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The corrosion inhibition of mild steel in 1.0 M H2 SO4 solution by ethyl hydroxyethyl cellulose has been studied in relation to the
concentration of the additive using weight loss measurement, EIS, polarization, and quantum chemical calculation techniques.
The results indicate that EHEC inhibited corrosion reaction in the acid medium and inhibition efficiency increased with EHEC
concentration. Further increase in inhibition efficiency is observed in the presence of iodide ions, due to synergistic effect.
Impedance results reveal that EHEC is adsorbed on the corroding metal surface. Adsorption followed a modified Langmuir
isotherm, with very high negative values of the free energy of adsorption (Δ𝐺ads ). The polarization data indicate that the inhibitor
was of mixed type, with predominant effect on the cathodic partial reaction. The frontier molecular orbitals, HOMO (the highest
occupied molecular orbital) and LUMO (the lowest unoccupied molecular orbital) as well as local reactivity of the EHEC molecule,
were analyzed theoretically using the density functional theory to explain the adsorption characteristics at a molecular level. The
theoretical predictions showed good agreement with experimental results.

1. Introduction
Organic compounds containing polar functional groups such
as nitrogen, sulphur, and/or oxygen in a conjugated system
have been reported to be effective as corrosion inhibitors for
steel [1–8]. Some of the organic compounds are polymeric
in nature and therefore possess multiple active centres. The
study of corrosion inhibition by polymers has been on the
increase in recent times. Polymers are employed as corrosion
inhibitors because the presence of many adsorption centres
helps them form complexes with metal ions. The formed
complexes were adsorbed on the metal surface to form a
barrier film which separated the metal surface from the
corrosive agents present in the aggressive solution [9–14].
The effectiveness of inhibition by the adsorbed inhibitor
system will be determined by the energy released on forming
the metal-inhibitor bond compared to the corresponding
changes when the pure acid reacts with the metal [15].
Some authors have reported on the effectiveness of
polymeric corrosion inhibitors [16–20]. In their accounts, the

inhibitive power of these polymers is related structurally to
the cyclic rings and heteroatoms which are the major active
centres of adsorption.
In order to support experimental studies, theoretical
calculations are conducted in order to provide molecularlevel understanding of the observed experimental behaviour.
The major driving force of quantum chemical research is to
understand and explain the functions of ethyl hydroxyethyl
cellulose in molecular forms. Among quantum chemical
methods for evaluation of corrosion inhibitors, density functional theory (DFT) has shown significant promise [21–23]
and appears to be adequate for pointing out the changes
in electronic structure responsible for inhibitory action. The
geometry of the inhibitor is in ground state, as well as the
nature of their molecular orbitals, HOMO (the highest occupied molecular orbital) and LUMO (the lowest unoccupied
molecular orbital), that are involved in the properties of
activity of inhibitors [24, 25].
The present study presents the appraisal of inhibitive
capability of ethyl hydroxyethyl cellulose (EHEC) on mild
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steel corrosion in 1.0 M H2 SO4 solution using weight loss
measurements and quantum chemical calculations techniques.

2. Materials and Methods
2.1. Sample Preparation. Tests were performed on mild steel
specimens of the following percentage chemical composition:
Si: 0.02; C: 0.05; Mn: 0.18; Cu: 0.02; Cr: 0.02 and the remainder
Fe. This was machined into test coupons of dimensions 3 ×
2 × 0.05 cm and a small hole drilled at one end of the
coupon to enable suspension into the test solution in the
beaker. The metal specimens were polished with fine emery
paper, degreased, and cleaned as described elsewhere [26,
27]. EHEC sourced from Sigma Aldrich chemical company
was used without further purification at concentrations of
0.5, 1.0, 1.5, 2.0, and 2.5 g/L. Blank sulphuric acid solution
was prepared in the concentration of 1.0 M H2 SO4 . The
potassium iodide, KI from BDH Laboratory Supplies, was
used. 0.5 g/L KI was prepared and added to each of the
solutions containing the additive.
2.2. Weight Loss Measurements. Weight loss experiments
were conducted on test coupons. Tests were conducted under
total immersion conditions in 200 mL of test solutions at
ambient temperature, 28 ± 1∘ C. The pre-cleaned and weighed
coupons were suspended in beakers containing the solutions
using glass rods and hooks. All tests were made in aerated
solutions and were run three times to ensure reproducibility.
To determine weight loss with respect to time, the coupons
were retrieved from test solutions at 24 h intervals progressively for 120 h (5 days). At the end of the tests, the weight
loss was taken to be the mean value of the difference between
the initial and final weights of the coupons for the three
determinations at a given time. The corrosion rates of mild
steel in 1.0 M H2 SO4 solution and the acid solution containing
the additive, EHEC, were calculated from the expression:
Corrosion rate, 𝑅𝑐 (mm/y) = [

