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Corrosion inhibition property of ethyl 1,2,6-triphenyl-4-(phenylamino)-1,2,5,6-tetrahydropyridine-3-carbox-
ylate (THP-1) and ethyl 2,6-bis(4-methoxyphenyl)-1-phenyl-4-(phenylamino)-1,2,5,6-tetrahydropyridine-3-car-
boxylate (THP-2) on mild steel (MS) in 1 M HCl have been studied using weight loss, electrochemical, surface
morphology (SEM, AFM) and quantum chemical (QC) calculations methods. Results showed that both the
functionalized tetrahydropyridines act as an excellent inhibition for mild steel (MS) and it exhibited the max-
imum inhibition efficiency (IE) of 90.67% (THP-1) and 94.30% (THP-2) at 7.95 X 10~ > M concentration. Results
further showed that adsorption of THPs on metallic surface obeyed the Langmuir adsorption isotherm.
Potentiodynamic polarization (PDP) study revealed that studied compounds acted as mixed type inhibitors.
Electrochemical impedance spectroscopy (EIS) study suggests that the investigated inhibitors inhibit corrosion
by adsorbing at the metal/electrolyte interfaces. The SEM, EDX and AFM studies showed that the THPs form a
protective covering over the metallic surface that isolates the metal from aggressive acid solution and thereby
protect form corrosive dissolution. Quantum chemical (QC) calculations carried out using DFT methods for
neutral, solvated and protonated forms of inhibitors provides reasonable support to the experimental findings.

Introduction and P) and m-electrons have proved by experimental as well as theo-

retically act as effectively corrosion inhibitors in a wide range of acid

Mild steel is a low carbon steel alloy (0.05-0.25% carbon) which is
widely used as constructional resource in several industries including
petroleum, food, power production, chemical industries because of its
high mechanical strength, easy fabrication and low cost [1,2]. How-
ever, the mild steel is very susceptible to corrosion and readily under-
goes corrosive dissolution during several common industrial processes
such as etching, acid pickling, acid descaling and acid cleaning and oil
well acidification [3]. Literature survey reveals that several types of
corrosion inhibitors have been used previously to mitigate the metallic
corrosion. Among them, the use of organic inhibitors has gained the
highest priority due to their ease synthesis at low cost and high pro-
tection ability. The organic compounds containing heteroatoms (N, O, S

solution through the adsorption on the metal surface and blocking the
active corrosion sites. Through their adsorption, these inhibitors form a
protective film between the corrosive media and metallic surface and
retard the metal dissolution in acid solution [4-7]. However, most of
the well-known reported corrosion inhibitors are toxic and non-en-
vironmental friendly because of their traditional synthesis using mul-
tistep reactions. However, recently increasing demands of green
chemistry and strict environmental rules and accidental news have re-
stricted their use in industrial applications. Therefore, the current re-
search focused on the design of green corrosion inhibitors, which are
not harmful to the environment [8,9]. The multicomponent reactions
(MCRs) have immersed as a potential tool for green synthesis for
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organic compounds possess industrial and biological activities [10,11].
These MCRs have several advantages including simple handling, good
atom economy and minimum waste generation, and simple work-up
process [12,13]. Literature survey reveals that the functionalized tet-
rahydropyridines (THPs) are an essential building block for numerous
natural products, pharmaceuticals and a wide variety of biologically
active compounds [14].

In view of the above, present study deals with the synthesis and
corrosion inhibition performance of two tetrahydropyridines (THP-1
and THP-2) on mild steel corrosion in 1 M HCl using chemical (Weight
loss), electrochemical (EIS and PDP) and DFT methods. As per the best
of our knowledge, the investigated tetrahydropyridines (THP-1 and
THP-2) is being utilized for the first time as corrosion inhibitors. The
selection of these compounds as corrosion inhibitors is because they
contain N and O atoms in the form of polar functional moieties and
various m-electrons through which they can easily adsorb and inhibit
corrosion efficiently. Moreover, the investigated tetrahydropyridines
(THP-1 and THP-2) have been synthesized using the MCRs that offer
green and environmental benign protocol. Additionally, the starting
materials used in the synthesis of THPs are easily available and LDs,
values are more than 250 mg/kg bw for rate which further suggests that
investigated tetrahydropyridines (THP-1 and THP-2) are green chemi-
cals to be tested as corrosion inhibitors.

