
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
A

pr
il 

20
17

. D
ow

nl
oa

de
d 

on
 2

/1
7/

20
26

 1
1:

19
:1

7 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
The novel iminiu
aDepartment of Applied Chemistry, Faculty

Muslim University, Aligarh, UP 202002, Ind
bDepartment of Physics, Faculty of Science,

202002, India

† Electronic supplementary informa
10.1039/c6ra28426d

Cite this: RSC Adv., 2017, 7, 23182

Received 21st December 2016
Accepted 10th April 2017

DOI: 10.1039/c6ra28426d

rsc.li/rsc-advances

23182 | RSC Adv., 2017, 7, 23182–2319
m surfactant p-benzylidene
benzyldodecyl iminium chloride as a corrosion
inhibitor for plain carbon steel in 1 M HCl:
electrochemical and DFT evaluation†

Sheerin Masroor, *a Mohd. Mobin,a Mohammad Jane Alamb and Shabbir Ahmadb

The iminium surfactant p-benzylidene benzyldodecyl iminium chloride was synthesized, characterized and

evaluated as a novel corrosion inhibitor for plain carbon steel in 1 M HCl solution at 30, 40, 50 and 60 �C
using gravimetric analysis, spectrophotometric analysis of iron ions, potentiodynamic polarization,

electrochemical impedance spectroscopy (EIS) and density functional theory (DFT). The evaluated

compound acted as an efficient corrosion inhibitor for plain carbon steel in 1 M HCl solution. The

inhibition efficiency of the compound increased with an increase in concentration and solution

temperature. The iminium surfactant gets adsorbed onto the plain carbon steel surface via mixed types

of adsorption with predominantly chemisorption. The adsorption of the inhibitor was found to follow the

Langmuir adsorption isotherm. The surface morphology of corroded plain carbon steel in uninhibited

and inhibited acid, as investigated by scanning electron microscopy (SEM) and energy dispersive X-ray

analysis (EDAX), clearly showed different results. The different quantum chemical parameters were used

to correlate the inhibition efficiency of the inhibitor and its molecular structure.
1. Introduction

Plain carbon steel has been designated as one of the most
important and widely used constructional materials in a number
of industries, which include petroleum, automotive, power and
water generation, chemical processing and a variety of other
industries. The importance and wide use of plain carbon steel is
attributed to its low cost and excellent mechanical properties.1–3

However, plain carbon steel is susceptible to corrosion in
different aggressive media particularly mineral acids such as HCl
and H2SO4. Among the mineral acids, HCl is widely used in
a number of industrial applications such as industrial cleaning,
acid pickling, rust and scale removal, oil well acidication in oil
recovery and petrochemical processes at temperatures up to
60 �C.4–6 The plain carbon steel used in contact with the HCl
solution is likely to suffer extensive corrosion damage if used
unprotected. One of the effective and practical means to suppress
the corrosion of plain carbon steel in acidic solution is the use of
inhibitors, which reduces the aggressiveness of media towards
metallic materials.7 The chemical substances with both organic
and inorganic origin have been used as inhibitors to protect
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metals from corrosive environments. Among the corrosion
inhibitors, organic compounds containing hetero atoms like N, O
and S, and multiple bonds are found to be very efficient in sup-
pressing the corrosion of metals in many environments.8–10

Among the organic corrosion inhibitors, Schiff bases are very
popular option due to their low toxicity, eco-friendly nature and
ease of synthesis from relatively inexpensive starting-materials.11

The excellent corrosion inhibition performance of Schiff bases is
attributed to the presence of different heteroatoms and p elec-
trons along with the imine functional group in their struc-
ture.12–15 Surfactants are among the organic compounds, which
can be readily synthesized with low cost and have high effec-
tiveness and efficiency for inhibiting corrosion have effectively
been used as corrosion inhibitors in acid solutions. The ability of
a surfactant to adsorb physically or chemically onto the metal
surface is responsible for their corrosion inhibition action.16,17

The inhibition action of the surfactants occur via adsorption of
theirmolecules on themetal surface through polar or ionic group
(hydrophilic head) attached to the metal surface and tail or
hydrophobic moiety extending away from the interface toward
the solution. The protection is provided by formation of an array
of hydrophobic tails, leading to change in the electrochemical
behavior of the metal.18

In the present study iminium surfactant named as p-benzy-
lidene benzyldodecyl iminium [Fig. 1S(1)†] chloride was
synthesized19 and checked as corrosion inhibitor of plain
carbon steel in 1 M HCl by using different techniques like
This journal is © The Royal Society of Chemistry 2017
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weight loss, potentiodynamic polarization, EIS, spectrophoto-
metric analysis of iron ions, surface morphological studies,
quantum chemical analysis and thermodynamic and activation
parameters.
2. Experimental details

Plain carbon steel strips of size 2 cm � 2 cm � 0.04 cm and
having composition C: 0.034%, Mn: 0.176%, P: 0.0103%, Pb:
0.059%, Al: 0.014%, V: 0.034% and Fe balance or C: 0.194%,
Mn: 0.176%, P: 0.0103%, Pb: 0.059%, Al: 0.014%, V: 0.034 and
Fe balance were used for weight loss measurements. The
instrument used for analysis of plain carbon steel composition
was Optical Emission Spectrometer. For potentiodynamic and
EIS measurements metal strips with exposed surface area of 1
cm2 were used. Metal strips were polished with different grades
(320–1200) of emery papers and degreased with acetone; this
was followed by rinsing with double distilled and water and
nally drying in warm air. 37% HCl (Merck) was used for
preparing corrosive solution.
2.1. Determination of critical micelle concentration by
conductivity measurement

The critical micelle concentration (CMC) of iminium surfactant
at 30 � 1 �C was determined employing electrical conductivity
method. Double distilled water was used to prepare the solu-
tions of all the surfactants. The conductivity measurements
were carried out using ELICO CM 183EC-TDS Analyzer having
a cell constant of 1.03 cm�1. The conductivity of blank medium
was measured rst and then, known volumes of the inhibitor
solution were added to the blank medium with a pipette and
thoroughly mixed, followed by measurement of conductance.
Similar process was repeated aer every addition. The CMC
values for the surfactant were determined as the cross point
of the two straight lines by plotting the values of specic elec-
trical conductivity (k) against the iminium surfactant concen-
tration, C.
2.2. Gravimetric analysis

In the gravimetric analysis, the polished and accurately weighed
plain carbon steel coupons were immersed in 250 ml beakers
containing 200 ml of test solutions maintained at 30–60 �C
using a thermo stated water bath. Aer 6 h of immersion the
coupons were taken out from the test solution, the corrosion
products were mechanically removed from the surface using
a bristle brush, dried and loss in weight was recorded by
accurate reweighing. The experiments were performed on trip-
licate coupons and the average corrosion rate was recorded. The
corrosion rate (CR) was determined using the equation:

