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Abstract N-((2-chloroquinolin-3-yl)methylene)aniline (CQM) and N-((2-chloro-
quinolin-3-yl)methylene)-5-methylthiazol-2-amine (CQMA) were synthesized. The
effect of CQM and CQMA have been investigated against mild steel (MS) in 1 N
HCI solutions using conventional weight loss, potentiodynamic polarization, linear
polarization, electrochemical impedance spectroscopy, UV-Vis spectroscopy and
scanning electron microscopic studies. The losses in the weights of MS samples
have proved that both CQM and CQMA are efficient inhibitors. The mixed mode
of inhibition was confirmed by electrochemical polarizations. The adsorptions of
these inhibitors are found to follow the Langmuir adsorption isotherm. CQM and
CQMA adsorbs on the MS sample by chemisorptions.

Keywords Corrosion inhibitor - EIS - Mild steel - Polarization - SEM -
Weight loss

Introduction

There is a continuing effort to find a corrosion inhibitor that exhibits a greater effect
with a smaller quantity in the corrosion medium. This is a challenging problem in
the steel industry because corrosion over mild steel (MS) surfaces affects long term
industrial projects [1-3]. Addition of inhibitor remains the necessary procedure to
secure the metal against acid attack in chemical cleaning and pickling to remove
mild scales (oxide scale) from the metallic surface. Organic inhibitors are used to
protect the metal from corrosion by forming a barrier film on the metal surface. The
addition of corrosion inhibitors effectively secures the metal against an acid attack.
Inhibitors are used in these processes to control metal dissolution [4-6] and, during
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the past decade, many organic inhibitors have been studied in different media
[7-10]. Their effectiveness is related to the chemical composition, their molecular
structure, and their affinities to get adsorbed on the metal surface. The mechanism
of their action can be different, depending on the metal, the medium, and the
structure of the inhibitor. One possible mechanism is the adsorption of the inhibitor,
which blocks the metal surface, and thus does not permit the corrosion process to
take place. Organic compounds containing electronegative functional groups and
n-electrons in conjugated double or triple bonds generally exhibit good inhibitive
properties by supplying electrons via n orbitals. Specific interaction between
functional groups containing heteroatoms like N, O, and S having free electron pairs
and the metal surface play an important role in inhibition. When both of these
features combine, increased inhibition can be observed [11-15].

Schiff base compounds are the condensation products of an amine and a ketone/
aldehyde. Recent publications show increased interest in these compounds as
corrosion inhibitors especially in acidic environments for protection of various
metals like steel, aluminium and copper [16-20]. The greatest advantage of many
Schiff base compounds is that they can be conveniently and easily synthesized from
relatively cheap materials. Some Schiff bases have been reported earlier as
corrosion inhibitors for steel. These compounds, in general are adsorbed on the
metal surface blocking the active corrosion sites. A recently reported research
revealed that the inhibition efficiency of Schiff’s bases are much higher than that of
corresponding aldehyde and amines due to the presence of a >C=N- group in the
molecules [21]. The planarity (7) and lone pairs of electrons present on N atoms are
the important structural features that determine the adsorption of these molecules on
the metal surface.

The present work reports the use of a new quinoline derivatives, the N-((2-
chloroquinolin-3-yl)methylene)aniline (CQM) and N-((2-chloroquinolin-3-yl)meth-
ylene)-5-methylthiazol-2-amine (CQMA) (Figs. I, 2) and investigated their
inhibition action on corrosion of MS in 1 N HCI solutions. Corrosion behaviours
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Fig. 2 Molecular structure of CQMA
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of MS in 1 N HCI media in the absence and presence of both the inhibitors have
been studied by weight loss (WL) method, potentiodynamic polarization, linear
polarization and electrochemical impedance spectroscopy (EIS).

Experimental
Preparation of inhibitor compounds

The compound CQM was synthesized by stirring the mixture of 2-chloro-quinoline-
3-carbaldehyde (0.005 mol) and aniline (0.005 mol) in ethanol with catalytic
amount of sulfuric acid and heated to reflux for 6-7 h. After completion of the
reaction (thin layer chromatography), the reaction mixture was poured onto crushed
ice; the solid mass thus separated out was filtered, washed with water and dried to
give the desired Schiff base compound (CQM). Similar procedure was followed for
CQMA, where the 2-chloro-quinoline-3-carbaldehyde was reacted with 2-amino
5-methyl thiazole [22-24].

