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4-(Pyridin-4-yl)thiazol-2-amine as an efficient non-
toxic inhibitor for mild steel in hydrochloric acid
solutions

Xifeng Yang,?® Feng Li*® and Weiwei Zhang 2

() *c

A novel eco-friendly corrosion inhibitor, namely, 4-(pyridin-4-yl)thiazol-2-amine (PTA), was synthesized and
evaluated as a corrosion inhibitor for mild steel in 1 M HCl solution. Its inhibition effect against mild steel
corrosion was investigated via weight loss methods, electrochemical measurements, and surface analyses.
The experimental results showed that PTA is an effective corrosion inhibitor for mild steel in an acid medium,
and the maximum inhibition efficiency reached 96.06% at 0.2 mM concentration. Polarization studies
showed that PTA acted as a mixed inhibitor. The sorption behavior on the steel surface complies with the
Langmuir adsorption isotherm, exhibiting both physisorption and chemisorption. The constitution and
characteristic of the protective layer on the steel surface were verified using scanning electron microscopy
(SEM)/energy-dispersive X-ray spectroscopy (EDX) and UV-Vis spectroscopy. Quantum chemistry calculations
were used to study the relationship between the inhibition efficiency and molecular structure of the inhibitor.

Introduction

Mild steel is an excellent metal material (good mechanical
properties, easy synthesis, etc.) that has been widely used in
metallurgy, machinery, power, chemical, and other industries.
However, during the acid cleaning process, mild steel is prone
to corrosion, resulting in huge economic losses and potential
safety problems. In all kinds of anticorrosion measures, adding
inhibitors is a quick, economical, and practically effective
measure. In particular, organic heterocyclic compounds
containing N, O, S, and unsaturated bonds have excellent
adsorption properties to metal surfaces, and they can effectively
inhibit the acid corrosion of metals.'® Among them, N-
heterocyclic organic compounds, particularly azoles and pyri-
dines, have become the focus of research because of their good
water solubility, low cost, and excellent corrosion inhibition.
For example, Yiice et al* studied 2-amino-4-methyl-thiazole
(AMT) in a hydrochloric acid (HCl) solution as a corrosion
inhibitor for mild steel; the results show that AMT exhibited
good inhibition efficiency and can form a dense layer of
a protective film on the surface of mild steel toward corrosion
inhibition of the metal. Zhang et al.” studied the inhibition
mechanism of two thiazole derivatives for corrosion prevention
of mild steel in acid solutions by theoretical calculations. They
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found that the difference in the corrosion resistance was mainly
caused by the electronic structure of the inhibitor molecules. In
addition, Verma et al.® studied three kinds of chromenopyridine
corrosion inhibitors in HCI solution with regard to the corro-
sion of steel; the results reveal that pyridine inhibitors in acid
solutions exhibit excellent corrosion inhibition. The presence of
polar groups significantly increases the inhibition efficiency. It
is well known that thiazoles and pyridines show good inhibition
efficiency in HCI solution;”® therefore, we envisioned that
a combination of thiazoles and pyridines might provide a new
corrosion inhibitor platform. Furthermore, 4-pyridinylthiazole-
2-amines are non-toxic and environmentally friendly since they
are widely used in medicine and have the potential to become
green corrosion inhibitors.'**

In this article, a novel eco-friendly inhibitor, namely, 4-
(pyridin-4-yl)thiazol-2-amine (PTA), was smoothly synthesized by
using a modified synthesis procedure, and it was selected as the
corrosion inhibitor mainly based on the following factors: (1)
could be easily synthesized at lower costs; (2) could contain
multiple active centers and aromatic rings; (3) has special affinity
toward the inhibition of metal corrosion in acidic solutions; (4)
has bulky steric hindrance. The corrosion inhibition properties
of the compound in a HCl medium were investigated by weight
loss methods, potentiodynamic polarization measurements, and
electrochemical impedance spectroscopy (EIS). The formation
and characteristics of the protective film on the steel surface were
determined by scanning electron microscopy (SEM), energy-
dispersive X-ray spectroscopy (EDX), and UV-vis spectroscopy.
The inhibition mechanism of corrosion inhibition in mild steel
has been discussed by calculating the electronic structures of the
inhibitor molecule.