Corrosion rate ðCRÞðmpyÞ ¼ 534W

rAt
(1)

where, W is weight loss in mg; r is the density of specimen in g
cm�3; A is the area of specimen in square inch and t is exposure
time in h. The inhibition efficiency (% IE) of the inhibitor was
evaluated using the following equation:
This journal is © The Royal Society of Chemistry 2017
ð% IEÞ ¼ CRo� CRi

CRo
� 100 (2)

where, CRo and CRi are the corrosion rates of plain carbon steel
in absence and presence of iminium surfactant, respectively.
2.3. Spectrophotometric analysis of iron ions

The results of gravimetric analysis of was also conrmed by
estimating total iron ions (Fe2+/Fe3+) entered into the test
solution during the course of immersion.20 The analysis was
performed spectrophotometrically using Elico-SL-169 UV-
visible spectrophotometer. The corrosion rate was calculated
using the following relationship:

Corrosion rate ðCRÞ�g m�2 h�1� ¼ m

s � t
(3)

where, m is the mass of corroded plain carbon steel (calculated
from the total iron content determined in the test solution); s is
the area of the test specimen in m2; and t is the exposure time
in h. The % IE of the inhibitor was calculated using eqn (2).
2.4. Electrochemical measurements

The electrochemical measurements (potentiodynamic polari-
zation and EIS) were carried out on Autolab Potentiostat/
Galvanostat, model 128N with inbuilt impedance analyzer
FRA2. The experiments were carried out using a three electrode
1L corrosion cell from Autolab with Ag/AgCl electrode (satu-
rated KCl) as reference electrode, Pt wire as counter electrode
and plain carbon steel specimens with exposed surface area of 1
cm2 as working electrode. Prior to the commencement of elec-
trochemical experiments the plain carbon steel specimens
(working electrodes) were immersed in the test solution and the
rest potential was continuously monitored until no noticeable
change in rest potential was obtained, this conrmed the
establishment of steady state potential. Stabilization period of
1 h was enough to establish steady state open circuit potential
(OCP). The potentiodynamic polarization measurements were
performed at a scan rate of 0.0005 V s�1 in the potential range of
0.250 V below the corrosion potential to 0.250 V above the
corrosion potential. The linear Tafel segments of the anodic and
cathodic curves were extrapolated to obtain corrosion potential
(Ecorr) and corrosion current densities (Icorr). The obtained Icorr
values were used to calculate IE as per the following
relationship:

ð%Þ IE ¼
�
1� icorr

iocorr

�
� 100 (4)

where, Iocorr and Icorr are corrosion current densities in the
absence and presence of p-benzylidene benzyldodecyl iminium
chloride.

EIS measurements were implemented at open circuit
potential within frequency range of 10�2 Hz to 104 Hz with
10mV perturbation. All the potential were recorded with respect
to AgCl. The specimen was allowed to stabilize in the electrolyte
for 30 min prior to the experiment. All the electrochemical
experiments were done at room temperature (30 � 1 �C) in
aerated and unstirred conditions.
RSC Adv., 2017, 7, 23182–23196 | 23183
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2.5. Quantum chemical calculations

All the quantum chemical calculations were carried out on the
p-benzylidenebenzyldodecyl iminium chloride molecule inva-
cuo using Grimme's dispersion corrected DFT/B3LYP-D3 func-
tional (Becke three-parameter hybrid functional combined with
Lee–Yang–Parr correlation functional)21 as implemented in
Gaussian 09 soware.22 The triple zeta Pople's type basis set
with diffuse and polarization functions, 6-311++G(d,p), was
incorporated in DFT/B3LYP-D3 calculations. The functionals
B3LYP have been chosen for the present calculations due to low
computational cost and high accuracy. The dispersion correc-
tion (D3) was used because the present molecule involves N+

and Cl� ions. The present molecule exists in zwitterion form
with a positive and a negative electrical charge on nitrogen and
chlorine atom respectively but with a net charge of zero at
different locations within a molecule. The molecular geometry
of the p-benzylidenebenzyldodecyl iminium chloride was fully
optimized in the ground electronic state under tight conver-
gence criterion and subsequently IR frequencies were computed
at optimized geometry. The real values of frequency conrm
that the computed geometry corresponds to minima on the
potential energy surface. The minimum self-consistent eld
energy, energy Eigen values of frontier molecular orbitals
(highest occupied molecular orbital; HOMO and lowest unoc-
cupied molecular orbital; LUMO) HOMO–LUMO energy gap,
atomic charges (using natural population analysis) and eld
independent dipole moment were determined by optimization
at B3LYP-D3/6-311++G(d,p) level of theory. The HOMO, LUMO
and molecular electrostatic potential (MEP) surfaces were been
generated using GaussView 5 program.23 Global chemical
reactivity descriptors based on HOMO–LUMO energy Eigen
values and donor–acceptor interactions by natural bond orbital
(NBO) calculations were also presented at same level of theory.
The donor–acceptor interactions were dened by the stabiliza-
tion energy (E(2)) which measures the strength of the interaction
between donor and acceptor molecular orbitals. The E(2),
second order stabilization energy is associated with delocal-
ization of the electrons from donor to acceptor NBO. The high
value of dipole moment, HOMO energy, electrophilicity
descriptor and low value of HOMO–LUMO energy gap show the
high corrosion inhibition efficiency of the p-benzylidene-
benzyldodecyl iminium chloride. Moreover, the local reactivity
indices i.e. condensed Fukui functions (f�: electrophilic attack,
f+: nucleophilic attack) for the present surfactant that could be
important to understand the interaction with the surface and
the corrosion properties have been also computed using the
natural population analysis on the system with N, N + 1 and N�
1 electrons.
Fig. 1 1H-NMR spectrum of iminium surfactant.
2.6. Surface morphological studies

Scanning electron microscopy (SEM) and energy dispersive
X-ray (EDAX) analysis. The surface morphological study of plain
carbon steel coupons immersed in uninhibited and iminium
inhibited hydrochloric acid solution was evaluated using,
scanning electron microscopy (SEM) (Model: JEOL JSM-
6510LV) with an Energy dispersive X-ray (EDAX) (INCA, Oxford)
23184 | RSC Adv., 2017, 7, 23182–23196
attachment. To capture the pictographs of the corroded plain
carbon steel surface, freshly polished coupons were immersed
in uninhibited and inhibited acid solutions for 6 h. Aer
completion of immersion the coupons were taken out, thor-
oughly washed with double distilled water, dried and then
subjected to SEM and EDAX analysis.
3. Results and discussion
3.1. Characterization of synthesized inhibitor

1H-NMR spectrum. The 1H-NMR spectrum of the synthe-
sized iminium surfactant is shown in the Fig. 1. The pertinent
details are as follows:

Iminium compound. 1H-NMR: d ¼ 0.8631–0.8807 ppm (t,
3H, –CH3), d ¼ 1.2474–1.2692 ppm (m, 18H, –(CH2)9CH3), d ¼
1.7360 ppm (m, 2H, –CH2CH2N

+), d ¼ 2.5468 ppm (s, 2H,
–CH2Ph), d ¼ 2.9490–2.9879 (t, 2H, –CH2CH2N

+), d ¼ 4.1368 (s,
3H, –OCH3), d ¼ 7.4276 (5H, –CH2–Ph), d ¼ 7.6828 (4H, Ph-
OCH3), d ¼ 8.2674 (s, 1H, +N]CH–Ph).

