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A B S T R A C T

The corrosion inhibition mechanism of mild steel in acidic solution and in the presence of two cationic gemini
surfactants have been studied. These are two surfactants having 12-carbon hydrophobic tails: one with a tet-
ramethylene spacer and the other one with the same spacer containing two hydroxyl groups. EIS and polar-
ization and electrochemical noise measurements revealed superior corrosion inhibition of hydroxyl functional
surfactant compared with its counterpart with no hydroxyl group. Surface analysis including AFM, and SEM
confirmed less corrosion attacks on the sample exposed to hydroxyl functional surfactant solution. Quantum
chemical parameters revealed a good correlation with electrochemical results.

1. Introduction

A common way to remove rust and oxides from the surface of steel is
to clean the metal in an acid bath which is known as pickling. However,
the pickling solution is also quite corrosive and the use of an organic
inhibitor is one of the most practical methods for protection of the
metal surface against corrosion. These chemicals are normally added in
small amounts to reduce and retard the corrosivity of the environments
[1].

Cationic surfactants are among widely used corrosion inhibitors that
are used for various applications (e.g., oil extraction and processing). It
is believed that they are adsorbed from aqueous solution onto oppo-
sitely charged surfaces and form a thin film which protects the surfaces
against further oxidation and corrosion [2–5].

Gemini surfactants consist of two monomeric single chain surfac-
tants chemically linked to each other by a spacer at the level of their
head groups. They are under intensive investigation since 1991[6–8] as
they have higher surface activity and much lower critical micelle con-
centration (CMC) compared with their monomeric counterparts.
Therefore, they can be used at lower concentrations for the same ap-
plication. One of the best example showing the superior performance of
gemini surfactants is in corrosion inhibition of mild steel in the

presence of 1M HCl. 12-4-12 can protect the mild steel against corro-
sion at much lower concentrations (i.e. several orders of magnitude
lower) than its monomeric counterpart (C12Q) [9]. This is due to its
much higher electrolyte tolerance and ability to form a well-developed
assembly at the steel surface at sub-micellar concentrations. In addition,
the inhibition efficiency of C12Q in acidic solution is reduced mean-
ingfully while the gemini surfactant (12-4-12) has a very good corro-
sion inhibition and stability up to 23 days of solution storage [3].

The application of cationic surfactants (monomeric or gemini) as
corrosion inhibitors has been studied by several authors [9–22]. We
have summarized the results of several papers on corrosion inhibition of
mild steel in acidic solution in the presence of cationic surfactants with
various chemical structures (Table 1). This table shows clearly the
importance of chemical structure of the inhibitors on mild steel pro-
tection in acidic media.

Cationic surfactants adsorb via their charged head groups on the
oppositely charged metal surface and they change the corrosion re-
sistance property of the metal surface. Therefore, the inhibition effi-
ciency depends on inhibitor concentration [9], surfactant chemical
structure (Table 1), acidic ionic strength [17,23], temperature [24], the
type of acid [25], immersion time [3] and the presence of inorganic
ions [26,27].
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Table 1
Comparison between various cationic surfactants as corrosion inhibitors of mild steel in acidic solution. IE% is and abbreviation for Inhibition Efficiency (%).

# Cationic surfactants Corrosion Inhibitors CMC in
water (mM)

IE (%) at
0.01mM

IE (%) at
1mM

Notes References

S1 C8 0.54 82 Carbon steel in 1M HCl @ 25 °C,
Evaluated by weight loss, EIS and
polarization

[10]

C10 0.38 83
C12 0.1 88

S2 11.4 82 Carbon steel in 1M HCl @ 30 °C,
Evaluated by EIS and polarization

[11]

85
S3 C12 NA 87 93 X70 steel in 5M HCl @ 30 °C, Evaluated

by EIS and polarization
[12]

C14 92 96
C16 92 96

S4 C12Q 14 46 91 Low carbon steel in 1M HCl, @ 20 or
25 °C, Evaluated by weight loss, EIS and
polarization

[9,13,14]

C14Q 8 88 93
12-4-12 1 83 93

S5 10-2-10 6.5 61 97 Iron in 1M HCl @ 25 °C, Evaluated by
weight loss

[15,16]

12-2-12 0.41 68 98
14-2-14 0.14 84 98

S6 16-4-16 82 85 Mild steel in 20% Formic Acid @ 30 °C,
Evaluated by weight loss

[17]