Experimental section
Inhibitors synthesis (THPs)

The corrosion inhibitors used in the study were synthesized by
previously described by Wang et al. [15]. Scheme for the synthesis of
inhibitors is given in Fig. 1 and informations related to the molecules
such as chemical structures, melting point, [IUPAC nomenclature are
summarized in Table 1. Theeir FT-IR and 1H NMR spectra are given in
Fig. S1.

Materials and test solution

For weight loss, electrochemical and SEM/, EDX and AFM analyses
mild steel specimens having chemical composition of (%wt) C 0.076%,
Si 0.026%, Mn 0.192, P 0.012%, Cr 0.050%, Ni 0.050%, Al 0.023%, Cu
0.135% and remaining Fe were employed. Surface pretreatment for the
MS sample preparation for all experiments was carried out by pre-
viously reported method [16]. The corrosive 1M HCI solution was
prepared by the dilution of analytical grade 37% HCI with double-
distilled water (Fig. 2).

Weight loss measurement

The weight loss measurement has been carried out on the MS spe-
cimens of the above-mentioned chemical composition by the previously
described method [17]. The IE, surface coverage (6) and corrosion rate
(CR), were calculated by the following equations:
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w
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0= CGr—Cray
Cr 3)

where Cg and Cgg; are the corrosion rate in the absence and presence of
inhibitors, respectively. t is the exposure time (h), W and A are weight
loss (mg) and area (ecm?) of the specimen, respectively.

Electrochemical measurement

Electrochemical experiments have been performed by using a
standard three electrode-electrochemical glass-cell consisting of the
working electrode (mild steel), a counter electrode (platinum foil) and a
reference electrode (saturated calomel electrode; SCE), as described
previously [18]. The EIS was performed at open circuit potential with
amplitude 10 mV peak to peak in the frequency range of 100 kHz to
0.01 Hz. The charge transfers resistance (R.) was derived from the
Nyquist plots. The corrosion IE was calculated by the following formula:

i_po

R
IE (%) = 22 x 100
P

4

where R and RS, are the polarization resistance in the presence and
absence of THPs, respectively.

The PDP experiment was carried out on the MS specimen by
changing the electrode potential from —0.25 to +0.25V versus cor-
rosion potential (E.o,) at 1.0 mV s~ ! scan rate. The corrosion current
density and other relevant parameters were calculated by fitting the
linear segment of cathodic and anodic Tafel slopes. The IE was calcu-
lated from the corrosion current density through the following re-
lationship:

0 i
Leorr—Lcorr

0
corr

7 (%) = X 100

(5)
where the i, and il are the corrosion current density in the absence
and presence of THPs, respectively.

Surface study

Surface morphology studies (SEM, EDX and AFM) performed by the
method reported earlier [19]. Freshly prepared specimens of MS were
immersed in 1 M HCI solution in the presence and absence of THPs. The
specimens were taken out after 3 h. Then washed with distilled water
and dried before surface analyses. Scanning electron microscope (SEM-
EDX), Ziess Evo 50 XVP was used to analyze the changes occurs on
metal surface along with the elemental composition using EDX analysis.
The SEM images were taken at 1000x magnification. Atomic force
microscopy (AFM), NT-MDT multimode AFM, Russia, 111, was used to
capture images micrograph.

CHO R,C,H;0
o o
CAN (15 mol %) N o
R,CHO+ + C,H
1 HyC O/ 2Hs EtOH, r. t.
Ry HN
THP-1 R, =Ph

THP-2 R, = p-OCH;Ph

Fig. 1. Synthetic route of studied THPs.
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Table 1
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IUPAC name, molecular structure, molecular formula, melting point and IR spectral data of THPs.

S.No. IUPAC name and abbreviation of Inhibitor Chemical Structure

Molecular formula

and M.P
1 Ethyl 1,2,6-triphenyl-4-(phenylamino)-1,2,5,6- C32H30N202
tetrahydropyridine-3-corboxlate (mol. wt. 474.60)
(THP-1) M.P. 174°C
IR Vpax/cm ™! = 1446, 1483
(C=0C), 1604 (Conjugated C=0),
e} 2933 (C—-N)
\ O/\
gj
2 Ethyl 2,6-bis(4-methoxyphenyl)-1-phenyl-4- C34H34NoHy
(phenylamino)-1,2,5,6-tetrahydropyridine-3- (mol. Wt. 534.66)
corboxylate M.P. 181°C
(THP-2) IR Viax/cm ™! = 1380, 1500
(C=C0), 1600 (Conjugated C=0),
NH o) 3225 (C-N).
\ o /\
] | ]
O @ O
24 DFT study

