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Abstract: Two organo-silicon compounds namely; di-triethanolamine siloxane 
and bis (dithioamine triethanolamine) siloxane were employed as inhibitors for 
C-steel alloys corrosion in 1 M H2SO4 solution utilizing potentiodynamic polariza-
tion, electrochemical impedance and computational studies. According to both 
polarization and impedance data, it has been found that the investigated organo-
silicon compounds work as efficient corrosion inhibitors and the protection apti-
tude raised by increasing the inhibitor concentration. The shown behavior of the 
tested compounds is cathodic and anodic type inhibition following Langmuir’s 
adsorption isotherm. The evaluated adsorption parameters, adsorption equilib-
rium constant (Kads) and Gibbs free energy of adsorption ads( )oG∆  reveal a good 
association between the inhibitor molecules and the surface of carbon steel in a 
predominantly chemisorptions manner. In the view of computational quantum 
and molecular dynamic simulation studies, molecular structure effectiveness 
and suggested mechanism of protection efficiency were discussed. Surface char-
acterization studies such as scanning electron microscopy (SEM), energy disper-
sive X-ray (EDX) and X-ray diffraction (XRD) have been utilized as corroborative 
tools for confirming the presence of the defensive inhibitor film on the surface of 
a metal.
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1  �Introduction
Alloys of steel are utilized in great quantities in processing of chemicals, petro-
leum extraction as well as refining, building and metal processing equipments. 
These applications usually cause severe corrosive effects on equipment’s [1]. 
Corrosion has tremendous negative economic effects and therefore the search 
for long-lasting and effective inhibitors, which protect carbon steel surfaces 
[2]. Utilization of corrosion inhibitors is a standout amongst the generality effi-
cient and feasible techniques for commanding corrosion process especially in 
acid electrolytes to limit unexpected steel dissolution in addition acid depletion 
[3]. The greater of the corrosion inhibitors restrain corrosion due to the adsorp-
tion of inhibitor molecules on the surface of metal. Factors affecting the behav-
ior of adsorption are; inhibitor nature, a metal surface state and excess charge 
from metal surface [4]. Most of the widely-known acidic corrosion inhibitors are 
organic compounds, especially those containing sulfur, nitrogen or oxygen par-
ticles [5]. Generally the nitrogen, sulfur, and oxygen compounds which contain 
unsaturated π-bonds, planar and conjugated aromatic rings are of exceptional 
avails in order to they could be with ease adsorbed at the surface by means of the 
variable adsorption focuses [6]. Nowadays, organosilane chemistry is enabling 
the development of novel, more environmentally safe technologies for corrosion 
protection. Organosilane chemistry provides a wide variety of benefits to coat-
ings. Silanes are been utilized recently like a green pre-treatment film for metals 
like steel, aluminum, copper and their alloys, with a view to improve the cohe-
sion of several organic coatings [7]. Silanes are promising materials because the 
films of silane have chemically steady and can form homogeneous layers which 
acting as a successful effective obstruction against oxygen dissemination and 
chemical assault [8]. However, in addition to surface treatment/coating, Silox-
anes could be used as an inhibition for protecting metals alloys and metals from 
corrosion attack. The efficiency from corrosion inhibitions is directly related to 
the quality of the functional groups included in the structure of the compound, 
spatial molecular structure, the structure of the molecular electronic, and the 
surface nature of metal. Siloxanes are considered as a high-efficiency inhibitor 
in corrosion process due to the being of π-bonds and hetero-compounds contain 
heteroatoms like nitrogen, sulfur, and oxygen which enhance the effectiveness of 
these compounds [9, 10]. Recently good trends to the corrosion processes study 
are combining the experimental data together with theoretical molecular studies 
[11]. Molecular dynamic simulation and quantum chemical calculation have pro-
posed as effective and fast means to help in the interpretations of experimental 
results. In addition, theoretical calculations can cast light on the correlation of 
the electronic peculiarity and the corrosion inhibitors performance [12].
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Our work is focused on the investigation of the effectiveness of two novel 
organo-silicon compounds as corrosion inhibitions with regard to carbon steel 
in 1 M H2SO4 by electrochemical techniques and the results were confirmed by 
surface study. Adsorption parameters of the thermodynamic are studied and 
debated in specifics and also, both computational quantum and molecular 
dynamic simulation studies, have further utilized to analyze the adsorption ener-
gies of the prepared compounds upon alloy surface and to assist in the interpreta-
tion of the experimental results.

2  �Methodology of experimental work

2.1  �Assembly of organo-silicon components

The organo-silicon compounds; di-triethanolamine siloxane (compound I) and 
bis dithioamine triethanolamine siloxane (compound II) which are examined as 
corrosion inhibitors were synthesized according to our previous experimental 
work [10]. The products were purified and described by using infra-red, proton 
nuclear magnetic resonance spectroscopy and elemental analysis. The molecular 
structure of new organo-silicon compounds is displayed in Figure 1.

2.2  �Used materials and solutions

The chemical composition of carbon steel which it was conducted the electro-
chemical experiments has (wt.%): 0.19% C, 0.05% Si, 0.94% Mn, 0.009% P, 
0.004% S, 0.014% Ni, 0.009% Cr, 0.034% Al, 0.016% V, 0.003% Ti, 0.022% Cu, 
and the remainder Fe. The analytical grade sulfuric acid (H2SO4) (E. Merck) was 

Fig. 1: The molecular structure of the synthesized organo-silicon compounds.
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diluted to 1 molar sulfuric acid (1 M H2SO4) by utilizing bi-distilled water, which 
has used as the corrosive electrolyte. The prepared compounds have been applied 
at concentrations ranging from 0.000001 to 0.01 M/L.