87, 600Δ𝑊
],
𝜌𝐴𝑡

(1)

where Δ𝑊, 𝜌, 𝐴, 𝑡 are weight loss in gram, density of mild steel
in g/cm3 , surface of the test coupon in cm2 , and time period
of exposure in the test solution in hour, respectively.
2.3. Electrochemical Experiments. Electrochemical experiments were performed using a VERSASTAT 3 Advanced
Electrochemical System operated with V3 Studio electrochemical software. A conventional three-electrode glass cell
was used for the experiments. Test coupons with 1 cm2
exposed surface area were used as working electrode and a
graphite rod as counterelectrode. The reference electrode was
a saturated calomel electrode (SCE), which was connected
via Luggin’s capillary. The working electrode was immersed
in a test solution for 30 minutes to attain a stable open
circuit potential prior to electrochemical measurements. All
experiments were undertaken in 300 mL of stagnant aerated
solutions at 29 ± 1∘ C. Each test was run in triplicate to

verify the reproducibility of the systems. Electrochemical
impedance spectroscopy (EIS) measurements were made
at corrosion potentials (𝐸corr ) over a frequency range of
100 kHz–10 mHz, with a signal amplitude perturbation of
5 mV. Spectra analyses were performed using Zsimpwin
software. Potentiodynamic polarization studies were carried
out in the potential range −250 to +250 mV at a scan rate of
0.33 mV s−1 .
All theoretical quantum chemical calculations were performed using the density functional theory (DFT) electronic
structure programs, Forcite and DMol3 as contained in the
Materials Studio 4.0 software.

3. Results and Discussion
3.1. Corrosion Rates. The corrosion rates of metals and alloys
in aggressive solutions can be determined using different
electrochemical and nonelectrochemical techniques. The
mechanism of anodic dissolution of iron in acidic solutions
corresponds to [28]
Fe + OH ⇐⇒ FeOHads + 𝑒−

(2a)

FeOHads → FeOH+ + 𝑒−

(2b)

FeOH+ + H+ ⇐⇒ F2+ + H2 O.

(2c)

As a consequence of these reactions, including the high
solubility of the corrosion products, the metal loses weight
in the solution. The results of the gravimetric determination
of mild steel corrosion rate as a function of time and
concentration of the additive are given in Table 1.
These results show that the corrosion rate of mild steel
in 1.0 M H2 SO4 decreases with time in systems with additive
and the blank acid solution. The effects of addition of
different concentrations of EHEC on corrosion rates in the
acid solution after 5 days of exposure are shown in Table 1.
EHEC is observed to reduce the corrosion rate at the studied
concentration of 0.5 g/L EHEC, indicating inhibition of the
corrosion reaction. This effect becomes more pronounced
with increasing concentration of the inhibitor, which suggests
that the inhibition process is sensitive to the concentration
(amount) of the additive present.
3.2. Inhibition Efficiency. A quantitative evaluation of the
effect of EHEC on mild steel corrosion in 1.0 M H2 SO4 solution was achieved from appraisal of the inhibition efficiency
(𝐼%) given by
𝐼% = [1 −

𝑅cinh
] × 100,
𝑅 cblk

(3)

where 𝑅cinh and 𝑅cblk are the corrosion rates in inhibited and
uninhibited solutions, respectively. The values obtained for
the inhibition efficiency are given in Table 2.
The plots show that 𝐼% increased progressively with concentration of the additive (Figure 1). Following the observed
trend of inhibition, organic inhibitors are known to decrease
metal dissolution by forming a protective adsorption film
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Table 1: Calculated values of corrosion rate of mild steel in 1.0 M H2 SO4 in the absence and presence of EHEC and KI.
System
Blank
0.5 g/L EHEC
0.5 g/L EHEC + KI
1.0 g/L EHEC
1.0 g/L EHEC + KI
1.5 g/L EHEC
1.5 g/L EHEC + KI
2.0 g/L EHEC
2.0 g/L EHEC + KI
2.5 g/L EHEC
2.5 g/L EHEC + KI