295 3.00 3.05 3.10 3.15 3.20 3.25

[(1/T).10°1 K*

Fig. 2. Arrhenius plots for the corrosion rate of mild steel versus the tem-
perature in 1 M HCL

DFT based QC calculation on the studies inhibitor molecules was
performed using the density functional theory (DFT). The B3LYP/6-13
G (d, p) basis set in Gaussian 09 package program was used for the DFT
calculations in their neutral and protonated in gaseous as well as aqu-
eous phases [7,20]. The integral equation formalism polarizable con-
tinuum model (IEFPCM) was used to analyze the effect of water mo-
lecules on the geometry and electronic parameters of THPs. Then,
several QC parameters such as frontier molecular orbital (FMO), that is
highest occupied molecular energy (Epomo) and lowest unoccupied
molecular energy (Erymo) and other derivative quantities were calcu-
lated by the optimized molecules. Energy gap AE, hardness (i) softness
(0), and electronegativity (y) and fraction of electrons transfer (AN)
parameters have been also derived by using the following equations:

AE = Erymo—Eromo (6)
_ l(E —E )

n= 5 'LuMO—EHOMO )

o=—

7 (8



J. Haque et al.

1
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- 2(77Fe + 7’)z’nh) (10)

The fraction of electron transfers (AN) was calculated by using the
equation 10, in which, work function (¢) was used in place of elec-
tronegativity of iron (yr.), previously described [21,22]. Where g, and
nin are the hardness of iron and inhibitor, respectively. For calculation
of AN, ¢ value 4.82 was used, which is derived from the DFT calculation
for the iron surface having highly stabilized energy and packed struc-
ture i.e., Fe(110) and the hardness of bulk iron was approximated to
0.0 eV/mol based on Pearson’s electronegativity scale [23,24]. The
positive value of AN (i.e., AN > 0) indicates the electron transfer from
the inhibitor to metal and vice versa [25].

The electrophilicity index (w) introduced by the Parr et al. [26] and
it is calculated by the following equation:

2 2
w=H _ X
4an 4n a1
The nucleophilicity (N°) is inverse of electrophilicity:
1
N°=—
1) (12)

Results and discussions
Weight loss experiment

Effect of concentration

Because weight loss is a simple, easy and reliable method, the cor-
rosion inhibition performance of investigated tetrahydropyridine deri-
vatives at different concentrations after 3h immersion time in 1 M HCl
test solution was first studied by this method. The effect of inhibitors
concentrations on their corrosion inhibition efficiency is presented in
Table. Results showed that that inhibition performance of both the
studied inhibitors increases with their concentrations and maximum
values were achieved at 7.95 x 10~ >M concentration. THP-1 and THP-
2 showed the maximum IE of 90.67% and 94.30%, respectively. From
the results, it is also clear that THP-2 exhibited higher IE as compared to
THP-1 at all the studied concentrations. The higher IE of THP-2 than
THP-1 is attributed due to +R effect (conjugation) of the two methoxy
(—OCHS3;) groups present on phenyl moiety [27]. The results given in
Table 2 further showed that increased inhibitor concentration after
7.95 x 10~°M did not show any significant enhancement in the in-
hibitors efficiency, which implies that at 7.95 x 10~ >M is optimum
concentration.

Table 2
The weight loss parameters obtained for mild steel in 1 M HCI containing dif-
ferent concentration of THPs.

Inhibitors Conc Weight loss Cr © IE (%)
o) (mg) (mgem~2h™1)

Blank 0.00 193 6.43 - -

THP-1 1.98 x10° 116 3.86 0.3989  39.89
397 x107° 71 2.36 0.6321  63.21
5.96 x 107° 41 1.36 0.7875  78.75
7.95x107° 18 0.60 0.9067  90.67
9.94x107° 17 0.56 0.9119  91.19

THP-2 1.98 x 107> 107 3.56 0.4455  44.55
3.97 x107° 57 1.90 0.7047  70.47
5.96 x 107° 31 1.03 0.8393  83.93
795 x107° 11 0.36 0.9430  94.30
9.94x107° 10 0.33 0.9481  94.81
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Table 3
Variation of Cy and IE with temperature in absence and presence of optimum
concentration of THPs in 1 M HCL

