
Abstract
1-Dodecyl-3-methylimidazolium chloride (DDMIC) and 1-(Naphtymethyl)-3-methylimidazolium chloride (NMIC)
were synthesized, and their adsorption effects on A516-Gr70 steel were investigated as a green corrosion inhibitor
in 3.5 wt.% NaCl solution saturated with CO2 at 25 °C. Potentiodynamic polarization (PDP), Scanning Kelvin probe
(SKP), and electrochemical impedance spectroscopy (EIS) techniques were used to study the inhibition properties
of these compounds in different concentrations. The main advantages of the two studied inhibitors, i.e., DDMIC and
NMIC, are environment friendly; moreover, the inhibition performance of DDMIC is excellent, and it can reach 97%
protection performance in a sweet corrosion environment. SKP studied the effects of these inhibitors on the Volta
potential of the carbon steel surface. SKP analysis revealed that the trend of metal surface coverage by DDMIC can be
traced via Volta’s potential results. Based on SKP results, the real work function of metal surface atoms was calculat-
ed. Quantum chemical parameters of inhibitor molecules were studied by integrating density functional theory (DFT)
and SKP methods. The integration results described the electron transfer mechanism during the adsorption process.
Ultimately, SKP and DFT results revealed that the aromatic ring of NMIC affected its adsorption on the metal surface.
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Introduction 
Carbon dioxide is known as a corrosive species in natu-
ral gas and petroleum refining, carbon capture, and stor-
age industries [1,2]. Carbon dioxide changes to H2CO3 
via the hydration process in aqueous solution according 
to Reaction 1.

2 2 2 3CO H O H CO→←+                                                              (1)
This acid is known as a corrosive species, and its 
corrosion phenomenon is named sweet corrosion [3]. 
Sweet corrosion has destructive effects on the metal 
structures of these industries and exposes them to 
severe problems of financial, safety, and production 
interruption; therefore, sweet corrosion and its control 
have been considered a hot topic research area for 
decades [3-6]. Using corrosion inhibitors is a reliable,  
effective, and safe solution for preventing and controlling 
the sweet corrosion phenomenon that takes place based 
on Reaction 2 [7-9].

2 3 3 2Fe H CO FeCO H+ → +                                                   (2)
In order to mitigate all the risks mentioned above, 
investigation into the control of sweet corrosion by 
compounds with low negative impacts on the environment 
is necessary. Different corrosion inhibitors include 
azole derivatives such as pyrazole, bis-imidazoline, and 
imidazoline compounds [10-12], amidethyimidazoline 

[9], imidazolium [13-17] have been studied under 
different conditions such as temperature, flow, base 
metal, and CO2 partial pressure [18-21]. The traditional 
inhibitors are highly toxic to humans and threaten the 
environment. In this context, new substances are being 
used, such as ionic liquids [22]. Ionic liquids can be 
effectively adsorbed on the metal surface, making them 
promising candidates to replace traditional corrosion 
inhibitors [23, 24].
Some azole derivatives known as ionic liquids are green 
inhibitors [25]. The green inhibitors prevent and control 
corrosion without adversely affecting health and the 
environment [26]. These inhibitors mitigate corrosion 
by adsorbing and forming film on metal surfaces. The 
adsorbed film changes the surface potential to positive, 
and a more positive surface potential results in a more 
noble surface. Studying surface potential helps to survey 
the protection mechanism and reactions on the metal 
surface [27]. Investigation on the adsorption of inhibitors 
is usually carried out via typical methods such as EIS, 
polarization, weight loss tests, and DFT [28-30]. Scanning 
Kelvin Probe (SKP) is a new non-contact method for 
investigating surface potential characterization, which 
is affected by adsorbed inhibitors [31-33]. Metal surface 
atoms’ work function will increase 
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when surface potential increases [34]. Therefore, in this 
situation, the separation of electrons from iron atoms of the 
specimen surface by oxidation reactions will be difficult. 
Reduction of the oxidation process rate results in a reduced 
corrosion rate. Using the SKP method, the thermodynamical 
investigation of the electron generation power through surface 
atoms will be possible [35]. This method is a new approach 
to surveying the surface of a metal sample immersed in a 
solution with an inhibitor [26, 33].
Furthermore, the adsorption of inhibitor molecules on the 
metal surface occurs via chemical or physical processes or 
both. Moreover, the adsorption process is determined using 
the adsorption isothermal models such as Langmuir Isotherm, 
Freundlich Isotherm, and so on [36]. In addition, quantum 
chemical parameters are usually considered for studying 
the correlation between molecular structure and inhibitor 
efficiency [37,38]. It is a practical survey to determine 
electron interaction between inhibitor molecules and iron 
atoms [39]. 
In the present research, DDMIC and NMIC were synthesized, 
and their adsorption and inhibition mechanisms were 
investigated on A516-Gr70 steel as ionic liquids and green 
inhibitors in the sweet corrosion media. Moreover, the SKP 
method was applied to investigate inhibitor effects on the 
metal surface potential. Moreover, by integrating SKP and 
DFT as a new approach in the survey of inhibitor adsorption, 
the work function of specimens was obtained directly by 
SKP and was used to get the DFT study and analyze the 
parameters.

