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In present study two condensation products of melamine (triazine) and glyoxal namely, 2,2-bis(4,6-dia
mino-1,3,5-triazin-2-ylamino)acetaldehyde (ME-1) and (N2,N20

E,N2,N20
E)–N2,N20

-(ethane-1,2-diylidene)-
bis-(1,3,5-triazine-2,4,6-triamine) (ME-2) are tested as mild steel corrosion inhibitors in acidic solution
(1M HCl). The inhibition efficiency of ME-1 and ME-2 increases with increase in their concentrations
and maximum values of 91.47% and 94.88% were derived, respectively at 100 mgL�1 (34.20 � 10�5 M)
concentration. Adsorption of ME-1 and ME-2 on the surface of metal obeyed the Langmuir adsorption iso-
therm. Polarization investigation revealed that ME-1 and ME-2 act as mixed type inhibitors with minor
cathodic prevalence. The chemical and electrochemical analyses also supported by surface characteriza-
tion methods where significant smoothness in the surface morphologies was observed in the images of
SEM and AFM spectra. Several DFT indices such as EHOMO and ELUMO,DE, g, r, v, l andDNwere derived for
both ME-1 and ME-2 molecules and correlated with experimental results. The DFT studies have also been
carried out for protonated or cationic form of the inhibitor molecules by considering that in acidic med-
ium the heteroatoms of organic inhibitors easily undergo protonation. The experimental and density
functional theory (DFT) studies (neutral and protonated) were in good agreement.

� 2018 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

Acidic solutions are widely employed in descaling, pickling,
cleaning and oil acidification procedures through which damage
of metallic resources occur by corrosion [1,2]. Therefore, these pro-
cedures required implementation of some additives identified as
corrosion inhibitors to avoid the corrosive dissolution of metals
[3,4]. Among the previously employed methods, implementation
of organic compounds is one of the best practices to avoid corro-
sion. These compounds contain heteroatoms (P, N, O and S) in form
of polar functional groups such as ASO3H, ACOOH, ANH2, ANO2,
AOH, AOCH3, ACONH2 and ACOOC2H5 etc. through which they
can effectively adsorb and form surface protective films [5–8].
More so, these compounds contain extensive conjugation in form
of multiple bonds and non-bonding electrons can also act as
adsorption centers. However, the application of these inhibitors
is inadequate solubility in polar aggressive solution due to their
highly hydrophobic nature [4,6–8]. Literature study revealed that
nitrogen containing heterocyclic compounds exhibit good protec-
tion ability due to the formation of co-ordinate bonds between
unshared electron pairs of nitrogen and d-orbital of superficial iron
(Fe) atoms.

Melamine is well established nitrogen rich triazine ring contain-
ing molecule with three additional nitrogen atoms those can easily
protonate and enhance the solubility of polar solvents [9]. Recently,
derivatization of melamine gained the significant advanced for
variety of purposes including corrosion inhibition. Literature survey
revealed thatmelamine and its several derivatives have been inves-
tigated as effective corrosion inhibitors for metals and alloys in
aggressive solutions owing to their high protection ability which
is in turn attributed to the adsorption of these compounds by their
protonizable amino groups and non-bonding electrons of nitrogen
atoms and p-electrons of three double (AC@NA) bonds [10–13].
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Recently, Liao and coworkers [9] demonstrated the effect of five
melamine derivatives designated as T1, T2, T3, T4 and T5 having
either one or three identical nitrogen containing alkyl chain(s).
The study was performed using DFT and several experimental
methods such as weight loss, surface (SEM) and electrochemical
(EIS, PDP) methods. Results showed that protection power of these
inhibitors increases with increasing the hydrophobicity (length of
alkyl chain(s)). The melamine derivatives having greater number
and larger size of hydrophobic chains show higher protection abil-
ity as compared to their other derivatives having smaller number
and fewer sizes of hydrophobic chains. Beside this several other
derivatives of melamine have also been explored as corrosion inhi-
bitors. Therefore, the development and implementation of new
melamine derivatives as corrosion inhibitors is highly anticipated
owing to the high solubility and high protection ability ofmelamine
derivatives as compared to the melamine itself. In view of this, pre-
sent investigation deals with the implementation of two new mel-
amine derivatives synthesized by condensation of melamine and
glyoxal and demonstrated as corrosion inhibitors for acidic (1M
HCl) corrosion of mild steel for the first time. Several commonly
employed methods such as chemical (weight loss), electrochemical
impedance spectroscopy (EIS), potentiodynamic polarization (PDP),
atomic force microscope (AFM) and scanning electron microscopy
(SEM) have been undertaken to study the inhibition ability of the
melamine derivatives. The adsorption and inhibition behavior of
ME-1 and ME-2 were supported by density functional theory
(DFT) based quantum chemical calculations method. A significant
correlation among the parameters of experimental and theoretical
methods has been achieved in present study.
Experimental sections

