
25 735+ 0.68 1.92 + 0.12 0.883 + 0.036 148 — — 93 0.9333
12 mM 35 293 + 0.54 3.28 £0.27 0.814 + 0.037 192 — — 93 0.9283
45 182 £ 0.53 4.33 £0.07 0.826 + 0.051 254 — — 92 0.9176
55 32+ 0.66 7.36 £ 1.91 0.783 + 0.102 260 11+154 5+0.8 84 0.8438
1.8 -1.8
A
-1.6 .
14 ~14 \\
S 2 S _1s R*=0.775 N
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FIGURE 15: Langmuir adsorption plots for C38 steel in 1M HCI
containing different concentrations of norharmane at 55°C.

Figures 15, 16, and 17 represent fitting of impedance and
polarization data obtained for C38 electrode in 1M HCl con-
taining various concentrations of norharmane at 55°C to
Langmuir, Temkin, and Frunkin isotherms. The best corre-
lation between the experimental results, obtained from the
three tested isotherm functions, was obtained using Lang-
muir isotherm (the strong correlation R* = 0.999 for both
methods). Similar observations were found for all tempera-
tures studied. The simplest, being the Langmuir isotherm, is
based on assumption that all adsorption sites are equivalent

FIGURE 16: Frumkin adsorption plots for C38 steel in 1M HCI
containing different concentrations of norharmane at 55°C.

and that particle binding occurs independently from nearby
sites being occupied or not [46]. Consider

Cinh
0

1
=% +C,,, (Langmuir isotherm), (6)

(s

( ! 9> exp (—2a0) = KC,,;,  (Frumkin isotherm), (7)

exp (—2a0) = KC,

inh

(Temkin isotherm), (8)



10

0.85
0.8
0.75
0.7
0.65
0.6
0.55
0.5
0.45

0.4
-1.7 -1.2 -0.7 -0.2 0.3

A EIS
¢ LP

FIGURE 17: Temkin adsorption plots for C38 steel in 1M HCI
containing different concentrations of norharmane at 55°C.
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FIGURE 18: Variation of AGS 1> evaluated from IES, versus T on C38
steel in 1 M HCI containing indole derivates.

where “K” is the binding constant of the adsorption reaction
and “a” is the lateral interaction term describing the molecu-
lar interactions in the adsorption layer and the heterogeneity
of the surface.

The well known thermodynamic adsorption parameters
are the standard free energy of adsorption (AGY ), the heat of
adsorption (AHfds), and the standard entropy of adsorption
(Asgds). These quantities can be calculated depending on the
estimated values of K from adsorption isotherms at different
temperatures.

The constant of adsorption, K, is related to the standard
free energy of adsorption, AGY_, with the following equation:

~AG°
K=— ——ads ) 9
555 P ( RT ) ©)

The value 55.5 in the above equation is the concentration
of water in solution in molL™" [47]. The AngS values at all
studied temperatures can be calculated. Then, the obtained
AG), values plotted versus T (Figures 18 and 19) gave the heat
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FIGURE 19: Variation of Angs, evaluated from LP, versus T on C38
steel in 1 M HCI containing indole derivates.

of adsorption AH?, and the standard adsorption entropy
AS?,. in accordance with the basic equation:

AGY = AHY, — TAS,.. (10)

All thermodynamic adsorption parameters estimated from
both methods for indole derivates on C38 steel from 1M of
HClI solution are listed in Tables 6, 7, and 8. The entire values
of thermodynamic adsorption obtained by both methods are
in good agreement and follow the same trend. The negative
values of AGY;. ensure the spontaneity of the adsorption
process and stability of the adsorbed layer on the steel surface.
The calculated AGY,, values indicate the physical nature of
adsorption of norharmane and harmane. The dependence of
Angs on experimental temperature can be summarized in
two cases as follows.

(a) Value of AGY,, becomes less negative with increasing
temperature indicating the occurrence of exothermic process
at which adsorption was unfavourable with increasing reac-
tion temperature as the result of the inhibitor desorption from
the steel surface [48].

(b) Value of AGY,, becomes more negative with increas-
ing temperature indicating the occurrence of endothermic
process at which increasing temperature facilitates inhibitor
adsorption.

The first case (a) is observed for the adsorption of the
studied inhibitor species on C38 steel surface from HCI
solution depending on the applied temperature range (Tables
7 and 8), indicating the occurrence of exothermic adsorption
processes. Also, it is noteworthy feature that the calculated
value of AGY, at 25°C in the case of harmane is greater
than that in the case of norharmane, which means that the
electrostatic interaction between the harmane and the steel
surface is stronger. This is in good agreement with the range
of the inhibition efficiency values obtained at 25°C from both
impedance and polarisation measurements. However in the
temperature range 35-55°C, there is an observable contradic-
tion between the results of inhibition efficiency values and the
finding of the calculated value of AGy,.. The negative sign of
(AH,de) reveals that the adsorption of inhibitor molecules is
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TABLE 6: Thermodynamic parameters calculated from IES for the adsorption of indole derivates in 1 M HCI on the C38 steel at different

temperatures.
Norharmane Harmane

Con. (mM)