Materials and Methods
Materials

DDMIC and NMIC were synthesized (Fig. 1) and purified up 
to 97 ( wt.%) according to reference [40]. The synthesized 
DDMIC and NMIC were used as green corrosion inhibitors 
in 25, 50, 100, 200, and 400 ppm and 25, 100, 300, and 
600 ppm concentrations for A516-GR70 carbon steel in 3.5 
wt.% NaCl solution saturated with CO2. The carbon steel 
specimens with composition, according to Table 1, were used 
as a working electrode for electrochemical measurements. 
Specimens were prepared from A516-Gr70 steel with 10 
(diameter) × 5 mm dimensions. 

The samples were polished with silicon carbide abrasive 
paper up to 1200 grit, degreased by acetone, and dried with 
a nitrogen stream just before the tests. The test medium was 
3.5 wt.% NaCl solution saturated with CO2.

Methods
Electrochemical Measurements

Electrochemical impedance spectroscopy (EIS) and 
potentiodynamic polarization (PDP) were performed at 25 
oC±1 in a three-electrode glassy cell using an Autolab-302 
N potentiostat/galvanostat. The electrodes were a saturated 
calomel electrode (SCE), graphite rode, and carbon steel 
sample as reference, counter, and working electrodes. 
The cell was filled with 500 ml solution, and CO2 gas was 
purged into the solution for 2 hours before the working 
electrode was immersed in the solution. Then, CO2 was 
purged into the solution continuously during electrochemical 
measurements. Moreover, EIS measurements started when 
the immersed sample’s open circuit potential (OCP) reached 
a constant value. In addition, EIS measurements were 
performed in the 100 kHz to 0.01Hz frequency range and AC 
amplitude of 10 mV at OCP. Furthermore, PDP tests were 
performed immediately after the last EIS measurements. 
Potentiodynamic polarization tests were scanned from 
-250 to 250 mV versus OCP at 0.1 mV/s scan rate. The
electrochemical test results were fitted using Nova1.11
version software.

Scanning Kelvin Probe
The surface Volta potential of specimens was mapped by an 
SKP instrument model KP Technology 5050 at 25 ±1 oC. The 
768 points on the surface of specimens were scanned in an 
area of 15×10 mm in the central region of each specimen 
in X and Y directions. Tip vibration and amplitude were 
set at 81 Hz and 70 μm, respectively. Surface preparation 
and immersion conditions were performed similarly to the 
electrochemical tests. After immersion of specimens in the 
test solution, they were put in deoxygenized distill water to 
eliminate the NaCl effect on the specimen surface during 
Volta potential mapping. Then, they were dried with nitrogen 
gas and used in SKP measurement tests.

Fig. 1 molecular structures of synthesized and used ionic liquid inhibitors,(a) 1-Dodecyl-3-methylimidazolium chloride, and (b) 1-(Naph-
tymethyl)-3-methylimidazolium chloride

Table 1 Chemical composition of carbon steel sample
Ferrous Silicon Sulfur Phosphorus Manganese Carbon Elements
Balance 0.13–0.45 0.025 0.025 0.79–1.30 0.27 Composition, ( wt.%)
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Quantum Chemical Study
The inhibition effects of NIMC and DDMIC were studied 
with density functional theory (DFT) calculations. The 
calculations were performed using Gaussian 09 software 
with the DFT/B3LYP method, and 6-311G (d,p) basis set 
in the gaseous and aqueous phases, and DFT results were 
visualized using Gaussview 5. The solvent effect was studied 
via the Polarizable continuum model (PCM) as the default 
method in Gaussian 09 [41]. In this method, solvent media 
was distilled water by default.