N-((2-chloroquinolin-3-yl)methylene)aniline (COM)

IR (KBr, cm™'): 1656, 1589, 1531, 760. 'H NMR (400 MHz, DMSO-ds) 9
7.20-7.35 (m, 5H, Ar-H), 7.52 (m, J = 1.6 Hz, 1H, C-1 proton of quinoline), 7.64
(dt, J = 7.5, 1.7 Hz, 1H, C-6 proton of quinoline), 7.77-7.80 (m, 2H, C-2 and C-10
proton of quinoline), 7.94 (dd, J = 8.0, 1.5 Hz, 1H, C-3 proton of quinoline). 8.91
(s, 1H, -CH=N-). Anal. caled. for C;¢H;;CIN,: C, 72.05; H, 4.16; N, 10.50 %;
found: C, 72.79; H, 4.58; N, 10.89 %.

N-((2-chloroquinolin-3-yl)methylene)-5-methylthiazol-2-amine (CQMA)

IR (KBr, cm™"): 1670, 1539, 762, 650. "H NMR (400 MHz, DMSO-dg) d 2.41 (s,
3H, Ar-CH; at thiazole ring), 7.21 (d, 1H, Ar-H at thiazole ring), 7.52 (m,
J = 1.7 Hz, 1H, C-1 proton of quinoline), 7.69 (dt, J = 7.7, 1.5 Hz, 1H, C-6 proton
of quinoline), 7.75-7.83 (m, 2H, C-2 and C-10 proton of quinoline), 7.93 (dd,
J = 8.0, 1.6 Hz, 1H, C-3 proton of quinoline), 8.76 (s, 1H, -CH=N-). Anal. calcd.
for C4H;oCIN5S: C, 58.43; H, 3.50; N, 12.32 %; found: C, 58.74; H, 3.70; N,
12.64 %.

Materials

MS specimens obtained from the Metal Samples Company were used as the
working electrodes (WEs) throughout the study. The composition of the MS was:
0.09 % P, 0.37 % Si, 0.01 % Al 0.05 % Mn, 0.19 % C, 0.06 % S and the remainder
Fe. The samples of 1 x 1 cm? area were ground with different grades of silicon
carbide abrasive papers, i.e. grade 120, 320, 400, 800, 1000, and 2000 to get bright
mirror finish followed by rinsed with a large amount of water. Then they were
degreased with AR grade ethanol and acetone and dried at room temperature, and
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then stored in desiccators before use. The acid solutions were made from analytical
grade 37 % HCI by diluting with double-distilled water.

UV-Vis spectral studies

The corrosion products formed on MS surface during polarization was removed by
scrapping and was used for recording UV spectra. This study reveals the possibility
of the adsorption on the inhibitor on the MS surface. UV was recorded on a Cary 50
Conc spectrophotometer.

Scanning electron microscopy

The surface morphology of the MS specimens immersed in 1 N HCl in presence and
absence of the CQM and CQMA were studied by using scanning electron
microscopy (SEM). The immersion time of the electrodes for the SEM analysis was
12 h. immediately after the corrosion tests, the samples were subjected to SEM
studies to know the surface morphology. SEM Jeol JSM-5610LV was used for the
experiments.

Methods
Potentiodynamic polarization measurements

Polarizations and impedance measurements were carried out using the instrument
Electrochemical analyzer model 608 C (USA). Electrochemical experiments were
performed in a conventional three electrodes electrochemical cell with a WE of the
MS, a pure platinum counter electrode and saturated calomel electrode as a
reference electrode. The open circuit potential was recorded after 30 min immersion
of WE in the test solution, and then the impedance measurement and the
potentiodynamic test. The AC impedance measurements are shown as Nyquist plots
and the polarization data as Tafel plots. Polarization resistance measurements were
first carried out with a scan rate of 0.01 V/s at —10 to +10 mV versus corrosion
potential (E.,) of the WE. The MS electrodes were immersed for 4 h in the test
solutions for the impedance measurements which were carried out at the E.;.

Electrochemical impedance spectroscopy (EIS)

EIS was employed as a sophisticated and established laboratory technique with the
relevant software to determine the important parameters like the charge transfer
(corrosion) resistance (R;) rate and double layer capacitance (Cyqy) [25-29]. Using
Electrochemical analyzer model 608 C (USA) the AC impedance measurements
were carried out in the range of 0.1-1,000 Hz. The AC signal was 5 mV peak-to-
peak, with 12 data points per decade. The same cell and system as in the
polarization method was used. The double layer capacitance (Cg) and the charge
transfer resistance (R,) were calculated from Nyquist plots.
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WL method

The WL of MS in 1 N HCI solutions in the presence and absence of various
concentrations of the inhibitors CQM and CQMA were determined after 4 h period
of immersion using glass hooks and rods. The mass of the specimens before and
after immersion was determined using an analytical balance of 0.01 mg accuracy.
The tests were performed at various temperatures (with 1 °C accuracy) controlled
by using a thermostated water bath. All the aggressive acid solutions were open to
air. From the WL data, the percentage inhibition efficiency (E,,%) was calculated at
different concentrations at 25-35 °C.