1
25.27
14.50
12.20
12.92
9.39
13.22
9.85
11.84
10.47
11.40
10.06

2
22.36
12.07
10.59
10.78
7.97
11.43
8.22
10.08
8.37
9.92
8.21

Corrosion rate (mm/y)
Day
3
20.16
10.93
9.50
9.74
7.25
10.31
7.37
9.20
7.31
9.35
7.70

4
19.03
10.39
9.27
9.23
7.17
9.79
7.16
8.79
6.81
8.80
7.56

5
17.99
10.10
9.06
8.97
7.19
9.51
7.05
8.59
6.60
8.59
7.48

Table 2: Calculated values of inhibition efficiency of mild steel in 1.0 M H2 SO4 in the presence of EHEC and KI.
System
0.5 g/L EHEC
0.5 g/L EHEC + KI
1.0 g/L EHEC
1.0 g/L EHEC + KI
1.5 g/L EHEC
1.5 g/L EHEC + KI
2.0 g/L EHEC
2.0 g/L EHEC + KI
2.5 g/L EHEC
2.5 g/L EHEC + KI

1
42.62
51.72
48.87
62.84
47.69
61.02
53.15
58.57
54.89
60.19

2
46.02
52.64
51.79
64.36
48.88
63.24
54.92
62.57
55.64
63.28

which blocks the metal surface, separating it from the corrosive medium [29–32]. Consequently, in inhibited solutions,
the corrosion rate is indicative of the number of free corroding sites remaining after some sites have been effectively
blocked by inhibitor adsorption. It has been suggested [33,
34], however, that anions such as Cl− , I− , SO4 2− , and S2− may
also participate in forming reaction intermediates on the
corroding metal surface, which either inhibit or stimulate
corrosion. It is important to recognize that the suppression
or stimulation of the dissolution process is initiated by the
specific adsorption of anion on the metal surface.
3.3. Effect of Halide Ion Addition. To further clarify the modes
of inhibitor adsorption, experiments were conducted in the
presence of iodide ions, which are strongly adsorbed on
the surface of mild steel in acidic solution and facilitate
adsorption of organic cation-type inhibitors by acting as
intermediate bridges between the positive end of the organic
cation and the positively charged metal surface. Specific
adsorption of iodide ions on the metal surface leads to
recharging the electrical double layer [35]. The inhibitor is
then drawn into the double layer by electrostatic interaction

Inhibition efficiency (𝐼%)
Day
3
45.78
52.88
51.69
64.04
48.86
63.44
54.37
63.74
53.62
61.81

4
45.40
51.29
51.50
62.32
48.55
62.38
53.81
64.21
53.76
60.27

5
43.86
49.64
50.14
60.03
47.14
60.81
52.25
63.31
52.25
58.42

with the adsorbed I− ions, forming ion pairs on the metal
surface which increases the degree of surface coverage:
I− sol → I− ads

(4a)

I− ads + Inh+ sol → [I− − Inh+ ]ads .

(4b)

Thus, an improvement of 𝐼% on addition of KI is an
indication of the participation of protonated inhibitor species
in the adsorption process (Figure 2). Table 2 illustrates the
effect of addition of 0.5 g/L KI to the different concentrations
of EHEC on the corrosion of mild steel in 1.0 M H2 SO4
solution.
3.4. Adsorption Consideration. Basic parameters which are
descriptors of the nature and modes of adsorption of organic
inhibitor on the corroding metal surface can be provided by
adsorption isotherms which depend on the degree of surface
coverage, 𝜃. The observed inhibition of the corrosion of mild
steel in 1.0 M H2 SO4 solution indicates high degree of surface
coverage. From a theoretical perspective, the adsorption
route is regarded as a substitution process between the
organic inhibitor in the aqueous solution (Inhsol ) and water
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The free energy of adsorption (Δ𝐺ads ) obtained from (7)
which is evaluated from 𝐾ads obtained from intercepts of the
Langmuir plots is given in Table 3:

52

Δ𝐺ads = −𝑅𝑇 ln (55.5𝐾ads ) ,

Inhibition efficiency I (%)

56

where 𝑅 and 𝑇 are the universal gas constant and absolute
temperature, respectively. The other parameter retains its
previous meaning. The large negative Δ𝐺ads values implied
that the adsorption of EHEC on the mild steel surface was
favourable from thermodynamics point of view and indicated
that the inhibitor was strongly adsorbed, covering both
anodic and cathodic regions.
In addition, it is important to note that adsorption free
energy values of −20 kJ mol−1 or less negative are associated
with an electrostatic interaction between charged molecules
and charged metal surface (physical adsorption). On the
other hand, adsorption free energy values of −40 Kj mol−1 or
more negative values involve charge sharing or transfer from
the inhibitor molecules to the metal surface to form a coordinate covalent bond (chemical adsorption) [40].