Results and Discussion
Electrochemical Measurements
Electrochemical Impedance Spectroscopy 

Nyquist graphs for A516-Gr70 steel immersed in the test 
solution with and without DDMIC and NMIC are represented 
in Fig. 2 and 3, respectively. Data of the Nyquist plots are 
modeled using electrical equivalent circuits, shown in Fig. 4, 
in the presence and absence of inhibitors [42].
where Rs is solution resistance, Rct is charge transfer 
resistance, Qdl represents constant phase element, and L 
and Rl are inductive. Its resistance, Rinh, and Rc.p. are the 
resistance of inhibitor film and corrosion product, and Qinh 
and Qc.p. are the constant phase elements of inhibitor film and 
corrosion product, respectively. A constant phase element 
was used in data fitting instead of a double–layer capacitor 
(Cdl) to more accurately detect the homogeneity coefficient 
(N) of the film [31, 32].

Fig. 2 Nyquist and Bode plots for A516-Gr70 in CO2 saturated solu-
tion with 3.5 ( wt.%) NaCl without and with DDMIC at 298K.

Fig. 3 Nyquist and Bode plots for A516-Gr70 in CO2 saturated solu-
tion with 3.5 ( wt.%) NaCl without and with NMIC at 298 K.

Fig. 4 Equivalent circuit model used to fit the obtained impedance 
spectra at 25 oC (a) with inhibitor and without inductive loop b) with 
inhibitor and inductive loop (c) without inhibitor.

The electrochemical impedance parameters are shown in 
Table 2. Based on the results of impedance elements extracted 
by equivalent circuits (Fig. 4), the inhibitors efficiency  
(θE) was calculated using Equation 1. Total resistance (RT 
excluding Rs) is used to obtain inhibition efficiency (θE) [42]. 

( .) ( .)

( .)
% *100inhib uninhib

E
inhib

R R
R

θ
−

= (3)

where R(inhib.) is the circuit’s total resistance with an 
inhibitor, and R(uninhib.) is the total resistance without an 
inhibitor. The first semicircle of the plot in Fig. 4 is due to 
the constant phase element of the double layer in the blank 
and inhibitor solutions. The formation of iron carbide and 
carbonate on the specimen surface explains the second 
semicircle that appeared in plots of blank solution. Moreover, 
an inductive loop (reveres semicircle) appeared during 
impedance plotting at the last frequencies.
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This loop is explained by the relaxation process, which 
takes place by adsorbed hydrogen and ferrous hydroxide 
(Hads, Fe(OH)ads.) on the metal sample surface in acid 
media [43,44]. In this study, adsorption and the relaxation 
process of HCO3

-, H2CO3, and Cl- on the metal surface can 
cause the induction loop of the blank solution and solution 
with 400 ppm inhibitor. Resistance of the double layer at 
the specimen-solution interface increased from 80 Ω.cm2 

in blank solution to 1800 Ω.cm2 for DDMIC in 400 ppm 
(94% inhibition efficiency). DDMIC forms a barrier film on 
the metal specimen surface by adsorption and inhibits the 
diffusion of aggressive species. Therefore, DDMIC performs 
very well in reducing CO2 corrosion on A516-Gr70 metal. 
EIS plots of NMIC (Fig. 3) revealed that the efficiency of 
the inhibitor at maximum concentration (400 ppm) is 63%, 
so NMIC does not have acceptable behavior as a sweet 
corrosion inhibitor. In these plots, a second semicircle was 

Table 2 Electrochemical impedance and inhibitor (DDMIC) efficiency parameters for A516-Gr70 in CO2 saturated solution with 3.5 wt.% 
NaCl at 298 K.

Inhibitor Concentration (ppm)
R s.
(Ω.cm2)

R inh.
(Ω.cm2)

R c.p
(Ω.cm2).

RL
(Ω.cm2)

RT
(Ω.cm2)

Efficiency at 300 ppm (θE)
χ2

×10-3

0 2.14±0.01 77.5±1.55 23±1.15 18.5±1.14 119±2.26 -- 0.4
25 2.28±0.008 315±1.014 10±0.014 15±1.18 340±0.86 65 0.1
50 0.8±0.008 620±1.48 0 0 620±0.18 81 0.2
100 1.43±0.011 854±2.19 0 0 854±3.25 86.1 0.2
200 2.08±0.016 1054±2.86 0 0 1050±4.65 89 0.7
400 11.1±0.013 1800±2.15 0 662±1.52 2462±5.78 95.2 0.4

made at all concentrations.

Potentiodynamic Polarization Experiments 
Anodic and cathodic polarization curves of A516-Gr70 steel 
in a 3.5 w/v % NaCl solution saturated with CO2 without 
and with different concentrations of inhibitors at 25 oC are 
shown in Fig. 5 and 6 for DDMIC and NMIC, respectively. 
Electrochemical corrosion kinetic parameters calculated by 
extrapolating Tafel lines and inhibitors efficiency (θt) were 
calculated by Equation 2 for inhibitors [45]. The corrosion 
potential (Ecorr), corrosion current density (icorr), anodic 
(βa) and cathodic (βc) Tafel slope, inhibition efficiency (θt), 
and polarization resistance (Rp) of DDMIC and NMIC are 
given in Tables 3 and 4.