Temperature (k) ~Corrosion rate (Cg) (mgcm~2h™?) and inhibition efficiency (7%)

Blank THP-1 THP-2
Cr IE(%) Cr IE (%) Cr IE (%)
308 7.66 - 0.60 92.17 0.36 95.21
318 11.00 - 1.36 87.57 0.96 91.21
328 14.33 - 2.80 80.46 2.06 85.00
338 18.66 - 6.23 66.60 4.96 73.39
Effect of temperature

The temperature effect causes the effective change the inhibition
performance of inhibitors. Therefore, we have tested the inhibition ef-
fect of 7.95 x 10> M concentration THPs inhibitor at the temperature
range of 308-338 K. The variation of IE with solution temperature is
summarized in Table 3. The results given in Table 3 showed that in-
creased solution temperature resulted into decreased IE and increased
corrosion rate (Cr), it may be due to desorption of inhibitors molecule
occurs at higher temperature. Desorption of adsorbed inhibitor mole-
cules form the metallic surface at elevated temperature, can results into
the exposure of higher metallic surface area that will increase the
corrosion rate. The activation energy (E,) was calculated the Arrhenius
equation as shown below [28]:

a

log(Cp) = ——2— +
8(Ch) = 223kt

logA 13)

where A is the Arrhenius pre-exponential factor, T is absolute tem-
perature and R is the gas constant. The values of activation energies in
absence and presence of inhibitors was derived from the slope values of
Arrhenius plots (Fig. 3) and given in Table 4. The calculated values of E,
were 66.77 kJ mol ~! for THP-1 and 73.37 kJ mol ~! for THP-2, while in
absence of inhibitor molecules it was only 38.48kJmol~'. The in-
creased values of activation energies in presence of both inhibitors as
compare to in their absence indicate that more energy barrier has been
achieved and corrosion process has become more difficult due to the
formation of a protective film by the THPs molecule at metal- electro-
lyte interfaces [29,30]. Further, the higher values of E, in the presence
of THPs confirmed the electrostatic interaction between inhibitor mo-
lecules and metallic surface [31].

0.090
0.085 1
0.080 -
0.075
0.070 4
0.065-
0.060 -
0.055 1
0.050
0.045 1
0.040 -

* THP-1 R?=0.9998, slope = 0.636
THP-2 R2=(.9992, slope = 0.673

-

[(C/0)|/mM

0.02 003 0.04 005 0.06 0.07 0.08
[(O))/mM

Fig. 3. Langmuir isotherm plots for the adsorption of THPs on mild steel surface
in 1M HCL
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Table 4
The value of k,gqs and AGY% for mild steel in absence and presence of optimum
concentration of THPs in 1 M HCI at different studied temperature.

Inhibitors ~ Kuas (10°M™1) —AGags (KJmol™1)

308 318 328 338 308 318 328 338
THP-1 1.41  0.84 049 023 3476 3453 3415 33.16
THP-2 238 1.24 0.68 033 3610 3556 3502 34.07

Adsorption isotherm

The adsorption isotherm is very essential to understand the ad-
sorption mechanism of organic molecules on the metallic surface [32].
The study of adsorption isotherm gives information about structural
properties of the electric double layer along with thermodynamic in-
formation. The Freundlich, Temkin and Langmuir adsorption isotherms
were tested in the present study in order to find the best fit among
which Langmuir isotherm was best fitted with the values of regression
coefficient (R?) close to one which validates the applicability of this
approach, shown in Fig. 3 [27]. The values R were 0.9996 and 0.9991
for THP-1 and THP-2 respectively. The Langmuir isothermal can be
represented by following relationship [33].

c_ 1
Kads

+C

6 (14

where K,qs is the adsorption—desorption constant processes occurring
on the metal surface C is the molar concentration of THPs and 6 is the
degree of surface coverage of THPs inhibitor at MS surface. The values
of K,qs were calculated at different temperatures from the intercept of
the Langmuir isotherm plots. The standard free energy of adsorption
(AGY4s) was calculated by using following equation:

AG = —RTIn(55.5K 445) (15)

In the above equation, the numerical value 55.5 is the molar con-
centration of water in hydrochloric acid solution. R and T are the
universal gas constant and absolute temperature (in kelvin), respec-
tively. The calculated values of K,qs and AGY are given in Table 4.
Comparing with literatures, the AGY of studied inhibitors is more
negative, indicates that adsorption of THPs on MS surface is more
spontaneously [34-37].