50
48
46
44
42
0.5
Day 1
Day 2
Day 3

1.0
1.5
2.0
Concentration of inhibitor, C (g/L)

2.5

Day 4
Day 5

Figure 1: Variation of inhibition efficiency with concentration of
EHEC.

molecules adsorbed at the metal surface (H2 Oads ) as follows
[36–38]:
Inh(sol) + 𝑥H2 O(ads) ⇐⇒ Inh(ads) + 𝑥H2 O(sol) ,

(5)

where 𝑥 represents the number of water molecules replaced
by one molecule of adsorbed inhibitor. The adsorption bond
strength is dependent on the composition of the metal and
corrodent, inhibitor structure, concentration, and orientation, as well as temperature. Since EHEC can be protonated in
the presence of strong acids, it is quite necessary to consider
both cationic and molecular species when discussing the
adsorption process of EHEC. Figure 3 shows the plot of
𝐶/𝜃 versus 𝐶 to be linear, which is in agreement with the
Langmuir equation [39]:
𝑛
𝐶
+ 𝑛𝐶,
=
𝜃 𝐾ads

(7)

(6)

where 𝐶 is the concentration of inhibitor and 𝐾ads is the
equilibrium constant for the adsorption-desorption process.
In general, 𝐾ads represents the adsorption power of
the inhibitor molecule on the metal surface. The positive
values confirm the adsorbability of EHEC on the metal
surface. The linear plots obtained in Figure 3 suggest that
EHEC adsorption from 1.0 M H2 SO4 solution followed the
Langmuir isotherm, though the isotherm parameters indicate
some deviations from ideal Langmuir behaviour. The slope
deviates from unity (see 𝑛 values in Table 3) with nonzero
intercept on the 𝑦-axis, which could be traced to some
limitations in the underlying assumptions. The results in fact
imply that each EHEC molecule occupies 𝑛 active corrosion
sites on the mild steel surface in 1.0 M H2 SO4 solution.

3.5. Impedance Measurements. Electrochemical impedance
spectroscopy analyses provide insight into the kinetics of
electrode processes as well as the surface characteristics
of the electrochemical system of interest. Figure 4 presents
the impedance spectra measured at 𝐸corr after 30 minutes
of immersion and exemplified the Nyquist plots obtained
for mild steel in 1.0 M H2 SO4 solution in the absence and
presence of EHEC and EHEC + KI. The observed increase in
the impedance parameters in inhibited solutions is associated
with the corrosion inhibiting effect of EHEC. The Nyquist
plots for all systems generally have the form of only one
depressed semicircle, corresponding to one time constant,
although a slight sign of low-frequency inductive behaviour
can be discerned. The depression of the capacitance semicircle with centre below the real axis suggests a distribution of
the capacitance due to inhomogeneities associated with the
electrode surface.
The presence of a single time constant may be attributed
to the short exposure time in the corrosive medium which
is not adequate to reveal degradation of the substrate [41].
A polarization resistance (𝑅𝑝 ) can be extracted from the
intercept of the low-frequency loop at the real axis of
impedance (𝑍re ) in the Nyquist plots, since the inductive
loop is negligible. The value of 𝑅𝑝 is very close to that of
the charge transfer resistance 𝑅ct , which can be extracted
from the diameter of the semicircle [41, 42]. The impedance
spectra for the Nyquist plots were thus adequately analyzed by
being fit to the equivalent circuit model 𝑅𝑠 (𝑄dl 𝑅ct ), which has
been previously used to model the mild steel/acid solution
interface [41, 43].
The values of the impedance parameters derived from
the Nyquist plots using the selected equivalent circuit model
𝑅𝑠 (𝑄dl 𝑅ct ) are given in Table 4. The terms 𝑄dl and 𝑛,
respectively, represent the magnitude and exponent of the
constant phase element (CPE) of the double layer. The CPE,
with impedance given by 𝑍CPE = 𝑄−1 (𝑗𝑤)−𝑛 , where 𝑗 is
an imaginary number and 𝑤 is the angular frequency in
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Figure 2: Synergistic effect between KI and EHEC on the variation of inhibition efficiency with time.