( .) ( .)

( .)
% *100corr uninhib corr inhib

t
corr uninhib

i i
i

θ
−

= (4)

Fig. 5 Polarization curves for A516-Gr70 in CO2 saturated solution 
with 3.5 ( wt.%) NaCl without and with DDMIC at 298 K.

Fig. 6 Polarization curves for 516-Gr70 in CO2 saturated solution 
with 3.5 (wt.%) NaCl without and with A NMIC at 298 K.

Table 3 Electrochemical parameters and inhibitor (DDMIC) efficiency for corrosion of A516-Gr70 in sweet corrosion media.

Efficiency %(θt)
Polarization resis-
t a n c e
(Ω. cm2)

Corrosion rate 
(mm/year)

jcorr. ×10-6
(A/cm²)

Ecorr
(V vs. SCE)

βc
(V/dec)

βa
 (V/dec)

 Inhibitor Concentration
(ppm)

-171.50.9480.3-0.760.590.070
89731.750.108.61-0.730.050.1925
90941.750.097.84-0.700.060.2150
91.7914.520.086.58-0.660.050.2100
94.52342.80.054.37-0.620.090.25200
97.52692.80.0231.96-0.600.040.25400
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Table 4 Electrochemical parameters and inhibitor (NMIC) efficiency for corrosion of A516-Gr70 in sweet corrosion media.
Efficiency 
(θ t)

Polarization resistance
(Ω.cm2)

Corrosion rate 
(mm/year)

jcorr. ×10-6

(A/cm²)
Ecorr (V)βc (V/dec)βa (V/dec)

Inhibitor Concentration 
(ppm)

-171.50.9480.3-0.760.590.070
10217.340.8472-0.770.0450.225
25246.910.7060-0.770.0480.12100
32267.120.6354-0.760.0440.14300
63568.290.3529-0.730.0500.17600

where, icorr(uninhib.) and icorr(inhib.) are uninhibited and inhibited 
corrosion current densities, respectively. According to the 
results shown in Table 3, by adding DDMIC to the aggressive 
solution, corrosion potential) Ecorr. shifts positively, equal 
to 156 mV in final (optimum) concentration. Increasing 
Ecorr enhances the nobility of the metal surface in all test 
concentrations. The inhibition efficiency (θt) of DDMIC is 
96.5%. Polarization results confirmed the good performance 
of DDMIC on A516-Gr70 in sweet corrosion media, the same 
as the EIS results. Due to changes in anodic dissolution of the 
test metal and cathodic reduction reactions (H+, H2CO3, and 
HCO3-), βa and βc Tafel parameters, adsorption of DDMIC 
on the metal surface affects anodic and cathodic corrosion 
reactions, so it is a mixed type inhibitor. In order to explain 
the mechanism of film forming by inhibitors' molecules, the 
following elementary processes were proposed: (1) charged 
inhibitor molecules interact with charged metal by electrostatic 
force, (2) interaction of vacant d-orbital of Fe atoms with π 
electrons in imidazolium rings (3) back bonding phenomena 
via interaction of d orbital of Fe atoms with LUMO orbital of 
inhibitor molecule (4) electrostatic interaction [37, 46, 47]. In 
this regard, the inhibition efficiency of compounds depends 
on the number of adsorption active centers, consisting of 
interaction with the metal surface and molecular size. The 
adsorption of DDMIC on the metal surface occurred via 
the imidazolium ring (Fig. 1). The adsorption centers of 
DDMIC are lone pairs of N in heteroatom and π bonds of the 
imidazolium ring (Fig. 1). After the formation of this film, 
metal atoms will not be accessible for aggressive molecules 
in corrosive media [8, 45, 48-50]. 
According to polarization test results (Table 4), the corrosion 
inhibition efficiency of NMIC in the maximum concentration 
was 63%. This performance is not acceptable for a compound 
as a corrosion inhibitor. NMIC has a lower performance than 
DDMIC due to the spatial congestion of aromatic rings in the 
naphtymethyl group. In other words, the molecular structure 
affects the efficiency of NMIC [51].