The enthalpy of adsorption (AH) and entropy of adsorption (AS)
were calculated by using the Gibbs-Helmholtz equation:

AGyas = AHggs— T ASqas (16)

The plots between AGy; verse T are given in Fig. S2. The values of
AHg4s and AS,4s were calculated from intercept and slope of the plots,
respectively. The obtained AH, value for THP-1 and THP-2 are
—50.92kJmol "' and —56.62kJmol !, respectively. The obtained
AH_4, values of inhibitors indicated that the studied THP-1 and THP-2
adsorption is predominantly physical and exothermic in nurture [38].

Electrochemical measurements
PDP study

The Tafel polarization curves for the MS in 1M HCl with and
without THPs molecules at 7.95 x 10~ > M concentration are displayed
in Fig. 4. The PDP parameters such as corrosion potential (E.,,), Tafel
slop (Ba, Bc), corrosion current density (icor) obtained through the ex-
trapolation of the linear segments of Tafel curves and IE was calculated
by Eq. (5) from the obtained values of i, are listed in Table 5. From
the results (Table 5 and Fig. 4), it can be observed that the addition of
THPs inhibitors in acidic solution decreases anodic as well as cathodic
reactions. The Tafel curves for MS dissolution are similar in the pre-
sence and absence of inhibitor molecules suggesting that although the
studied molecules inhibit corrosion but did not change its mechanism
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Fig. 4. Tafel curves for mild steel in 1 M HCI in absence and presence of op-
timum concentration of THPs at 308 K.

[39,40]. In presence of inhibitors, the maximum change in the value of
E.orr was 77 mV which is less than 85mV, which indicates that the
studied compounds behave as mixed type inhibitors, and it affects both
anodic oxidative metallic dissolution as well as cathodic reductive
evolution of hydrogen reactions [41]. It is also observed that Tafel slope
values (8, and B.) (Table 5) did not changed significantly in the pre-
sence of THP-1 and THP-2 which further suggest the THPs inhibit both
the anodic and cathodic reactions and acted as mixed type corrosion
inhibitors.

EIS study

EIS is another very helpful which provides additional information
about the corrosion inhibition behavior of organic compounds on MS in
acid solution. Fig. 5(a) and (b) are Nyquist and Bode plots of MS in 1 M
HCl in the presence and absence of inhibitors. In Fig. 5(a) it can be seen
that in the presence of THPs the diameters of Nyquist plot increase as
compare to the blank, indicated that the formation of the protective
film on the metal surface, which resulted into an increased value of the
charge transfer resistance in presence of inhibitors. An appropriate
equivalent circuit was using to extract the impedance data [Fig. 5(c)].
The equivalent circuit includes constant phase element (CPE), polar-
ization resistance (R,) and solution resistance (R;). In absence of in-
hibitor, the polarization resistance (R}?) of mild steel in 1 M HCI solu-
tion is equal to the charge transfer resistance (R.) [42]. However, in
addition of inhibitor molecule, the structure of metal solution interface
changes due to the adsorption of inhibitor, therefore the polarization
resistance (Rli) must be equal to the sum of R, and Ry (film resistance)
ete. (i.e. Rli = R + Ry) [43]. In our present study, we used CPE in place
of capacitance because it gives the superior estimation for the metal
corroding in the acidic electrolytic solution [3,44]. The impedance of
CPE can be defined as:

Zepp = Y ' (jo)™" 17)

where w is the angular frequency, j is the imaginary number (> = —1),
Y, is the amplitude comparable to a capacitance and n is the phase shift
(exponent). The phase shift value gives information about the degree of
metal surface inhomogeneity. The higher the n value is related to the
lower surface roughness i.e., low surface inhomogeneity. The CPE can
represent as resistance when n = 0, Y, = R), capacitance when n = 1
(Yo = R) and inductance when n = —1 (Yo = 1/L), or Warburg im-
pedance when n = 0.5 (Yo = W) based on the value of n. The EIS
parameters derived from Nyquist plots are given in Table 6. From the
results (Table 6), it can be seen that the n values for THPs were between
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Table 5
Tafel polarization parameters for mild steel in 1 M HCI in absence and presence of optimum concentration of THPs.
Inhibitors Conc Ecorr Ba —Be feorr IE 6 x
) (mV/SCE) (mV/dec) (mV/dec) (uA/cm?) (%)
Blank - —445 70.5 114.6 1150 1.12x 1072
THP-1 7.96 X 1075 —522 122.8 161.3 133 88.43 0.8843 1.01 x 1073
THP-2 7.96 x 1075 —503 99.1 160.3 107 90.69 0.9069 1.43x 1072

0.856 and 0.892, which are higher than the value of n for blank (0.827).