2.3  �Electrochemical measurements

The gauge of electrochemical polarization and impedance were carried out by 
using Volta-lab apparatus, (PGZ 301 – France), which potentiostat dominated 
by utilized appraisal of corrosion software version (Volta-lab 4) under constant 
conditions. A conventional electrochemical cell consists of working electrode 
(carbon steel), an auxiliary electrode (platinum) and reference electrode satu-
rated calomel (SCE) was established during experiments implementation. The 
surface of carbon steel (1  cm2) have been prepared on four steps; abrading by 
using various emery papers (320→1200), washing by distilled water, rinsing by 
acetone, and finally drying.

Prior to electrochemical spectroscopic measurements, a steel specimen has 
left in 1 M H2SO4 solution for 30 min to get steady state. Curves of Tafel have been 
performed by modifying the potential of electrode (from −800 to −300  mV vs. 
SCE) with a scan rate of 2 mV s−1.

EIS measurements which are nondestructive technique based on AC current 
were conducted in the scope of frequencies starting from 100 kHz and ending at 
50 mHz.

A signal with 10  mV amplitude utilized to upset the system. Zsimpwin 
program was used to evaluate the data collected from EIS measurements.

2.4  �Surface examination studies

The coupons of carbon steel were immersed in various solutions (uninhibited 
and inhibited ones) for a period of 24 h to get insights about the morphological 
and structural changes occurred on the surface. The morphology and structural 
ease of the formed layer on the surface of the coupons were analyzed by SEM, 
EDX and XRD.

The scan electron microscope images were conducted using JEOL model JSM-
5400. Elemental analysis of the formed layer on the surface of coupons before and 
after applying the inhibitors was performed using EDX analysis. The identifica-
tion of the corrosion product phases covering the surface of the coupons were 
realized by using X-ray powder diffractometer, X’PERT PRO MPD (PANalytical, 
the Netherland). The XRD patterns were recorded with a Cu Kα radiation of 
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wavelength of 1.54 Å operated at 40 kV/40 mA. The coupons were step-scanned 
in the 2θ range of 4–80° with a step size 0.02 and a time step of 0.4 s. The singular 
crystalline phases formed on the carbon steel surface were known by utilizing the 
ICDD-PDF database.

2.5  �Quantum chemical studies

Quantum chemical calculation of compound I and compound II was performed 
firstly by PM6 semi-empirical. Density functional theory (DFT) [13], at B3LYP/6-
31G+  (d,p) basis set [14, 15] and Hartree–Fock method (HF) utilizing 6-31G+  (d,p) 
basis set. The obtained structures were used for re-optimizing the chemical 
structures of the studied compounds [16]. Dawning tools by Gauss View, 5.0 and 
Gaussian 09  software were used for constructing and optimizing the chemical 
structures of compound I and compound II [17]. The quantum chemical para-
meters including potential of ionization, I, affinity of electron, A, Absolute electro 
negativity, X, absolute hardness, η, chemical potential, μ, global electrophilic-
ity power [18], ω, and fraction of electron transferred [19], ∆N, are calculated by 
using the following equations:

	 HOMO LUMO– , –I E A E= = � (1)

	 LUMO HOMO( )/ 2, [( )/ 2]I A E Eχ χ= + = − + � (2)

	 LUMO HOMO( ) / 2, [( ) / 2]I A E Eη η= − = − − � (3)

	 Fe inh Fe inh
2 ( ) / 2( ), / 2 , Nμ χ ω μ η χ χ η η∆ = − += − = � (4)

2.6  �Molecular dynamics simulations

The configuration of organo-silicon inhibitors (compounds I and II) on steel 
surface were studied by the Adsorption Locator module of the Materials studio 
4.3  software from Accelrys Inc. [20]. Drawing tools in visualized materials are 
used to build inhibitor molecules as well as steel surface. The steel surface was 
represented by Fe crystal. The First step was cleaving crystal along the (110) 
plane, as it is the greatest stable surface [21]. Secondly the plane was expanded 
into a suitable super-cell to accommodate an extended surface. The interplay 
between compound I, compound II and Fe surface was assumed in an emulation 
box (22.90 Å × 57.26 Å × 26.68 Å) with periodic border circumstances. Iron sheet of 
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6.00 Å and a vacuum layer of 15.00 Å heights are the components of the box. The 
interaction energy EFe–inhib. was intended by the following equation:

	 Fe inhib. complex Fe inhib.–(  )E E E E− = + � (5)

where, Ecomplex represents the entire energy of Fe crystal together with the adsorbed 
inhibitor molecule. EFe and Einhib. are the entire energy of Fe crystal and free inhibi-
tor molecules, respectively. The binding energy was the negative sign value of an 
interplay energy as follows:

	 binding Fe inhibitor .–E E −= � (6)