Adsorption Isotherms 
The adsorption mechanism of DDMIC on the A516-
Gr70 steel was studied by several models based on the 
experimental data of the polarization technique [36]. Using 
the Langmuir adsorption model (Equation 3), Cinh/θt was 
plotted against inhibitor concentration (Cinh.) shown in Fig. 
7 for the inhibitor. The correlation coefficient of the plotted 
line is equal to 0.9992, so the inhibitor adsorption obeys 
the Langmuir adsorption model excellently. Inhibitor film 
formed on the surface of the A516-Gr70; therefore, it is a 
monolayer [52]. Adsorption free energy (∆G0 ads), calculated 
according to Equation 4, equals -14.6 kJ/mol.

Fig. 7 Langmuir adsorption isotherm of DDMIC on A516-Gr70 in 
CO2 saturated solution with 3.5 (wt.%) NaCl at 298 K.

1inh
inh

t ads

C C
K

α
θ

= + (5)

0
( )1

55.5

adsG
RT

adsK e
−

=


(6)
where T is the absolute temperature (K), Cinh. is the inhib-
itor concentration, R (8.314 JK-1mol-1) is the gas constant, 
and a is the constant. Negative values of ΔGo

ads indicate that 
inhibitor adsorption on the metal surface is spontaneous. It 
is well known that values of ΔGo

ads lower than -20 (kJ/mol) 
are ascribed to physisorption [49, 52, 53]. Hence, DDMIC is 
adsorbed on the metal surface through the physical process.

Scanning Kelvin Probe Measurement
The work function of surface atoms can be measured by the 
SKP method. Based on work function data, Volta potential 
(VCPD) is calculated from Equation 5 [31, 54]. 

tip sample
CPDV

e
ϕ ϕ−

=
−

(7)

where Фsample and Фtip are the work function of substrate and 
tip, respectively, and e is the electron charge. Volta potential 
maps of bare metal and specimens that were immersed in the 
blank solution and the solution containing DDMIC inhibitor 
at 25 oC are shown in Fig. 8a-g. Due to sweet corrosion 
products, the surface potential of the blank specimen 
increases (Fig. 8b) concerning the surface potential of the bare 
specimen (Fig. 8a). The surface potential of the specimens in 
low concentration of inhibitor (Fig. 8c) is almost as equal 
to surface potential of blank specimen (Fig. 8b). Increase of 
inhibitor concentration (Fig. 8c-g) results in higher protection 
of metal surface and reduction of iron carbide and carbonate 
as scale on specimens surface (Fig. 8). The surface potential 
of specimen in 400 ppm concentration of inhibitor is near to 
the surface potential of the bare specimen (Fig. 8g). 
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Fig. 8 Surface Volta potential mapping of A516 Gr70 (a) Bare, and 
exposed to CO2 saturated solution with 3.5 (wt.%) NaCl at 298 K 
of DDMIC (b) 0ppm-Blank (c) 25 ppm (d) 50ppm (e) 100 ppm (f) 
200ppm (g) 400 ppm.

Since DDMIC’s adsorption is physical adsorption, inhibitor 
molecules have been removed during washing of specimen 
after extraction from the solution. So, most dried surfaces have 
the potential to be near to bare specimens. Physical condition 
and glossy of specimens, which shift to bare specimen 
surface in solution by increasing inhibitor concentration. It 
has almost not changed concerning the bare specimen in 400 
ppm concentration of inhibitor surface potential (Fig. 8, 9, 
and 10).
In other words, according to Volta potential trends in Fig.10, 
the surface potential of specimens immersed in inhibitor 
solution decreases by increasing inhibitor concentration. 
This decrease and photographs of specimens (Fig.9) are 
evidence for the formation of a uniform layer on the metal 
surface. Therefore, the adsorption of DDMIC on the 
specimen surface has protected the metal. The Volta potential 
of a metal relates to the corrosion potential in the corrosive 
environment [35,55]. This relation formulated via Equation 
6 is for a specimen in a solution without an inhibitor [56-58].

tan CPDCorrosion potential Cons t V= +                                              (8)
In this research, the solution contains an inhibitor, and 
according to SKP results (Fig.10), an increase in inhibitor 
concentration results in the reduction of the Volta potential. 
On the other hand, the Volta potential of immersed specimens 
tends to the Volta potential of bare specimens when inhibitor 
concentration has an increasing trend (Fig. 10). Therefore, 
Equation 7 can be inferred and proposed for DDMIC that 
was adsorbed on the A516-Gr70 steel by physical adsorption 
mechanism.
Inhibitor concentration increases α Corrosion potential 
increases α Volta potential decreases                          (7)
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Fig. 9 Photos of specimens of A516-Gr70 exposed to CO2 saturated solution with 3.5 %( wt.) NaCl at 298K of DDMIC after 24 hours im-
mersion (a) 0 ppm ,Blank (b) 25 ppm (c) 50ppm (d) 100 ppm (e) 200 ppm (f) 400 ppm.

