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Abstract

The corrosion inhibition of mild steel by 7-(ethylthiobenzimidazolyl) theophylline (7-ETBT) in
1 M HCl medium was investigated through weight loss and Tafel polarization techniques
within a temperature range of 298 to 318 K. The inhibition efficiency depends on the concen-
tration of 7-ETBT and reaction system temperature. The maximum inhibition efficiency
values of 90.73 and 87.06 %, respectively, were estimated using both weight loss and Tafel
polarization techniques at 298 K. The results suggest spontaneous and predominant
physical adsorption of 7-ETBT on the metal surface which obeys Langmuir isotherm model.
Furthermore, Tafel polarization method revealed that 7-ETBT is a mixed-type inhibitor. Po-
tentiodynamic polarization results are in accordance with weight loss data to a good extent.
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Introduction

Corrosion of metallic materials in acidic solution is of huge concern and its inhibition has been
deeply investigated [1,2]. Hydrochloric acid is widely used in various technological processes in
industry including pickling baths, extraction and processing of oil and gas and in other chemical and
petrochemical industries [3,4]. Corrosion of mild steel is important and expensive problem in the
industries and represents a significant portion of losses as a result of lost production, inefficient
operation, and high maintenance cost. It has been found that one of the best methods for protecting
metals against corrosion involves the use of inhibitors which are mostly organic compounds. Organic
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compounds contain electronegative functional groups and m-electrons in triple or conjugated
double bonds that slow down the corrosion rate [5-7].

Many organic compounds have been investigated as corrosion inhibitors for different types of
metals including mild steel [8-10]. With increased awareness towards environmental pollution and
control, the search for less toxic and environmentally friendly corrosion inhibitors is becoming
increasingly important. Thus, researchers have focused their works on several synthesized
compounds, for which non-toxicity tests are carried out during their synthesis [11-14].

A detailed literature review showed no data available regarding the behavior of 7-ETBT as
corrosion inhibitor for mild steel. Herein, for the first time, we report the use of 7-ETBT as a
corrosion inhibitor for mild steel in one molar hydrochloric acid medium. The aim of the present
paper is to evaluate the behavior of the studied inhibitor against mild steel corrosion in 1M HCI, by
analyzing both thermodynamic data and potentiodynamic polarization parameters. The chemical
structure of 7-ETBT is shown in Scheme 1.

0 H
ch\N | N;\/S\\rN
N
P @
L.,

Scheme 1. Chemical structure of 7-(ethylthiobenzimidazolyl) theophylline

Experimental

Mild steel specimen and reagents

The test samples used in corrosion studies were cut from a piece of mild steel into coupons of
dimensions 1x1x1 cm. Mild steel was of the following chemical composition (wt.%) (C: 0.17, Mn:
0.03, Si: 0.14, S: 0.028, P: 0.033 and Fe: balance).

7-ETBT, a beige color chemical with molecular formula CisHis NsO3S, was provided by the
Laboratory of Organic Chemistry and Natural Substances, Felix Houphouet-Boigny University. Its
molecular structure was identified by *H NMR and *3C NMR spectroscopy:

-RMN *H (400 MHz, DMSO-dg, 6 / ppm): 3.22 (s, 6H, -CHs-); 3.74 (dd, J=6.6, 5.1 Hz, 2H, N-CH,-);
4.60 (dd, 2H, -CH>-S); 7.04 (dd, 2H, Har); 7.32 (dd, 2H, Har); 7.96 (s, 1H, N=CH-).

-RMN 13C (DMSO, 6 / ppm): = 27.56 (CHs-); 29.22 (CHs-); 32.00 (N-CH>-); 46.49 (-CH-S); 150 (Car);
149.34 (Car); 148.34 (Car).

The corrosive aqueous solution of 1 M HCl was prepared by dilution of analytical grade 37 % HCI
purchased from Sigma-Aldrich Chemicals with bi-distilled water. Acetone of purity 99.5 % was also
purchased from Sigma-Aldrich Chemicals. 1 M HCI solutions without or with different quantities of
7-ETBT, ranging from 0.02 to 2 mM were then prepared.