16-5-16 77 81
16-6-16 84 85

S7 10-S-10 1.5 43 92 Carbon steel in 1 HCl @ 25 °C, Evaluated
by weight loss, EIS and polarization

[18]

12-S-12 0.8 47 94
14-S-14 0.6 50 97

S8 10-6-10(Et.) 7.4 90 95 Aluminium in 1M HCl, @ 25 °C, Evaluated
by weight loss

[19]

12-6-12(Et.) 1 92 95
14-6-14(Et.) 0.16 96 96
16-6-16(Et.) 0.04 96 97

S9 18-S-18 0.18 76 98 Steel in 1M HCl @ 25 °C, Evaluated by
weight loss

[20]

S10 0.9 60a 90 Carbon steel in 1M HCl @ 25 °C,
Evaluated by polarization

[21]

S11 0.5 41 91 Carbon steel in 0.5 M H2SO4 @ 20 °C,
Evaluated by weight loss

[22]

0.4b

a at 0.05Mm.
b at 0.5M H2SO4.
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Generally, the corrosion inhibition efficiency of cationic surfactants
increases with the increase of their concentrations. The IE% reaches to
its maximum at around CMC value of the surfactant and levels off,
which reveals that the inhibitive actions of these inhibitors are mainly
due to the adsorption on the metal surface. This also suggests that the
cationic surfactants with the same hydrophilic head group and longer
alkyl chain lengths are generally more efficient inhibitors as they are
more hydrophobic and have lower CMC values (Table 1).

The IE% of the cationic inhibitors normally decreases by increasing
the temperature [21,28]. The solubility of these surfactants increases in
the acidic solution by increasing the temperature and it has a negative
effect on the self-assembly and film formation at the metal surface.
Nevertheless, there are some cationic surfactants that are chemically
adsorbed on the surface of the metal (Table 1- S2) and therefore, the IE
% remains unaffected by increasing the temperature [11].

The anticorrosive efficacy of cationic surfactants may decrease or
remain unchanged with prolonging the immersion time in acidic solu-
tion [11,12]. The chemical stability of the surfactant molecules, the
hydrophobic interactions between their alkyl tails, and the adsorption
mechanism are among the most important factors affecting the IE% by
time. As an example, the cationic gemini surfactant (12-4-12) is much
more effective corrosion inhibitors at prolonged immersion time than
its monomeric counterpart (C12Q) [3].

Two gemini surfactants with long spacers (S17 and S10) have lower
inhibition efficiency compared with the geminis that have relatively
shorter hydrophobic spacers (S5). Apparently, the presence of these
long and bulky spacers are not in favor of surfactants adsorption and
surface coverage.

The last inhibitor listed in Table 1 (S11) is a trimeric cationic sur-
factant with bulky aromatic head group. The IE% of this surfactant has
been similar to that of single chain monomeric surfactant (S4-C12Q).
This shows that the choice of cationic surfactant for corrosion inhibition
cannot be simply based on the CMC value of the species.

In this study, we are comparing the inhibition efficiency and surface
coverage of two cationic gemini surfactants on mild steel in 1M HCl.
The incentive behind this study is to understand the effect of adding
two hydroxyl groups in the spacer unit of the gemini surfactant which
will shed more light on the topic.

2. Experimental

2.1. Materials

HCl (35%) was obtained from Merck chemicals. Mild steel panels
were obtained from Mobarakeh Steel Co. The elemental composition of
the mild steel panels obtained by quantometry is listed in Table 2.

Two gemini cationic surfactants with similar alkyl chain length and
different spacers (Fig. 1) were synthesized according to the route
published elsewhere [29,30]. Briefly, the gemini surfactants were syn-
thesized by the reaction of 55mmol of N,N-dimethyldodecylamine with
25mmol of the corresponding spacer (1,4-dibromobutane or 1,4-di-
bromo-2,3-butanediol). The spacer in ethanol (30ml) was added
dropwise to the refluxing mixture of N,N-dimethyldodecylamine in
ethanol (30ml). After 24 h of reflux, the solvent was rotary evaporated
and the residue was re-crystalized from ethanol/ethyl acetate (80%
yield). The melting point for the 12-4(2OH)-12 and 12-4-12 was about
190 and 155 °C, respectively.