Fig. 10 Mean value of surface Volta potential of A516 Gr70; bare 
and exposed to CO2 saturated solution  with 3.5 %( wt.) NaCl at 298 
K (with and without DDMIC.

The Volta potential of specimens in the solution with the 
inhibitor tends to the Volta potential of bare metal. This 
tendency emphasizes coverage of the specimen surface 
during immersion by the inhibitor. So, the trend of surface 
coverage can be proposed by Equation 8. Thus, based on this 
equation, the specimen surface coverage curve is presented 
in Fig. 11. This curve has a logical relation with inhibitor 
efficiency curves calculated by Equations 1 and 2.

Fig. 11 Surface coverage of the A516-Gr70 steel by DDMIC

% (1 )*100 *100
Bare Inhibitor Inhibitor

CPD CPD CPD
Bare Bare

CPD CPD

V V VMetall Surface Coverage
V V
−

= − =

(8)
Quantum Chemical Calculation 
In order to get a more comparative and theoretical survey 
on both inhibitors, density functional theory (DFT) and the 
quantum chemical parameters were used. The accurate picture 
of corrosive media was achieved by applying the solvent 
effect using a polarizable continuum model (PCM) during 
the simulation process. In this model, the solvent is treated 
as a continuum dielectric medium. The solute (inhibitor) is 
considered a trapped molecule in a cavity surrounded by solvent 
(water) [59]. Therefore, energies of frontier molecular orbitals 
(EHOMO, ELUMO) for the gas and water phase inhibitors 
were calculated using software, and the results are given in 
Table 5. The energy gap ∆E, the absolute electronegativity χ, 
the absolute chemical hardness of inhibitor η, the softness σ, 
the electrophilicity index ẃ, the electron transferred fraction 
ΔN, the difference of LUMOInh. / HOMOFe (ΔE(Fe-Inh.)), and the 
difference of LUMOFe / HOMOInh. (ΔE(Inh.-Fe)) are calculated 
by Equations 9 to 16 [17, 60, 61]. The density distribution of 
frontier molecular orbitals is shown in Table 6.

LUMO HOMOE E E∆ = − (9)
1( )

2 HOMO LUMOE Eχ ≅ + (10)

1( )
2 HOMO LUMOE Eη −

≅ − (11)

1 2

HOMO LUMOE E
σ

η
−

= ≅
−

                                                             (12)

2

2
χϖ
η

= (13)

.

.2( )
Fe inh

Fe inh
N χ χ

η η
−

∆ =
+

(14)

( .) . FeFe inh inhE LUMO HOMO−∆ = −                                                 (15)

.( . ) inhFeinh FeE LUMO HOMO−∆ = − (16)
Table 5 Calculated Quantum Chemical Parameters of DDMIC and NMIC.

InhibitorEHOMO (eV)ELUMO (eV)∆E (eV)Χ (eV)Η (eV)Σ (eV-1)ẃ (eV)∆N(eV) *(eV) *
DDMIC Water phase-9.07-4.045.036.552.510.408.54-0.403.868.92
NMIC
Water phase

-6.47-1.624.854.052.420.413.380.106.286.30

NMIC
Gas phase

-9.04-4.804.196.942.100.4811.48-0.57--

DDMIC
 Gas phase

-8.18-3.175.015.682.510.406.54-0.23--

* HOMO and LUMO of Fe from [78].
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Table 6 Frontier molecular orbitals density distribution of DDMIC and NMIC.
Compound HOMO LUMO

DDMIC

NMIC

In order to include electrolyte effects on DFT calculations, the 
water phase results in Table 5 were considered for analysis. 
EHOMO and ELUMO are quantum chemical parameters that are 
associated with the electron donation ability and accepting 
capability, respectively. Based on the frontier molecular 
orbitals theory (FMO), the interaction between EHOMO and 
ELUMO affects the chemical reactivity molecule, and electron 
transferred fraction (ΔN) represents the mechanism of this 
effect. The higher value of the EHOMO of the molecule is likely 
to indicate the tendency of a molecule to donate electrons 
to appropriate lower empty orbital energy (LUMO) as an 
acceptor [62].
To determine the electron interaction between the molecule 
of inhibitors and iron atoms, the electron transferred fraction 
(ΔN) should be calculated (Equation 14). The theoretical 
value of -7.0 eV for χFe that was used in the past literature is 
erroneous [49]. This value corresponds to the Fermi energy 
of iron in the free electron gas model, where the electron-
electron interaction is neglected [63, 64]. Moreover, this value 
was reported for metallic bulk, whereas the present research 
focused on the behavior of surface atoms [65]. It was shown 
that the work function (ФFe) instead of electronegativity 
of the metal surface, it can lead to a reasonable, estimated 
trend of charge transfer for molecular adsorbate-metallic 
surface interaction. The magnitude of iron global hardness is 
small and negligible [47, 49]. Therefore, ηFe is set to zero in 
Equation 14 [38], and this equation can be reported the same 
as recent research [66, 67]:

.