From the results depicted in Table 6, it can be further seen that the

surface inhomogeneity decrease in the presence of inhibitor, indicated

that the formation of a protective film on the metal surface. In our

present case, value of double layer capacitance (C4) was calculated by

Ca =

using the following equation [45] Table 7.

_YO (wmax)n_l

(18)

where . is the angular frequency at which the imaginary part of

impedance has maximum [46-49]. From the table, the goodness (Xz) of

10* 4
| 12 3 - Blank |
TP () ) Blank : (b) Pl
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Fig. 5. (a) Nyquist plots and (b) Bode plots for mild steel in 1 M HCl in absence and presence of optimum concentration of THPs at 308 K, (c) Equivalent circuit used
for fitting and a analyzing the electrochemical data and (d-e) fitted Nyquist and Bode plot for THP-2.
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Table 6
The EIS parameters obtained for mild steel in 1 M HCI in absence and presence of optimum concentration of THPs.
Inhibitors Conc Rg Ry Rp n Y° Cal IE (%) 2]
o) @ (Qem?) Qem? (HF/cm?) (uFem™?)
- 1.12 0.818 9.58 0.827 482.2 106.28 - -
THP-1 7.95 x 107° 0.849 0.576 119.9 0.856 173.2 47.89 89.71 0.8971
THP-2 7.59 x 107° 0.664 0.455 157.5 0.892 149.2 33.50 92.19 0.9219
Table 7 Surface measurement

Values of slope and phase angle for both inhibitors derived from Bode plot.

Inhibitors Conc. (M) Slope Phase angle (a)
Blank - —0.48 —41.30
THP-1 7.95 x 107° —0.69 —61.36
THP-2 7.95 x 10~° -0.73 —63.36

fit is very close to 103, supported the validity of used circuit. The
magnitude of R, increases while the values of Cqy decreases in the
presence of 7.95 x 10">M THPs molecule in 1M HCI, which cause
increase the IE % (Eq. 4), indicated that the THPs inhibit the corrosion
of MS effectively. Decrease the Cy, it may be due to either increase in
the thickness of electric double layer or decrease in local dielectric
constant or both which is consequence due to adsorption of THPs in-
hibitors on MS surface. The order of IE THP-2 > THP-1 followed the
weight loss results.

Blank*

WO = 10.0 mm

SEM/EDX analysis

The surface examinations of the inhibited and uninhibited metallic
specimens give further insight about the inhibition behavior of the in-
hibitor molecules. The SEM images of inhibited and uninhibited MS
specimens and their corresponding EDX spectra after immersion for 3h
in 1 M HCl are given in Figs. 6 and 7. Fig. 8 represents the SEM image of
uninhibited MS specimen which shows a highly damaged and corroded
specimens resulted due to free acid corrosion in absence of inhibitors.
Moreover, the SEM image of the metallic specimen in without inhibitor
shows some pits and cracks in addition to the mountain like appear-
ance. However, from the SEM images in presence of THPs molecule, it
can be seen the metallic surface become significantly smoothened
which could be possible as a result of the formation of a protective layer
by inhibitor molecules over the metallic surface. The inhibition per-
formance of the studied compounds was further supported by their EDX
spectral analysis. The EDX spectra of the metallic specimen in absence
of inhibitors showed the signals only iron, carbon and oxygen. The
signal for the presence of oxygen in the EDX spectrum of uninhibited
solution which is indicated that the formation of the surface oxide layer

5
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Fig. 6. SEM image of mild steel surface in absence and present of 40 ppm of THPs inhibitors.
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Fig. 7. EDX spectra of mild steel in absence and presence of 40 ppm of THPs inhibitors.

during SEM/EDX operation processes. Further, the EDX spectra of the
metallic surface in presence of inhibitors (Fig. 7) show two additional
signals corresponding to nitrogen and oxygen, which clearly reveal the
presence of inhibitor on the surface.