The spectrum of the surfactant is consistent with the re-
ported spectrum of the compound.19
3.2. Determination of critical micelle concentration of
surfactant in 1 M HCl

The electrical conductivity method was employed to determine
the critical micelle concentration (CMC) of the iminium
surfactant. Measured values of specic electrical conductivity, k
were plotted as a function of surfactant concentration, C
(Fig. 2). The cross point of the two straight lines was taken as
CMC value. The CMC of the iminium surfactant was deter-
mined to be 4.8 � 10�3 M.
3.3. Gravimetric analysis

The corrosion of plain carbon steel in 1 M HCl in the absence
and presence of different concentrations of iminium surfactant
This journal is © The Royal Society of Chemistry 2017
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Fig. 2 The plot of specific conductivity vs. concentration of the
synthesized iminium surfactant at 30 �C.
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was studied at temperature 30, 40, 50 and 60 �C. The calculated
value of corrosion rates and % IE at different concentrations
and temperatures obtained aer 6 h of immersion have been
shown in Table 1. From the table it is clearly seen that the
corrosion rates are reduced in presence of iminium surfactant
as compared to the free acid solution and depends upon both
surfactant concentration and temperature. The IE increases
with increasing surfactant concentration and temperature
showing a maximum increase in IE of 98.48% at surfactant
concentration of 5 � 10�4 M (well below the CMC of the
compound) at 60 �C. The inhibition of plain carbon steel
corrosion in the presence of iminium surfactant could be
attributed to the adsorption of the compound onto plain carbon
steel surface, which blocks the metal and thus do not permit
the corrosion process to take place. The increased IE with
increasing surfactant concentration indicates that more
surfactant molecules are adsorbed on the steel surface leading
to the formation of a protective lm over the surface of metal.24

It is an established fact that in polar organic compounds the
polar units present in the compound act as reaction center and
facilitate the adsorption process forming a charge transfer
complex bond between their polar atoms and the metal. The
Table 1 Calculated values of corrosion rate (mpy), inhibition efficiency (%
absence and presence of the iminium surfactant at 30–60 �C from weig

Surfactant

Corrosion rate (mpy) Inhibition

30 �C 40 �C 50 �C 60 �C 30 �C

Blank

Iminium surfactant
5 � 10�6 269.09 291.33 511.92 706.11 57.92
1 � 10�5 214.41 185.87 255.17 319.45 66.47
5 � 10�5 112.48 105.27 161.50 277.86 82.41
1 � 10�4 58.77 50.91 114.30 133.19 90.81
5 � 10�4 37.54 39.44 90.44 96.87 94.13

This journal is © The Royal Society of Chemistry 2017
extent of adsorption and hence the effectiveness of the
compound is largely determined on the basis of the size,
orientation, shape and electronic charge on the molecule.25–27

The inhibition efficiency of an organic corrosion inhibitors
mostly depends on their chemical structure, size and carbon
chain length of the organic molecule; aromaticity in compound
and/or conjugated bonding; nature, type and number of
bonding atoms or groups in the molecule (either p or s);
charges generated on the metal surface; ability for a layer to be
single or multiple to form compact or cross-linked, capability to
form a complex with the atom of metal within the metal lattice;
type of the electrolyte solution like adequate solubility in the
environment.28 Considering the present case, based on the
presence of p-electrons of phenyl group, double bond and
electronegative nitrogen atom in its structure (Fig. 3), the
cationic Schiff base based surfactant may reasonably justify its
high inhibition efficiency and use as an effective corrosion
inhibitor. The p-electrons in the molecule not only can locate
the unoccupied orbital of the transition metal, but also can
accept the electrons of the d orbital of the transition metal to
form feedback metal–inhibitor bond. Considering the effect of
temperature on inhibition behavior of the surfactant, the IE
also increases with increase in temperature. This effect shows
the capability of surfactant to inhibit corrosion of steel at low
and relatively high temperatures. The surfactant is chemically
adsorbed onto the plain carbon steel surface, which is more
favored at higher temperature due to lesser kinetic energy
barrier.
3.4. Solution analysis of iron ion

The corrosion rate of plain carbon steel in 1 M HCl in absence
and presence of iminium surfactant at 30–60 �C was also
measured by determining the total iron ions entered into the
test solution during the course of immersion. The values of
corrosion rate and % IE are shown in Table 2. The % IE as
obtained by solvent analysis is consistent with % IE determined
by weight loss measurements.
3.5. Adsorption isotherm

The inhibitive action of an organic inhibitor compound in an
aggressive acid media is considered due to its adsorption at the
IE) and degree of surface coverage for plain carbon steel in 1 M HCl in
ht loss measurements

efficiency (% IE) Degree of surface coverage

40 �C 50 �C 60 �C 30 �C 40 �C 50 �C 60 �C

68.95 82.22 88.92 0.58 0.69 0.82 0.89
80.19 91.14 94.99 0.67 0.80 0.91 0.95
88.78 94.39 95.64 0.82 0.89 0.94 0.96
94.57 96.03 97.91 0.91 0.95 0.96 0.98
95.80 96.85 98.48 0.94 0.96 0.97 0.99

RSC Adv., 2017, 7, 23182–23196 | 23185
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Fig. 3 The adsorption sites of iminium surfactant which adhere with metal surface.
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metal/solution interface. The adsorption of an organic adsor-
bate at a metal/solution interface can be regarded as a substi-
tution adsorption process between the organic molecules in the
aqueous solution, Org(sol) and the water molecules on the metal
surface H2O(ads).

Org(sol) + xH2O(ads) 4 Org(ads) + xH2O(sol) (5)

where x is the size ratio representing the number of water
molecules replaced by an organic adsorbate molecule.