3  �Results and discussion

3.1  �Polarization curves

In order to investigate the effect of adding different concentrations of the investi-
gated compounds (I and II) on anodic C-steel oxidation and so cathodic hydrogen 
reduction, potentiodynamic polarization were done. Typical potentiodynamic 
without and with different concentration of compounds I and II are presented 
in Figure 2, while the electrochemical parameters obtained from Tafel’s polari-
zation curves are collected in Table 1. Adding several concentrations of both 
compounds I and II has a remarkable effect on both anodic and cathodic partial 
reactions. It is clear from data that the corrosion potential (Ecorr) has been shifted 
a bit towards more positive (anodic) values in the existence of compounds I and 
II. Additionally, it is noted that the cathodic current densities and so the corro-
sion current density (icorr) had been reduced in the existence of the investigated 
compounds. Usually inhibitors of corrosion can be considered as an anodic or 
cathodic type if the displacement in value of Ecorr is more than 85 mV [22]. Inspec-
tion of Table 1, it is clear that a slight change is noticed in the potential of corrosion 
after the addition of the tested inhibitors with respect to blank solution (carbon 
steel in 1 M H2SO4), suggesting a mixed-type behavior in 1 M H2SO4. Another key 
fact to remember is Table 1 shows that the decrease in values of corrosion current 
density is accompanied by an increase in inhibitor concentrations, which leads to 
that the inhibition efficiencies increase by increasing inhibitors concentrations. 
This is a result of forming of protective layers of tested inhibitors on carbon steel 
surface by a simple surface-blocking mechanism, as the inhibitor adsorbed firstly 
on steel surface and then reduce the corrosion current density by blocking the 
available corrosion reaction active sites [23].
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Fig. 2: Tafel polarization curves for the carbon steel in 1 M H2SO4 in the absence and presence 
of different concentrations of (a) compound I and (b) compound II.

Tab. 1: Electrochemical polarization parameters for the carbon steel in 1 M H2SO4 with and 
without addition of different concentrations of the investigated compounds.

Inhibitors   C × 105 
(M)

  Ecorr  
(mV/SCE)

  Icorr  
(mA/cm2)

  Rp  
(Ώ cm2)

  βa  
(mV/dec)

  βc  
(mV/dec)

  θ   η%

Compound I   Blank   −497.8   0.465   49.00   83.5   −174.0   –   –
  0.1   −494.3   0.136   229.9   72.2   −109.5   0.707   71
  1   −496.4   0.127   246.2   71.7   −107.9   0.727   73
  10   −496.5   0.123   250.0   71.4   −107.6   0.735   74
  100   −495.1   0.104   243.1   67.8   −98.3   0.776   78
  1000   −493.6   0.100   253.5   66.7   −98.5   0.785   79

Compound II   Blank   −497.8   0.465   49.00   83.50   −174.0   –   –
  0.1   −495.4   0.037   1090   65.80   −129.1   0.920   92
  1   −503.0   0.035   1410   79.80   −139.7   0.925   93
  10   −461.6   0.016   1970   161.5   −133.2   0.965   97
  100   −482.9   0.012   2420   186.6   −124.7   0.974   97
  1000   −467.8   0.011   2900   166.1   −134.0   0.976   98
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3.2  �Electrochemical impedance spectroscopy

The kinetics of the electrochemical processes and the capacitive behavior of the 
synthesized inhibitors for carbon steel are being characterized via EIS measure-
ments. The carbon steel Nyquist plots in 1 M H2SO4 with and without investigated 
compounds are offered in Figure 3. It can be noted from the Figure that all the 
spectra of impedance acquired a solitary, slightly engaged semi-circle, elucidat-
ing a lack of perfect capacitive demeanor of the solid/liquid interface controlled 
electrochemically. The frequency dispersing effect phenomenon is said to be 
attained at this stage and it is commonly results from electrode surface rough-
ness and heterogeneity [24]. Over and above, the capacitive loops diameter are 
larger in the inhibitor existence than in its non-attendance (blank solution) and 
it raises pointedly accompanied by increasing inhibitor concentration, which can 
be linked to the increase in surface coverage which achieved by adsorption of 
inhibitor molecules on the carbon steel surface and signalizes that the charge 
transfer process mainly, responsible for the carbon steel corrosion control.

In accordance with the above results, an equivalent circuit model R (QR) was 
applied to simulate and suit the experiential EIS results. The circuit contains 
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Fig. 3: Impedance curves for the carbon steel in 1 M H2SO4 in the absence and presence of dif-
ferent concentrations of (a) compound I and (b) compound II.
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electrolyte resistance (Rs), charge transfer resistance (Rct) and constant phase 
element (CPE) as shown in Figure 4. So as to obtain a more exact fitting to the 
experimental data the CPE is utilized instead of double layer capacitance (Cdl) 
and it is comprised a component (Q) and a coefficient (n) that determines diverse 
physical phenomena like surface heterogeneity resulting from surface roughness, 
inhibitor adsorption, porous layer formation and degree of polycrystallinity. The 
CPE impedance function is represented by the following expression [25]:

	
1

CPE ( ) n
oZ Y jω− −= � (7)

where, Yo is the factor of proportionality; ω is the angular frequency (ω = 2πf, the 
frequency in Hz); j is the imaginary unit and, n the variation parameter (−1 ≤ n ≤ +1), 
has the indication of a phase shift and giving insights about the surface inhomo-
geneity degree. If n = 0, the CPE signifies a pure resistor, for n = −1 and inductor 
and for n = +1, a pure capacitor. The values of the double layer capacitance (Q) 
and inhibition efficiency (ηE) are calculated as follows:

	 ω −= 1( )n n
o mQ Y � (8)

	
ct ct

EIS
ct

(%) 100
oR R

R
−

= ×η
�

(9)

where, n
mω  is the angular frequency at the maximum value of the imaginary part 

of the impedance spectrum. ct
oR  and Rct are the charge transfer resistance in the 

absence and presence of organo-silicon compound inhibitors, respectively.
As offered in Table 2, the value of Rct increases predominantly by increasing 

inhibitor concentration of both compounds I and II, while the values of Q are 
brought down. It is clearly observed from Table 2 that, Rct of inhibited system 
increased from 70 Ώ cm2 (blank solution) to 209 and 2165 Ώ cm2 and double layer 
capacitance Cdl decreased from 148 μFcm−2 (inhibitor free solution) to 98 and 
44 μFcm−2 in the occurrence of maximum concentration of compound I and II, 
respectively. A slower corroding system is escorted with large charge transfer 
resistance. In contrast, better protection given by an inhibitor is correlated with 
the decreasing of the metal capacitance. According to the well known Helmholtz 
model [26]:

ctR

CPE

sR

Fig. 4: Equivalent circuit diagram used to simulate and fit all impedance data.
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ε ε
=dl

o a
C

t �
(10)

where, t is the protective layer thickness, εo is the air permittivity, ε is the local 
dielectric constant and a is the electrode surface area. The decrease in Q is a 
reflection of either a rebate in the local dielectric constant or an elevation in the 
electrical double layer thickness, suggested that inhibitor molecules adsorbed at 
the metal/acid interface thereby suppress the iron corrosion. Hence, upon addi-
tion of compounds I and II, their adsorption takes place on the electrode surface 
willingly with the water molecules replacing. The data obtained show that, the 
values of Rct comply with the arrangement of II > I and the values of Q follow the 
order of II < I, leading to the protection efficiency order: II > I, all of them at the 
same concentration. The maximum values of performance efficiency are 96.8% 
and 66.5% for compounds II and I, respectively. These results show that com-
pound II is more efficacious to rein the corrosion of C-steel in 1 M H2SO4 solution 
than compound I.

3.3  �Thermodynamic considerations based on adsorption 
isotherm

If any organic compound is able to fetch adsorbed on the steel surface via 
involving the replacement of the water molecules at the corroding surface, this 

Tab. 2: Impedance parameters for the carbon steel in 1 M H2SO4 solution with and without 
addition of different concentrations of organo-silicon compounds.

Medium   C × 105 
(M)

  Rs  
(Ώ cm2)

  Q ×105  
(Q/S sn cm − 2)

  n   Rct  
(Ώ cm2)

  Cdl 
(μFcm − 2)

  θ   η%

Compound I   Blank   4.775   48.99   0.870   70   148   –   –
  0.1   3.650   17.2   0.885   168   129   0.583   58.3
  1   5.320   22.4   0.865   175   114   0.600   60.0
  10   6.250   19.9   0.871   177   113   0.604   60.4
  100   4.989   19.7   0.870   179   105   0.608   60.8
  1000   5.030   17.7   0.860   209   98   0.665   66.5

Compound II   Blank   4.775   48.99   0.87   70   148   –   –
  0.1   2.25   6.739   0.85   1134   59.0   0.938   93.8
  1   10.69   9.580   0.80   1306   50.0   0.946   94.6
  10   2.69   6.820   0.84   1618   48.5   0.957   95.7
  100   0.87   7.230   0.82   2020   49.0   0.965   96.5
  1000   4.69   8.360   0.80   2165   44.0   0.968   96.8
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compound is termed as an efficient and a felicitous corrosion inhibitor due to its 
adsorption ability according to the following equation [27]:

	 ( ) ( )aq. 2 ads ads 2 aq) ( ).(OI  H O OI H On+ → + � (11)

where, OI(sol) and OI(ads) are the organic inhibitor molecules studied in the solu-
tions and adsorbed on the carbon steel surface, respectively, and the size ratio 
which is, the number of water molecules replaced by the organic molecules, is 
symbolized as n.

To fulfill the nature of the adsorption mode of the studied inhibitors, the 
surface coverage data (θ) as a function of inhibitor concentration was calculated 
from the corrosion current densities obtained from polarization results at 303 K 
using the following equation:

	
uninh. inh.

uninh.

I I
I

θ
−

=
�

(12)

where, Iuninh. and Iinh. are the corrosion current densities in the lack and occurrence 
of the inhibitors, respectively. The (η%) of the surfactants is calculated by the fol-
lowing equation [28].

	
uninh. inh.

uninh.

% 100
I I

I
η

−
= ×

�
(13)

An attempt has been applied to fit theoretically the values of surface cov-
erage (θ) into different adsorption isotherm models like Langmuir, Temkin, 
and Frumkin. Among them, The Langmuir adsorption isotherms were found to 
provide the optimum fitting for the adsorption tendency of the studied inhibitors 
based on the values of the correlation coefficients (R2) as presented in Table 3. 
Detailed experimental data were graphically represented in Figure 5 by plotting 
Cinh/θ versus Cinh according to the following equations, basic and rearranged one 
which are describing the Langmuir adsorption isotherm [29]:

Tab. 3: Different thermodynamic parameters of the linear regression Cinh/θ and Cinh in 1 M H2SO4 
for the two scrutinized compounds I and II at room temperature.

Inhibitors   Parameters

Regression 
coefficient (R2)

  Slope   Kads  
(M − 1 × 104)

  ΔG  
(kJ mol−1)

Compound I   1.0   1.2734   16.56   −40.4
Compound II   1.0   1.0245   104.2   −45.0
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ads inh

ads inh1
K C
K C

θ =
+ �

(14)

	
inh

inh
ads

1C
C

Kθ
= +

�
(15)

For investigated two compounds, straight lines were acquired with a R2 
values higher than 0.99, suggesting that the Langmuir model for adsorption fits 
very well with the experimental results. The slope value being very near to unity 
(1.025) in the case of compound II further establishes the cogency of the adsorp-
tion isotherm of Langmuir. Having said that, the Langmuir adsorption gradient 
deviates from unity for compound I (1.273), could be supposedly as a result of the 
interaction between adsorbed species on metal surface [30, 31], whereas ideal 
Langmuir isotherm is based on the assumption that the adsorbed species do not 
interact with each other.