This journal is © The Royal Society of Chemistry 2019
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Experimental
Synthesis and characterization of inhibitors

PTA was synthesized in the laboratory on the basis of the repre-
sented experimentation,'* and the synthesis procedure is shown in
Fig. 1. A mixture of 4-(bromoacetyl)pyridine hydrobromide
(843 mg, 3 mmol) and thiourea (274 mg, 3.6 mmol) was added to
a 100 mL flask that contained 20 mL ethanol; then, this mixture
was heated to 353 K under magnetic stirring and refluxing. After
10 h, the solvent was removed under vacuum, and the crude
reaction mixture was purified by flash chromatography on a SiO,
column with EtOAc/PE solvent system. The molecular structure of
PTA was verified by "H NMR and **C NMR (Fig. 2), as shown below:

'H NMR (400 MHz, d¢-DMSO): 6 8.55 (d, J = 5.2 Hz, 2H,
-ArH), 7.72 (d, J = 5.2 Hz, 2H, -ArH), 7.38 (s, 1H, =CHS-), 7.21
(s, 2H, -NH,); *C NMR (100 MHz, dg-DMSO): 6/ppm = 169.1,
150.4, 147.9, 141.9, 120.3, 106.6.

—— Br S N NH2
N + )L EOH N \(
-
\ / \, e HBr HoN NH, 353K 10h \ / \ s

Fig. 1 Synthesis route of the studied PTA.
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Fig. 2 Characterization data for PTA.
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Electrodes and electrolytes

The experimental material is mild steel. Its chemical composi-
tion (wt) is 0.17 C, 0.38 Mn, 0.22 Si, 0.03 S, 0.02 P, and the
balance is Fe. The specifications of the sample used in the
electrochemical and surface analysis experiments were con-
ducted by mechanically cutting it into dimensions of 3.0 cm x
0.6 cm x 0.5 cm and 1.0 cm x 1.0 cm x 0.02 c¢m, respectively.
In the electrochemical experiment, the working electrode was
implanted in the epoxy resin, and the exposure proportion was
maintained at 0.30 cm?. Prior to each test, the electrode surface
was polished to 12004 by SiC abrasive papers, washed with
acetone, and dried at room temperature. Then, 1 M HCI was
used as the corrosion test solution prepared with analytical
grade 37% HCI and ultrapure water, and the corrosion inhibitor
concentration was 0.05-0.20 mm.

Weight loss experiments

Weight loss tests were performed under the condition of
different concentrations of PTA inhibitors in 1 M HCl medium
at room temperature [(25 £ 0.1) °C] for 72 h. After the corrosion
test was completed, the specimens' surfaces were carefully
rinsed with ultrapure water, dried, and weighed. The corrosion
rate (v) was obtained from the average of three parallel experi-
mental data.®* Moreover, the effect of temperature (25 °C to 55
°C) on the corrosion inhibition performance of PTA was also
determined by the weight loss method.

Electrochemical measurements

The electrochemical tests in PARSTAT2273 electrochemical
workstation were performed using a traditional three-electrode
system: saturated calomel electrode (SCE) as the reference
electrode, Pt electrode as the auxiliary electrode, and mild steel
as the working electrode. Before testing, the electrode was
immersed in a solution for 0.5 h to obtain a stable working
surface. The potentiodynamic polarization curves were
measured in the potential range from —750 to —250 mV (vs.
SCE) at a scan rate of 1 mV s~ '. EIS measurements were con-
ducted at Eqcp in the frequency range from 100 kHz to 100 MHz
and the amplitude was 5 mV. ZSimpWin software was used to fit
the experimental results, and the corresponding EIS parameters
and corresponding equivalent circuit were obtained.

Surface morphology investigation: SEM and EDX

The surface morphology of the steels immersed in 1 M HCI
solution with or without a 0.2 mM corrosion inhibitor was
observed by SEM and EDX. The SEM study was performed on
a SUPR™55 instrument (Zeiss, Germany) at 2000x magnification.

UV-vis spectroscopy experiments

A UV-vis spectrophotometer (PerkinElmer, LAMBDA 25) was
employed to confirm that the Inh-Fe complex was formed
between the inhibitor molecules and mild steel. The absorption
spectra of the corrosion inhibitors for steel before and after 24 h
immersion in 1 M HCI were recorded and HCI was used as the
blank control.
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Quantum chemical calculations

All the quantum chemical calculations were performed using
density functional theory (DFT) at the B3LYP/6-31G(d,p) level
with the Gaussian 09 program package.'”” The quantum chem-
ical parameters of the studied inhibitor molecules were calcu-
lated, including the lowest unoccupied molecular orbital energy
(Erumo), highest occupied molecular orbital energy (Enomo),
energy gap (AE = Erumo — Enomo), hatural bond orbital (NBO)
charges, and 3D MEP plot.

