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Acid inhibitors

The influence of three naphthyridines (NTDs) on acidic dissolution of mild steel was evaluated using experi-
mental methods. Protection abilities of the NTDs molecules are increases with their concentrations. Maximum
inhibition efficiency of 98.69% was observed for NTD-3 molecule at its 4.11 X 10~ °>mol/L ™! concentration. The
inhibition efficiencies of NTDs molecules followed the order: NTD-1 (96.1%) < NTD-2 (97.4%) < NTD-3
(98.7%). Polarization study showed that NTDs acted as mixed type inhibitors and they preferably block the
active sites accountable for the corrosion. EIS study suggested that the NTDs inhibit corrosion because of their

adsorption at electrolyte/metal interfaces and their adsorption followed Langmuir adsorption isotherm. AFM
analysis was adopted to support the adsorption inhibitive behavior of NTDs.

Introduction

Heteroatoms containing organic compounds represent an important
category of inhibitors for metallic corrosion which can be used during
pickling of metals and alloys and acidization of oil well [1-5]. Previous
studies have shown that heterocyclic compounds act as effective in-
hibitors for metallic corrosion. Their effectiveness is based on the pre-
sence of heteroatoms, st-electrons, non-bonding electrons and aromatic
rings [6]. The adsorption of these inhibitors be contingent upon more
than a few factors including nature of substituents, adsorption sites,
metal, testing medium and solution temperature etc. [7]. Generally,
adsorption of organic compounds results into the formation of protec-
tive and inhibitive film that retards the metallic dissolution through
avoiding the direct contact of metals and aggressive media. Recently,
naphthyridine derivatives have attracted extensive devotion due to
their impending natural happenings such as antibacterial, anti-in-
flammatory, anti-hypertensive, anti-platelet, anti-arrhythmics, herbi-
cide safeners, immunostimulants activities [8-10].

Generally, naphthyridines derivatives are associated with high de-
gree of functionality and solubility in polar media like 1M HCI solution

that make them suitable anticorrosive candidates. Kalaiselvi et al. [11]
studied the performance of three 1, 8-naphthyridine derivatives using
electrochemical, chemical and solution analysis (AAS) techniques. The
experiments were performed on mild steel in acid solution. Results of
the study showed that 1, 8-naphthyridine derivatives acted as good
inhibitors and they showed as much as 99.21% of efficiency at as low as
0.3 x 10" 3mol/L concentration. In another study, Alvarez-Manzo
et al. [12] synthesis and tested the inhibition efficiency of five 1, 8-
naphthyridines derivatives. They observed the maximum protection
ability of around 99% at 500 ppm (2.06 mol/L) concentration. The in-
fluence of three 1, 8-naphthyridines derivatives on mild steel has also
been investigated by Ansari and Quraishi [13]. The maximum inhibi-
tion efficiency of best inhibitor was about 93% at 200ppm
(0.69 x 10~ 3 mol/L) concentration.

Herein, three 1, 6-naphthyridine derivatives (NTDs) have been
produced from the earlier reported method and investigated their cor-
rosion inhibition efficiency on mild steel in 1M HCl. The criteria for
selection of the naphthyridines is grounded on the fact that they contain
five nitrogen atoms (heteroatoms with lone pair of electrons) in addi-
tion to hydroxyl groups (high degree of functionality), aromatic ring
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Fig. 1. Synthetic rout of studied NTDs.

(high m-electrons density), and non-bonding electrons through which
these compounds are likely to adsorb on mild steel surface efficiently
[14-21].

Experimental methods

Metallic sheet purchased from market with elemental composition
reported in our earlier publications was used for experimental works as
per the earlier reported methods [23,24]. Electrolyte was 1M HCI
which was also prepared as described in our previous reports. The in-
vestigated naphthyridine derivatives (NTDs) were synthesized affording
to the beforehand designated method [22]. The synthetic scheme is
revealed in Fig. 1 and informations correlated to the NTDs molecules
are given in Table S1. The methodologies and experimental procedures
for weight loss, surface (AFM), and electrochemical studies were same
as we reported in our previous reports [23,24]. The DFT study was
carried out as described in our previous reports [23,24].