Weight loss measurements

Each test was conducted in 50 mL of aerated and unstirred 1 M HCI solution without or with
desired concentrations of the tested inhibitor for 1 h immersion time at different temperatures.
Temperature was regulated by a water-controlled thermostat (Memmert, precision £0.5 °C). Prior
experiments, mild steel coupons were polished with different emery papers, washed thoroughly
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with bi-distilled water, degreased and dried with acetone. The obtained samples were then kept in
an oven (Memmert) at 70 °C and weighed accurately. After 1 h of immersion in the corrosive media
with or without 7-ETBT, the specimens were carefully washed in bi-distilled water, dried and
reweighed accurately. Triplicate experiments were performed in each case and the mean value of
the weight loss was reported. From the weight loss measurements, the corrosion rate (CR), degree
of surface coverage (#), and inhibition efficiency (/E) were calculated using following equations [15]:

Am
CR=—" 1
R St (1)
g CRo-CR (2)
CRy
/E=LCR°'CRJ100 (3)
RO

where CRo and CR (expressed in mg h™* cm) are respectively corrosion rate without and with 7-ETBT,
Am is weight loss, S is total surface of steel specimen and t is immersion time.

Electrochemical measurements

Electrochemical experiments were carried out at the ambient temperature (298 K) in a
conventional three-electrode glass cell of 100 mL cell capacity. Mild steel specimen served as the
working electrode (WE) having the exposed surface of 1.000+0.001 cm?, with the rest being covered
by a commercially available polymeric resin. A platinum electrode and a saturated calomel electrode
(SCE) coupled to a fine Luggin capillary served as the counter (CE) and reference (RE) electrode,
respectively. All potential values given in this study are referred to SCE reference. Solutions were
aerated, unstirred and prepared like these used for weight loss measurements. All measurements
were performed with the Autolab PGSTAT 20 potentiostat (Ecochemie, Utrecht Netherlands)
controlled by GPES 4.4 software. Origin 6.0 software was used for plotting, graphing and fitting data.
Before each measurement, the mild steel working electrode was prepared as described for weight
loss measurements and immersed in the test solution for 30 min to establish steady state at the
open circuit potential (Eocp). Tafel polarization curves were carried out by linear potential sweeps at
the scan rate of 1 mV/s, applied from the cathodic potential of —1000 mV to anodic potential of
+1000 mV with respect to Eocp. Each experiment was repeated at least three times using always a
fresh mild steel electrode. Only well reproducible results were reported. The inhibition efficiency
(/E) was calculated according to:

i 0_j inh

IE:[ICOFI’ . ./COOI"F ]100 (4)
/corr

where jeor® and joor™" are referred to the corrosion current density in solutions without and with the

inhibitor, respectively.

Results and discussion

Weight loss measurement

The weight loss method has found broad practical application. A major advantage of this method
is its relative simplicity and availability. In addition, this method uses a direct parameter for the
guantitative evaluation of corrosion, the loss in weight of the metal [16]. The data obtained from
weight loss measurements for the corrosion rates of mild steel samples in 1M HCl solutions with and
without 7-ETBT at different temperatures are presented in Figures 1 and 2.
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Figure 1. Evolution of corrosion rate of mild steel with temperature at different concentrations of 7-ETBT

As displayed in Figure 1, the curves showed that corrosion rate of mild steel in the studied
medium increases with increasing temperature. However, the increase in 7-ETBT concentration
(from 0.02 to 2 mM) is accompanied by decrease of corrosion rate over the temperature range
(298-318 K). These results highlight the fact that adsorption of inhibitor on the metallic surface
increases with increase in inhibitor concentration. The evolution of inhibition efficiency calculated
using equation (3) versus temperature is illustrated in Figure 2.

90 -

80 -

N ‘\‘\—0\‘\.
X
~
W 60 -
- —8—0.02mM 0.1 mM

50 -

1mM 2 mM
40 T T T T
295 300 305 310 315
T/K

Figure 2. Inhibition efficiency vs. temperature for different concentrations of 7-ETBT

As shown in Figure 2, the inhibition efficiency decreases with the rise in temperature for the
inhibitor concentration range studied. According to the literature [17], the decrease in inhibition
efficiency with increase of temperature indicates that the process of adsorption of the inhibitor on
the corroding metal surface is physisorption. This effect can be also attributed to the increase in the
solubility of the protective films and of any reaction products precipitated on the surface of the
metal [18], thereby increasing the metal surface exposure to corrosive attack when the temperature
rises. All these observations indicate that the studied inhibitor acts as an effective inhibitor of mild
steel corrosion over the concentration range studied. This behavior could be explained by the
formation of a barrier which separates the metal from the acidic solution.