Results and discussion
Weight loss study

The weight loss method is one of the simplest monitoring
methods and has high reliability in the evaluation of corrosion
inhibition capability of organic corrosion inhibitors. Fig. 3
shows v and inhibition efficiency (7,,) of steel in 1 M HCI with
different concentrations of PTA at 30 °C. The v and #,, values
can be calculated by using the following equations:

y = u 1)

s Xt

Vo —V

= — x 100% (2)

where v is the corrosion rate, W; and W, (mg) are the weight of
the steel specimens before and after immersion, s (cm?) is the
exposed area of the steel samples, ¢ (h) is the soaking time, and
v, and v denote the corrosion rates in the solution without and
with inhibitors, respectively. As seen in Fig. 3, the v value of
mild steel observably decreased and the 7,, value increased as
the inhibitors were added. At 0.3 mM, the maximum 7,, value of
PTA was 97.92%. The results indicated that the presence of PTA
could effectively inhibit the corrosion of steel in 1 M HCIl, and
the high inhibition efficiency of PTA could be attributed to the
presence of multiple polar nitrogen/sulfur atoms and amino
groups that enhances the adsorption of the inhibitor; therefore,
PTA has larger surface coverage and more adsorption active
centers on the steel surface.
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Fig. 3 Variation in corrosion rate and inhibition efficiency at different
concentrations of PTA by weight loss.
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Effect of temperature

In order to understand the effect of temperature on corrosion
inhibition, the weight loss of mild carbon steel was measured in
1 M HCI at different temperatures from 25 °C to 55 °C without
and with 0.2 mM PTA inhibitor (Table 1). From Table 1, it is
evident that the values of v increased with the temperature in
both uninhibited and inhibited solutions, which can be
attributed to the desorption of initially adsorbed inhibitor
molecules, leading to the exposure of a large metal surface area
to corrosive media; therefore, the efficiency of the inhibitor
decreases at higher temperatures. This implies that PTA is
a temperature-related corrosion inhibitor.

On one side, the kinetic analysis was performed to better
understand the effect of temperature on the inhibition mech-
anism. The activation energy (E,) of the corrosion process can
be obtained by the Arrhenius equation, namely, eqn (3):

E,

Inveor =In 4 — RT (3)

where v, denotes the rate of corrosion, R is the gas constant, T
is the absolute temperature, and 4 is the pre-exponential factor.
Fig. 4 shows the Arrhenius plots for steel immersed in 1 M HCI
without and with inhibitors. The E, values determined from the
slopes of the straight lines are listed in Table 2. According to
Table 2, all the regression coefficients practically draw near
unity, suggesting that the corrosion of mild steel in 1 M HCl
solution is fitted in the kinetic model. The values of E, in the
solutions with three inhibitors are higher than those of the
solutions in the absence of inhibitors, which may be related to

Tablel Weight loss results of mild steelin 1 M HClwith 0.2 mM PTA at
different temperatures

Blank PTA
T (°C) v, (mgem 2 h™1) v(mgem >h™") Nw (%)
25 33.29 £ 0.092 1.31 £ 0.073 96.06
35 46.67 £+ 0.054 3.47 + 0.034 92.56
45 64.25 £ 0.066 8.76 £+ 0.052 86.37
55 88.96 £ 0.075 18.30 + 0.087 79.43
5
0t
_IS
L sl
o
co
£
£
r = Blank
® PTA
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103 7l k!

Fig. 4 Arrhenius plots of In veo, vs. 1/T for steel in 1 M HCL in the
absence and presence of inhibitors.
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Table 2 Activation parameters for steel dissolution in 1 M HCl in the
absence and the presence of inhibitors

Inhibitors R* E, (kf mol™") AH* (k] mol™") AS* (Jmol 'K )

0.991 30.60
0.998 71.89

28.00
69.29

—123.28
—10.42

Blank
PTA

the presence of the physical adsorption phenomenon by the
formation of an adsorptive film of an electrostatic character on
the mild steel surface, as reported in the literature.**** The
enthalpy and entropy of activation (AH* and AS*, respectively)
of the process can be obtained by the transition state equation
(eqn (4)), as listed in Table 2.

Veor RT AS* —AH*
T = mexp( R )exp( RT ) (4)
where 7 and N are the Planck constant and Avogadro number,
respectively. The plot of In(Veor/T) vs. 1/T for steel in 1 M HCl in
the presence and absence of inhibitors at different tempera-
tures is shown in Fig. 5. Table 2 shows that the values of AH* are
positive, which suggests that the activation process is an
endothermic corrosion process. According to various reports, it
is understood that inhibitors can retard the dissolution of

metals in solution.* Therefore, the AH* value obtained in the
current study (Table 2) showed that the dissolution of mild steel
is an endothermic process and was influenced by PTA inhibi-
tors. The higher values of AS* in the presence of PTA may be
caused by the adsorption of inhibitor molecules, which could be
considered as a quasi-substitution process between the inhib-
itor molecules in solution and the water molecules on the steel
surface; similar results have been reported elsewhere.'***

Adsorption isotherms

The adsorption mechanism of inhibitors was usually described
by the adsorption isotherm. The data obtained from the weight
loss (ny) were fitted by Langmuir, Temkin, and Frumkin
adsorption isotherms to discuss the adsorption mechanism of
the corrosion inhibitors, which can be calculated by the
following equations:

‘TS
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Fig. 5 Arrhenius plots of In(Vee,/T) vs. 1/T for steel in 1 M HCl in the
absence and presence of inhibitors.
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Langmuir : = ! + (5)
gmuir : 5= o ¢
Temkin: exp(f8) = Kaqs¢ (6)
. 0
Frumkin : ] 0exp(—2f 0) = Kygsc (7)

where c is the inhibitor concentration, § represents the surface
coverage calculated according to eqn (2), f is the factor of
energetic inhomogeneity, and K,qs is the adsorption equilib-
rium constant. Fig. 6 shows the plots obtained from eqn (5)—(7),
where the correlation coefficient R> of the Langmuir isotherm
(Fig. 6a) was above 0.999, which was better than those for the
Temkin isotherm (Fig. 6b) and Frumkin isotherm (Fig. 6¢). The
results show that the experimental data are fitted in the Lang-
muir isotherm and exhibit single-layer adsorption characteris-
tics.’>” The standard adsorption free energy (AGY,) of the
adsorption process related to K,qs can be calculated by the
following equation:

AGYy = —RT In(55.5K45) (8)

where AGYys denotes the free energy of adsorption, T is the
thermodynamic temperature, and R represents the gas
constant. The calculated AGLgs value is —36.33 kJ mol™%;
a negative value of AGog, indicates that the inhibition of the PTA
molecular adsorption on the steel surface is spontaneous. In
general, if |AG,qs| < 20 k] mol %, the inhibitor molecules are
attracted to the surface of the metal substrate through electro-
static attraction, belonging to a physical adsorption character-
istic; when |AG,.qs| > 40 kJ mol™!, organic molecules are
adsorbed on the metal surface with charge sharing or transfer
from chemical bonds, which belongs to a chemical adsorption
characteristic.’®*?? In this study, the value of AGa4s was calcu-
lated as —36.33 k] mol *, revealing that the corrosion inhibitor
molecules adsorbed on the steel surface were not an adsorption
process simply induced by a physical function or chemistry, but
it was the result of a joint action between the two types of
adsorptions. The higher |AG| also shows that the stronger
adsorption of PTA molecule on a material surface induces better
corrosion inhibition through chemical adsorption. A more
detailed relationship between gentle adsorption erosion will be
elaborated further in the subsequent section on quantum
chemical calculations.

Potentiodynamic polarization curves

Fig. 7 shows the polarization curves of the working electrode in
1 M HCI solution without and with different concentrations of
PTA inhibitors. From Fig. 6, it is evident that after the addition
of PTA inhibitors, the cathode and anode polarization curves
were positively shifted and the corrosion current density was
significantly reduced. Namely, there was an inhibitory effect on
the anodic dissolution of the electrode, and the evolution of the
cathodic hydrogen was inhibited. The higher the concentration
of the inhibitory effect, the higher is the inhibitory efficiency.
However, the corrosion potential has negative displacement

RSC Aadv., 2019, 9, 10454-10464 | 10457
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Fig. 6 Plots of (a) Langmuir, (b) Temkin, and (c) Frumkin isotherms for
the adsorption of inhibitors on the surface of mild steel in 1 M HCL

with the maximum displacement of 24 mV, which is less than
85 mV, indicating that PTA is a mixed corrosion inhibitor that
mainly inhibits the cathodic reaction. In an acidic medium,
other N/O-heterocyclic corrosion inhibitors also have analogous
results with regard to steel corrosion, which have been re-
ported.**** In addition, the cathodic polarization curves showed
no obvious parallel changes, indicating that the hydrogen
evolution reaction mechanism remained unchanged with an
increase in the corrosion inhibitors. The reduction of hydrogen
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View Article Online

Paper

., 3
5
<
= 4F
=
e
5L Blank
—0.05mM
6k —0.10 mM
0.15 mM
N — 020 mM
1 1 1 1 1
-0.7 -0.6 -0.5 -0.4 -0.3

E/Vvs. SCC

Fig. 7 Potentiodynamic polarization curves of mild steel in 1 M HCl
solution without and with different concentrations of PTA.

ions on a mild steel surface was mainly via the charge transfer
mechanism, and the hydrogen evolution reaction on the metal
surface of the active site was inhibited by the adsorption of
corrosion inhibitors.” In the anodic region, when the electric
potential is greater than —280 mV, the anodic current density
sharply increases with the electric potential, indicating that if
the electric potential exceeds a certain value, the inhibitors
begin to desorb, which is often called the desorption potential.
According to Zhang,® this phenomenon at the anode implies
that the rate at which steel dissolves is faster than the rate at
which the protective film forms, leading to the desorption of
inhibitor molecules on the active surface of the steel. The
calculation of the electrochemical parameters such as corrosion
potential (E.), anodic and cathodic Tafel slopes (8, and g,
respectively), corrosion current density (i.or), and inhibition
efficiency () are summarized in Table 3. The inhibition effi-
ciency can be calculated as follows:

l-O

n(%) = e Lo 100 9)
lcorr

Here, i, and i indicate the corrosion current densities of
mild steel in the solution without and with a corrosion inhibitor,
respectively. Table 3 shows that with an increase in the concen-
tration of inhibitor, i.,, gradually decreased and n gradually
increased. When the concentration reached 0.20 mM, the inhi-
bition efficiency reached 96.57%. Therefore, PTA has excellent
corrosion inhibition performance in HCI solutions. Further, Eqo,
b., and b, did not significantly change with the addition of an
inhibitor, showing that corrosion mainly occurs on the metal
surface on which a protective film is formed, which suppresses
the contact area between the metal and corrosive medium and
reduces the corrosion rate of steel. Based on these data, we can
conclude that PTA has an excellent inhibition effect on steel
corrosion in 1 M HCI solution, and the results are in good
agreement with the data obtained by the weight loss method.

EIS

The Nyquist plots of steel in 1 M HCI solution without and with
various concentrations of the inhibitors under investigation are

This journal is © The Royal Society of Chemistry 2019
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Table 3 Polarization curve parameters for the corrosion of mild steel in 1 M HCl solution without and with different concentrations of inhibitors

¢ (mM) Ecorr (MV) icorr (LA cm™?) Ba (mV dec ™) Be (mv dec™) 1 (%)
Blank —491 163.1 83.0 —163.5 —

0.05 —499 41.8 82.2 —158.6 74.37
0.10 —503 24.2 78.4 —-161.0 85.16
0.15 —510 9.6 84.3 —162.8 94.11
0.20 —515 5.6 86.7 —167.6 96.57
shown in Fig. 8. Evidently, the Nyquist plots show a slightly Zepe = [Yo(jw)']™! (10)

depressed semicircular capacitive loop, implying that only one
constant is associated with the charge transfer process. Due to
the surface roughness and other inhomogeneity of the elec-
trode, the phenomenon of a depressed capacitive loop is often
attributed to frequency dispersion.***® Moreover, in the pres-
ence of inhibitors, the diameters of the capacitance loop are
larger than those in noninhibitory acidic solutions, and the
diameters of the high-frequency loop significantly increase with
the inhibitor concentration, which indicates that the PTA
inhibitor has a corrosion inhibition effect with regard to steel in
1 M HCIL. It is also noteworthy that the shape of the impedance
spectroscopy spectrum has no significant change under
different inhibitor concentrations, showing that the addition of
inhibitors does not change the corrosion mechanism of the
carbon steel electrode, which is consistent with the polarization
curve test results.

Fig. 9 shows the Bode plots corresponding to the Nyquist
plot, which shows only one peak at the intermediate frequency,
implying that only one-time constant at the steel-solution
interface is related to the double-charge layer.?**° In addition,
Fig. 9 shows that at lower frequencies, the absolute impedance
increases with the corrosion inhibitor concentration. This is
because the larger the inhibitor concentration, more molecules
are adsorbed on the mild steel surface; further, the thicker the
adsorption film, the more difficult it is for the charge transport
process. Because the adsorption characteristics of the inhibitor
molecules have a significant influence on the charge transfer
process, for the purpose of obtaining additional accurate
experimental data, the double-layer capacitor (Cq;) is optimized
by using a constant phase element (CPE).*"** The impedance of
CPE (Z¢pg) is represented as follows:

750

m Blank
® 0.05mM
A 0.10mM E
* 0.15 mM g .
¢ 020 mM Sl o7
—— Fitting Curves o .
450 | \

600 |

0 20 30 40
Zr/ 2 em?

-Zi !l © cm®

0 150 300 450 600 750 900
Zr/ © em®

Fig. 8 Nyquist plots for mild steel in 1 M HCl solution without and with
different concentrations of PTA.

This journal is © The Royal Society of Chemistry 2019

Here, Y, represents the CPE constant, j is an imaginary number,
w is the angular frequency, and 7 is the phase shift. In order to
better analyze the electrochemical impedance characteristics,
the data were fitted by the ZSimpWin software and the corre-
sponding electrochemical parameters were obtained by using
the equivalent circuit shown in Fig. 10. The accuracy of the
fitted data was evaluated using a chi-squared (x”) test. Table 4
shows that the x” values were of the order of 10>, indicating
that the fitted data agreed well with the experimental data. The
electrochemical impedance parameters are also listed in
Table 4. Here, Cy; and inhibition efficiency (n,) can be expressed
as follows:

Car = (YR ™" (11)

Ry — R®
n,(%) = (‘Rim) x 100

ct

(12)

Here, Y, represents the CPE constant and n is a CPE exponent
that can be employed as a measure of the roughness of the
metal surface; further, R% and R, represent the value of the

10*
- -80
4-70
10°
- -60
Ng ds0 &
o] ® Blank %‘)
10'F S
= ® 0.05mM 440 =
N A 0.10mM s
* 0.15 mM 4 30
+ 020mM
10° — Fitting Curves 4 -20
4-10
107 AR 0

10" 10° 10' 10° 10° 10* 10°
f/Hz

Fig. 9 Bode plots for mild steel in 1 M HCl solution without and with
different concentrations of PTA.