3.4  �Equilibrium constant of adsorption (Kads)

The equilibrium constant of adsorption (Kads) is considered as an important factor 
to describe the vigor of the adsorption-desorption tendency of the inhibitor 
(adsorbate) on the metal surface (adsorbent). It was calculated from the recip-
rocal of the intercept of the linear representation with the unit of the slope as 

3

Fig. 5: Langmuir adsorption isotherm for the adsorption of organo-silicon compounds on 
carbon steel in 1 M H2SO4.
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reported in Figure 5. The obtained values of the adsorptive equilibrium constants 
(Kads) are 165,590 and 1,042,000 M−1 for inhibitors I and II, respectively, as reported 
in Table 3. Distinctly, the great values of Kads point out a vigorous adsorption of 
the synthesized compounds on the carbon steel surface in 1 M H2SO4 solution, 
hence better inhibition efficiency. That is to say, coordinated bonds were formed 
between the electron lone pairs and/or π-electrons of inhibitor molecule and the 
d-orbital of iron on the surface of steel, accordingly a stronger and more stable 
adsorbed layer was formed on the steel surface [32]. Another key point to remem-
ber is the higher value of Kads for inhibitor II show stronger adsorption on the steel 
surface of carbon than inhibitor I which explain the high inhibition efficiency 
obtained for compound II.

3.5  �Adsorption Gibbs free energy ∆ ads( )oG

Thermodynamically, the Kads of the synthesized compounds on the carbon steel 
surface is joined to the free energy of adsorption ads( )oG∆  based on the next equa-
tion [33]:

	 ∆ = −ads adsln (55.5 )oG RT K � (16)

where, ads
oG∆  is the Gibbs free energy of adsorption, T is the absolute tempera-

ture and Kads is the equilibrium constant for the adsorption process and 55.5 is 
the molar concentration of water in solution. The addition of the synthesized 
inhibitors caused negative values of ads

oG∆  which have been verified that these 
inhibitors were adsorbed spontaneously on the carbon steel surface. Prosaically, 
if ads

oG∆  values equipped −20 kJ mol−1, the adsorption is physical adsorption for 
the cause of the electrostatic interactions between the charged molecules and 
the charged steel surface, however about −40 kJ mol−1 were considered as chemi-
cal adsorption which is a result of charge sharing or a transfer from the inhibi-
tor molecules to the steel surface to form a coordinate covalent bond [34–36]. In 
the current seeking, the calculated ads( )oG∆  values of compound I and compound 
II (Table 3) were −40.39  kJ mol−1 and −45.02  kJ mol−1, respectively. Correspond-
ingly, it was specified that the spontaneity of compounds adsorption on the metal 
surface with more approaching to chemical adsorption rather than the physical 
one at the studied temperature [37]. Notably, the presence of the lone sp2 electron 
pairs existent on the N, S and/or O atoms of the inhibitor were involved in the 
formation of links with the d-orbital of iron atoms coupled with the displacement 
of water molecules from the metal surface, altogether chemical adsorption of the 
organo-silicon molecules takes place.
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3.6  �Surface morphology using SEM analysis

According to the electrochemical measurements it was realized that the surface 
film change occurs meantime the corrosion inhibition process, hence the mor-
phological changes of the metal surface was examined by SEM after inundation 
in 1 M H2SO4 in the lack and occurrence of tested inhibitors and the micrographs 
obtained are revealed in Figure 6a–c. As be able to seen from Figure 6a, speci-
men dipped in 1.0  M H2SO4 electrolyte in the lack of inhibitor shows highly 
coarse surface and there are micro-holes on the eroded surface and some pets 
can be observed. It can be easily noticed that the metal dissolution created a 
damaged surface. Whilst, the presence of optimum concentration of inhibitors 
(I and II) quash the corrosion rate and consequently the surface spoilage has 
been extremely minified (Figure 6b,c), respectively, indicating that a protective 
inhibitor film was formed on the carbon steel surface which furnished abundant 
defense to carbon steel alloy versus metal deterioration.

3.7  �EDX observations

With a view to obtain a datum about the composition of the exposed and pro-
tected carbon steel surface, EDX technique was employed. Figure 7a–c clarifies 
the results of EDX analysis. The diverse elements proportion weight content of the 
investigated carbon steel surface specified by EDX is reported in Table 4. The data 
shows that, the percentage weight content of Fe for C-steel dipped in 1.0 M H2SO4 
electrolyte is 54.19%, while carbon steel dipped in a maximum concentration of 
compounds I and II are 15.69% and 11.1%, respectively.

Through Figure 7a–c, it is obvious that the bands of the carbon steel speci-
mens in the inhibited solutions show low height Fe peaks, when compared with 
inhibitor free sample because of establishment of inhibitor layer on carbon steel 
surface. The EDX spectra of inhibited carbon steel contain some other signals like 
Si and S indicative that the inhibitor particles have been absorbed on the surface 
of the carbon steel.

3.8  �XRD patterns analysis

For further investigation of the nature of carbon steel surface film, XRD analysis 
was accomplished after 24 h of immersion in the blank 1 M H2SO4 solution and 
in acidic solution containing the tested inhibitors. The results are presented in 
Figure 8, XRD pattern of the sample in the blank solution shows the crystalline 



Adsorption and Computational Studies      239

Fig. 6: SEM micrographs of carbon steel specimens in corrosive acidic electrolyte; (a) without 
inhibitors, (b) with compound I and (c) with compound II.
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character of the formed film as indicated from the sharp narrow peaks. Analysis 
of the blank pattern declares that, two main phases are detected as corrosion 
products, iron sulfate hydrate as dominating phase with maximum peak intensi-
ties of 100, 73.89, 69 and 52% at positions 2θ = 19.89, 16.29, 22.39 and 26.26, respec-
tively, and the other identified secondary phase is iron oxide hydroxide in which 
its characteristics peaks are detected at positions 2θ = 21.23, 34.84 and 36.99 with 
intensities of 27, 33 and 30%, respectively. The XRD spectra for the alloy in the 
solution containing compounds I and II inhibitors do not show any identified 
crystalline phase and further more show the change of the film character into the 
amorphous nature. This qualitative change in the nature of the formed film could 
be attributed to that the original surface film composition has been changed by 