Adsorption considerations

Attempts were made to fit degree of surface coverage (#) values to three isotherms including
Langmuir, El-Awady and Flory-Huggins. The best fit according to the strong correlation (R? > 0.995)
and slopes of straight lines close to unity over the temperature range studied were obtained with
Langmuir adsorption model. In the rearranged form, Langmuir adsorption isotherm is expressed as:
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Cinh 1
=—+GC 5
0 Kads inh ( )

where Kaq4s is adsorption equilibrium constant.
The curve of Cinh /8 as a function of Cinn (inhibitor concentration) is shown in Figure 3.
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Figure 3. Langmuir adsorption isotherm for 7-ETBT on mild steel in 1M HCl at different temperatures

Regression parameters related to Langmuir adsorption isotherm are gathered in Table 1.

Table 1. Regression parameters of Langmuir adsorption isotherm of 7-ETBT on mild steel surface in 1 M HCI

T/K R? Slope Intercept
298 0.9960 1.1080 0.0351
303 0.9955 1.1396 0.0370
308 0.9958 1.1653 0.0376
313 0.9953 1.1911 0.0407
318 0.9951 1.2171 0.0424

In order to assess the strength of interactions between inhibitor molecules and the metal surface,
the values of adsorption equilibrium constant Kags were calculated using intercepts of straight lines
on Cinn /Gaxis. The calculated adsorption equilibrium constant was related to the standard free
energy of adsorption AG%qs by the following equation [19]:

AGP%q4s=-RT In (55.5 Kags) (6)

In equation (6) [20], 55.5 is concentration of water in mol L%, T is absolute temperature while R
is universal gas constant. The values of AG%4s and other adsorption thermodynamic functions are
summarized in Table 2.

Table 2. Adsorption thermodynamic functions of 7-ETBT on mild steel surface in 1M HCI

T/K Kags / Mt AG®q4s / k) mol? AHO%qs / kJ mol? AS%q4s / k) mol?
298 28490.03 -35.35

303 27027.03 -35.81

308 26595.74 -36.36 -7.52 93.40

313 24570.02 -36.74

318 23584.91 —-37.22

In our work, the computed values of AG%qsfor 7-ETBT were ranging from —35.35 to —37.22 k) mol?
which indicated that adsorption of 7-ETBT on the mild steel surface may involve physisorption as
well as chemisorption [21,22]. Decrease in values of Kags with increasing temperature suggest that
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desorption process is enhanced with increase in temperature [22]. The large negative values of
AG%qs reveal that the adsorption process occurs spontaneously and the adsorbed layer on the
metallic surface is highly stable [23]. The standard adsorption enthalpy change (AH%qs) and the
standard adsorption entropy change (AS%qs) are correlated with the standard Gibbs free energy
(AG%4s) according to the following equation:

AG%qs = AHO4s - TAS 145 (7)

Figure 4 presents plots of AG%gs versus temperature. The values of AH%q4s and AS%qs obtained by
linear regression are listed in Table 2 AH%qs value is negative, showing an exothermic process.
According to the literature [24], an exothermic process means either physisorption or chemisorption.
Therefore this result confirms that the process of adsorption is both physisorption and chemisorpti-
on [25]. AS%qs value is positive, meaning that disorder increases during the adsorption process. This
situation can be explained by the desorption of water molecules replaced by the inhibitor.
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Figure 4. AG .4 vs. temperature for adsorption of 7-ETBT on mild steel in 1 M HCI

Effect of temperature and activation parameters of the corrosion process

The activation energy (E3) can be calculated by using Arrhenius equation:

E,
log(CR)=logA——2— 8
g (CR) 8 2.303RT ( )

where A is the Arrhenius pre-exponential constant.
Plot of log CR versus 1/ T yields a straight line (Figure 5), where slope and intercept define -
E./ 2.303 R and log A values, respectively.
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Figure 5. Arrhenius plots for mild steel corrosion in 1 M HCl without and with of 7-ETBT
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The other activation parameters for the corrosion process were calculated from the Arrhenius
equation:

Iog[@]z{log(ijﬁL AST, J— Ay (9)
T NXh) 2.303R| 2.303RT
where AS.* is the change in apparent activation entropy, AH",is the change in apparent activation
enthalpy, N is Avogadro number and h is Planck constant.