For organic compounds that have ability to absorb strongly
on metal surface, the surface coverage (q) can be evaluated from
IE. The relationship between IE and the bulk concentration of
the inhibitor at constant temperature, which is known as
isotherm, gives an insight into the adsorption process. The
values of degree of surface coverage (q) for various inhibitor
concentrations in 1 M HCl was calculated from gravimetric
analysis. Attempts were made to t q values to different
adsorption isotherms, Langmuir, Temkin, Freundlich and
Frumkin isotherm but best tted results were obtained from
Table 2 Calculated values of corrosion rate (g m�2 h�1) and inhibition effi
of iminium surfactant at 30–60 �C from solvent analysis of iron ions into

Surfactant concentration (M)

Corrosion rate (g m�2 h�1)

30 �C 40 �C 50 �C

Blank 1.76 2.10 3.77

Iminium surfactant
5 � 10�6 0.80 0.76 0.78
1 � 10�5 0.68 0.53 0.51
5 � 10�5 0.36 0.34 0.41
1 � 10�4 0.27 0.22 0.33
5 � 10�4 0.15 0.14 0.24

23186 | RSC Adv., 2017, 7, 23182–23196
Langmuir adsorption isotherm. The characteristic plot of
Langmuir adsorption isotherm was made, which is C/q vs. C
given by equation:

C

q
¼ 1

K
þ C (6)

where, q is the degree of surface coverage, K is the adsorptive
equilibrium constant of the adsorption process and C is the
inhibitor concentration in mol L�1. The plots of C/q versus C for
plain carbon steel corrosion in 1 MHCl at temperatures 30–60 �C
are shown in Fig. 4. The obtained plots are linear with correlation
coefficient 1 or higher than 0.999. The intercept permits the
calculation of equilibrium constant K. The high values of K,
which denotes interaction between inhibitor and steel surface,
indicate that the inhibitor molecules are strongly adsorbed on
the steel surface and in turn provide better inhibition efficiency
to the inhibitor. Values of K also seem to increase with increasing
temperature favoring chemical adsorption onto the plain carbon
steel. The values of regression coefficient R2 are given in Fig. 4
and K are summed up in Table 3.
ciency (% IE) for plain carbon steel in 1 M HCl in absence and presence
test solution

Inhibition efficiency (% IE)

60 �C 30 �C 40 �C 50 �C 60 �C

7.23 — — — —

1.26 54.55 63.81 79.31 82.57
0.84 61.36 74.76 86.47 88.38
0.59 79.55 83.81 89.12 91.84
0.54 84.66 89.52 91.25 92.53
0.36 91.48 93.33 93.63 95.06

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 Langmuir adsorption isotherm plots for iminium surfactant
adsorbed on plain carbon steel surface in 1 M HCl at different
temperatures.

Table 3 Value of K at different temperatures from Langmuir adsorp-
tion isotherm of iminium surfactant

Surfactant (M) K � 103

Temperature

30 �C 40 �C 50 �C 60�

Iminium surfactant
5 � 10�6 276.19 445.16 911.11 1618.18
1 � 10�5 203.03 400.00 1011.11 1900.00
5 � 10�5 91.11 161.82 313.33 480.00
1 � 10�4 101.11 190.00 240.00 490.00
5 � 10�4 31.33 48.00 64.67 198.00
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3.6. Effect of temperature

In the present study the corrosion of plain carbon steel in 1 M
HCl was investigated in the temperature range of 30–60 �C in
absence and presence of surfactant inhibitor. A graph is plotted
for logarithm of corrosion rate (log CR) vs. reciprocal of
Fig. 5 Adsorption isotherm plot of log CR vs. 1/T for the adsorption of
iminium surfactant, (A) blank, (B) 5 � 10�4 M, (C) 1 � 10�4 M, (D) 5 �
10�5 M, (E) 1 � 10�5 M, (F) 5 � 10�6 M.

This journal is © The Royal Society of Chemistry 2017
absolute temperature (1/T), which is shown in Fig. 5. By
applying Arrhenius equation linear plot was obtained:

log CR ¼ log A� Ea

2:303RT
(7)

The values of Ea obtained from the graph are given in Table
4. A change in the value of Ea in presence of additives may be
due to the modication of the mechanism of the corrosion
process in presence of adsorbed inhibitor molecules. In
general, higher values of Ea in presence of additives support
physical adsorption mechanism whereas an unchanged or
lower value of Ea for inhibited systems compared to the
blank is indicative of chemisorption mechanism. In the
present investigation the values of Ea in presence of inhibitor
is lower compared to the blank and hence supports chemical
adsorption mechanism. The enthalpy of adsorption, DH
and entropy of adsorption, DS for corrosion of plain carbon
steel in 1 M HCl in presence of inhibitor was obtained by
equation:

CR ¼ RT

Nh
exp

�
DS

R

�
exp

�
�DH

RT

�
(8)

The plot of log(CR/T) vs. 1/T for blank and the inhibitor

is shown in Fig. 6. The slope
�
� DH
2:303RT

�
and intercept

�
log

�
R
Nh

�
þ
�

DS
2:303R

��
of the linear plot, gives the values of

DH and DS, respectively and are presented in Table 4. From the
given data it is observed that values of DH decreases in presence
of inhibited solution compared to uninhibited solution. This
conrms the process of chemisorptions. The shi of value of
DS from positive to negative for uninhibited to inhibited
medium indicates increase in the system order. Another plot of

log
�

q

1� q

�
versus 1/T for the inhibitor was made (Fig. 7). From

the slope
� �Q
2:303R

�
of the plot, heat of adsorption, Qads was

obtained and the values are given in Table 4. The calculated
values of Qads are positive predicting the adsorption of inhibitor
on plain carbon steel to be endothermic. The free energy of
adsorption, (DGads) at different temperatures was calculated
from the following equation:

DGads ¼ �RT ln(55.5 K) (9)

where, R is the universal gas constant, T the absolute
temperature and the value of 55.5 is the concentration of
water in mol L�1 in the solution. The values of DGads (Table 4)
are negative indicating spontaneous adsorption of inhibitor
on the plain carbon steel surface. Furthermore, the negative
values of DGads also show the strong interaction of the
inhibitor molecules on to the plain carbon steel surface. It
is an established fact that values of DGads around �20 kJ
mol�1 or less indicates physisorption whereas the values
of DGads around �40 kJ mol�1 or more are considered as
RSC Adv., 2017, 7, 23182–23196 | 23187
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Table 4 Calculated values of kinetic/thermodynamic parameters for plain carbon steel in 1 M HCl in the absence and presence of iminium
surfactant from weight loss measurement

Surfactant
(iminium)

Ea
(kJ mol�1)

DH
(kJ mol�1)

DS
(kJ mol�1 K�1)

Q
(kJ mol�1)

�DGads (kJ mol�1)

30 �C 40 �C 50 �C 60 �C

Blank 64.39 64.14 18.20 — — — — —
5 � 10�6 26.94 25.66 �115.45 62.06 41.68 44.29 47.64 50.70
1 � 10�5 11.15 11.11 �165.70 63.57 40.90 44.02 47.92 51.15
5 � 10�5 25.12 22.98 �139.94 46.91 38.89 41.66 44.77 47.34
1 � 10�4 23.18 24.89 �131.37 40.98 39.15 42.08 44.05 47.39
5 � 10�4 26.40 30.44 �116.24 48.44 36.20 38.50 40.53 44.89

Fig. 6 Adsorption isotherm plot of log CR/T vs. 1/T for the adsorption
of iminium surfactant, (A) blank, (B) 5 � 10�4 M, (C) 1 � 10�4 M, (D) 5 �
10�5 M, (E) 1 � 10�5 M, (F) 5 � 10�6 M.