CPE

P A

Ret

Fig. 10 Equivalent circuit used to fit the EIS experiment data.
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Table 4 EIS parameters for the corrosion of mild steel in 1 M HCl solution without and with different concentrations of inhibitors

¢ (mM) R, (Q cm?) Cai (WF cm™?) n Ret (Q cm?) x> (107%) 1, (%)
Blank 0.21 £+ 0.04 250.7 £ 2.21 0.91 42.3 + 1.46 6.41 —
0.05 0.16 £+ 0.03 153.2 + 2.56 0.90 178.6 £+ 2.53 3.47 76.32
0.10 0.17 £+ 0.04 148.4 + 2.81 0.89 237.5 £5.12 3.26 82.19
0.15 0.18 £+ 0.03 136.1 + 1.92 0.89 609.7 £ 3.62 4.77 93.06
0.20 0.19 £+ 0.05 81.5 £ 1.25 0.92 856.3 + 7.54 5.28 95.06

charge transfer resistance of mild steel electrode in the corro-
sive medium without or with an inhibitor, respectively. Table 4
shows that as the concentration of the inhibitor increases, the
R and 7, values significantly increase; when the PTA concen-
tration reaches 0.2 mM, the maximum 7, value can be as high as
95.06%, which shows that the corrosion of mild steel can be
effectively inhibited by the corrosion inhibitor molecules in HCI
solutions. In comparison, as the local dielectric constant
decreases or the thickness of the electric double-layer capacitor
increases with the increase in the inhibitor concentration, the
Cq value tends to decrease.”® These results show that the
corrosion inhibitor molecules replace the water molecules on
the steel surface and exhibit an adsorption role at the electrode-
solution interface. In addition, another interesting finding from
Table 4 is that the n values were close to unity, showing no
significant fluctuations, revealing that the interfacial behavior
was almost capacitive and possessed the charge transfer control
of the dissolution mechanism of steel.® Finally, it is noteworthy
that the value of 7, calculated by EIS has the same trend as that
obtained by the weight loss and electrodynamic polarization
curve methods.

When compared with the earlier studied pyridine-derivative
inhibitors by the EIS method in 1 M HCIl (Table 5), PTA
exhibited better corrosion inhibition behaviors. This phenom-
enon is related to the aromatic ring system and the number of
heteroatoms in the structure.

Surface characterization: SEM and EDX

Fig. 11 shows the SEM image of mild steel specimens immersed
in a 1 M HCI solution without 0.2 mM PTA inhibitor for 72 h.
From this diagram, it is evident that when the corrosion

inhibitor (Fig. 11a) is not added, the mild steel test plate is
seriously corroded due to the action of acid, the surface is not
glossy and smooth, and there are many large and deep holes
formed by corrosion. By adding an inhibitor (Fig. 11b), the
corrosion degree of mild steel is considerably reduced and the
surface is smooth; only a very small amount of shallow corro-
sion pits are observed. It can be concluded that the PTA
inhibitor can form a dense protective film, which has an
inhibitive effect on the steel surface.

EDX energy spectrum analysis results of mild steel speci-
mens in HCI solution without and with the addition of 0.2 mM
inhibitor are shown in Fig. 12. From Fig. 12a and b, it is evident
that the C and O peaks are relatively close and difficult to
distinguish. After the addition of inhibitors, the peaks of N and
S appear in the EDX energy spectrum (Fig. 12b), which can be
derived from the N and S elements in the PTA, respectively. The
percentages of the elemental compositions obtained from the
EDX spectra are listed in Table 6. It is clearly determined that in
the presence of PTA, the percentage atomic content of Fe
remarkably reduces due to the coverage of the mild steel surface
by PTA molecules. This finding further suggests that PTA
molecules are adsorbed on the steel surface.

UV-vis spectroscopy analysis

In order to support the complex formation between corrosion
inhibitor and steel surface, UV-vis absorption spectra of 1 M
HCI solution containing 0.2 mM PTA before and after steel
immersion for 24 h are shown in Fig. 13. Before the steel was
immersed, the absorption spectra of PTA exhibited absorption
bands at shorter wavelengths at 226 nm and 259 nm due to the
7 — 7* transition of the aromatic ring in the PTA compound.