Fig. 7: EDX spectra of uninhibited and inhibited carbon steel surface after immersion for 24 h 
in (a) 1 M H2SO4, (b) 1 M H2SO4 + compound I and (c) 1 M H2SO4 + compound II.
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the organic inhibitor adsorption on carbon steel sample. This result confirms the 
efficiency of the studied inhibitors in controlling the protection of steel alloy from 
corrosion in 1 M H2SO4.

3.9  �Computational quantum studies

In order to evaluate the influence of geometrical and electronic structural factors 
on the corrosion efficiency of inhibition of compound I and II and deduce the 
mechanism of adsorption occurring on the surface of the steel, quantum chemi-
cal studies were undertaken. The electronic and geometrical structures of the 
tested compounds were deduced through the maximum benefit of bond length, 

Tab. 4: Percentage weight contents of elements for carbon steel (CS) obtained from EDX 
spectra analysis.

Sample Fe (wt.%) C (wt.%) O (wt.%) S (wt.%) Si (wt.%)

CS in blank in H2SO4 54.19 13.6 19.56 12.65 –
CS in H2SO4 + compound I 15.69 49.8 33.39 – 1.12
CS in H2SO4 + compound II 11.1 51.31 33.14 3.2 1.25

Position [°2θ] (Copper (Cu))

10 20 30 40 50 60 70

Counts

0

50

100

0

50

100

0

50

100

150

 Compound II

 compound I

 1 M H2SO4

Fig. 8: XRD patterns of carbon steel alloy after immersion for 24 h in blank and inhibited 1 M 
H2SO4.



242      M.A. Abbas and M.A. Bedair

bond angles and dihedral angles. Optimal Structures, highest occupied molecular 
orbital (HOMO), lowest unoccupied molecular orbital (LUMO), total electron 
density surface mapped with electrostatic potential (ESP), Mulliken charges 
and contour exemplification of electrostatic potential are shown in Figure 9. The 
calculations reveal that the top molecular orbital factor in the HOMO level might 
be characterized around one of the two eight membered rings those containing 
two O and one N atoms. So, this ring moiety was oriented towards the carbon 
steel surface and the adsorption may take place mainly through this ring moiety. 

Fig. 9: Optimized structures, HOMO, LUMO, total electron density surface mapped with electro-
static potential, Mulliken charges values and contour representation of electrostatic potential 
for the investigated compounds.
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Also, density of the electrostatic potential gives good information about the area 
that has additional negatively charged (colored by red) and other type of the posi-
tively charged atoms (colored by blue). Atoms containing negative charge can be 
considered as the area that will attack the steel surface. Moreover, it helped to 
anticipate sites available to receive protons.

The calculated bond distances and charge densities for heteroatoms of the 
tested compounds (I and II) are shown in Tables 5 and 6. The data in Table 5 
utilizing DFT/B3LYP/6-311+G (d,p) showed that Si atom attached to four O atoms 
through tetrahedral structure with bond lengths vary from 1.64 to 1.67 Å, each 
two O atoms from the tetrahedral attached to four C atoms and one N atom 
forming eight membered alicyclic ring with bond lengths for C–N approximately 
1.47 Å and there are no great differences in bond lengths between compound I 
and compound II for these atoms. In case of compound I, it has two terminal OH 
groups with a C–O bond length around 1.42 Å that had been slightly increased 
upon substitution to be around 1.44 Å for compound II. Compound II also has 
two S=C bonds that are the longest bond length with values equal to 1. 66 Å which 
may facilitate its adsorption on steel surface and so protect against corrosion. 
Compound II has two N–C bonds, which in conjugation with C=S and have the 
shortest bond length 1.36 Å.

Mullikan population analysis is used over a large area of research to evaluate 
the adsorption sites and its distribution over the corrosion inhibitors [38]. The 
calculated Mullikan charges data in Table 6 indicated that there is more than one 
active site as a result of the presence of more than one hetero atom and it is well 
known that as the atomic partial charges of the adsorbed center become more 
negative, as the atoms donate its electrons easily to the unoccupied d-orbital of 
the metal and hence adsorption occurs more easily. The calculation showed that 
Si atom acquires positive charge with values 2.021 and 1.886 e for compound I and 
compound II, respectively, using DFT/B3LYP/6-31+G (d,p) method, and with values 
2.884 and 2.674 e for compound I and compound II, respectively, using HF/6-31+G 
(d,p) so it cannot act as adsorption center for inhibitors molecules. The calcula-
tion also showed that the other heteroatoms (O, N and S) bear negative charges 
and can act as adsorption centers. The four O atoms around Si have maximal neg-
ative charge in two investigated compounds for each values ranged from −0.6 to 
−0.8 e for compound I and compound II, using DFT/B3LYP/6-31+G (d,p) method. 
It is also found that the two N atoms of the eight membered rings have maximal 
negative charge for each values ranged from −0.13 to −0.40 e for compound I and 
compound II, using DFT/B3LYP/6-31+G (d,p) method. Two  terminal O atoms in 
state of compound I acquire maximal negative charge, −0.517 and −0.514 e, while 
they have values of −0.181 and −0.233 in case of compound II using DFT/B3LYP/6-
31+G (d,p) method. Compound II overcomes compound I by more four adsorption 
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centers represented by two S atoms and two N atoms which explain the high 
inhibition efficiency of compound II in comparison to compound I. The values of 
atomic charges on S atoms are −0.130 and −0.097 e but they are −0.401 and −0.488 
for the other two N atoms in compound II using DFT/B3LYP/6-31+G (d,p) method.