rad/s is used in place of a capacitor to compensate for the
deviations from ideal dielectric behaviour associated with
the nonhomogeneity of the electrode surface. Introduction
of EHEC into the acid corrodent leads to an increase in 𝑅ct
and a reduction of 𝑄dl , indicating a hindering of the corrosion
reaction. The decrease in 𝑄dl values, which normally results
from a decrease in the dielectric constant and/or an increase
in the double layer thickness, is due to inhibitor adsorption on
the metal/electrolyte interface [44]. This implies that EHEC
reduces the corrosion rate of the mild steel specimen by virtue
of adsorption on the metal/electrolyte interface, a fact that
has been previously established. A quantitative measure of
the protective effect can be obtained by comparing the values

of the charge transfer resistance in the absence (𝑅ct ) and
presence of inhibitor (𝑅ctinh ) as follows:
𝐼% = [1 −

𝑅ct
] × 100,
𝑅ctinh

(8)

where (𝑅ctinh ) and 𝑅ct are the charge transfer resistance for
inhibited and uninhibited systems, respectively.
The double layer capacitance values of the systems were
also examined and calculated using the expression:
𝐶dl =

1
2𝜋𝑓max 𝑅ct

,

(9)

where 𝑓max is the maximum frequency. The obtained values
of 𝐶dl are presented in Table 4.
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Table 3: Adsorption parameters from modified Langmuir isotherm.

5.0

Day
1
2
3
4
5

4.5
4.0
C/𝜃 (g/L)

3.5
3.0

𝑅2
0.990
0.988
0.993
0.993
0.992

𝑛
1.702
1.692
1.772
1.764
1.834

𝐾ads
4.515
5.795
7.982
7.412
7.627

Δ𝐺ads (kJ mol−1 )
−45.381
−58.246
−80.228
−74.498
−76.659

2.5
2.0

to reduced double layer capacitance, which, according to the
Helmholtz model (10), results from a decrease in the dielectric
constant (𝜀) or an increase in the interfacial layer thickness
(𝛿):

1.5
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Day 1
Day 2
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Day 5

Figure 3: Langmuir isotherm for EHEC adsorption on mild steel
surface in 1.0 M H2 SO4 .
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Figure 4: Nyquist impedance spectra of mild steel corrosion in
1.0 M H2 SO4 in the absence and presence of EHEC and EHEC + KI.

Lower double layer capacitance suggests reduced electric
charge stored, which is a consequence of increased adsorption layer that acted as a dielectric constant. The increase
in 𝑅ct values in inhibited systems which corresponds to an
increase in the diameter of the Nyquist semicircle confirms
that the corrosion inhibiting effect of EHEC and EHEC + KI
and is much more pronounced in the latter system, implying
that KI synergistically enhanced the corrosion inhibiting
effect of EHEC. In other words, lower 𝐶dl values correspond

𝐶dl =

𝜀𝜀𝑜 𝐴
,
𝛿

(10)