Table 5 Comparison of the inhibition efficiency of PTA with the literature data as corrosion inhibitors for mild steel in acidic solutions

Medium of Experimental
Inhibitor 107 ¢ (M) testing techniques 7 (%) Ref.
4-(Pyridin-4-yl)thiazol-2-amine 2 1M HCI EIS 95.06 This paper
2-(Imidazol-2-yl)-pyridine 2 1M HCI EIS 90.3 1
1-(2-Pyridyl)-2-thiourea 2 1M HCl EIS 86.6 1
3-Pyridinecarboxaldehyde thiosemicarbazone 2.5 1M HCI EIS 88 32
3-Pyridinecarboxaldehyde-4-phenyl thiosemicarbazide 2.5 1 M HCI EIS 90 2
4-Pyridinecarboxaldehyde-4-phenylthiosemicarbazide 2.5 1 M HCI EIS 88 2
Pyridine-2-aldehyde-2-quinolylhydrazone 8 1 M HCI EIS 79.9 13
(5-Methyl-1-pyridin-2-yl-1H-pyrazol-3-yl)methanol 5 1 M HCI EIS 83 5
5-Methyl-1-pyridin-2-yl-1H-pyrazol-3-carboxylate 5 1 M HCI EIS 70 5
2-Phenylimidazo[1,2-a]pyridine 10 1 M HCI EIS 89 27
2-(3-Methyl-1H-pyrazol-5-yl) pyridine 10 1M HCI EIS 86 26
2,5-Bis(4-pyridyl)-1,3,4-thiadiazole 2 1M HCI EIS 55.5 31
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Fig. 11 SEM images of mild steel surfaces: (a) 1 M HCl and (b) PTA.
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Further, the wider absorption band around 326 nm was attrib-
utable to the n — w* electron transition due to the lone pair
electrons of the N and/or S atom." After immersion for 24 h in
the corrosion inhibitor, Fig. 13 shows that the band at 259 nm
completely disappears, and the maximum band of the n — =*
transition shows a red-shift, which may be due to the charge
transfer from the ligand to the metal. The transfer process
indicates that N and/or S interacted with Fe to form a complex.
At the same time, the short-wavelength absorption band's
absorbance increases and the long-wavelength absorption
band's absorbance reduces. In general, the changes in the
position of the maximum absorbance and/or changes in the
absorbance values indicate that there is a formation of
a complex between the two substances in the solution, as re-
ported in the literature.*® From these experimental results,
convincing evidences are provided regarding the possibility of
Fe** and inhibitors forming complexes in 1 M HCI solution.

Quantum chemical calculations

The frontier molecular orbitals facilitated studying the
adsorption activity of the inhibitor molecules to the electrons
distribution. Moreover, DFT calculations were also performed
on the protonated species to explore the likelihood of inhibitor
molecules being protonated in HCI and the potential anticor-
rosion mechanism of the protonated molecules on the metallic
surface. Table 7 shows the proton affinity and energy in the
protonation process; evidently, the largest value of PA exists on
the N13 atom; further, N13 exhibits the lowest energy in the

This journal is © The Royal Society of Chemistry 2019
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Fig. 12 EDX images of the mild steel surface in 1 mol L~ HCl solution
(a) without and (b) with 0.2 mM PTA.

Table 6 Percentage atomic contents of elements obtained from the
EDX spectra for PTA

Inhibitors Fe C N o S
Blank 84.19 13.27 — 2.54 —
PTA 77.26 16.65 3.17 1.03 1.89

protonation process, which suggests that N13 is the most
probable site of protonation.** Fig. 14 shows the electron
density distribution of the HOMO and LUMO levels for the
inhibitor and protonated molecules. From these characteristic
electron density distributions, it is evident that the inhibitor
molecule has different LUMO distribution in the neutral and
protonated forms. In the neutral form, the LUMO electron
density is almost distributed among the entire molecule. In
contrast, the LUMO electron density lies largely over the pyri-
dine and thiazole ring in the protonated form. However, their
HOMO electron density is similar and distributed over the
entire molecule. The results of the theoretical arguments are
shown in Table 8. Here, Eqomo and Erymo are related to the
ability of the inhibitor molecules to provide and receive elec-
trons, respectively. As reported earlier,***® the higher the Fyomo
value, the more likely the molecule is to provide electrons. In
contrast, the lower the Eyymo value, the stronger is the electron

RSC Adv., 2019, 9, 10454-10464 | 10461
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Fig. 13 UV-vis spectra of pure inhibitor and PTA inhibitors adsorbed
on mild steel surface.