The computational parameters resulted from the quantum chemical cal-
culations which are responsible for the inhibition efficiency of inhibitors, such 
as the energies of highest occupied molecular orbital (EHOMO), energy of lowest 
unoccupied molecular orbital (ELUMO), the separation energy (ELUMO – EHOMO), ∆E, 
representing the function of reactivity, separation energy for the electronic back-
donation, ∆EBack-donation, global hardness, η, Softness, σ, global electrophilicity, ω, 
Absolute electro negativity, X, fraction of electron transferred, ∆N, maximum 
amount of electronic charge that an electrophile may accept from its environ-
ment, ∆Nmax, dipole moment, DM, summation of the total negative charges on 
atoms over the skeleton of the molecule (TNC), total energy (TE), and molecular 
volumes of molecule (MV), are collected in Table 7.

Frontier molecular orbitals (HOMO and LUMO) of chemical compounds act an 
essential role in clarifying their reactivity and hence adsorption on carbon steel 
surface takes place. Interpretation of the interplay between HOMO in addition to 
LOMO levels of reacting species is attributed to the occurrence of a chemical reac-
tion or the transfer of one or more electrons. The higher value of EHOMO, the better is 
its capability to give electrons to the appropriate acceptor leading to better adsorp-
tion and inhibition efficiency [39]. By comparing compound I and compound II 
on basis of EHOMO, we can notice that compound II which ranks first in inhibition 
efficiency values, has the least negative value (i.e. the highest) EHOMO with values 
of −5.661, −8.409 and −7.938 eV using DFT/B3LYP/6-31+G (d,p), HF 6-31+G (d,p) and 
PM6 techniques, respectively. On the other side compound II which ranks first in 
inhibition efficiency values, gave the highest negative value (i.e. the lowest) of 
EHOMO with values of −6.123, −9.983 and −9.173 eV using DFT/B3LYP/6-31+G (d,p), 
HF 6-31+G (d,p) and PM6 techniques, respectively, these data agree well with that 
obtained from the experimental results. The energy of the LUMO can be consid-
ered as the susceptibility of molecule towards attacking by nucleophile and conse-
quently receiving electrons. Good corrosion inhibitors can donate electrons to free 
orbital of the steel and also can get electrons from the steel, so as ELUMO decreases, 
the capability of the inhibitor compounds to gain electrons increases [40]. The cal-
culations showed that compound II has the lowest value of ELUMO which advocate its 
high efficiency of inhibition. Separation energy ΔE, ELUMO – EHOMO, is a remarkable 
factor as reactivity index of the investigated compounds across the adsorption on 
the surface of steel. As ΔE values drops, the reactivity of inhibitor compound and 
so the ability of adsorption on the surface of steel increases subsequent in enhanc-
ing the efficiency of inhibition. Data proved that tested compound II inhibitor 
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has lower ΔE values, 3.42, 9.56 and 7.584 eV (using DFT/B3LYP/6-31+G (d,p), HF 
6-31+G (d,p) and PM6 techniques, respectively) than that obtained by compound I 
inhibitor, thus compound II has higher reactivity than compound I thus leading to 
greater efficiency of inhibition. Dipole moment (DM) is an index of the electronic 
distribution in compounds. It is indication for polarity in a chemical bond; a large 
value dipole moment value denotes polar nature for the investigated compound, 
while a small dipole moment value denotes nonpolar nature for the investigated 
compound [41]. Inhibitors with large value of dipole moment have the capabil-
ity to form strong dipole–dipole interactions with steel surface, leading to greater 
efficiency of inhibition [42]. Results recorded in Table 7 illustration that both com-
pound I and compound II have significant dipole moments, which assist their 
adsorption on the surface of steel, and the tendency of DM values also shows that 
the explanation of increased efficiency of inhibition is due to the dipole moment 
increase of the investigated compounds. Molecular volume (MV), which provides 
us with evidence around the contact area among the investigated compounds and 
the surface of steel, it was as well assigned to the studied compounds. The effi-
ciency of inhibition of chemical compounds increase as their volume increases 
which is a results of increasing the contact surface between compounds and steel 
resulting in more surface coverage [43]. According to the obtained results, molecu-
lar volume is higher in compound II than compound I. This is agreeing well with 
experimental data.

The number of electrons transferred (ΔN), was also calculated. However, 
the phrase “The ability to donate electrons is more appropriate than the 
number of electron transfers” because the absolute values did not express the 
real values [44]. If ΔN < 3.6, the ability of molecules for donating electrons to 
steel surface increases by increasing ΔN. According to values of ΔN, the order 
of the investigated compounds will be compound II > compound I, because 
the calculations indicate that compound II has the highest ΔN values (0.890, 
0.352 and 0.376 e) where, compound I has the lowest ΔN values (0.670, 0.242 
and 0.227 e) in DFT/B3LYP/6-31+G (d,p), HF 6-31+G (d,p) and PM6 techniques, 
respectively. The maximum number of electrons transferred (ΔNmax) can be 
determined by following equation ΔNmax = χ/(2 η) [45]. The results proved that 
(ΔNmax) greater than before via the identical ranking attained from the results 
of experiments that indicate that the order of inhibition efficiency is compound 
II > compound I.