Results and discussion
Potentiodynamic (Tafel) polarization measurements

The numerical values of the variation of corrosion potential (E,,,,), the corrosion current
density (/...), the anodic and cathodic Tafel slopes (b, and b.) with the concentrations of
CQM and CQMA are given in Table 1. These values were calculated from the Tafel fit
routine provided by CH Electrochemical analyzer model 608 C (USA). The values of
inhibition efficiency (E1%) were calculated using the following equation:
Leorr — Loom(i
E% = 100 x —om — “corr(inh) (1)
ICOI‘I'

where .o and I.oninny represents the values of corrosion current densities without
and with the additives, respectively and were determined by extrapolation of the

Table 1 Tafel polarization parameter values for the corrosion of MS in 1 N HCI solution containing
different concentrations of CQM and CQMA

Inhibitor IC (mg kg™!) —Ecow (V) k* (mV per Low A cm™) R, (Qcm®) E%  Epp%

decade)
b, b,
CcQM 1 N HC1 0.508 145 135 4.0800 7 - -
5 0.440 74 91 0.3279 57 91.96 87.71
10 0.450 79 93 0.2740 76 93.28 90.78
15 0.453 90 95 0.1983 103 95.13 93.20
20 0.460 93 102 0.1557 124 96.18 94.35
25 0.461 101 112 0.1410 148 96.54 95.27
CQMA 1 N HCI 0.508 145 135 4.0800 7 - -
5 0.456 79 143 0.1250 178 96.93  96.06
10 0.463 82 134 0.0914 243 97.75 97.11
15 0.468 91 132 0.0738 317 98.19 97.79
20 0.475 123 154 0.0598 498 98.53 98.59
25 0.499 138 143 0.0342 891 99.19 99.21

# Tafel constant

@ Springer



1054 B. M. Mistry, S. Jauhari

cathodic and anodic Tafel lines to the corrosion potential E.,. It was found from
Table 1 that the values of E;% were increased with increase in the concentration of
both the additives. This study has indicated that by increasing the inhibitors con-
centration, the corrosion current density was decreased and the corrosion potential
(Ecorr) Was shifted slightly to more positive values. Also, the inhibition efficiency
E1% was increased. At the highest concentration of 25 ppm, the values of E;% were
96.54 and 99.19 % for CQM and CQMA respectively.

The inhibiting properties of the CQM and CQMA have also been evaluated by
determining the polarization resistance R, ({2 cm?). The corresponding polarization
resistance (Rp) values for MS in 1 N HCI solutions in the absence and presence of
different concentrations of the additives are given in Table 1. The values of
inhibition efficiency (Erp%) were calculated as follows:

R
Erp% = 100 x -2 2)

Rp(inh)
where R, and Ry inpy are the polarization resistances in the absence and presence of
the additives, respectively.

Both Fig. 3a and b revealed that an increase in the inhibitor concentration leads
to block more anodic sites which were responsible for the metal dissolution.
Adsorption of organic inhibitor molecules onto a metal surface retarding the metal
dissolution and as a consequence hydrogen evolution by blocking the active sites on
the MS or even can screen the covered part of the electrode and therefore protect it
from the action of the corrosion medium [30, 31]. The variation of b. values with
altering in type and concentration of inhibitors indicated that there was an influence
of the compounds added on the kinetics of hydrogen evolution. Also, the shift in the
anodic Tafel slope (b,) may be due to the adsorption of chloride ions/or inhibitor
molecules adsorbed onto the steel surface [32]. The presence of CQM and CQMA
did not prominently shift the corrosion potential, which confirmed that both the
studied quinoline derivatives have acted as mixed-type inhibitors. Furthermore, in
the presence of either compound, the slight change of both b, and b, has indicated
that the corrosion mechanism of MS does not change. These results proved that
these inhibitors have acted by simple blocking of the available surface area [33].
In other words, these inhibitors have decreased the active surface area for the acid
corrosion attack without affecting the mechanism of corrosion and only caused
inactivation of a part of the metal surface with respect to the corrosive medium R,,.

The R, values of MS in 1 N HCI solution in the absence and presence of different
concentrations of the tested additives are also given in Table 1. The results obtained in
Table 1 inferred that the R, values were gradually increased with increase in the
concentration of the additives. The values of inhibition efficiency (Erp%) of CQM and
CQMA were in good agreement with those of E;% obtained by the electrochemical
methods.