Materials

The 2,2-bis-(4,6-diamino-1,3,5-triazin-2-ylamino)acetaldehyde
(ME-1) and (N2,N20E,N2,N20E)–N2,N20-(ethane-1,2-diylidene)bis(1
N

N
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NH2H2N

O
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Fig. 1. Synthetic scheme for ME-1
,3,5-triazine-2,4,6-triamine) (ME-2) tested as corrosion inhibitors
in the study was synthesized as per the reported literature [14].
The synthetic scheme for ME-1 and ME-2 has been given in
Fig. 1 and information data are presented in Table 1. Corrosion
inhibition tendency of ME-1 and ME-2 has been tested in 1M
hydrochloric acid medium. The mild steel sheet with percentage
with wt.% configuration of Si (0.026%), Cr (0.05%), P (0.012%), C
(0.076%), Mn (0.192%), Al (0.023%) and Fe (99.621%) was chosen
as test material. The test electrolyte solution was 1M HCl that
was prepared by watering of analytical grade 37% HCl (MERCK)
by deionized water. Prior to the experiments, the test specimens
were abraded to remove the scales and rusts collected over the sur-
face with the emery papers ranging from 600 to 1200 mesh size,
followed by their washing with distilled water, ethanol and finally
de-greasification by acetone. The cleaned metallic specimens were
collected stored in desiccators.

Methods

Experimental methods
Because of the high precision, ease to perform and high repro-

ducibility, the protection tendency of ME-1 and ME-2 first of all
investigated by weight loss method. In order to measure the effi-
ciency by weight loss method, the weighted metallic specimens
of stated composition having dimension 2.0 cm � 0.025 cm � 2.5
cm were allotted to corrode in the 100 mL electrolytic solution of
1M HCl without and with the diverse concentrations of ME-1
and ME-2 for the immersion time of 3 h. The procedure for weight
loss experiments was similar to our earlier reports [15–17]. The
weight loss experimental at every studied concentration of ME-1
and ME-2 is triply performed in order to insure the reproducibility
of the measurement. The weight loss parameters were calculated
using following equations [15–17]:

CRðmgcm�2h�1Þ ¼ Dw
A:t
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Table 1
Chemical structures, IUPAC names, abbreviations and analytical data of the investigated inhibitor (MEs) molecules.

S.
No.

IUPAC names and abbreviation Structures Analytical data

1 2,2-bis(4,6-diamino-1,3,5-triazin-2-ylamino)acetaldehyde (ME-1)

O
HN

N
N

N
NH2

H2N
HN

N

N
N

NH2

NH2

Mol. Formula: C8H12N12O; Mol. wt.:
292.26;

2 (N2,N20
E,N2,N20

E)-N2,N20
-(ethane-1,2-diylidene)bis(1,3,5-triazine-2,4,6-

triamine) (ME-2)

N

N

N

NH2

H2N N
N

N N

N NH2

NH2

Mol. Formula: C8H10N12; Mol. wt.:
274.12

102 C. Verma et al. / Results in Physics 9 (2018) 100–112
g% ¼ CRð0Þ � CRðiÞ
CRð0Þ

ð2Þ

h ¼ g%
100

ð3Þ

where, CR (mgcm�2h�1), g% and h denote the corrosion rate, the per-
centage of inhibition efficiency and the surface coverage, respec-
tively. The CR(i) and CR(0) are the corrosion rate values for
inhibited and non-inhibited conditions, respectively. The difference
in initial and final weight of the specimens at each studied concen-
tration is denoted by Dw, A is the surface area and t is exposure
time (3hrs.).

The Gamry device (Potentiostat) that contains model G-300 and
Gamry Echem Analyst 5.0 software was employed for electrochem-
ical (OCP, PDP and EIS) studies. Procedure for the preparation of the
electrodes and their nature was similar to our described reports
[15–17]. The electrochemical measurements were carried out after
25 min immersion. The 25 min immersion time was sufficient to
establishment of open circuit potential (OCP). The measurements
using EIS method was carried out employing AC signal having 10
mV amplitude that possesses the frequency assortment of 0.01
Hz–100 kHz. Polarization resistance (Rp) values were obtained by
fitting Nyquist curves of inhibited and non-inhibited metallic spec-
imens in an equivalent circuit through which protection ability
was calculated as follows [15–17]:

g% ¼ 1� Rp

RpðiÞ

� �
� 100 ð4Þ

In Eq. (4), R0
p and Ri

p are the polarization resistances under non-
protected and protected cases. For PDP study the working electrode
potentials were allowed to vary from �250 mV – +250 mV against
the corrosion potential (Ecorr). The linear sections of Tafel curves
were extrapolated in order to derive the values of corrosion current
density (icorr). Using these values, the g% was derived as follows
[15–17]:

g% ¼ i0corr � iicorr
i0corr

� 100 ð5Þ

where, i0corr and iicorr are the current densities under non-inhibited
and inhibited conditions, respectively.