Fig. 7 Adsorption isotherm plot of log(q/1 � q) vs. 1/T for the
adsorption of iminium surfactant, (A) 5 � 10�4 M, (B) 1 � 10�4 M, (C) 5
� 10�5 M, (D) 1 � 10�5 M, (E) 5 � 10�6 M.

Fig. 8 Potentiodynamic polarization curves for plain carbon steel in
1 M HCl in absence and presence of different concentrations of imi-
nium surfactant, (A) blank, (B) 5 � 10�4 M, (C) 1 � 10�4 M, (D) 5 �
10�5 M, (E) 1 � 10�5 M, (F) 5 � 10�6 M.
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chemisorptions.29,30 In the present study the values of DGads

are in the range of �36.20 to �51.15 kJ mol�1 which are
specically suggests chemisorptions adsorption of given
compound over the plain carbon steel.
23188 | RSC Adv., 2017, 7, 23182–23196
3.7. Potentiodynamic polarization measurements

The potentiodynamic polarization curves for the corrosion of
plain carbon steel in 1 M HCl in absence and presence of
different concentration of iminium surfactant at 30 �C are
presented in Fig. 8. It is clearly evident from the curves that
values of current density decreases with the presence of imi-
nium compound indicating that the compound was adsorbed
on the steel surface and caused corrosion inhibition. Potentio-
dynamic parameter as deduced from these curves, e.g., corro-
sion potential (Ecorr), corrosion current density (icorr), the anodic
Tafel slope (ba), the cathodic Tafel slope (bc), polarization
resistance, corrosion rate and % IE are shown in Table 5. The
value of icorr continuously decreases in presence of increasing
inhibitor concentration. The maximum IE of 90.63% was
observed at a concentration of 5 � 10�4 M of iminium
compound indicating that a higher coverage of surfactant on
steel surface is obtained in the solution with highest concen-
tration of inhibitor. There is a change in the values of both ba

and bc indicating that the corrosion of steel in presence of
inhibitor is under both anodic and cathodic control. So inhib-
itor acts as mixed type. The magnitude of the shi in Ecorr in
presence of iminium compound (less than 85 mV) suggests that
it acts as a mixed inhibitor and affects both anodic and cathodic
reaction.31 In presence of iminium surfactant the values of Ecorr
shis to more negative values indicating that compound should
This journal is © The Royal Society of Chemistry 2017
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Table 5 Potentiodynamic polarization parameters for corrosion of plain carbon steel in 1 M HCl in the absence and presence of different
concentration of iminium surfactant 30 �C

Surfactant
concentration (M)

Ecorr
(mV)

Icorr
(mA cm�2)

ba
(mV dec�1)

bc
(mV dec�1)

Polarisation
resistance (U)

CR
(mmpy) % IE

Blank �444.42 922.52 219.04 143.70 40.85 10.72

Iminium surfactant
5 � 10�4 �451.79 86.45 84.95 169.93 292.10 1.01 90.63
1 � 10�4 �450.44 127.94 94.92 144.98 194.72 1.49 86.13
5 � 10�5 �439.74 149.30 241.20 88.24 187.93 1.74 83.82
1 � 10�5 �444.94 272.65 204.47 117.25 118.70 3.17 70.45
5 � 10�6 �450.65 408.03 235.42 110.57 80.08 4.74 55.77
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predominantly control the cathodic reaction. The iminium
surfactant addition to the acid solution resulted in an increase
in Rp values indicating effective inhibition by the compound.
The increased Rp values with increase in inhibitor concentra-
tion suggested that further polarization of the plain carbon steel
was resisted by adsorption of inhibitor molecules, which were
present in the acid solution, at metal/solution interface. The
values of IE as obtained by potentiodynamic polarization
studies are highly consistent with the results of the weight loss
measurements and solvent analysis of iron ions.
3.8. Electrochemical impedance spectroscopy (EIS)
measurements

The mode of inhibition and the kinetics of electrochemical
processes taking place at the plain carbon steel/HCl interface
modied by the presence of iminium compound was further
evaluated by EIS technique. Fig. 9 and 10 show Bode and
Nyquist plots, respectively for plain carbon steel corrosion in
1 M HCl solution in absence and presence of various concen-
trations of the iminium surfactant at 30 �C. The impedance
diagrams obtained in absence and with varying concentrations
of iminium compound are almost identical implying that
addition of inhibitor does not cause any signicant change
in the mechanism of the corrosion reaction but inhibits the
Fig. 9 Bode plot of plain carbon steel immersed in 1 M HCl in absence
and presence of different concentrations of iminium surfactant, (A)
blank, (B) 5 � 10�4 M, (C) 5 � 10�5 M, (D) 5 � 10�6 M.

This journal is © The Royal Society of Chemistry 2017
corrosion by increasing the surface coverage by the adsorbed
inhibitor lm.33 Nyquist plots exhibit a single depressed
capacitive semicircle for both absence and presence of inhibitor
containing solutions. There is an increase in the diameter of
capacitive loop in presence of inhibitor, the diameter of the
capacitive loop increases with increasing inhibitor concentra-
tion. This suggest that inhibition of steel corrosion is achieved
by controlling charge transfer process.10,32 The depressed
semicircles under real axis may be accounted to roughness and
inhomogeneity of electrode surface.33 A simple Randel's equiv-
alent circuit, comprising a parallel connection between the
charge transfer resistance (Rct) and the double layer capacitance
(Cdl) and these impedance elements connected in series with
the electrolyte resistance Rs, as depicted in Fig. 11 was used to
model EIS results. The EIS parameters as derived from Nyquist
plots are listed in Table 6. It is evident from Table 6 that in
presence of varying concentrations of iminium compound in
the HCl solution the values of Rct increases and Cdl decreases
compared to the uninhibited HCl solution. A higher value of Rct

in presence of inhibitor is indicative of a slower corroding
system, which is due to the reduction in the active surface
Fig. 10 Nyquist plots for plain carbon steel immersed in 1 M HCl in
absence and presence of different concentrations of iminium surfac-
tant, (A) blank, (B) 5 � 10�4 M, (C) 5 � 10�5 M, (D) 5 � 10�6 M.