Electrochemical impedance spectroscopy (EIS)

EIS was employed in order to investigate the surface layer created by inhibitors. The
effect of inhibitor concentration on the impedance behaviour of MS in 1 N HCI
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Fig. 3 Tafel plots showing the effect due to a CQM and b CQMA on the corrosion of MS in 1 N HCI
solution

solutions containing different concentrations of CQM and CQMA are presented in
Fig. 3 at 25 °C.
The values of inhibition efficiency (Er%) were calculated by following the
equation:
t(inh) — Ry

R
Er% = 100 x (3)

t(inh)

where R, and RyGnp are the charge transfer resistances (2 sz) values in the absence
and presence of the additives, respectively. Further, To get the values of double
layer capacitance (Cg), the values of frequency (f,.x) at which the maximum
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imaginary component of the impedance —Zjmnmax) Were found, and were used in the
following equation with corresponding R, values:

1
= 4
2nfmaxRt ( )

Nyquist plots in Fig. 4a and b contained depressed semi-circles with the centre
under the real axis, whose size increased with the increase in the concentration of
additives, which confirmed that the charge transfer processes were mainly
controlling the corrosion of MS. An isolated Nyquist plot for MS in the blank
system is shown in Fig. 4c, and the value of real impedance (Z') was minimum only
12 Q cm? which confirmed that there was least charge transfer resistance (R;) of the
acid corrosion reactions. In presence of both the inhibitors, comparing with blank
system, the shape was maintained throughout all tested concentrations, indicating
that there was almost no change in the corrosion mechanism due to the inhibitor
addition. There was a gradual increase in the diameter of each of the semicircles of
the Nyquist plots when the concentrations were raised from 5 to 25 ppm in Fig. 4a
and b. This gradual increase of the diameters corroborated that the R, values were
increased up to the highest concentration of 25 ppm.

These capacitive loops are not perfect semicircles which can be attributed to the
frequency dispersion effect as a result of the roughness and inhomogeneities of the
MS electrode surface [34]. Furthermore, the diameter of the capacitive loop in
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Fig. 4 Showing the effect of a CQM and b CQMA on the corrosion of MS in 1 N HCI solution (times
25 mg kg™, stars 20 mg kg™, triangles 15 mg kg™, diamonds 10 mg kg~ and squares 5 mg kg™")

¢ Nyquist plot in 1 N HCI blank system
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the presence of inhibitor was bigger than that in the absence of inhibitor (blank
solution) and was increased with the increase in the inhibitor concentration, which
confirmed that the impedance of inhibited surface of the MS increased with the
inhibitor concentration.

For corrosion reactions which are strictly charge transfer controlled, impedance
behaviour can be explained with the help of a simple and commonly used equivalent
circuit which composed of a double layer capacitance, R, and R;. The resistor Ry is in
series to the double layer capacitance and R, while double layer capacitance is parallel
to R.. The double layer capacity is in parallel with the impedance due to the charge
transfer reaction. This type of circuit has been used previously to model the iron—acid
interface [35, 36]. The constant phase element, CPE, is introduced in the circuit instead
of a pure double layer capacitance to give more accurate fit as shown in the Fig. 5 [37].

Table 2 summarizes the values of R, and Cy,. There was a gradual decrease in the
value of Cy with an increase in the concentration of both CQM and CQMA. The
double layer between the charged metal surface and the solution has been considered
as an electrical capacitor. The adsorption of the CQM and CQMA on the MS electrode
leads to a decrease of its electrical capacity because they might have displaced the
water molecules and other ions originally adsorbed on the MS surface [38, 39]. The
decrease of this capacity with the increase in the concentrations of CQM and CQMA
was associated with the formation of a protective layer on the MS electrode surface.
The inhibition efficiency Egr% was found to increase with an increase in the
concentrations of CQM and CQMA. Decreasing the double layer capacitance, Cy,
was resulted from the decrease in local dielectric constant due to the increase of
electrical double layer thickness. This has proved that the role of inhibitor molecules
was preceded by the adsorption at the metal-solution interface. Therefore, the CQM
and CQMA molecules function by adsorption at the metal—solution interface. Another
evidence for the effective adsorption of CQM and CQMA on the steel surface could
be given from the observation that the maximum frequency (f;,.x) of the capacitive
loop of the uninhibited solution was decreased with increasing the inhibitor
concentration.

The results obtained have proved that the corrosion rate of MS was significantly
decreased due to the adsorption mechanism affecting both the anodic and cathodic
processes. The nature of interaction between the MS surface and the inhibitors could
be established by isotherm which has described the adsorption behaviour of the
inhibitor on the MS surface.