where 𝜀 is the dielectric constant of the medium, 𝜀𝑜 is the
vacuum permittivity, 𝐴 is the electrode area, and 𝛿 is the
thickness of the interfacial layer.
Since adsorption of an organic inhibitor on a metal
surface involves the replacement of adsorbed water molecules
on the surface, the smaller dielectric constant of the organic
molecule compared to water as well as the increased thickness
of interfacial layer due to inhibitor adsorption acted simultaneously to reduce the double layer capacitance. This provides
experimental evidence of adsorption of EHEC on mild steel
surface. The significantly lower 𝐶dl value of the EHEC + KI
system supports the assertion that the iodide ion significantly
enhances adsorption of EHEC on the metal/solution interface.
3.6. Polarization Measurements. Figure 5 shows the polarization curves of mild steel dissolution in 1.0 M H2 SO4
solution in the absence and presence of EHEC and EHEC
+ KI. Introduction of EHEC and EHEC + KI into the acid
solution was observed to shift the corrosion potentials of both
inhibited systems slightly in the negative direction and in
both cases inhibited the anodic metal dissolution reaction
as well as the cathodic hydrogen evolution reaction. Since
the 𝐸corr is not altered significantly, the implication is that
the corrosion inhibition process is under mixed control with
predominant cathodic effect. In addition, following observations in Figure 5, both cathodic and anodic partial reactions
are affected as evident in decrease in the corrosion current
densities. This implies that EHEC functioned as a mixedtype inhibitor for both systems. However, marked cathodic
partial hydrogen evolution reaction is discerned. Moreso,
documented report [45] has it that when displacement in
𝐸corr is >85 mV, the inhibitor can be regarded as a cathodic
or anodic type inhibitor and if the displacement in 𝐸corr
is <85 mV, the inhibitor can be seen as mixed type. In the
present study, the displacement in the corrosion potential
(𝐸corr ) in the presence of EHEC and EHEC + KI shifted
9.52 and 20.75 mV, respectively, in the cathodic direction,
compared to the blank, which is a confirmation that the
inhibitor acts as a mixed-type inhibitor with predominant
cathodic effect.
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Table 4: Impedance and polarization parameters for mild steel in 0.5 M H2 SO4 in the presence and absence of EHEC and EHEC + KI.
System
Blank
EHEC
EHEC + KI

𝑅ct
11.931
37.502
133.37

𝑛
0.889
0.876
0.854

Impedance data
I.E. %
𝐶dl (uF cm−2 ) × 10−3
—
14.65
68.19
5.13
91.05
2.41

Polarization data
𝐸corr (mV (SCE))
𝑅𝑝 (Ω cm2 )
−468.35
16.27
−477.87
58.04
−489.10
177.51

I.E. %
—
71.97
90.83

Table 5: Calculated values of quantum chemical properties for the
most stable conformations of EHEC.
EHEC
−6.154
−2.323
3.831
0.015 O(12)
0.165 O(12)

0.01

i (A cm−2 )

Property
𝐸HOMO (eV)
𝐸LUMO (eV)
𝐸LUMO−HOMO (eV)
Maximum 𝑓+ (Mulliken)
Maximum 𝑓− (Mulliken)

1E − 3
1E − 4
1E − 5

Inhibition efficiency was calculated from the polarization
data as follows:
𝐼% = [1 −

𝑅𝑝
𝑅𝑝 inh

1E − 6
−0.8

−0.7

−0.6

−0.5

−0.4

−0.3

−0.2

E versus SCE (V)

] × 100,

(11)

where 𝑅𝑝 and 𝑅𝑝 inh are polarization resistance for uninhibited and inhibited systems, respectively. The calculated values
are given in Table 4. Observations from Table 4 show that
the inhibition efficiencies obtained from both impedance
and polarization results are comparable. The data confirm
the consistency of EHEC and EHEC + KI at the prevailing
experimental condition.
The cooperative effect between EHEC and KI in hindering the corrosion of mild steel in 1.0 M H2 SO4 solution
is also evident in both the Nyquist and Tafel polarization
plots. Addition of KI resulted in a significant increase in the
diameter of the Nyquist semicircle and hence an increase in
𝑅ct as well as 𝐼% and a decrease in the corrosion current
density of the Tafel polarization curves. The presence of
iodide ions shifts 𝐸corr more in the cathodic direction and
further decreases the anodic and cathodic reaction kinetics.
The mechanism of this synergistic effect has been described
in detail in some reports [46]. The iodide ions are strongly
chemisorbed on the corroding mild steel surface and facilitate
EHEC adsorption by acting as intermediate bridges between
the positively charged metal surface and EHEC cations. This
stabilizes the adsorption of EHEC on the mild steel surface,
leading to higher surface coverage. To account for the above
observations, it is necessary to recognize that the process of
adsorption of an organic inhibitor on a corroding metal surface depends on factors such as the nature and surface charge
on the metal in the corrosive medium as well as the inhibitor
structure. Consequently, more iodide ions are adsorbed on
mild steel which presents a more positive surface, giving rise
to increased synergistic interactions with protonated EHEC
species and hence higher inhibition efficiencies.

Blank
2.5 g/L EHEC
2.5 g/L EHEC + KI

Figure 5: Polarization curves of mild steel corrosion in 1.0 M H2 SO4
in the absence and presence of EHEC and EHEC + KI.