For surface study, cleaned and dried specimens were dipped
into 100 mL 1M HCl for 3 h with and without ME-1 and ME-2 at
their optimum concentration. Thereafter, specimens were washed,
dried and undertaken for surface morphological measurements
using AFM and SEM analyses. The SEM images of protected and
non-protected specimens were taken employing SEM model Ziess
Evo 50 XVP model at 2000x magnification. While, NT-MDT multi-
mode AFM, Russia was employed for AFM analysis. The surface
areas undertaken for AFM analysis were 5 mm � 5 mm.

Computational methods
The mode of adsorption by ME-1 andME-2 on mild steel surface

was studied by DFT method that was carried out on Gaussian 09
(version D.01) through B3LYP/6-31G(d) model [17–19]. Various
DFT based indices were derived for neutral as well as protonated
forms of ME-1 and ME-2 molecules. As per the theorem of Koop-
man, the values of frontier molecular orbitals can be correlated
with ionization potential (I) as well as electron affinity (A) as per
the Eqs. (6) and (7). Employing the magnitude of A and I, several
other DFT indices like electronegativity (v), global harness (g)
and softness (r) were computed for the both forms of ME-1 and
ME-2 as per the Eqs. (8)–(10). It is well documented that metal-
inhibitor bondings involve donor-acceptor phenomenon. The frac-
tion of electron transfer (DN) by ME-1 and ME-2 molecules was
computed as per the Eq. (11) [17–21]:

I ¼ �EHOMO ð6Þ

A ¼ �ELUMO ð7Þ

g ¼ 1
2
ðI � AÞ ¼ 1

2
ð�EHOMO þ ELUMOÞ ð8Þ

r ¼ 1
g

ð9Þ

v ¼ 1
2
ðI þ AÞ ¼ 1

2
ð�EHOMO � ELUMOÞ ð10Þ

DN ¼ vFe � vinh

2ðgFe þ ginhÞ
ð11Þ

where, EHOMO and ELUMO represent the energies of maximum
unavailable orbital and lowermost vacant frontier molecular orbi-
tals, respectively. It is important to mention that in previous studies
researchers were interested to use electronegativity of the iron (7
eV) for the calculation of fraction of electron transfer (DN). How-
ever, recently use of work function of iron instead of electronegativ-
ity of the iron is more common and employed. It is also important to
note that iron exists in its four crystalline forms that is crystalline
iron, Fe (1 0 0), Fe (1 1 0) and Fe (1 1 1) having wave function (/)
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values of 4.26 eV, 4.64 eV, 4.52 eV and 4.74 eV, respectively . Since
the wave function (/) value of crystalline iron (4.26 eV) is lowest
among the all form of iron therefore this value was employed for
the calculation of fraction of electron transfer (DN) [22,23].
Results and discussions

Gravimetric study

Variation in the values of g% with ME-1 and ME-2 molecules
concentrations in acidic dissolution of mild steel is designated in
Table 2. From the results it can be observed that protection ability
of ME-1 and ME-2 enhances with enhancing the concentrations of
both molecules and acquired the highest efficiency at 125 ppm
(42.80 � 10�5 M) concentration. Careful review of the Table 2
revealed that on increasing ME-1 and ME-2 from 25 ppm to 100
ppm showed significant enhancement in their protection abilities.
However, on increasing their concentration from 100 to 125 ppm
concentration little increase in the g% was observed. This observa-
tion revealed that 100 ppm (34.20 � 10�5 M) is optimum concen-
tration for ME-1 and ME-2. From results it can also be seen that
ME-2 showed better inhibition performance than ME-1. The higher
protection ability of ME-2 as compared to ME-1 might be attribu-
ted to the presence of four additional p-electrons in form of two
imine (AN@CHA) bonds in ME-2, while ME-1 has only two addi-
tional p-electrons in the form of carbonyl (ACH@O) bond. Obvi-
ously, the increase in the surface coverage values was derived on
increasing the concentration of ME-1 and ME-2. However, after
certain concentration when maximum surface is occupied by inhi-
bitor molecules, further enhance in their concentration did not
caused any significant increase in their inhibition efficiency
[16,24–26].