The locales of the ionic reaction might be assessed from the net charges of 
atoms on a molecule, as the inhibitor molecules adsorb on the surface of steel 
through negative centers, thus the total negative charge (TNC) has been deter-
mined. When TNC increases, the efficiency of inhibition increases. It is clear from 
calculations that compound II has the top values of TNC equal to −6.751, −8.057 
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and −6.397 e in DFT/B3LYP/6-31+G (d,p), HF 6-31+G (d,p) and PM6 techniques, 
respectively. These results indicate the same order of reactivity (compound 
II > compound I).

The interplay between inhibitor and steel surface can be discussed through 
the conditions of the HSAB (strong-soft-acid-base) and the frontier-controlled 
interaction principals. It is suggested that strong acids prefer to coordinate to 
strong bases and soft acids prefer to coordinate to soft bases. It is well known 
that strong molecules have a high HOMO–LUMO gap and soft molecules have 
a small HOMO–LUMO gap [46]. Soft base inhibitors are extra efficient for the 
metals for the reason that the steel atoms are considered as soft acids. Calcula-
tions revealed that compound II has the greatest σ with values equal to 0.584, 
0.209 and 0.263 eV−1 in DFT/B3LYP/6-31+G (d,p), HF 6-31+G (d,p) and PM6 tech-
niques, respectively, and so it showed the greatest efficiency of inhibition. As well 
as found that the compound I has the uppermost hardness η with values equal 
to 2.565, 5.789 and 3.992 eV in DFT/B3LYP/6-31+G (d,p), HF 6-31+G (d,p) and PM6 
techniques, respectively, which demonstrate that it has the minimal reactivity 
and accordingly the lowest inhibition efficiency.

Electronic back-donation process can control the interaction between the 
inhibitor molecule and the metal surface referring to the charge transfer model 
for donation and back donation of charges proposed by Gomez et al. [47]. Inspec-
tion of Table 7 leads us to the conclusion that, the trend of the ∆EBack-donation is in 
accordance with the inhibition efficiency order obtained from experimental data 
(compound II > compound I).

3.10  �Molecular dynamics simulations

To understand the adsorption mechanism of the investigated compounds on 
steel surface molecular dynamic emulation were done on a system consist-
ing of the surface of steel and inhibitor molecules. Inhibitory compounds were 
optimized first by forcite geometry optimization prior placing them on the iron 
surface. Figure 10. Appearances the optimization energy curves for the inhibitors 
molecules.

Adsorption calculations were done using adsorption locator tool on investi-
gated compounds/iron surface to deduce the minimal energy for the entire system. 
Overall energy, average overall energy, van der Waals energy, electrostatic energy 
and intramolecular energy for compound II (as an example)/Fe (110) surface are 
presented in Figure 11. The results are displayed and described in Table 8. The 
parameters existing in Table 8 comprise the total energy, adsorption energy (rigid 
adsorption energy and the deformation energy) and the differential adsorption 
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Fig. 10: Optimization energy curves for the studied molecules before putting them on the metal 
surface.

Fig. 11: Total energy distribution for compound II/Fe (110) system during energy optimization 
process.

energy [48]. The data showed that the adsorption energies of the two investigated 
compounds have negative values which show their ability for adsorption on Fe 
(110) surface. The binding energies values showed that compound II has a higher 
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binding energy to Fe (110) surface and so higher inhibition efficiency than com-
pound I. The binding energy of the investigated compounds is in the order: com-
pound II > compound I.

Tab. 8: Outputs and descriptors calculated by the simulation for the adsorption of the inhibi-
tors on Fe (110) surfaces.

Inhibitors   Total 
energy

(eV)

  Adsorption 
energy

(eV)

  Rigid 
adsorption 

energy
(eV)

  Deformation 
energy

(eV)

  (dEads/dNi)
(eV)

  Binding 
energy

(eV)

  IE 
(%)

Compound I   −6.159   −6.779   −6.725   −0.0529   −6.779   6.779   79
Compound II   −10.784   −7.703   −8.005   0.3013   −7.703   7.703   98

Fig. 12: Molecular simulations for the most favorable modes of adsorption obtained for the 
investigated inhibitors on Fe (110) surface, side and top view.
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The geometrical structures of investigated compounds on Fe (110) surface 
(both top and side views) are shown in Figure 11. The studied compounds have 
lone pairs of electrons on the S, O and N atoms. So they are capable of providing 
electrons to the empty d-orbital of steel surface and forming a stable coordina-
tion bond. Figure 12 revealed that the utilized compounds can be adsorbed on 
the steel surface through the eight membered alicyclic rings. In presented case, 
most of the steel surface could be protected with the investigated compounds 
molecules, making an obstruction between the surface of the steel and the acid 
corrosive solution and hence protecting it from corrosion [49].

4  �Conclusion
The following conclusions are achieved according to the results gained from the 
performed experimental data and the quantum studies:
1.	 The synthesized organo-silicon compounds were acting as effective corro-

sion inhibitors against carbon steel in 1 M H2SO4.
2.	 The application compounds were contained the siloxane group, which gives 

them stability during application and the more adsorption on the surface of 
the metals.

3.	 The adsorption mode of these compounds on steel surface is mixed physical 
and chemical adsorptions obeying Langmuir adsorption isotherm.

4.	 The good inhibiting ability of the investigated inhibitors was upheld using 
surface analyses such as SEM, EDX and XRD.

5.	 A good correlation between quantum chemical parameters and the inhibition 
efficiencies of these compounds was confirmed by quantum chemical study.

6.	 The molecular dynamics emulation data proved that investigated com-
pounds have the ability to adsorb on steel surface over and done with both 
the donation of the π-charge of the two eight membered alicyclic rings and 
the unshared pair of electrons of the heteroatom.
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