CPE

Fig. 5 Equivalent circuit used to fit the EIS data
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Table 2 Electrochemical
impedance parameters for MS in
1 N HCI solution in the presence

Inhibitor  IC (mgkg™") R (Qcm?)  Cq (WFcm?)  E (%)

of different concentrations of com 1 N HCI 12 163 -
CQM and CQMA 5 140 141 91.42
10 170 116 92.94
15 210 78 94.28
20 240 68 95.00
25 280 48 95.71
CQMA 1 N HCI 12 163 -
5 270 73 95.55
10 350 56 96.57
15 470 35 97.44
20 700 23 98.28
25 1300 10 99.07

IC inhibitor concentration

WL measurements

The corrosion of MS in 1 N HCI solutions in the absence and presence of various
concentrations (5-25 ppm) of CQM and CQMA has been studied by the WL
experiments. The corrosion rate (W..,) and the values of inhibition efficiency
(Ew%) were calculated according to the following equation:

WO - Wcorr

E,% = 100 x We

(5)
where W, and W, are the corrosion rates of MS with and without the additives,
respectively.

The values of inhibition efficiency (E,,%) and corrosion rate (W) were obtained
from WL measurements with the addition of various concentrations of CQM and
CQMA after 4 h of immersion in 1 N HCI solutions. The results summarized
Table 3 inferred that both the quinoline derivatives CQM and CQMA have inhibited
the corrosion of MS in 1 N HCI solutions at all concentrations. The inhibition
efficiency (E,, %) was increased with an increase in the concentration of the additives
which has confirmed that the number of molecules adsorbed were increased over the
MS surface, blocking the active sites of acid attack and, thereby, protecting the MS
from corrosion. At 25 ppm of each additives studied, the Ey% attained was
maximum 90.13 % for CQM and 95.06 % for CQMA, which has also confirmed
that both the additives were very effective as inhibitors for MS in 1 N HCI solutions.

Effect of temperature

To study the effect of temperature on the inhibition efficiencies of CQM and
CQMA, WL measurements were carried out in the temperature range 25-45 °C in
absence and presence of inhibitors at optimum concentrations for 3 h of immersion.
The corresponding data are shown in Table 5. The apparent activation energies for
the steel dissolution process can be evaluated from the following relationship:
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E()
W = K’ exp <_R 3T>

E,
W=K eXp (- ﬁ)

(6)

()

where K° and K are the rate constants, E, and E are the activation energies for the
corrosion in the presence and absence of the inhibitor, respectively. T is the absolute
temperature in Kelvin and R is the universal gas constant. The logarithm of the
corrosion rate of steel W,,, can be represented as straight-lines function of
1/T (Arrhenius equation) in Fig. 6.

Table 3 Inhibition efficiency
of MS in 1 N HCl solution in the

presence and absence of
different concentrations of
CQM and CQMA (WL

method)

IC inhibitor concentration

In(W) (mg/cm?.h)

Inhibitor IC (mg kg™ " W (ugem 2 h™h Ey%
CcQM 1 N HCI 17.63 -
5 2.88 83.66
10 2.73 84.51
15 2.38 86.50
20 2.07 88.25
25 1.74 90.13
CQMA 1 N HCI 17.63 -
5 2.08 88.20
10 1.69 90.41
15 1.41 92.00
20 1.15 93.47
25 0.87 95.06

] * 1N HCl R?=0.959
] eCOM  R*=0.979
3 ACOMA F=0.970
[

] -

] e

. —— o

] e

] ER—

] T
3.1 3.15 3.2 3.25 3.3 3.35 34

1000/T (K)

Fig. 6 Arrhenius plots of MS in 1 N HCI in absence and presence of 25 ppm of CQM and CQMA
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The temperature effect depicts the absorbance of CQM and CQMA on the MS
surface at all temperatures. It was found that there is change in the corrosion rates in
absence and presence of inhibitors in 1 N HCI solutions. Corrosion of metal in
acidic media is accompanied with evolution of H, gas, as there is increase in the
corrosion rate with increase in temperature due to higher dissolution rate of the
metal. Table 5 shows that the corrosion rate with respect to temperature in absence
and presence of 1 N HCI solutions. The values of inhibition efficiency for CQMA
decreased from 95.06 at 25 °C to 92.21 % at 45 °C, similarly, for CQM it
decreased from 90.13 at 25 °C to 87.17 % 45 °C. Figure 6 shows the logarithm of
the corrosion rate of steel which can be represented as a straight-line function of 1/7,
where T is the temperature in Kelvin. All the linear regression coefficients were
close to 1, indicating that the MS corrosion in hydrochloric acid can be found out
using the kinetic model. The activation energy could be determined from the
Arrhenius plots for steel corrosion rate presented in Fig. 6. Equations (6) and (7) can
be used to calculate E, values of the corrosion reaction in the absence and presence
of CQM and CQMA which are EJ = 4.27 kJ mol~! for blank, E, = 14.58 for
CQM and E, = 22.15 kJ mol~' for CQMA, respectively. The increase in the
apparent activation energy may be interpreted as physical adsorption that occurs in
the first stage [40]. The increase in activation energy can be stated as to an
appreciable decrease in the adsorption of the inhibitor on the MS surface with
increase in temperature. Desorption of inhibitor molecule occurs with decreases in
adsorption as these two opposite processes are in equilibrium. As desorption
increases of inhibitor molecules at higher temperatures, the greater surface area of
MS comes in contact with aggressive environment, resulting increased corrosion
rates with increase in temperature [41].