.2
Fe inh

inh
N φ χ

χ
−

∆ =  (17)

The work function (ФFe) of A516-Gr70 steel, which is needed 
in Equation 17, depends on the metal structure, surface 
preparation, microstructure planes, and position of the iron 
atom in the metallic crystal [64]. Because of this dependency, 
the different values of work function have been reported by 
researchers [68]. Work functions of Fe were reported for 
(111), (001), and (110) planes equal to 3.88, 3.91, and 4.82 
eV, respectively [64,66]. In other studies, 4.5, 4.67, and 
4.81eV have been considered as work functions of Fe atom 
in bulk, (100), and (111) planes, respectively [69, 70]. The 
actual value of this parameter of the metallic sample used 
in laboratory tests has an essential role in determining the 

electron transferred fraction (ΔN). In this research, as a new 
integrated approach, the work function of the metal specimen 
was measured directly using the SKP method.
For this purpose, the Volta potential of the standard sample 
(gold) was first mapped (Fig.12); then, using Equation 5, the 
work function of the probe tip was calculated. Finally, the 
work function of A516-Gr70 was also calculated by Equation 
5 (Fig. 8a) [71]. The work function of the Fe sample obtained 
by this method equals -4.53eV. This value is consistent with 
the range mentioned in the literature for the work function 
of Fe [66, 69, 70]. Based on the sample’s work function, 
the electron-transferred fraction of inhibitor adsorption was 
calculated using Equation 17. The ΔN amounts of DDMIC and 
NMIC are lower and more significant than zero, respectively. 
It means that the direction of the electron transfer is from iron 
to DDMIC and vice versa in NMIC during the adsorption 
process [64, 72]. In the literature, back bonding of Fe atoms 
has been reported as the reason for the negative sign of 
ΔN during adsorption. However, based on electrochemical 
and SKP tests, isothermal calculations, and surface facts of 
immersed specimens (Fig. 9), DDMIC adsorption occurs via 
a physical process, and there is no evidence of a chemical 
adsorption process. It can be concluded that DDMIC is 
adsorbed on Fe surface physically by van der Waals and 
colombic interactions or electrostatic forces [73].
Depending on the charge of the metal surface, Cl- and N+ 

in the structure of the DDMIC molecule have an essential 
role in the physical adsorption of DDMIC. The metal surface 
charge is determined by Antropov’s “rational” potential 
of corrosion (Er), and it is calculated using the following 
equation (Equation 18) [74].

r ocp pzcE E E= −                                                                       (18)
Eocp and Epzc are open circuit potential and potential of zero 
charges of the immersed specimen, respectively.
According to electrochemical tests, Eocp was equal to -0.357V 
(SHE) in 400 ppm concentration of DDMIC. Moreover, 
Epzc was reported for Fe equal to -0.65 and -0.4V(SHE) for 
0.3N NaCl/H2O and 0.01N HCl/H2O solution, respectively 
[75] and -0.47V(SHE) for 1M H2SO4 [76]. In the present
investigation, Epzc of A516-Gr70 was obtained -0.432V
(SHE)  in 400 ppm concentration of DDMIC by plotting
polarization resistance (Rp) versus potential [74].
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Fig. 12 Surface Volta potential mapping of gold’s standard sample 
at 298K.