RSC Adv., 2017, 7, 23182–23196 | 23189
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Fig. 11 Randel's equivalent circuit.

Table 6 EIS parameters for corrosion of plain carbon steel in 1 M HCl
in the absence and presence of different concentrations of iminium
surfactant at 30 �C

Surfactant concentration (M) Rs (U) Rct (U) Cdl (mF) % IE

Blank 2.44 56.18 149.22 —

Iminium surfactant
5 � 10�4 3.55 841.99 25.69 93.33
5 � 10�5 5.42 428.93 37.58 86.90
5 � 10�6 2.38 126.22 78.36 55.49

Fig. 12 Mulliken and natural atomic charges on each atom of iminium
surfactant.
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required for corrosion reaction. The increase in the values of Rct

with increasing inhibitor concentrations is indicative of the
considerable metal surface coverage without altering the
mechanism of corrosion. The decrease in Cdl in presence of
inhibitor is attributed to the decrease in local dielectric
constant and/or an increase in the thickness of the electrical
double layer. This is suggestive of the fact that inhibitor mole-
cules acted by adsorption at the metal/solution interface by
replacing the water molecules with inhibitor molecules leading
to the formation of a protective lm on the electrode surface.34

Bode plots (Fig. 10), which showed the existence of one time
constant (single maximum) at any concentration of inhibitor is
combination of Bode impedance plot where impedance vs.
frequency is plotted and Bode phase plot where phase angle vs.
frequency is plotted. In impedance vs. frequency plots an
increase in inhibitor concentrations resulted in an increase in
the values of absolute impedance at low frequencies. This is
suggestive of the increase in the protective properties of
inhibitor with increasing concentration. The phase angle at
high frequencies provides a general idea about the inhibitory
action of the inhibitors. If the value of phase angle is more
negative, than the electrochemical behavior will be more
capacitive. In Bode phase angle vs. frequency plots an increase
in the inhibitor concentration in acid solution results in more
negative values of phase angle at high frequencies. This is
indicative of superior inhibitive behavior of inhibitor at high
concentration.

The IE from EIS data was evaluated by comparing the values
of Rct in absence and presence of inhibitor. The IE value
increases with increasing inhibitor concentrations. Further-
more, the values of inhibition efficiency obtained from weight
loss measurements, solvent analysis of metal ion, potentiody-
namic polarization measurements and EIS measurements are
in good agreement. The Nyquist and Bode plots are not perfect
semi-circle, may be due to presence of impurities which causes
little deviations in the curves.
23190 | RSC Adv., 2017, 7, 23182–23196
3.9. Quantum chemical calculations

Quantum chemical methods (ab initio and DFT) provide insight
into the mechanism of inhibition action of corrosion
compounds and therefore these methods are widely used in
corrosion studies.35–42 In the present study, various molecular
quantities like molecular energy, atomic charges, dipole
moment, frontier molecular orbital energies, donor–acceptor
stabilization energy, global and local reactivity descriptors are
used to characterize the inhibition property of p-benzylidene-
benzyldodecyl iminium chloride in vacuo. The calculations of
these parameters require accurate ground state molecular
structure which was obtained by geometry optimization tech-
nique and shown in Fig. 12 with numbering scheme. The
optimized structure shows the linear chain of dodecyl fragment
in the present molecule. Some important theoretical molecular
quantities are depicted in Table 7. The donor–acceptor stabili-
zation energy values are presented in Table 8.

The atomic charge (local electron density) in the molecule is
a useful quantity that helps in explaining electrostatic interac-
tions and molecular polarity. This also play important role in
dening local reactivity descriptors like Fukui's indices.42 The
natural atomic charges were computed for the present inhibitor
This journal is © The Royal Society of Chemistry 2017
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Table 7 Some important theoretical parameters for p-benzylidene-
benzyldodecyl iminium chloride compound in vacuoa

Parameters B3LYP-D3/6-311++G(d,p)

SCF minimum energy (kcal mol�1) �959452.0575

Field independent dipole moment (Debye)
mx �9.1288
my 9.1335
mz �5.8344
m 14.1703

Frontier molecular orbital energies (eV)
ELUMO+1 �1.78
ELUMO �3.46
EHOMO �5.13
EHOMO�1 �5.18
GAP ¼ ELUMO � EHOMO 1.67

Global reactivity descriptors
Ionization potential, I (eV) 5.13
Electron affinity, A (eV) 3.46
Electronegativity, c 4.30
Chemical potential, m �4.30
Electrophilicity, u 11.05
Hardness, h 0.84
Soness, S 0.60
DN 1.61
TNC �11.573

a Notations and abbreviation used: HOMO – Highest Occupied
Molecular Orbital, LUMO – Lowest Unoccupied Molecular Orbital,
TNC – total negative charge on atoms in molecule DN – fraction of
electron transferred from inhibiter to iron metal surface.
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and the results are shown in Fig. 12. Natural charges distribu-
ted over the atoms in molecule as well as comparison of the
natural charges of atoms in neutral, cation and anionmolecular
Table 8 Important donor–accepter interactions based on second
order perturbation theory analysis of Fock matrix in NBO basisa

Donor
NBO

Acceptor
NBO

E(2)

(kcal mol�1)

pC1–C6 p*C2–C3 24.1
pC1–C6 p*C4–C5 18.4
pC2–C3 p*C1–C6 17.5
pC2–C3 p*C4–C5 18.9
pC2–C3 p*C13–N15 27.3
pC4–C5 p*C1–C6 20.6
pC4–C5 p*C2–C3 18.7
pC7–C12 p*C8–C9 21.9
pC7–C12 p*C10–C11 21.8
pC8–C9 p*C7–C12 18.5
pC8–C9 p*C10–C11 19.5
pC10–C11 p*C7–C12 18.6
pC10–C11 p*C8–C9 20.8
LP(1)Cl56 s*C14–H16 2.6
LP(3)Cl56 s*C7–H64 1.4
LP(3)Cl56 s*C20–H52 2.0
LP(4)Cl56 s*C14–H16 21.8

a NBO – Natural Bond Orbital, E(2) – second order stabilization energy
associated with delocalization of the electrons fromdonor to acceptor NBO.