Adsorption isotherm

Basic thermodynamic information on the interaction between inhibitor molecules
and the metal surface can be provided by the adsorption isotherm. The efficiency of
both molecules as a successful corrosion inhibitor mainly depended on their
adsorption ability on the MS surface. The adsorption process consisted of the
replacement of water molecules at a corroding interface according to following
process [42].

Org(sol) + nH2O(ads) - Org(ads) + nHZO(sol) (8)

where Orgsy and Org,gqs) are the organic molecules studied in the solutions and
adsorbed on the MS surface, respectively, and n is the number of water molecules
replaced by the organic molecules.

In order to obtain the isotherm, the surface coverage (0) values as a function of
inhibitor concentration must be obtained. The surface coverage (0) at differ-
ent concentrations of CQM and CQMA in 1 N HCI solution was calculated from
the corrosion rates obtained by the WL measurements using the following
equation:
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Wy - W
=~

0 9)
where W, and W are the corrosion rates in the absence and presence of the inhib-
itors, respectively. Then attempts were made to fit the 0 values to various isotherms
including Langmuir, Temkin and Frumkin. Among all these adsorption isotherms,
the Langmuir adsorption isotherms were found to be the best description for the
adsorption behaviour of the inhibitors studied.

Langmuir adsorption isotherm can be expressed by the following equation:

C 1

0 - Kads e (10)
where K4 is the equilibrium constant of the inhibitor adsorption process and C is
the inhibitor concentration. Plots of C/6 versus C yielded a straight line, as shown in
Fig. 7. In both the cases, the linear regression coefficients (R*) were almost equal to
1, indicating that the adsorption of CQM and CQMA obeyed the Langmuir
adsorption isotherm. Further, the K,q45 values were calculated from the intercepts of
the straight lines on the C/0-axis. The constant of adsorption (K,4s) has been related

to the standard free energy of adsorption, AG%,. with the following equation:

AGqgs = —2.303RT log(55.5Kaqs) (11)

where K,4s is the equilibrium constant of adsorption, R is the gas constant, T is
absolute temperature, and the value 55.5 is the molar concentration of water solu-
tion in mol L™".

The K.qs values obtained from the Langmuir adsorption isotherm are listed in
Table 4, together with the values of the Gibbs free energy of adsorption AGY, . The

ads*

high values of K,4s for CQM and CQMA have proved that there was stronger

0.12
] (@) CQMA R? =0.999 )
] ) CQM R*=0.999 7y
0.1 1
] /j:f(’}
| S (a
: 0.88 /,‘
Z 22
'
£ 0.06 A
e H
@] | &»
0.04 &
0.02 | &
) e SEREE—
[] 0.02 0.04 0.06 0.08 0.1
C (mM/L)

Fig. 7 Langmuir isotherm adsorption of CQM and CQMA on MS in 1 N HCI at room temperature
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Table 4 Thermodynamic parameters for adsorption of CQM and CQMA on MS in 1 N HCI solution

Inhibitor AGY (kJ mol™1)* AHY, (k] mol™1)" AS% (JK ' mol™1)*
cQM —41.66 —-11.62 100.8
CQMA —42.53 —-19.07 78.72

* Values are calculated at 298 K

adsorption on the MS surface in 1 N HCI solutions. The addition of inhibitors
caused negative values of AG%; which have confirmed that the inhibitors CQM and
CQMA were adsorbed spontaneously. It has been generally accepted that, for AG%,
values up to —20 kJ mol ™", the type of adsorption was regarded for physisorption
because the inhibitors acted due to the electrostatic interactions between the charged
molecules and the charged metal surface, while the values around —40 kJ mol ™!
were considered for as chemisorptions [43—45] which was due to the charge sharing
or a transfer from the inhibitor molecules to the metal surface to form a covalent
bond. In the present study, the values of AG%,. were —41.66 kJ mol ™' for CQM and
—42.53 kJ mol~' for CQMA found at 298 K, the calculated standard free energy of
adsorption value is closer to —40 kJ mol~'. Therefore it can be concluded that the
adsorption of the CQM and CQMA on the MS surface is more chemical than
physical one. [46].