Figure 6 presents plots log (CR/T) versus 1/T for mild steel corrosion in blank solution and
solutions with different concentrations of 7-ETBT. The slope —AH,* /2.303RT and the intercept

(log (R / X h) + ASa* / 2.303 R) of each straight-line lead to the values of activation enthalpy change
and activation entropy change (Table 3).
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Figure 6. Transition state plots for mild steel corrosion in 1 M HCl without and with 7-ETBT

Table 3. Activation parameters for mild steel corrosion in 1 M HCl without and with 7-ETBT

Solution concentration, mM E./ kI mol? AH*, / k) mol? AS*, /) molt K?
0.0 (blank) 92.23 92.57 69.66
0.02 104.27 101.58 97.31
0.10 104.90 102.21 100.08
1.00 105.68 102.99 101.19
2.00 116.52 113.81 131.62

From Table 3, it seems that E; and AH,* values are varied in the same manner, i.e. they increase
with increase of inhibitor concentration, what is probably due to the thermodynamic relation between
them (AH.* = E;-RT). Also, it can be seen that the values of E; are higher in inhibited than uninhibited
(blank) solutions. On the other hand, higher values of E;in the presence of inhibitor compared to that
in its absence, and decrease of the inhibition efficiency (/E) with increase in temperature can be inter-
preted as an indication of predominant physical adsorption process [26-28]. Moreover, the positive
signs of AH,* reflect the endothermic effect of mild steel dissolution process. The value of AS,* is also
higher for inhibited than uninhibited solutions. This phenomenon shows that disorder increases on
going from reactant to activated complex. This might be the result of the adsorption of organic
inhibitor molecules from the acidic solution which could be regarded as a quasi-substitution process
between the organic compound in the aqueous phase and water molecules at the metal surface [29].

Tafel polarization

Potentiodynamic polarization curves were recorded to obtain information about the influence of
7-ETBT on anodic and cathodic processes at mild steel in the test solution. Polarization curves for
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mild steel in 1 M HCl without and with 7-ETBT at different concentrations are shown in Figure 7. The
anodic and cathodic current—potential curves were extrapolated up to their intersection points,
where corrosion current density (jecorr) and corrosion potential (Ecorr) are evaluated. The effect of
increasing concentration of 7-ETBT on the anodic and cathodic polarization curves of mild steel in 1
M HCl solution at 298 K is also presented in Figure 7. Increasing of 7-ETBT concentration moved both
cathodic and anodic branches of polarization curves toward lower current densities, what reveals
that inhibitor molecules are adsorbed on the metal surface.

|

Blank
0.02 mM
0.1 mM
1T mM
2mM

log(j/ Acm’)

r I r
-1.0 -0.5 0.0 0.5 1.0
E/V vs. SCE

Figure 7. Potentiodynamic polarization curves obtained for mild steel in 1 M HCl at 298 K,
without and with 7-ETBT

Electrochemical parameters associated with Tafel polarization measurements such as anodic and
cathodic Tafel slopes (ba and b¢), corrosion potential (Ecorr) and corrosion current density (jcorr) Were
estimated from polarization curves and listed in Table 4, together with /E values calculated using
equation (4). As is presented in Table 4, the slopes of cathodic and anodic Tafel lines are almost
constant and independent on the inhibitor concentration, meaning that the inhibiting action of the
tested compound occurred by simple blocking of the available surface area. In other words, the
inhibitor decreased the surface area available for anodic dissolution and hydrogen evolution
reactions, without affecting their reaction mechanisms.

Table 4. Potentiodynamic polarization data for corrosion of mild steel in 1 M HCl solutions without and with
different concentrations of 7-ETBT at 298 K

Cinh/ MM Ecore / mV vs. SCE jeorr/ A cm b,/ mV dec? -bc / mV dec? IE] %
0 (blank) —-453.53 451.06 104.85 115.31 -
0.02 -469.42 135.05 108.13 164.02 70.06
0.1 -470.30 116.84 117.52 159.60 74.10
1 -472.61 94.81 121.93 168.38 78.98
2 -482.68 58.35 129.80 172.29 87.06
Conclusions

From the results of the present study, it can be concluded that 7-ETBT is the efficient corrosion
inhibitor of mild steel in 1 M HCI, reaching the inhibition efficiency of almost 90 % for 2 mM of
7-ETBT at 298 K.

The inhibition efficiency of 7-ETBT is concentration and temperature dependent. Inhibition
efficiency increases with increase of inhibitor concentration (0.02-2 mM) and decrease of
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temperature. Decrease of inhibition efficiency with increase of temperature (298-318 K) suggests
physisorption of inhibitor molecules at the metal surface. In addition, the values of free energy of
adsorption suggest both physisorption and chemisorption mechanisms with a predominant
physisorption effect. The obtained data fit well the Langmuir adsorption isotherm.

Potentiodynamic polarization data reveal that the studied inhibitor is a mixed-type one, and its
inhibiting action is occurring by simple blocking of the available surface area. In general, Tafel
polarization data confirm the results obtained from weight loss study.
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