This journal is © The Royal Society of Chemistry 2017
geometry are presented in Fig. 1S and 2S (ESI†). As it is well
known that more negative charge on the atom in molecule is
more reactive toward the interaction with the metal surface.43,44

The highest negative charge corresponds to the preferable
site of nucleophilic attack while highest positive charge as
preferable site of electrophilic attack. All the hydrogen atoms in
molecule are appeared with the positive charge. The natural
charges on carbon atoms are predicted with negative values
except C13 as this is connected to electronegative atom N15
through double bond. The strong negative charges are pre-
dicted for C20–C28, C58, C59 (in carbon chain) and Cl56 atoms.
Therefore, these atoms of the carbon chain and Cl56 atoms
possess the strong negative atomic charges indicating that the
molecule under study can efficiently inhibit the corrosion of the
metal surface through adsorption on its surface via their active
sites (C and Cl).44 The more negative charge of atoms in mole-
cule indicates the more easily the unoccupied orbital of the
atoms of metal surface will receive the electrons from the
investigated molecule. The atoms N and O in heterocycle azole
derivatives, phenazine and its derivatives are appeared as elec-
tron rich centers and therefore have the strongest ability of
bonding to the metal surface.45 Thus, the atomic charge in
molecule is one of the key properties associated with corrosion
inhibition.46 The total negative charge (TNC) of the present
molecule is predicted with large value �11.6 e which shows the
presence of potential adsorption centers, Table 7. This value is
found large as compared with other inhibitors reported else-
where.47–51 The TNC value of present molecule is found less
as compared to non-ionic surfactants of the TRITON-X series.52

In order to dene inhibition performance of the present
compound the dipole moment, frontier molecular orbital
energies, HOMO–LUMO gap and various chemical reactivity
descriptors have been also computed (Table 7) and discussed.
The HOMO and LUMO of the chemical compound are very
Fig. 13 HOMO–LUMO spatial diagram for iminium compound.

RSC Adv., 2017, 7, 23182–23196 | 23191
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Table 9 Condensed Fukui function values for p-benzylidenebenzyldodecyl iminium chloride compound in vacuo

Atom f� f+ Atom f� f+ Atom f� f+

C1 0.026 0.151 C23 1 � 10�4 0.296 H45 0.003 �0.144
C2 0.071 0.131 C24 0 0.296 H46 0.004 �0.142
C3 0.096 0.036 C25 �2 � 10�4 0.295 H47 0.003 �0.149
C4 0.104 0.137 C26 �7 � 10�5 0.296 H48 �3 � 10�4 �0.151
C5 0.007 0.149 C27 �1 � 10�4 0.296 H49 �0.004 �0.15
C6 0.169 0.139 C28 �1 � 10�5 0.298 H50 5 � 10�4 �0.15
C7 0.004 0.208 H29 �3 � 10�5 �0.148 H51 0.002 �0.151
C8 0.007 0.032 H30 1 � 10�4 �0.148 H52 1 � 10�4 �0.152
C9 5 � 10�4 0.148 H31 2 � 10�4 �0.148 H53 �5 � 10�4 �0.15
C10 0.001 0.191 H32 �1 � 10�5 �0.148 H54 �4 � 10�5 �0.149
C11 0.001 0.152 H33 2 � 10�4 �0.148 H55 9 � 10�4 �0.152
C12 9 � 10�4 0.174 H34 �1 � 10�4 �0.148 Cl56 0.042 1.286
C13 0.251 �0.131 H35 �2 � 10�4 �0.148 H57 0.004 �0.148
C14 �0.031 0.229 H36 3 � 10�4 �0.148 C58 �2 � 10�5 0.292
N15 0.203 0.017 H37 �5 � 10�4 �0.148 C59 �1 � 10�4 0.457
H16 0.01 �0.161 H38 3 � 10�4 �0.147 H60 0 �0.148
H17 0.003 �0.146 H39 �5 � 10�4 �0.147 H61 8 � 10�5 �0.147
H18 �0.002 �0.13 H40 �5 � 10�4 �0.149 H62 0 �0.147
C19 0.008 0.159 H41 6 � 10�4 �0.15 H63 6 � 10�5 �0.152
C20 0.008 0.317 H42 �7 � 10�4 �0.15 H64 9 � 10�5 �0.152
C21 0.002 0.303 H43 0.003 �0.156 H65 �2 � 10�4 �0.156
C22 0.003 0.297 H44 8 � 10�4 �0.15 H66 9 � 10�5 �0.147
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essential in dening its reactivity. The HOMO–LUMO spatial
diagram with HOMO–LUMO gap is shown in Fig. 13 which
explains charge transfer within molecule. The HOMO is delo-
calized over N, Cl atoms and aromatic rings while LUMO is
spread totally over the one of aromatic ring and partially on
another ring, N and few C atoms. Fig. 13 shows the total charge
transfer from Cl atom upon HOMO to LUMO excitation. The
high and low energy Eigen values of HOMO and LUMO show the
tendency to donate electrons and ability to accept electrons
respectively. The high value of dipole moment (14.2 Debye),
Fig. 14 Molecular electrostatic potential map for iminium compound.

23192 | RSC Adv., 2017, 7, 23182–23196
HOMO energy and low value of HOMO–LUMO gap (1.67 eV)
of the present compound may be responsible for high corro-
sion inhibition efficiency.53 The high dipole moment and
low HOMO–LUMO gap show the better corrosion inhibi-
tion efficiency of the investigated molecule in vacuo than
others neutral species like phenanthroline derivatives,54 phe-
nazine and its derivatives,50 heterocyclic azole derivati-
ves, thiosemicarbazides,55 imidazol,30 benzimidazol, and
pyridine derivatives,51 ethoxylated-[2-(2-{2-[2-(2-benzenesulfo-
nylamino-ethylamino)-ethylamino]-ethylamino}-ethylamino)-
This journal is © The Royal Society of Chemistry 2017
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Fig. 15 SEM photomicrographs of plain carbon steel samples, (A)
polished, (B) dipped in 1 M HCl, (C) dipped in iminium surfactant
inhibited 1 M HCl.
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ethyl]-4-alkylbenzenesulfonamide,52 antipyrine Schiff bases and
non-ionic surfactants of the TRITON-X series.56 The high dipole
moment value denes the high polarity of the compound which
assists electrostatic interaction between inhibitor and metal
and also contributes to their better adsorption onmetal surface.
The equations used for the calculations of global reactivity
descriptors like ionization potential, electron affinity, electro-
negativity, chemical potential, electrophilicity, chemical hard-
ness and soness based on HOMO–LUMO energy Eigen values
at DFT(B3LYP-D3)/6-311++G(d,p) method can be found in
various literatures.37,38,40–44 A hard molecule has large HOMO–
LUMO gap and therefore less reactive while so molecules are
more reactive because of low HOMO–LUMO gap. The global
electrophilicity quantity denes the ability of the chemical
species to accept electrons. In the present case the compound
with high value of electrophilicity index (11.05) is the strong
electrophile as comparative to some other inhibitors reported in
literatures50,51,56 and hence has the high inhibition efficiency.