Therefore, based on Equation 18, Er will be more than 
zero, and the A516-Gr70 surface will be positive. It can be 
concluded that adsorption can occur by the polar or ionic 
part of the DDMIC molecule, especially Cl- (Fig. 13) [13, 
74, 77]. The molecular structure of DDMIC consists of an 
imidazolium ring and a long–chain hydrocarbon which are 
polar and hydrophobic, respectively. It is known that the 
hydrophobic section of a molecule is pushed back by polar 
molecule of water [78]. Therefore, hydrophobic part of 
molecule of DDMIC increases its adsorption on the metal 
surface [79].
Reported values of EHOMO and ELUMO for Fe are -7.9 and 
-0.151 eV [80, 81], and for Fe in the atomic cluster five-iron
atoms, i.e., Fe5 are -5.075 and -1.747eV [67], respectively,
which have been used forΔE(Inh./Fe) calculations in the water
phase. According to the values of both sets, the energy
difference of LUMOInh.- HOMOFe for DDMIC is lower than 
LUMOFe - HOMOInh. (Table 5). It means that HOMO orbital 
electrons of DDMIC do not tend to transfer to the LUMO 
orbital of iron [81]. ELUMO of DDMIC is more negative 
than NMIC and ΔE(Inh.-Fe) of DDMIC is less than that of 
NMIC. 
ΔN parameter is the opposite for NMIC, and it is positive. 
In this molecule, ΔE(Inh.-Fe) is greater than ΔE(Fe-Inh.). It means 
the π bond between NMIC's molecules and iron's atoms can 
be formed by electron transfer from the HOMO orbital of 
NMIC molecules to atoms of iron initially, and adsorption be 
completed finally with back donating phenomena [37, 82]. 
EHOMO of NMIC is greater than DDMIC. It means NMIC can 
donate more electrons to A516-Gr70 metal than DDMIC [60]. 
Based on the energy gaps (∆E) of NMIC, the naphthalene 
ring tends to donate more electrons to metal through the π 
electron cloud, but according to the result of electrochemical 
tests, NMIC has less adsorption on A516 Gr70 steel than 
DDMIC. This difference in corrosion inhibition efficiency of 
the inhibitor can be due to two reasons. First, the molecule 

Fig. 13 Arrangement of DDMIC and NMIC molecules via adsorption process on surface of A516-Gr70 steel.

of NMIC has a different part relative to DDMIC, which is a 
naphthalene ring. This section of the molecule causes more 
spatial congestion than the hydrocarbon chain in DDMIC. 
According to Fig. 13, the NMIC structure has a more steric 
hindrance effect than DDMIC (straight chain) when arranged 
on the metal surface by adsorption. The steric hindrance 
effect is a parameter affecting an inhibitor’s performance 
[83-87]. Therefore, the molecular configuration of  NMIC 
causes less coverage of the iron surface by the adsorption 
process and decreases inhibition performance. The second 
reason, according to results in Table 6, the HOMO energy 
density is highest at around the naphthalene ring. This ring 
consists of unsaturated bonds (double bonds). Therefore, this 
part of the NMIC molecule will be more polar (hydrophilic 
effect) than the alkane hydrocarbon straight chain of DDMIC 
[88]. According to the energy gap (∆EWater phase and ∆EGas phase) 
of the inhibitors presented in Table 5, the stability increases 
for both inhibitors in the aqueous phase compared to the 
gaseous phase due to the interactions of the solvent with the 
inhibitor molecules. The stability energy (∆E Water-Gas phase) of 
the inhibitor molecule is defined as [89, 90]:

Water Gas Phase Water Phase Gas PhaseE E E−∆ = − (19)

where EWater phase and EGas phase are the total energy of 
molecules in the water and gas phase, respectively. Therefore, 
according to DFT output results, ∆EWater-Gas phase of DDMIC 
and NMIC are equal to -1.9592 and -1.9390 eV, respectively. 
It shows that the stability of NMIC is lower than DDMIC 
in the water phase, and it should be adsorbed more than 
DDMIC on A516-Gr70. Nevertheless, experimental results 
showed (that) it is the reverse. This mismatch emphasizes the 
steric hindrance effect on NMIC adsorption.     

Conclusions
The most important results of this research can be listed as 
follows:
1. NMIC as a corrosion inhibitor did not perform effectively
on A516-GR70 steel in 3.5 wt.% NaCl solution saturated
with CO2. DDMIC affects the surface potential of immersed
carbon steel and behaves as an excellent green inhibitor in
the studied solution.
2. The inhibition performance of DDMIC is excellent,
and it can reach 97% protection performance in a sweet
corrosion environment. It obeys the Langmuir adsorption
model and adsorbs on the surface of A516-GR70 steel by
the physisorption mechanism. DDMIC acts as a mixed-type
inhibitor by affecting anodic and cathodic reactions.
3. SKP technique was used as a powerful non-contacting
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method to map the volta potential of the immersed surface 
and evaluate the inhibitor effect on metal surface potential. 
4. The combination of DFT and SKP methods is a valuable
approach for studying the adsorption effects of inhibitors
on the metal surface, their adsorption mechanism, and the
electron transfer process.
5. Configuration of HOMO and LUMO orbitals in molecular
structure, hydrophilic/phobic effect (molecular polarity),
and steric hindrance effect of DDMIC and NMIC affect
adsorption process.
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