E, (kfmol™) AH, (k] mol™) AS, (Jmol™" K™) E, (kj mol™) AH, (k] mol™) AS, (Jmol" K™)
HCI 28.00 26.87 -131.04 — — —
0.2 32.78 31.65 -120.35 29.03 2791 -131.68
0.4 33.34 32.22 -116.44 32.82 31.69 -121.55
0.8 38.00 36.87 -105.77 34.05 32.92 -119.20
1.2 38.77 37.64 —-104.36 37.05 35.92 -110.91

TaBLE 7: Thermodynamic parameters calculated from IES for the adsorption of indole derivates on C38 steel in 1M HCI at different

temperatures.
o Norharmane Harmane
Temp. (°C) 0 -1 0 -1 0 “1 1 0 -1 0 -1 0 1 -1
AG, 4, (k] mol™) AH_; (kJmol ™) AS, 4 Jmol K™) AG, 4, (k] mol™) AH,; (k] mol ™) AS, 4 (Jmol K™)
25 -18.00 -14.63
35 —14.46 -8.18 20.2 —-15.03 -3.94 36
45 —-14.50 -15.44
55 -14.90 -15.69

TaBLE 8: Thermodynamic parameters calculated from LP for the adsorption of indole derivates on C38 steel in 1M HCI at different

temperatures.
. Norharmane Harmane
Temp. ("C) 0 -1 0 -1 0 -1 -1 0 -1 0 -1 0 -1 -1
AG, 4, (k] mol™) AH ;. (kJmol™) AS,;, Jmol K7) AG, i (K mol™) AH, (k] mol ™) AS, 4 Jmol  K™)
25 -14.59 -14.71
35 -14.84 -8.45 20.7 —-15.04 -7.43 24.5
45 -15.06 -15.23
55 -15.21 —-15.46

an exothermic process. Generally, an exothermic adsorption
process suggests either physisorption or chemisorption while
endothermic process is attributed to chemisorption [17].
Moreover, the values obtained for harmane are somewhat
higher than those obtained for norharmane. This result indi-
cated that harmane is more strongly adsorbed on the steel
surface. This is in good agreement with the results obtained
from impedance and polarisation measurements. The results
show a great difference between the value of AH.; for
harmane obtained from EIS (-3.88kJ mol™) and from LP
(=7.40kJ] mol ™). This difference may be due to the accuracy
of linear regression between AG., and T, where the linear
regression coefficient (R*) obtained from EIS is 0.9905 and
from LP is 0.9254. The AS:\)ds values in the presence of indole
derivates are large and positive, meaning that an increasing in
disordering takes place in going from reactants to the metal-
adsorbed species reaction complex [49].

The integrated version of the Van't Hoft equation ex-
pressed by (11) can be also deduced the AH;?ds value [50]:

AH
InK = —R—;fis + constant. (11)

Figures 20 and 21 show the plot of In K versus 1/T from
both methods which gives straight lines with slopes of

(—AHgdS/R) and intercepts of (—ASgds/R + In1/55.5). The

4.2 1

4.1 1

M)

InK (

3.9 1

a

304 309 314 319 324 329 334
1/T 10® (K1)

3.8

& Norharmane
¢ Harmane

F1GURE 20: Van't Hoff plots for the C38 steel/indoles/1 M HCl system
evaluated from LP.

calculated AH?,  using the Van't Hoff equation are —8.25
(from IES) and —8.41 (from LP) kjmol™ for norharmane.
For harmane, the calculated AHSdS are —3.88 (from IES) and
~7.40 (from LP) kJ mol™'. These results confirm the exo-
thermic behaviour of the adsorption of the inhibitors on the
steel surface, therefore, the physisorption process. Values of
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FIGURE 21: Van't Hoff plots for the C38 steel/indoles/1 M HCl system
evaluated from IES.

AH;’ds obtained by both (9) and (10) are in good agreement.
Moreover, the deduced AS;l)dlS values (~=20.01) mol ' K™* from
IES and —20.82 ] mol ™! K™! from LP) and (-36.14 ] mol ' K™
from IES and —24.63J mol ' K™! from LP) for norharmane
and harmane, respectively, are very close to those obtained in
Tables 7 and 8.

4, Conclusion

Norharmane and harmane were found to be inhibitors for
C38 steel corrosion in 1M HCI solution and their inhi-
bition efficiency increased with increasing concentration.
Indole derivates are found to affect both the anodic and
cathodic processes and their inhibition efficiencies decrease
with increasing temperature. Impedance measurements show
that the interface studied (in presence of the compounds
investigated) is described by a relatively simple structural
model, which shows the presence of one time constant and
dispersed capacitance. For the most temperatures 45 and
55°C, an inductive loop appeared at low-frequency values.
The structural parameters calculated show decrease of the
resistance R, and increase of the capacitance. The inhibition
is attributed to physisorption of the heterocyclic compound
on the steel surface and blocking its active sites. The activation
parameters of corrosion process such as activation energy,
E,, activation enthalpy, AH,, and activation entropy, AS,,
were calculated from the dependence of corrosion rates
on the temperature from polarization and impedance mea-
surements. Also, the thermodynamic adsorption parameters
were calculated and commented on from polarization and
impedance measurements. The adsorption of indole derivates
on the mild steel surface in 1M HCI obeyed the Langmuir
adsorption isotherm model at all studied temperatures.
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