Supplementary data associated with this article can be found, in the
online version, at https://doi.org/10.1016/j.rinp.2018.06.054.

Results and discussion
Electrochemical study

Open circuit potential (OCP)

The OCP versus time curves with and without NTDs are given in
Fig. 2. OCP is the potential that has established on the mild steel
working electrode deprived of smearing any outside current. On ob-
serving Fig. 2 carefully it can be seen that inhibited (by NTDs) OCP
versus time curves have been moved towards more negative course
derived of varying the collective features of the curves. Generally, this
type of potential shifts are related to the disintegration or dissolution of
surface metal oxides layers (FesO4 and Fe;O3) and adsorption of the
inhibitor (NTD) molecules at the interfaces [25,26]. It is important to
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Fig. 2. OCP vs time curves for mild steel dissolution in 1M HCl in absence and
presence of optimum concentration of NTDs.
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Fig. 3. Polarization curves for mild in absence and presence of optimum con-
centration of NTDs.

mention that whenever a metal surface exposed to acidic aggressive
solution then rapid dissolution of its oxides takes place that results into
the variation in the OCP. A straight OCP versus time curves are the
indication for establishment of steady state potential (E.,,.). Generally,
organic inhibitors like NTD molecules inhibit both anodic and cathodic
reactions however in present cases inhibited OCP versus time curves
shifted in negative (cathode) direction which suggests that NTDs have
major influence on cathodic (hydrogen evolution) reaction [27]. The
values of E.,, of studied compounds followed the order: NTD-
3 > NTD-1 > NTD-2, instead of expect NTD-1 > NTD-2 > NTD-3
order of E.,. This finding suggests that NTD-2 showed relatively more
anodic behavior that NTD-1 and NTD-3. The tested compounds fol-
lowed the anodic dominance order: NTD-3 > NTD-1 > NTD-2. Si-
milar explanations have been stated in numerous other reports [28-30].
Fig. 2 represents the linear lines suggesting that oxide layer have been
removed completely from the surface and adsorption of the NTDs mo-
lecules occurred after 200 s immersion time.

Polarization

The Tafel polarization curves for the dissolution of mild steel in 1M
HCl are revealed in Fig. 3. These Tafel curves have been extrapolated to
get some common polarization indices like i.,, (corrosion current
density), E.or (corrosion potential) B. (cathodic Tafel slope) and S,
(anodic Tafel slope). These polarization indices along with the per-
centage of inhibition efficiency (1%) are presented in Table 1. Review of
the Table revealed that shapes of protected and non-protected polar-
ization curves are very much similar which implies that NTDs mole-
cules retards corrosive disintegration of mild steel by imposing in-
hibitive film and blocking the active sites deprived of altering the
mechanism of disintegration. More so, presence of NTDs in the corro-
sive medium did not cause any substantial change in value of E..

Table 1
Tafel polarization parameters for mild steel in 1M HCI solution in absence and
at optimum concentration of NTDs.

Inhibitor ~ Ecorr Teorr Ba —Be ] n%
(mV/SCE)  (uA/cm?)  (mV/dec)  (mV/dec)

Blank —445 1150 70.5 114.6 - -

NTD-1 —463 84.2 60.3 186.1 0.927  92.7

NTD-2 —467 61.3 60.4 154.6 0.947  94.7

NTD-3 —459 36.4 58.2 178.2 0.969  96.9
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Fig. 4. a-c: (a): Nyquist plot for mild steel in 1M HCI without and with optimum
concentrations of NTDs. (b): Equivalent circuit model used to fit the EIS data.
(c): Bode (log f vs log |Z|) and phase angle (log f vs a°) plots for mild steel in 1M
HCI in absence and presence of optimum concentration of NTDs.

which implies that NTDs act as mixed type inhibitors [31]. However,
compared to the f8,, the values of 8. showed somewhat more variation
which suggested that NTDs acted as principally cathodic type inhibitors
[32].
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Table 2
EIS parameters obtained for mild steel in 1M HCl in without and with optimum
concentration of NTDs.