The effect of temperature on the corrosion of the MS in the absence and presence
of the inhibitors in 1 N HCI solutions was studied by using WL method in the
temperature range of 25-45 °C and at optimum concentrations. Thermodynamic
parameters are important in studying adsorption of organic inhibitors on MS. The
heat of adsorption (AH) was calculated using the Van’t Hoff equation [47]:

H
InK = T + constant (12)

Figure 8 shows the straight line between 1/T (K™Y versus log (/1 — 0). The
slope of these straight lines is equal to —AH,4/2.303R. The heat of adsorption
(AHY,,) could be approximately regarded as the standard adsorption heat (AHY,)
under experimental conditions [48]. Further, the standard entropy of adsorption
(AS?,.) was obtained by following the thermodynamic basic equation:

AHc(l)ds — AG(a)ds

s, = a2 13)

All the calculated thermodynamic parameters are listed in Table 5. The values of
thermodynamic parameters for the adsorption of inhibitors could provide valuable
information about the mechanism of corrosion inhibition. While an endothermic
adsorption process (AH, > 0) is attributed unequivocally to chemisorption, an
exothermic adsorption process (AHY, < 0) may involve physisorption, chemisorp-
tion or a mixture of both [49]. In an exothermic process, physisorption can be
distinguished from chemisorption by considering the absolute value of AHY, . For
physisorption processes, this magnitude is usually lower than 40 kJ mol~"' while
that for chemisorptions approaches 100 kJ mol~' [50]. In the present work, the
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Fig. 8 Plots of UT (K™Y versus log(0/1 — ) for adsorption of CQM and CQMA on the MS in 1 N HCI1
solution

Table 5 Various corrosion parameters and free energy of adsorption for MS in 1 N HCI containing
optimum concentration of CQM and CQMA at different temperatures

Inhibitor Temperature CR (mg Surface 1E (%) Angs
(K) cm ™2 h coverage (0) (kJ morl)
Blank 298 17.63 - - -
308 18.29 - - -
318 19.65 - - -
CQM 298 1.74 0.9013 90.13 —41.66
308 2.01 0.8901 89.01 —43.08
318 2.52 0.8717 87.17 —44.53
CQMA 298 0.87 0.9506 95.06 —42.53
308 1.07 0.9414 94.14 —43.99
318 1.53 0.9221 92.21 —45.47

CR corrosion rate

negative sign of AHY has shown that the adsorption of inhibitors used was
exothermic. The absolute values of AHgdS for adsorption of CQM and CQMA are
11.62 and 19.07 kJ mol ™!, respectively, which were lower than 40 kJ mol~! and
indicate that the possibility of physisorption. Moreover, the positive sign of ASY, is
also related to substitutional process which can be attributed to the increase in the
water desorption entropy [51, 52]. It is also interpreted that with the increase of
disorders due to the more water molecules desorbed from the metal surface causes
an increase in the disorders of the system [53].
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UV-Vis spectral studies

UV-Vis adsorption spectra obtained from the corrosive solution of 25 ppm CQM and
CQMA before and after 4 h of MS immersion are shown in Fig. 9. The electronic
adsorption spectra of CQM and CQMA before the MS immersion display two bands
for CQM and one band for CQMA in UV region. The shorter wavelength band with
Amax at 281 nm and A, at 400 nm are ascribed to 7—n* and n—n* transition for CQM
and band with A,,,x at 365 nm is due to n—=n* transition for CQMA. After 4 h of MS
immersion clear changes are observed in absorbance which depicts the charge transfer

m (a) CQM without MS
3.5 (b) CQM with MS

Absorbance

0 LR L LA BLLEL RGN LR BLNL AL LN L AL LR NLEL B BN
230 260 290 320 350 380 410 440 470 500
Wavelength (nm)
3.5 -
1 (ID) (a) CQMA without MS
3] ®)  (b) CQMA with MS

Absorbance

325 345 365 385 405 425 445
Wavelength (nm)

Fig. 9 UV-Vis spectra of the solution containing 25 ppm CQM and CQMA + 1 M HCl before (a) and
after (b) 4 h of MS immersion
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process occurring due to possible interaction between the ligand and Fe. These
experimental findings give a strong evidence for the possibility of the formation of a
complex between Fe>" cation and inhibitor in 1 N HCI solution.