AFM analysis

The AFM micrographs of MS specimens in absence and presence of
optimum concentrations of two studied inhibitor molecules are shown
in Fig. 8. From the Fig. 8 it can be seen that AFM micrograph of the MS
surface shows a highly corroded and rough surface which is again at-
tributed to free acid corrosion in acid solution with any inhibitors. The
calculated average surface roughness was 580 nm. However, the AFM
micrographs in presence of inhibitors show significant improvement in
the metallic surface morphology. The smoothed surface morphologies
of metallic surfaces in presence of studied inhibitors is resulted to the
formation of a protective film by the inhibitors molecules which isolate
the metals from corrosive environments. The average surface rough-
ness’s were decreased to 264 and 190 nm in presence of 7.95 x 10 °M
concentrations of THP-1 and THP-2, respectively. The high surface
smoothness of metallic specimens for THP-2 as compare to THP-1 fur-
ther indicates that THP-2 is comparatively more efficient corrosion
inhibitors.
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QC calculations

The QC calculations using DFT method has emerged as a most fre-
quently used computational technique. These calculations provide some
vital parameters, which describe the interactions between metal and
inhibitors. The optimized of THP-1 and THP-2 molecules are given in
Fig. 9. It is well known that in acid solution the heteroatoms (O N, S) of
the organic molecule which having free lone pair of electrons get easily
protonated. In our present study, we protonated the secondary amine
group of both THPs molecule because it has maximum Mulliken charge
—0.648 (9N) and —0.646 (10N) of THP-1 and THP-2, respectively
(Fig. 9). Therefore, the DFT study has done of neutral as well as pro-
tonated THPs molecule in gaseous and aqueous phase and their frontier
molecular electron distribution (HOMOs and LUMOs) and molecular
electrostatic potential (MEP) structure are depicted in Figs. 10 and 11,
respectively.

In general, Eyomo of any reacting molecule is a measure of tendency
to donate its non-bonding and m-electron to the appropriate accepting
molecule. It can be seen that values of Eyono are increasing from going
THP-1 to THP-2, which indicates that reactivity, and therefore IE in-
creases in the same order in both gaseous (THPs-G) and aqueous (THPs-
A) phases (Table 8). It can be seen that HOMO (highest occupied mo-
lecular orbital) frontier electron distribution is mostly localized over
phenyl ring attached through the electron donating group (secondary
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Fig. 8. AFM image of mild steel in absence and presence of 40 ppm of THPs inhibitors.
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Fig. 11. The HOMOs, LUMOs and molecular electrostatic potential (MEP) of protonated THPs inhibitors in gas (G) and in aqueous (A) phase.

amine) in THP-1 molecules, while in THP-2 molecule, the HOMO dis-
tributed over the one of the phenyl ring attached through the electron
donor tertiary amine and one of the methoxy substituted phenyl ring
(Fig. 10). Careful observation of the frontier molecular orbitals show
that the HOMOs and LUMOs are distributed almost on entire part of the
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molecules in both gaseous and aqueous phases (Fig. 10). However,
molecular electron distribution is relatively more in the case of T-2 as
compared to the THP-1 which implies that THP-2 interacts relatively
more effectively as compared to the THP-1. Obviously, lower value of
Erumo has associated the higher reactivity of inhibitor molecules. While
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Table 8
Quantum chemical parameters derived from the B3LYP/6-31G (d, p) method.
Parameters— Enomo Erumo AE n [ X ANi10 7] €
Inhibitors| (eV) (eV) (eV) (eV) (eV) (eV)
Neutral form
Gaseous THP-1 —4.17 —-1.21 2.96 1.48 0.68 2.69 0.72 1.22 0.82
THP-2 -3.77 -0.91 2.87 1.43 0.70 2.34 0.88 0.96 1.04
Aqueous THP-1 —4.15 -1.19 2.96 1.48 0.68 2.67 0.73 1.20 0.83
THP-2 —3.86 —0.98 2.83 1.44 0.70 2.42 0.83 1.02 0.98
Protonated form
Gaseous THP-1 —6.80 —5.46 1.34 0.67 1.49 6.13 —0.98 13.14 0.08
THP-2 —7.28 —5.34 1.93 0.97 1.03 6.31 -0.77 10.26 0.10
Aqueous THP-1 —4.43 —2.55 1.88 0.94 1.06 3.49 0.71 3.24 0.31
THP-2 —4.69 —2.52 2.17 1.08 0.92 2.27 1.18 1.19 0.84
g e ~\
/
—
—
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Fig. 12. Pictorial representation of adsorption of THP-2 inhibitor on mild steel surface in 1 M HCL.