Inhibitor Ry Rt Ca n 0 n%
(Q ecm?) (Q cm?) (UF cm ™ 2

Blank 1.12 9.58 106.21 0.827 - -

NTD-1 1.05 264.7 42.82 0.854 0.964 96.4

NTD-2 1.00 344.9 41.81 0.856 0.972 97.2

NTD-3 1.11 386.1 33.09 0.859 0.975 97.5

Electrochemical impedance spectroscopic measurements

Nyquist plots with and without NTDs are presented in Fig. 4a which
revealed a single semicircle under both situations. Formation of the
single semicircle is generally resulted due to the involvement of single
charge transfer mechanism [33,34]. The diameter of the semicircle
generally increases with increasing the resistance for the charge
transfer phenomenon. Increased diameter of the Nyquist plots for in-
hibited (by NTDs) as compared to uninhibited one is resulted due to
formation of protective surface film by NTDs [35]. It is important to
mention that NTDs have several adsorption centers through which it
can easily adsorb at interfaces and impose barrier for charge transfer
from metal to electrolyte. Equivalent circuit depicted in Fig. 4b was
employed to calculate EIS parameters. The evaluated EIS indices along
with percentage of inhibition efficiency are shown in Table 2. Im-
plementation of the CPE as an alternative of pure capacitor for acid
catalyzed electrochemical corrosion of mild steel (or other metals and
alloys) provides superior approximation. Impedance of the CPE that is
constant phase element used in the equivalent circuit can be accessible
as follows [36]:

Zcpg = Yo (jo)™ ()]

where the Y, is a proportionality factor and n is the CPE exponent
(phase shift). j is the imagined number and w is the angular frequency.
Generally, the value of n lies in between 0 and 1 and being used as a
gauss for surface homogeneity measurement. The adsorption of in-
hibitors on metal/electrolyte (acid solution) interface results in the
formation of a differential capacitance rather than an ideal capacitance.
It is obvious that adsorption of inhibitors (NTDs) at the interface results
in the formation of double layer whose capacitance (Cq) can be ob-
tained as follows [37]:

Yo"
sin(n(7z/2))

Ca ®)

The inspection of the data revealed that R, values augmented in the
presence of NTDs which can be credited because of the establishment of
defensive covering by NTDs on the mild steel surface [31,5]. More so,
the Cq values are higher for uninhibited solution than that for inhibited
solution. The decreased values of C4 value in presence of NTDs (or
other inhibitors) are generally resulted because of the amplified breadth
of the electric double layer generated at the electrolyte/ metallic in-
terfaces through their (NTDs) adsorption [5].

The Bode plots for the mild steel dissolution in 1M HCI in absence
and presence of optimum concentrations of NTDs are shown in Fig. 4c.
In the Bode plots, the value of left legend (/Z/) represents the im-
pedance of the Bode plots while right legend () value represents the
phase angle. Generally, phase angle value is related with the surface
morphology and its inferior value proposes the higher surface irregu-
larity or inhomogeneity and vice versa. Development of the single
maxima (one time constants) in Bode plots supported the conclusion
derived from Nyquist plots that the metallic dissolution with and
without NTDs involves the single charge transfer mechanism [38,39].
Careful evaluation of the Bode plots reveals that the magnitude of phase
angles for three studied inhibitors have significantly enhanced and
thereby surface smoothnesses have been amplified because of the ad-
sorption of the inhibitors on the metallic surface as compared to
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Fig. 5. Variation of inhibition efficiency with NTDs concentration.

uninhibited specimen [40].