In order to evaluate the conditions of the MS surfaces in contact with 1 N HCI
acid solutions, a superficial analysis was carried out. Figure 10a shows the polished
MS sample. Figure 10b shows SEM images of the surface of the MS specimens
after immersion in 1 N HCI solutions with no additives for duration of 12 h. The
surface shown in the Fig. 10b was a result of cracks caused by corrosion attack due
to exposure of MS into 1 N HCI solution. Figure 10c and d show images of the
surface of the MS specimens immersed for 12 h in 1 N HCI acid solutions
containing 25 ppm CQM and CQMA. As can be seen from Fig. 10c and d, that
there was much less damage on the surface of MS with CQMA than that compared
to CQM. This was due to strong adsorption of CQMA on the MS surface in 1 N
HCI solution. Therefore it could be evidenced from Fig. 10d that the corrosion was
strongly inhibited when CQMA was present in 1 N HCI solution.

Inhibition mechanism

The mechanism of the action of inhibitors in acid solutions has been studied
extensively. It is generally believed that these compounds are adsorbed on the metal

Fig. 10 SEM micrographs of MS samples after 12 h immersion period a polished surface, b after 12 h
immersion in 1 N HCI, ¢ after 12 h immersion in 1 N HCI 4 25 ppm CQM, d after 12 h immersion in
1 N HCI + 25 ppm CQMA
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surface and prevent further dissolution of metal through blocking of either the
cathodic or anodic reaction or both. Another group of organic inhibitors, which has
been the focus of attention in recent years, are those organic compounds capable of
forming insoluble complexes, or chelate, with metallic ions present on the surface of
metal. The inhibition efficiency of CQM and CQMA against the corrosion of MS in
1 N HCI solution could be explained on the basis of the number of adsorption sites,
their charge density, molecular size, mode of interaction with the MS surface and
ability to from the metallic complexes. The possible mechanism of corrosion
inhibition of MS in 1 N HCI solution by the compounds under study could be
deduced on the basis of adsorption.

In addition to the chemical adsorption, the inhibitor molecules can also be
adsorbed on the steel surface via electrostatic interaction between the charged metal
surface and the charged inhibitor molecules if it is possible. The anodic dissolution
of iron follows the steps given below [54]:

Fe+ Cl™ < (FeCl™) 4 (
(FeCl™) jy— (FeCl), +e (15
(FeCl) y;— (FeCl™) + e~ (

(FeCl") — Fe** + CI” (

It is well known that the chloride ions have a small degree of hydration, and due
to specific adsorption, they should be first adsorbed on the positively charged metal
surface according to reaction (14). The adsorption of chloride ions has created an
excess negative charge towards the solution side of metal and favours more
adsorption of cations [55]. Then the inhibitor molecules were adsorbed through
electrostatic interactions between the negatively charged MS surface and positively
charged molecule (CQM™ and CQMA ™) and formed a protective (FeCl~ CQM™,
FeCl~ CQMA™),q layer. In this way, the oxidation reaction of (FeCl™),qs is shown
by reaction steps from (15) to (17) [56, 57]. The cathodic hydrogen evolution
reaction may be given as follow:

Fe+H" « (FeH"),, (18)
(FeH+)ads+67 - (FEH)ads (19)
(FeH) 4 +H" + ¢ — Fe+ H, (20)

Analysis of the electrochemical data showed that the inhibiting properties
increased with an increase in the concentrations of CQM and CQMA.. The presence
of the electron donating groups on the structure increases the electron density on the
N atom, resulting into higher inhibition efficiency. Among the two compounds
investigated in the present study, CQMA was found to give the better performance
as a corrosion inhibitor. This could be explained on the basis of the presence of
heterocyclic thiazole ring in CQMA. Therefore, based on the present experimental
findings, firstly the chloride ions of hydrochloric acid get adsorbed on the metal
surface, and in steps led to the formation of ferrous ions. Thereafter, the inhibitor
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molecules were attracted towards the MS surface and interacted coordinatively with
ferrous ion and than adsorbed on the MS surface to protect the corrosion.

Conclusions

(1) In this study, it was found that the molecules CQM and CQMA were effective

corrosion inhibitors of MS exposed to 1 N HCI solution. The inhibition
efficiency increased with an increase in the inhibitors concentration. CQMA
was found to be the better corrosion inhibitor than CQM.

(2) The polarization curves inferred that both CQM and CQMA have acted as

mixed-type inhibitors. The results also demonstrated that the inhibition was
attributed to the adsorption of the CQM and CQMA molecules on the MS
surface.

(3) The decrease in the Cy values could be attributed either to the decrease in

local dielectric constant and/or an increase in thickness of the CQM and
CQMA through adsorption at the metal-solution interface.

(4) WL, EIS and polarisation techniques yielded consistent results from which

inhibition efficiency of CQMA was found to be higher than that of CQM.
Adsorption of CQM and CQMA under investigation on the MS surface was
found to obey the Langmuir adsorption isotherm with standard free energies of
adsorption (AG?, ) of —41.66 and —42.53 kJ mol ™" respectively.

ads

(5) The results of the WL, electrochemical polarizations and EIS were in good
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