The effect of temperature on protection abilities of ME-1 and
ME-2 on mild steel acidic dissolution is depicted in Table 3. From
the results it can be inspected that protecting abilities of both
the inhibitor molecules are decreasing and thereby corresponding
increase in the corrosion rate values have been observed on
increasing the temperature. The decreased protection ability of
ME-1 and ME-2 is attributed to the several high temperature asso-
ciated phenomena like acid catalyzed molecular rearrangement,
molecular fragmentation, molecular etching and desorption of
adsorbed ME-1 and ME-2 inhibitor molecules. The desorption of
the adsorbed ME-1 and ME-2 molecules from the metallic surface
is resulted to the increased kinetic energy of the molecules at
raised temperatures that ultimately results into corresponding
decrease in the force constant between inhibitor molecules and
metallic surface. The Arrhenius equation has been most frequently
used to describe the effect of temperature metal-inhibitor interac-
tions. The Arrhenius equation can be presented as [15–17,27]:
Table 2
weight loss parameters derived with and without several concentrations of ME-1 and ME

Inhibitor Conc. (ppm/M) Wt. loss
(mg)

Blank – 176
ME-1 25/8.56 � 10�5 72

50/17.10 � 10�5 37
75/25.70 � 10�5 28
100/34.20 � 10�5 15
125/42.80 � 10�5 14

ME-2 25/8.56 � 10�5 58
50/17.10 � 10�5 31
75/25.70 � 10�5 18
100/34.20 � 10�5 09
125/42.80 � 10�5 08
logðCRÞ ¼ �Ea
2:303RT

þ log A ð12Þ

where, Ea, R, T and A denote the activation energy, the universal gas
constant, the absolute temperature and the Arrhenius pre-
exponential factor, respectively. The Ea values were derived from
the slopes of Arrhenius plots (presented as Fig. 2) of inhibited and
non-inhibited metallic specimens. The calculated values of Ea were
65.72 kJ mol�1 and 75.27 kJ mol�1 for ME-1 and ME-2, respectively.
Whereas, in the absence of ME-1 and ME-2 molecules Ea value was
30.50 kJ mol�1 only. The increased values of Ea for inhibited situa-
tions are attributed to the adsorption and development of defensive
barricade by ME-1 and ME-2 molecules. The film formed by ME-1
and ME-2 molecules enhanced the energy barrier for corrosion pro-
cess through their add adsorption on the surface.

The ME-1 and ME-2 interactions with metallic surface can be
best signified by the adsorption isotherm model. Some common
isotherms were tested to describe the adsorption behavior of the
ME-1 and ME-2 molecules on the surface. The Langmuir adsorption
isotherms plot is presented in Fig. 3. The values of adsorption con-
stants (Kads) at optimum concentration of ME-1 and Me-2 at differ-
ent temperatures were evaluated using Langmuir adsorption
isotherm equation shown below [15,16]:

KadsC ¼ h
1� h

ð13Þ

In the equation, h denotes the degree of surface coverage and C
is the molar concentration of ME-1 and ME-2 molecules. Generally,
a high value of Kads is comprised with high adsorption ability. The
calculated values of Kads at different studied temperatures are pre-
sented in Table 3. At each temperature,DGads (standard free energy
of adsorption) are calculated as follows [28–30]:

DG�
ads ¼ �RT lnð55:5KadsÞ ð14Þ

where, numerical value 55.5 denotes the concentration of concen-
tration of water in acidic solution and other symbols have their cus-
tomary meaning. The calculated values of Kads are also presented in
Table 3. It can be can be seen that very high negative values of DGads

were derived for ME-1 and ME-2 which revealed that these com-
pounds have huge adsorbing abilities [31–33]. The high values of
Kads for both ME-1 and ME-2 suggested that they have strong ten-
dency of adsorption on the metallic surface [15,17,34].

Electrochemical studies

The electrochemical measurements were carried out in order to
support the weight loss study. The open circuit potential (OCP) is
the potential developed on the working electrode against the
potential of standard or reference electrode without put on any
outside current. The OCP versus time for 25 min curves after 30
-2 inhibitor molecules.

CR (mgcm�2h�1) g% h

5.86 –
2.40 59.09 0.59
1.23 78.79 0.78
0.93 84.09 0.84
0.50 91.47 0.91
0.08 92.04 0.92

1.93 67.04 0.67
1.03 82.38 0.82
0.60 89.77 0.89
0.30 94.88 0.95
0.04 95.45 0.95



Fig. 3. Langmuir adsorption isotherm plotted for the adsorption of ME-1 and ME-2
on mild steel surface in 1M HCl.

Fig. 2. Arrhenius plots for mild steel corrosive dissolution in the absence and
presence of ME-1 and ME-2 inhibitor molecules.