the values of Ejyyo is listed in Table 8, did not support experimentally
performance of THPs molecules, the abnormality was also find in our
earlier work [47]. The reactive sites of inhibitor molecules were further
confirmed by the molecular electrode potential (MEP) studies by using
the B3LYP/6-13 G (d, p) basis set, shown in Fig. 10. The MEP studies of
THPs molecule, red to green region is associated with electrophilic at-
tack, are mainly observed over the oxygen and some of the phenyl
carbons. While the green to blue region is associated to the nucleophilic
region, which is distributed over the entire part of the THPs in both the
gaseous and aqueous phase (Fig. 10). The energy band gap (AE) is used
to describe the relative reactivity of molecules among a series. In gen-
eral, a molecule with lower value of AE associates with high chemical
reactivity and therefore should exhibit higher IE. In our present study
value of AE follows the order: THP-2 < THP-1, which is in accordance
with order of IE obtained experimentally. Further, the inhibition per-
formance of both the inhibitor molecules was measured by determining
their electronegativity. In general, lower electronegativity of inhibitor
molecule having more capability to donate electrons to vacant metal
orbital and vice versa. The results listed in Table 8 is showed that THP-2
has more donor tendency than THP-1. A molecule with lower value of
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hardness is associated with high chemical reactivity and therefore high
inhibition performance. In our present study, the values of hardness
follow the trends: THP-2 > THP-1 which again accordance with the
order of IE obtained by experimental means. While the value of softness
was just, converse to the hardness and again justified the experimental
order of IE. The fraction of electron transfers which a measure of a
relative amount of electron transfer from one molecule to other was
also determined for both the inhibitors. The THP-2 possesses the higher
positive value of fraction of electron transfer as compared to THP-1
indicating that THP-2 has comparatively higher tendency to transfer its
electrons to the vacant d-orbital of Fe atoms during metal inhibitor
interactions. Electrophilicity index (w) is another parameter, which tells

about the electron-accepting tendency of the inhibitors molecules, and

it is just reverse of nucleophilicity index (¢) which measure the electron

donor tendency [48]. From the results, it can be observed that THP-2
has higher value of £ and lower value @ than THP-1, indicated that THP-
2 have greater electron donor tendency to metal as and have lesser
electron acceptor capability from the metal as compared to THP-1.
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Mechanism of inhibition

The adsorption mechanism of THPs inhibitor on MS surface can
elucidate based on idea obtained from the experimental, surface and
DFT studies. Based on PDP and best fitted Langmuir absorption result,
the THPs molecule adsorbs on the MS surface through both physi-
sorption and chemisorption mood, shown in Fig. 12. In 1M HCI solu-
tion the amine group of THPs molecule get protonated (confirmed by
QC study), which promote the electrostatic interaction with negatively
charged metal created by reabsorbed Cl™ ions (physisorption). At the
same time, chemisorption force created by donation of the available
lone pair of electrons on heteroatoms (O, N) and ms-electrons on the
phenyl rings to the vacant 3d-orbitals of Fe [49]. The high reactivity of
THP-2, due to presence two O-Me groups offers the extra chemisorp-
tion. In addition to this, the donation m-electrons of phenyl rings to the
vacant 3d orbitals of Fe and simultaneously, its vacant antibonding -
orbitals get offers to accept electrons from filled metal orbitals (retro-
donation), which provide the extra potential of THPs inhibitor to in-
teract with mild steel [50].

Conclusion

From the weight loss, electrochemical (EIS and Tafel), surface
(AFM/SEM and EDX) and QC calculations described in the present
study it is concluded that: both the studied THPs act as good corrosion
inhibitors for MS in 1M HCI and their inhibition characteristics in-
crease with concentrations. Among the studied compounds, THP-2 ex-
hibited better IE 94.81% than THP-1 (91.19%) at the optimum con-
centration. EIS study revealed that investigated compounds retard
corrosion through adsorbing on the metal surface. Adsorption of both
inhibitors followed the Langmuir adsorption isotherm. PDP study
showed that both inhibitors behaved as mixed type. SEM/EDX and AFM
analyses supported the inhibition behavior of investigated inhibitors.
QC calculations provide good insight about the electronic properties
and the adsorption behavior of the studied molecules on the metallic
surface. Experimental results were well complemented by QC calcula-
tion results.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in the
online version, at http://dx.doi.org/10.1016/j.rinp.2018.04.069.
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