Weight loss measurements

Effect of NTDs concentration

The variation in the 7%, corrosion rate (Cr) and surface coverage
with NTDs concentration is shown in Fig. 5 and Table 3. From the re-
sults it is clear that the inhibition efficiency increases as the con-
centration of NTDs increases. Results showed that the NTD-3 showed
the maximum 7% of 98.69% followed by NTD-2 (97.38%) and finally
by NTD-1 (96.08%) at as low as 4.11 X 10~ °mol/L concentration.
Weight loss experiments were also carried out after keeping the NTDs
concentrations more than 4.11 X 10~ > mol/L however no appreciable
increase in the inhibition performance of NTDs were observed which
suggested that 4.11 x 10~ °>mol/L is optimum concentration. The op-
timum concentration was employed for electrochemical studies. The
higher inhibition efficiency of the investigated 1, 6-naphthyridines
derivatives synthesized in our lab as compared to previously reported 1,
8-naphthyridines derivatives is due some structural difference between
them. Higher molecular weight, presence of polar functional groups
(—OH, —CN, —NH,), m-electrons, non-bonding electrons and aromatic
rings favor the adsorption of investigated 1, 6-naphthyridines deriva-
tives as compare to 1, 8-naphthyridines derivatives.

Table 3
The weight loss parameters obtained for mild steel in 1M HCI containing dif-
ferent concentrations of NTDs.

Inhibitor Conc (mol/L) Cg (mg em%h™Y) Surface coverage (0) n%
Blank 0.0 7.66 - -
NTD-1 1.18 x 107° 2.2 0.713 71.3
2.37 x 107° 0.93 0.879 87.9
3.55 x 107° 0.53 0.931 93.1
474 x 107° 0.30 0.961 96.1
NTD-2 1.18 x 10°° 2.06 0.731 73.1
2.37 x 107° 0.80 0.896 89.6
3.55 x 107° 0.36 0.953 95.3
4.74 x 107° 0.20 0.974 97.4
NTD-3 1.18 x 10~° 1.93 0.749 74.9
2.37 x 107° 0.70 0.909 90.9
3.55 x 107° 0.33 0.957 95.7
474 x 107° 0.10 0.987 98.7
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Fig. 6. Arrhenius plots for the corrosion rate of mild steel versus the tem-
perature in 1M HCL

Effect of temperature

The Cgr and 7% values derived at different temperature (308-338 K)
with (optimum concentration) and without NTDs are given in Table S2.
The inspection of the results revealed that Cr values rises and the 7%
decreases on growing solution temperature for both inhibited and un-
inhibited solutions. This temperature dependency of Cr was estimated
using Arrhenius equation [41]:

_Ea

G = Ae"p(ﬁ) @

In above equation all symbols have their usual meaning. The value
of apparent activation energy (E,; kJ mol ™) for inhibited and unin-
hibited solutions was derived from Arrhenius plots of log Cy versus 1/T
(Fig. 6). The values of E, increased from 28.48 kJ mol ™! (blank) to
54.18 kJmol ™!, 67.44kJmol ', and 83.88kJmol ' in presence of
NTD-1, NTD-2 and NTD-3, respectively. The increased value of E, in
presence of NTDs molecules indicates that corrosion progression has
becomes hard due to establishment of the energy barrier in presence of
these inhibitors. Order of the #% can also be validated by the values of
E, (kJ mol 1) for these tested inhibitor molecules [42,43]. The highest
value of E, (kJmol™?) for NTD-3 among the tested compounds shows
that NTD-3 is the most effective inhibitor, while the lowest value of E,
(kJ mol™1) for NTD-1 indicates that NTD-1 is the least effective corro-
sion inhibitor.