Table 3
The values of corrosion rates (CR), efficiencies (g%), adsorption constants (Kads) and Gibb’s free energies for corrosion of mild steel in 1M HCl at several studied temperatures.

Temp. Blank ME-1 ME-2

CR g% DGads Kads�104 CR g% DGads Kads�104 CR g%

308 5.86 – �34.52 1.3 0.50 91.48 �35.92 2.22 0.30 94.89
318 8.20 – �34.21 0.75 1.13 86.18 �35.25 1.10 0.80 90.24
328 12.40 – �34.53 0.56 2.17 82.53 �35.25 0.73 1.73 86.02
338 16.60 – �33.53 0.27 5.07 69.48 �34.26 0.35 4.20 74.69
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min immersion time are presented in Fig. 4. It can be seen that the
OCP versus time curves under inhibited and non-inhibited by ME-1
and ME-2 denotes the straight lines which indicate that under both
situations steady state potential have been developed. The straight
lines also indicate that the oxide layer present in form of Fe2O3 and
Fe3O4 have been completely removed and protective or inhibitive
film by ME-1 and ME-2 have been developed on the metallic sur-
face [35–37]. It can also be seen that the OCP versus time curves
in the presence of ME-1 and ME-2 are shifted towards negative
or cathodic direction [38,39]. This finding suggests that although
presence of ME-1 and ME-2 affect both anodic and cathodic pro-
cesses, however they have relatively more effectiveness towards
cathodic reactions because of their precipitation on the cathodic
sites of the metallic surface.

The anodic and cathodic polarization (Tafel) curves for metallic
dissolution in 1M HCl in the presence and absence of ME-1 and
ME-2 are shown in Fig. 5 and polarization indices for both inhibi-
tors are presented in Table 4. It can be seen that both cathodic
and anodic reactions and processes have been affected by ME-1
and ME-2 at their several studied concentrations with substantial
decrease in the corrosion current densities (icorr) without fluctuat-
ing the common appearances of the Tafel curves. This observation
revealed that both ME-1 and ME-2 molecules retard the corrosion
process by adsorbing/ blocking the surface active sites present over
the metallic surface [18,19,40]. It can be seen that corrosion poten-
tials (Ecorr) for Tafel curves inhibited by ME-1 and ME-2 are moved
towards negative sites this finding suggests that both investigated
inhibitors precipitates over cathodic region and thereby behaved
as predominantly cathodic type inhibitors [41,42]. The anodic
and/ or cathodic nature of inhibitor molecules (ME-1 and ME-2)
can be defined on the basis of the shift in Ecorr values of the inhib-
ited Tafel curves as compared to the uninhibited Tafel curves
(blank). From results of the polarization measurement is can also
be seen that ME-2 showed better inhibition performance as com-
pared to the ME-1 as observed by weight loss measurement.

The Bode and Nyquist plots for mild steel corrosive dissolution
in aggressive acidic solution with and without ME-1 and ME-2 are
presented in Figs. 6 and 7. The Nyquist plots under both situations
represent single semicircle at all studied concentrations which is
an ultimate consequence of single charge transfer mechanism tak-
ing place at the metal-electrolyte (1M HCl solution) interfaces. The
single charge transfer mechanism is also reported by single max-
ima in the Bode plots observed for inhibited and non-inhibited
metallic corrosion. It can be seen that diameters of the semicircle
of the Nyquist plots are grater for inhibited (by ME-1 and ME-2)
metallic specimens as compared to the uninhibited metallic spec-
imen (blank). Further, the increase in the diameter of semicircles is
more prominent at the higher concentrations of ME-1 and ME-2.
Various impedance parameters were derived by fitting the Nyquist
plots of inhibited and non-inhibited metallic specimens into an
appropriate equivalent circuit described in our earlier reports
[15,16]. In the proposed circuit CPE that is constant phase element
has been taken under consideration at the place of pure capacitor
since later one is more informative about the metal-electrolyte
interactions at the interfaces as compared to the former one. The
impedance of the CPE that is generally denoted by ZCPE can be pre-
sented as follows [15,16]:

ZCPE ¼ 1
Y0

½ðjxÞn��1 ð15Þ

where, thex, Y0, n and j denote the angular frequency, the CPE con-
stant, the phase shift and an imaginary number, correspondingly.
The n is a very significant impedance parameter in the term of



Fig. 5. Nyquist plots for corrosive dissolution of mild steel in 1M HCl with and without ME-1 and ME-2 inhibitor molecules.

Fig. 4. Open circuit potential (OCP) versus time (minutes) curves for mild steel corrosive dissolution in 1M HCl in the absence and presence of ME-1 and ME-2 inhibitor
molecules.