Table 7 Relative energies of the protonation sites of the inhibitor at
the B3LYP/6-31G(d,p) basis set level

Energies N13 N14 N17 Inh
PA (IJ mol %) 987.188 924.176 816.531  —
H (hartree) —871.882 —871.858 —871.817 —871.508

acceptability of the inhibitor molecules. Moreover, the separa-
tion energy (AE = Erymo — Euomo) usually determines the
adsorption activity of the inhibitor molecules on the metal
surface. Generally, the decrease in AE leads to an increase in the
reactivity of the inhibitor molecules, which makes it more easily
adsorbable on the steel surface.*” From Table 8, it is clear that
the inhibitor molecule has the highest Exomo value in the
neutral form and lower Epymo value in the protonated form.
This reveals that the neutral form has a stronger ability of
donating electrons as compared to the protonated form, but the
ability of accepting electrons is the opposite. In addition, the
smaller AE value (2.99 eV) of the protonated form indicates that
it is easier to adsorb on the steel surface. Therefore, the
protonated inhibitor molecule undergoes physisorption on the
steel surface via electrostatic interactions, and its neutral form
undergoes chemisorption to the steel surface through donor
interactions between the free electron pairs of the heteroatoms
(N, S), as well as the m-electrons and unoccupied d-orbitals of
the iron atoms. This is in accordance with the value of
AGY4s determined from the experiments.

The connection between corrosion inhibition and molecular
structure can also be analyzed by determining the electron
fraction of the corrosion inhibitor molecules transferred to the
metal surface in order to determine the adsorption active sites
in the molecule. On the basis of Pearson theory,*® the fraction of
electrons transferred to the metal surface can be calculated as
follows:

XFe — Xinh
2(Nge + Minn)

where yx is the absolute electronegativity and 7 is the global

AN = (13)

hardness, which can be calculated using the following equation:
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Table 8 Calculated quantum parameters for neutral and protonated
forms of PTA

Compounds Enomo (eV) Erumo (eV) AE (eV) AN
Inh —6.16 —1.65 4.51 0.686
InhH* —9.49 —6.50 2.99 —0.333
—Enomo — ELumo
x = —hovo - Suve (19)
Erumo — Enomo
n= —m—— (15)

2

For Fe, the theoretical values of xy. and ng. are 7 and 0 eV
mol *, respectively.®® Based on earlier reports,** if AN < 3.6, the
stronger the electron-donating ability of the inhibitor, the
higher is the inhibition efficiency. In this study, from Table 8, it
is clear that the neutral form has a positive AN value, while the
protonated form is the opposite. Therefore, the inhibitor
molecule generates coordination bonds to donate electrons to
the empty d-orbital of the Fe atom mainly in the neutral form,
and it forms a back-donating bond to accept electrons from the
Fe atom with its vacant 7* orbital mainly in the protonated
form; therefore, the adsorption of the corrosion inhibitor
molecule on the steel surface is enhanced.

The MEP contains information about the total electronic
constitution of the molecule and provides a visual method to
understand the relative polarity. The 3D MEP surface for the
inhibitor molecule and its protonated form are also shown in
Fig. 14. The negative region in the electrostatic potential is
prone to an electrophilic attack (shades of red), while most of
the reactive sites are in the positive potential region (shades of
blue) susceptible to a nucleophilic attack. As shown in Fig. 14,
the negative regions of the electrostatic potential are mainly
located in the pyridine/thiazole ring and amino group, indi-
cating the possible sites for electrophilic attacks. However, the
positive potential regions are located around the hydrogen
atoms and are the possible sites for nucleophilic attacks. It is
expected that the protonated structure has excess positive
potential regions, which implies that the protonated form is
more likely to undergo a nucleophilic attack and has a stronger
ability of accepting electrons from the steel surface. Identical

This journal is © The Royal Society of Chemistry 2019
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conclusions were obtained from the frontier molecular orbitals
(HOMO and LUMO) and AN analyses (Table 8). Therefore, the
adsorption of the inhibitor molecule in this study is mostly
attributed to chemisorption, coinciding with the adsorption
isotherms data.

Conclusions

For the first time, PTA was found to be a potential corrosion
inhibitor for mild steel in 1 M HCI solution. The main conclu-
sions are as follows:

(1) A corrosion inhibitor (PTA compound) for mild steel in
1 M HCI was studied. The greater the inhibitor concentration,
the better is the corrosion inhibition effect. The corrosion
inhibition effect is best at 0.2 mM, reaching 96.06%.

(2) The electrochemical test results show that PTA can
inhibit the cathodic and anodic reactions in the corrosion
process and belong to a mixed corrosion inhibitor. The
adsorption of the mild steel surface follows the Langmuir
adsorption isotherm, including physical adsorption and
chemical adsorption.

(3) Surface analyses (SEM/EDX/UV-vis) showed that the PTA
molecules could be adsorbed on the surface of the mild steel to
form a protective film with good corrosion inhibition
performance.

(4) The study of the frontier molecular orbitals revealed that
the inhibitor molecule forms a coordination bond with the Fe
atom mainly in the neutral form, and the formation of a back-
donating bond was mainly protonated, which also proved that
the adsorption activity centers are pyridine/thiazole ring and
amino group, playing an important role in the corrosion resis-
tance of steel.
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