Adsorption isotherms

In the present case, adsorption behavior of NTDs molecules was
tested using some commonly used isotherms namely, Temkin, Frumkin
and Langmuir but Langmuir isotherm gave the best fit. Following
equation represents the simplest form of Langmuir equation [44]:

6
KoisC = —

1-6 ®

The symbols used in the Langmuir equations have their usual
meaning. The Langmuir isotherm represented in Fig. 7 which is de-
signed among log (6/1 — 6) vs 10g C mo1,1)- The Kags is connected to the
standard free energy (AGags) of adsorption progression by the relation
[45]:

AGYs = —RT In(55.5K 445) ©

Here, the 55.5 represents the aqueous concentration in 1M HCI acid
solution and other digits have their usual meaning. The calculated va-
lues of Kaqs and AGoq are given in Table S2. From the results it can be
seen that values of K,qs follow the order: NTD-3 > NTD-2 > NTD-1
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Fig. 7. Langmuir isotherm plots for the adsorption of NTDs on mild steel sur-
face in 1M HCL

and thereby values of surface coverage also follows the same trend
(according to equation (8)). The observed values of K,4s and surface
coverage well justify the order of the #% of the tested compounds ob-
tained by weight loss and electrochemical measurements. The AGQqs
values fluctuates in between —34.84 and —38.78kJmol ™!, which
signify that NTDs adsorb by physiochemisorption mode [46,47]. From
equation (9) it is clear that greater the value of K45, lower will be value
of AGY4s (more negative) and greater will be spontaneity of the in-
hibitors adsorption. Therefore, a more negative value AGQq, is consisted
with high surface coverage. From the results shown in Table S2 it is
concluded that the surface coverage values of these inhibitors follows
the order: NTD-3 > NTD-2 > NTD-1.

Atomic force microscope (AFM) analysis

The AFM images of the working electrode surfaces are shown in
Fig. 8. The uninhibited mild steel surface is highly corroded and da-
maged and it has the average surface roughness of 392 nm. It is sig-
nificant to remark that in the absence of NTDs, aggressive attacks of the
acidic medium resulted in to the damaging of the surface morphology.
However, in presence of NTDs (Fig. 8b-d) the surface smoothness sig-
nificantly upgraded owing to the establishment of defensive film by
NTDs on mild steel surface. The calculated surface roughness were 143,
86, and 63 nm in presence of NTD-1, NTD-2 and NTD-3, respectively.

DFT study

The frontier molecular orbital pictures of NTD-1, NTD-2 and NTD-3
are presented in Figs. 9 and 10 and several computational indices are
given in Table 4. It is important to mention that inputs of the DFT study
can be correlates with the order of the chemical reactivity or the ad-
sorption tendency of NTD-1, NTD-2 and NTD-3 molecules over the
metallic surface. In general a more reactive compound is associated
with higher corrosion protection ability as compared to the chemically
less reactive molecule. Obviously, a high value of Eyomo is consistent
with high chemical reactivity and vice versa. Results depicted in
Table 4 showed that values of Eyomo are increasing (in positive) on
moving from NTD-1 to NTD-3 which implies that electron donating
abilities s and thereby protection tendencies of these compound are
increasing in the similar arrangement [23,24]. Similarly, value of E; ymo
is related with electron accepting ability of the inhibitor (NTDs) mo-
lecules. Careful observation of the results presented in Table 4 sug-
gested that values of Ejyno are not showing any predicted trend. The
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Fig. 8. AFM images of mild steel: (a) in absence of NTDs and in the presence of
optimum concentration of (b) NTD-1, (c¢) NTD-2, and (d) NTD-3.



C. Verma et al.

Results in Physics 10 (2018) 504-511

Fig. 9. Optimized frontier molecular orbital structure of (a) NTD-1, (b) NTD-2, and (c) NTD-3.