Table 4
Polarization parameters derived for the corrosion of mild steel in 1M HCl with and without ME-1 and ME-2 inhibitor molecules at different concentrations.

Inhibitor Conc. (mM/L) Ecorr (mV/SCE) ba (lA/cm2) �bc (mV/dec) icorr (mV/dec) g% h

Blank – �445 70.5 114.6 1130 – –
ME-1 8.56 � 10�5 �523 69.1 107.7 461.0 59.20 0.59

17.10 � 10�5 �546 164.6 146.2 228.0 79.82 0.79
25.70 � 10�5 �526 72.2 76.3 172.0 84.77 0.84
34.20 � 10�5 �542 132.5 152.0 96.0 91.50 0.91

ME-2 8.56 � 10�5 �532 127.8 97.0 386.0 65.84 0.65
17.10 � 10�5 �545 83.4 81.8 186.0 83.53 0.83
25.70 � 10�5 �453 135.1 148.8 144.0 87.25 0.87
34.20 � 10�5 �541 140.4 176.7 68.0 93.98 0.93

C. Verma et al. / Results in Physics 9 (2018) 100–112 105
which nature of CPE is being explained. The 0, 1; �1 and 0.5 values
of the n represent the resistor (Y0 = R), capacitor (Y0 = C), inductor
(Y0 = 1/L) and the Warburg impedance (Y0 =W), respectively
[17,19]. More so, value of n is also a measure of surface roughness
or smoothness as its high magnitude is related with high surface
smoothness and converse is also true. The calculated impedance
parameters along with the percentage inhibition efficiencies and
surface coverages are listed in Table 5. It can be seen from the
results that except few selected cases the values of n are greater
for the inhibited cases as compared to the uninhibited situation.
This observation revealed that in the presence of ME-1 and ME-2
particularly at their higher concentrations metallic surfaces are
relatively smoother than that of in their absence. It can be further
seen that n values are close to unity under the both condition
(inhibited and non-inhibited) indicating that CPE acts as pseudo-
capacitor in the present investigation. It is well estimated that cor-
rosion inhibition in aggressive acidic medium by organic inhibitors
is attributed to their adsorption at the metal-electrolyte interfaces
that results into the creation of electric double layer. The capaci-
tance (Cdl) of the layer can be evaluated as [43,44]:

Cdl ¼ Y0 ðxmaxÞn�1 ð16Þ
where, xmax denotes the frequency where imaginary fragment of
impedance is occupied the highest (rad s-1) magnitude. The results



Fig. 6. Bode plots for corrosive dissolution of mild steel in 1M HCl with and without ME-1 and ME-2 inhibitor molecules.

Fig. 7. Polarization for corrosive dissolution of mild steel in 1M HCl with and without ME-1 and ME-2 inhibitor molecules.

Table 5
EIS parameters derived for the corrosion of mild steel in 1M HCl with and without ME-1 and ME-2 inhibitor molecules at different concentrations.

Inhibitor Conc (ppm) Rs (X cm2) Rp (X cm2) n Cdl (lF cm�2) g% h

Blank – 1.12 10.70 0.827 106.21 – –
ME-1 8.56 � 10�5 0.726 26.79 0.811 137.50 60.05 0.60

17.10 � 10�5 0.519 51.18 0.815 61.29 79.09 0.79
25.70 � 10�5 0.692 78.00 0.842 79.39 82.28 0.82
34.20 � 10�5 0.568 127.20 0.855 61.44 91.59 0.92

ME-2 8.56 � 10�5 0.586 33.00 0.842 350.65 67.57 0.68
17.10 � 10�5 0.540 61.85 0.848 176.73 82.70 0.83
25.70 � 10�5 0.549 90.15 0.848 133.07 88.13 0.88
34.20 � 10�5 0.564 173.00 0.854 84.52 93.81 0.94
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presented in Table 5 show that values of Rct are much higher for the
cases inhibited by ME-1 and ME-2 as compared to the non-inhibited
case. This finding suggests that charge transfer process has become
difficult in the presence of ME-1 ad ME-2 owing to their adhering on
the metal-electrolyte interfaces. Results further showed that
increases in Rct values are even more prominent at the higher con-
centrations of ME-1 and ME-2. The decreased values of Cdl for inhib-
ited cases revealed that thickness of the electric double layer has
been improved because of the ME-1 and ME-2 adsorption at the
interfaces [15–17,34]. Although, the decrease in the dielectric con-
stant value under inhibited conditions can also decrease the values
of Cdl.
Surface studies