The inhibition efficiency has been also dened by the
parameter DN which is the fraction of electron transferred from
inhibiter molecule to the iron metal surface. The high value of
DN (1.61) is found for the p-benzylidenebenzyldodecyl iminium
chloride that shows its high inhibition efficiency.41,57 As per
Lukovits's study, if the DN value is less than of 3.6, the inhibi-
tion efficiency increased with increasing electron donating
ability of inhibitor at the metal surface.

The local reactivity indices like condensed Fukui's functions
(f� and f+) have been computed using natural atomic charges to
study the electrophilic and nucleophilic regions in the investi-
gated molecule. These descriptors dene the atom wise reactive
sites in inhibitor likely to interact with metal surface in the form
of electrophilic and nucleophilic reactions. The condensed Fukui
functions for the inhibitor are depicted in Table 9. Themaximum
value of f+ index relates to reactivity pertaining to a nucleophilic
attack whereas the maximum of f� index indicates the favored
site for adsorption of electrophilic agents. In the present mole-
cule, the atoms C13 and N15 have the large f� index while the
atom Cl has the maximum f+ index value. Therefore the atoms
C13/N15 and Cl in inhibitor are the preferred sites for an elec-
trophilic and nucleophilic attack respectively.

The molecular electrostatic potential (MEP) has been used to
dene the electrophilic and nucleophilic sites of the molecule
which helps in understanding the corrosion process. The MEP
plot for the p-benzylidenebenzyldodecyl iminium chloride is
shown in Fig. 14 with colour range from deepest red to deepest
blue. The electrostatic potential values are in the order of red <
yellow < green < blue. The regions with deepest blue colour are
the preferred sites to interact with electron rich site of other
chemical species like metal while the deepest red part (e.g.,
Cl56) is the preferred sites that may interact with electron
decient site of metal surface.

The donor–acceptor interaction energy, E(2), between some
important donor and acceptor orbitals, determined by second
order perturbation theory, are tabulated in Table 8. The delo-
calization of electrons takes place when the donor (lled) orbital
interacts with acceptor (virtual) one. In Table 8, rst 13 values of
E(2) corresponding to the respective donor–acceptor explains the
This journal is © The Royal Society of Chemistry 2017
delocalization of electrons in two aromatic rings of the
compound. The high value of stabilization energy, E(2), between
orbitals n(LPCl56)–s*C14–H16, measure the strength of elec-
trostatic interaction between them.

3.10. Surface morphological studies

The SEM images (Fig. 15A–C) were obtained to establish the fact
that corrosion inhibition of plain carbon steel in 1MHCl is due to
the formation of a protective lm by the adsorbed iminium
surfactant molecules. The SEM photomicrographs of the polished
plain carbon steel surface and steel surface exposed to 1 M HCl in
absence and presence of iminium surfactant has been depicted in
Fig. 15(A–C). Fig. 15(A) shows the surface morphology of the
sample before immersion in 1 M HCl solution. Except the marks
of the scratches, which had arisen during polishing with emery
papers the surface shows a characteristic freshly polished plain
carbon steel surface which is free from any noticeable defects such
as cracks and pits. Fig. 15(B) shows the SEM photomicrograph of
RSC Adv., 2017, 7, 23182–23196 | 23193
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Fig. 16 EDAX spectrum and plot of weight% vs. element of (A) polished (B) dipped in 1 M HCl, (C) dipped in iminium surfactant inhibited 1 M HCl.
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plain carbon steel surface obtained aer immersion in uninhib-
ited 1 M HCl. A damaged and heterogeneous surface is observed
as a result of severe corrosion of plain carbon steel by the
aggressive acid solution. Fig. 15(C) shows the photomicrograph of
the plain carbon steel surface immersed for the same period of
time in 1 M HCl containing 5 � 10�4 M of iminium surfactant.
The surface heterogeneity is considerably decreased in the pres-
ence of inhibitor; the surface clearly resembles with the surface
of the plain carbon steel before immersion in acid solution.
The decrease in the surface heterogeneity would have been
caused by the deposition of the surfactant molecules on the plain
carbon steel surface which protected the steel surface from
the attack of corrosive medium. The scratches formed during
the polishing were adequately covered well by the surfactant
molecules.
23194 | RSC Adv., 2017, 7, 23182–23196
The EDAX spectrum (Fig. 16(A–C)) of the polished plain
carbon steel surface and steel surface exposed to 1 M HCl in
absence and presence of iminium surfactant were obtained
and the results are shown in Fig. 16(A–C). The EDAX spectrum
was recorded in order to determine the content of iron and
other elements on the steel surface in absence and presence of
inhibitor. Fig. 16(A) represents the EDAX prole of polished
plain carbon steel, which revealed that the surface was free
from any corrosion product in the absence of immersion
in acid solution. In case of plain carbon steel exposed to
1 M HCl the iron content on the surface was appreciably
reduced in comparison to the polished plain carbon steel due
to formation of corrosion products; presence of chlorine
and oxygen was also revealed on the surface [Fig. 16(B)].
Fig. 16(C) shows EDAX prole of plain carbon steel specimen
This journal is © The Royal Society of Chemistry 2017
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immersed for the same period of time in 1 M HCl containing 5
� 10�4 M of iminium surfactant. The spectrum showed higher
concentration of iron presumably due to lowering in the extent
of corrosion in presence of inhibitor but did not show the
presence of chlorine. This indicates that iminium compound
adequately protected the plain carbon steel from corrosive
attack of HCl.

4. Conclusions

The results of gravimetric analysis, solution analysis of Fe ions,
electrochemical measurements and quantum chemical calcu-
lation revealed that the studied surfactant acts as good inhibitor
for plain carbon steel corrosion in 1 M HCl. Corrosion inhibi-
tion effect was found to increases with increasing inhibitor
concentration and solution temperature. The adsorption of
surfactant on plain carbon steel in HCl is spontaneous, essen-
tially chemisorption and follows Langmuir adsorption
isotherm. The value of activation energy, Ea in presence of
inhibitor is lower compared to the blank and hence supports
chemical adsorption mechanism. Iminium surfactant is mixed-
type inhibitor according to results obtained from potentiody-
namic polarization measurements as it controls both cathodic
and anodic processes. EIS results conrmed the formation of
a protective layer on the plain carbon steel surface in presence
of iminium surfactant. The SEM photomicrographs and results
of EDAX studies further conrm the protection of plain carbon
steel in 1 M HCl solution by the iminium surfactant. The data
obtained from computational investigation were correlated
with the experimentally obtained inhibition efficiency. Experi-
mental results are in conformity with the theoretical results.
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