energy band gap (AE) is one of the most significant DFT established
reactivity constraint and its inferior values is accompanying with high
chemical reactivity. Results showed that values of AE for NTDs are
decreasing in the order: NTD-1 < NTD-2 < NTD-3, which suggests
that NTD-3 is most reactive among the tested compounds while NTD-1
is least reactive [23,24]. The most reactive compound is associated with
highest inhibition efficiencies and vice versa. On this source, it can be
determined that NTDs display the inhibition sequence of: NTD-
3 > NTD-2 > NTD-1, which is rendering to the experimental order of
their efficacy [23,24]. Softness and hardness are two other relative DFT
based indices and both are inversely related to each other. Obviously, a
high value of softness or low value of hardness is associated with high
chemical reactivity and thereby high protection ability. The softness
and hardness values of NTD-1, NTD-2 and NTD-3 presented in Table 4
are according to the predicted trend of inhibition efficiency [23,24]. At
last values of dipole moment for NTD-1, NTD-2 and NTD-3 molecules
were calculated. It important to mention that when an organic com-
pound approaches and interacts with the metallic surface, it polarize
and cover the metallic surface and thereby protects from corrosion. An
organic compound having greater value of dipole moment is considered
to be more polarizable as compared to the compound having lesser
value of dipole moment. In our present study, dipole moment values are
increasing on going NTD-1 to NTD-3 which suggests that polarizability
thereby protection ability of NTD-1, NTD-2 and NTD-3 molecules are
increasing in the same trend.

Mechanism of inhibition

The adsorption of inhibitors (NTDs) at the metal / electrolyte in-
terface takes place by two types of interactions: the physisorption and
the chemisorption. Generally, the physical adsorption comprises
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electrostatic interactions. Chemisorption comprises sharing of charges
between inhibitors (NTDs) and metal surface [48,49]. In the present
study, the values AGoys varies from -34.84 to -38.78 kJ/ mol which
suggest that interaction between metal surface and NTDs involves both
physical and chemical interactions [50-53]. Thus it is concluded that
initially NTDs are physically adsorbed on metal surface later on che-
misorption takes place by charge sharing between metal surface and
NTDs molecules. Based on these experimental and theoretical ob-
servations a proposed model of NTDs adsorption on mild steel surface
in 1M HCl is shown in Fig. 11. The higher n% of investigated NTDs as
compared to previously reported naphthyridines derivatives is attrib-
uted due to presence of highly basic nature of NTDs. Further, presence
of functional moieties (such as —CN, —NH,, —OH), planer structure,
and aromatic rings in the NTDs molecules enhance strong bonding
between metal and the inhibitors. In our present study, the inhibition
efficiency of the investigated NTDs follows the order: NTD-3 > NTD-
2 > NTD-1. The difference in inhibition efficiency among the in-
vestigated inhibitors can be explained in the terms of relative basicity
and the molecular structure of the NTDs. The NTD-2 gives better in-
hibition performance as corrosion inhibitor than NTD-1 because of the
presence of two surplus electron discharging —OH groups. The NTD-3
gives the best performance of 98.7% at 4.11 x 10~ > mol/L concentra-
tion as an inhibitor which is attributed to the presence of four surplus
electron releasing —OH groups and extensively delocalized m-electrons
[54].

Conclusion
From the obtained results following conclusion can be drawn:
1. The corrosion

inhibition efficiency of 1, 6-naphthyridines
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Fig. 10. HOMO and LUMO frontier molecular orbital structure of (a) NTD-1, (b) NTD-2, and (c) NTD-3.

derivatives investigated in the present study are better as compared 3. The adsorption of the studied followed the Langmuir adsorption
to 1, 8-naphthyridines derivatives investigated previously by several isotherm.
authors. 4. Polarization study publicized that the NTDs performed as mixed and
2. The n% increases with NTDs concentration. The NTD-3 gave the best predominantly acted as cathodic inhibitors.
inhibition efficiency of 98.7% at 4.11 x 10~ > mol/L concentration. 5. The AFM results showed that the surface roughness decreases in
Table 4
Quantum chemical parameters for different NTDs.
Inhibitor Dipole movement () Enomo (Hartree) Erumo (Hartree) AE (Hartree) Hardness (p) Softness (0)
NTD-1 2.8601 -0.17615 —0.04193 0.13422 0.06711 14.900
NTD-2 5.9818 —0.08304 —0.04664 0.0364 0.01820 54.945
NTD-3 7.0490 —0.06972 —0.04246 0.02726 0.01363 73.367
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Fig. 11. Pictorial representation of the adsorption behaviour of the NTDs on
mild steel in 1M HCI solution.

presence of NTDs, due to establishment of protecting film on the
surface.
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