AFM and SEM images of metallic specimens corroded for 3 h are
shown in Figs. 8 and 9. SEM and AFM images of unprotected metal-
lic specimen is highly damaged and corroded as inspected from
their highly rough surfaces with several pits and cracks like
appearance. The average surface roughness of AFM image of unin-
hibited mild steel surface was 390 nm. However, in the presence of
ME-1 and ME-2 the metallic surfaces have significantly improved
as inspected from their SEM and AFM images. The average surface
roughnesses were 184 nm and 146 nm for the metallic specimens
protected by ME-1 and ME-2, respectively. On the basis of



Fig. 8. SEM images of corroded mild steel surfaces for three hours immersion time in the (a) absence and presence of (b) ME-1 and (c) ME-2 molecules.
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improved surface morphologies of the protected metallic speci-
mens it can be postulated that ME-1 and ME-2 form surface film
which protect metallic surface from corrosion. Further, the careful
inspection of SEM and AFM images it can also be seen that surface
morphology of metallic surface protected by ME-2 is smoother as
compared to the surface protected by ME-1. This finding also
established the trend of inhibition efficiency obtained from weight
loss weight loss and electrochemical methods.

Computational studies

The frontier molecular orbitals (optimized, HOMO and LUMO)
of ME-1 and ME-2 are shown in Fig. 10 and several computed
DFT indices are presented in Table 6. The DFT parameters pre-
sented in the table showed good consistence with the experimen-
tal results. Obviously, interactions of corrosion inhibitors on the
metallic surface involve donor-acceptor bonding and during these
interactions EHOMO is related with electron (charge) transferring
capability of the inhibitor molecule and ELUMO are consistent with
the electron accepting ability of the inhibitor molecules. Therefore,
a high value of EHOMO and Low value of ELUMO are associated strong
metal-inhibitor bondings and thereby high protection ability [45–
48]. Results showed that ME-2 has higher (positive) value of EHOMO

(�4.27 eV) than that of the ME-1 (�4.75 eV) which indicates that
ME-2 is better electron donor and better corrosion inhibitor than
that of ME-1 as also derived from experimental means. The values
of ELUMO are �0.80 eV and �2.83 eV for ME-1 and ME-2, respec-
tively. The lower value of ELUMO for ME-2 is an indicative that it
is relatively better electron acceptor thereby better corrosion inhi-
bitor as compared to the ME-1. Besides, EHOMO and ELUMO several
other indices based on the energies of frontier molecular orbitals
were computed and described in order to establish the results of
experimental studies. The energy gap (DE; ELUMO-EHOMO) is perhaps
the most significant reactivity factor in the term of which reactiv-
ity/ adsorption tendency of the two or more organic compounds
can be described. In general, a lower energy gap between ELUMO

and EHOMO is related with high chemical reactivity and adsorption
ability/inhibition efficiency. Results presented in table revealed
that ME-1 has higher value of DE (3.94 eV) as compared to the
DE value of ME-2 (1.44 eV). The higher value of DE for ME-1



Fig. 9. AFM images of corroded mild steel surfaces for three hours immersion time in the (a) absence and presence of (b) ME-1 and (c) ME-2 molecules.
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indicates that it is less reactive and poor corrosion inhibitor as
compared to ME-2. The global electronegativities values for the
ME-1 and ME-2 were also computed. A high value of global elec-
tronegativity (v) suggests that undertaken compound is less
potent to donate/ transfer its electron to the appropriate acceptor
molecule e.g. d-orbital of the surface Fe atoms in the present case.
The ME-1 and ME-2 shows the electronegativities values of 3.94 eV
and 3.55 eV, respectively. The higher value of v for ME-1 indicates
that it has low ability of the electron transfer thereby acts as poor
corrosion inhibitor as compared to the ME-2. Based on the values
of ELUMO and EHOMO, global hardness (g) and softness (r) values
were also derived for ME-1 andME-2. The high value ofr is related
with high reactivity; electron donating ability, adsorption ten-
dency and inhibition efficiency and converse is true for g [48–
50]. Results showed that ME-1 has lower value of r (0.51 eV)
and higher value of g (1.97 eV) as compared to the ME-2 that sug-
gested that ME-2 is more reactive and relatively more potent cor-
rosion inhibitors than that of ME-1. The fraction of electron
transfer (DN110) values for ME-1 and ME-2 are given in the table.
The high value of DN110 for ME-2 indicates that it is better electron
donor and better corrosion inhibitor too as compared to the ME-1.
During metal-inhibitor bondings, effective surface coverage takes
place with the more polarizable corrosion inhibitor. The extent of
inhibitor polarization can be measure with the aid of dipole
moment value. An inhibitor with high value of dipole moment is
assumed to be more polarizable therefore better corrosion inhibi-
tor as compared to the inhibitor having lesser value of dipole
moment. In present case ME-2 has higher value of dipole moment
(6.43 Debye) as compared to ME-1 (2.35 Debye). This finding
suggests that ME-2 has better tendency of the polarization thereby
acts as better adsorbate on the metallic surface relative to the ME-
1. On the basic of above discussion it can be concluded that DFT
study provide good support to the experimental results and
findings.