3.7. Quantum Chemical Calculations. The inhibition effectiveness of inhibitors has been reported to correlate with the
quantum chemical parameters such as HOMO (the highest
occupied molecular orbital), LUMO (the lowest unoccupied
molecular orbital), and the energy gap between the LUMO
and HOMO (Δ𝐸 = 𝐸LUMO − 𝐸HOMO ) [47–49]. A high
𝐸HOMO (less negative) is associated with the capacity of a
molecule to donate electrons to an appropriated acceptor
with empty molecular orbital that facilitated the adsorption
process and therefore indicated good performance of the
corrosion inhibitor [50]. 𝐸LUMO corresponds to a tendency
for electron acceptance. Based on this, the calculated difference, Δ𝐸, demonstrates inherent electron donating ability
and measures the interaction of the inhibitor molecule with
the metal surface.
According to the frontier molecular orbital theory of
chemical reactivity, transition of electrons is due to an
interaction between the frontier orbitals, HOMO and LUMO,
of reacting species. The energy of HOMO is directly related
to the ionization potential and characterizes the susceptibility
of the molecule toward attack by electrophiles. The energy
of LUMO is directly related to the electron affinity and
characterizes the susceptibility of the molecule toward attack
by nucleophile. The lower the values of 𝐸LUMO , the stronger
the electron accepting ability of the molecule.
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(a) Optimized structure

(b) Total electron density

(c) HOMO orbital

(d) LUMO orbital

(e) Fukui function for nucleophilic attack

(f) Fukui function for electrophilic attack

Figure 6: Electronic properties of ethyl hydroxyethyl cellulose (EHEC) [C, grey; H, white; O, red].

The electronic structure of EHEC, the distribution of
frontier molecular orbital, and Fukui indices have been modeled in order to establish the active sites as well as local reactivity of the inhibiting molecules. This was achieved using the
DFT electronic structure programs, Forcite and DMol3, and
using a Mulliken population analysis. Electronic parameters
for the simulation include restricted spin polarization using
the DND basis set as the Perdew Wang (PW) local correlation
density functional. The geometry optimized structures of
EHEC, HOMO and LUMO orbitals, Fukui functions, and the
total electron density are presented in Figure 6. In the EHEC

molecule, the HOMO orbital is saturated around the aromatic
nucleus which is the region of highest electron density and
often the site at which electrophiles attack, and represents the
active centres, with the utmost ability to bond to the metal
surface. The LUMO orbital is saturated around the ethoxy
function and represents the site at which nucleophilic attack
occurs.
Local reactivity was analyzed by means of the Fukui
indices to assess the active regions in terms of nucleophilic
and electrophilic behaviour. Thus, the site for nucleophilic
attack will be the place where the value of 𝑓+ is maximum. In

Journal of Materials
turn, the site for electrophilic attack is controlled by the value
of 𝑓− . The values of 𝐸HOMO , 𝐸LUMO , Δ𝐸, and Fukui functions
are given in Table 5. Higher values of 𝐸HOMO indicate a greater
disposition of a molecule to donate electrons to a metal
surface. In the same way, low values of the energy of the gap,
Δ𝐸 will afford good inhibition efficiency, since the energy
required to remove an electron from the last occupied orbital
will be minimized [51]. The above descriptors, however,
suggest that EHEC possessed good inhibiting potential. This
is in agreement with the experimental findings.

4. Conclusions
Ethyl hydroxyethyl cellulose was found to be an effective
inhibitor of mild steel in 1.0 M H2 SO4 solution and its inhibition efficiency increased with increasing concentration. The
corrosion process is inhibited by adsorption of EHEC on the
mild steel surface following the modified Langmuir isotherm.
The inhibiting action is attributed to general adsorption of
both protonated and molecular species of the additive on the
cathodic and anodic sites on the corroding mild steel surface.
In addition, corrosion inhibition is due to the formation
of a chemisorbed film on the mild steel surface. The EIS
measurement confirmed the adsorption of EHEC and EHEC
+ KI on the mild steel surface. Polarization studies showed
that EHEC and EHEC + KI were mixed-type inhibitor
systems with predominant cathodic effect. The theoretical
study demonstrated that the inhibition efficiency is related to
molecular structure of inhibitor whereby increase in 𝐸HOMO
and decrease in 𝐸LUMO favoured inhibition efficiency.
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