It is well documented that the heteroatoms of the organic
compounds undergo protonation in the aggressive acidic media
therefore they generally exist in their cationic form. Considering
this hypothesis, the DFT study was also performed on the
mono-protonated form of ME-1 and ME-2. The optimized, HOMO
and LUMO frontier molecular orbital pictures of the ME-1 and
ME-2 are presented in Fig. 11. From the figure it can be seen that
HOMO protonated forms of ME molecules are located over one
triazine ring while on the second triazine ring mainly LUMO is
located. This observation suggests that one of the triazine ring
acts as electron donor while the second ring acts as electron
acceptor during metal-inhibitor interactions. The molecular elec-
trostatic potential (MEP) is method to see the electron density
visibly. The red (negative) fragments of the MEP represent the
sites for nucleophilic attack while blue (positive) fragments
denote the sites for electrophilic attack. The red (nucleophilic)
and blue (electrophilic) regions correspond to HOMO and LUMO
electron distribution of the inhibitor molecules, respectively. It
can be seen form the MEP map of the melamine derivatives that
red region of the manuscript mainly localized over the electron
rich part of the molecules which correspond that correspond to
the HOMO. Similarly blue area is mainly located over the electron
deficient part of the melamine derivatives which correspond to
the LUMO. The results showed that MEP maps support the HOMO



Fig. 10. Frontier molecular orbital (HOMOs and LUMOs) and molecular electrostatic potential (MEP) of neutral form of ME-1 and ME-2 inhibitor molecules.
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and LUMO electron distribution. The results presented for proto-
nated form of ME-1 and ME-2 in Table 6 revealed that EHOMO are
increasing on going ME-1 to ME-2, while the ELUMO values are
decreasing in the same order. These finding support the trend
of experimental inhibition efficiency. Similarly other DFT based
parameters derived for protonated form of ME molecules are
consisted with the trend of DFT indices computed for their
neutral form.



Table 6
DFT parameters derived for neutral as well as protonated forms of ME-1 and ME-2 inhibitor molecules.

Inhibitors; Parameters?

EHOMO

(eV)
ELUMO

(eV)
DE
(eV)

g
(eV)

r
(eV)

v
(eV)

DN110 m
(Debye)

Neutral form
ME-1 �4.75 �0.80 3.94 1.97 0.51 3.94 �0.105 2.35
ME-2 �4.27 �2.83 1.44 0.72 1.38 3.55 0.229 6.43

Protonated form
ME-1 �7.31 �5.20 2.10 1.05 0.95 6.26 �1.133 15.46
ME-2 �7.38 �6.28 1.09 0.55 1.83 6.83 �2.682 17.02

Fig. 11. Frontier molecular orbital (HOMOs and LUMOs) and molecular electrostatic potential (MEP) of protonated form of ME-1 and ME-2 inhibitor molecules.
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Conclusions

The inhibition effect of tow melamine based organic com-
pounds namely, 2,2-bis(4,6-diamino-1,3,5-triazin-2-ylamino)acet
aldehyde (ME-1) and (N2,N20

E,N2,N20
E)-N2,N20

-(ethane-1,2-diyli
dene)bis(1,3,5-triazine-2,4,6-triamine) (ME-2) tested in the pre-
sent study and it was concluded that:

(i) Both ME-1 and ME-2 behaved as good inhibitors for mild
steel corrosion in 1M HCl.

(ii) Their protection ability enhances with their concentration
and maximum efficiencies of 92.04% and 95.45% were
derived for ME-1 and ME-2, respectively.

(iii) EIS results revealed that both ME-1 and ME-3 adsorb at
metal-electrolyte (1M HCl) and enhance the charge transfer
resistance (Rct).

(iv) The adsorption of the ME-1 and ME-2 on the metallic surface
obeyed the Langmuir adsorption isotherm model.

(v) Polarization study revealed that ME-1 and ME-2 act as pre-
dominantly cathodic type inhibitors.

(vi) AFM and SEM images showed that presence of ME-1 and
ME-2 in the corrosive medium (1M HCl) enhances the sur-
face smoothness owing to their adsorption at the metallic
surface.

(vii) DFT studies carried out for neutral as well as protonated
forms of ME-1 and ME-2 provide good support the
experimental results and it established that ME-2 interact
more strongly with the metallic surface as compared to
the ME-1.
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