The synthesized gemini surfactants were characterized using 1H
NMR (Fig. 2) and 13C NMR (Fig. 3) techniques:

dodecyl-[4-[dodecyl(dimethyl)ammonio]butyl]-dimethyl-ammo-
nium dibromide (12-4-12):

1 H NMR (500MHz, CDCl3): δ 0.84 (t, 6 H, CH3CH2), 1.15–1.37 [m,
36 H, CH3(CH2)9], 1.73 (m, 4 H, CH2CH2N+), 2.1 (m, 4 H,
N+CH2CH2CH2CH2N+), 3.38 (s, 12 H, N+CH3), 3.48 (t,
4 H,CH2CH2N+), 3.89 (t, 4 H, N+ CH2CH2CH2CH2N+), 7.28 [s, CDCl3
residual peak]

1 C NMR (125MHz, CDCl3):14.29, 20.02, 2.85, 23.06, 26.5, 29.39,
29.49, 29.59, 29.64, 29.76, 32.06, 51.07, 63.82, 65.55 ppm

dodecyl-[4-[dodecyl(dimethyl)ammonio]-2,3-dihydroxy-butyl]-di-
methyl-ammonium dibromide (12-4(2OH)-12):

1 H NMR (500MHz, CDCl3): δ 0.89 (t, 6 H, CH3CH2), 1.15–1.37 [m,
36 H, CH3(CH2)9], 1.8 (m, 4 H, CH2CH2N+), 3.33 (s, 6 H, N+ CH3),
3.35 (s,6 H, N+ CH3), 3.45 (t, 4 H,CH2CH2N+), 3.81 [m, 2 H,
(OH)CHCHN+], 4.0 [m, 2 H, CH(OH)CHN+], 4.68 [m,2 H, CH(OH)-CH
(OH)], 5.48 [m,2 H, CH(OH)-CH(OH)], 7.28 [s, CDCl3 residual peak]

1 C NMR (125MHz, CDCl3):14.33, 22.89, 23.14, 26.51, 29.41,
29.54, 29.64, 29.69, 29.81, 32.11, 52.20, 52.56, 67.08, 67.41 ppm

2.2. Preparation of samples and acid solutions

Mild steel samples were abraded using emery paper #600 and
#800. An area of 1 cm2 from the middle of the samples was selected to
expose to acid solutions and the remaining area was sealed by using a
beeswax–colophony mixture. The maximum solubility of 12-4(2OH)-12
in 1M HCl solution at room temperature is about 10 μM. Therefore, the
maximum concentration of surfactants in acid solutions was 10 μM for
both surfactants.

2.3. Electrochemical measurements

Electrochemical impedance spectroscopy (EIS), polarization and
electrochemical noise (EN) measurements were carried out employing
Ivium CompactStat. The tests were conducted at room temperature
25 ± 1 °C. EIS and polarization was implemented in a three-electrode
cell including mild steel sample as working electrode, Ag/AgCl (3M
KCl) as reference electrode and graphite as counter electrode. EIS was
recorded at an open circuit potential (OCP) within a frequency range of
10 kHz to 10mHz with 10mV peak-to-zero perturbation during 5 h
immersion at concentration of 10 μM of each surfactant. Also, EIS was
measured after 5 h immersion of the samples in acid solutions con-
taining 1 and 5 μM of each surfactant. Polarization was measured at the
sweep rate of 0.5mV/s [31] from −200 to + 200mV of OCP after 5 h
immersion at concentration of 1, 5, 10 μM of each surfactant. The EN
measurements with a sampling frequency of 20 Hz were conducted in a
cell containing two nominally identical mild steel samples and the re-
ference electrode Ag/AgCl (3M KCl) during 5 h immersion at con-
centration of 1, 5, 10 μM of each surfactant. In order to avoid aliasing
during data acquisition a low pass filter with a cut-off frequency of
10 Hz was used.

2.4. Surface analysis

The surface of the mild steel samples after 5 h immersion in the test
solutions at 25 ± 1 °C was investigated by surface analysis methods.
The surface morphology of mild steels was analyzed by scanning elec-
tron microscope (SEM model Leo 1445). Atomic force microscope (AFM
model Dual scope DS 95-200, DME) was employed for surface rough-
ness analysis.

2.5. Computational details

The molecular structure of two cationic gemini surfactants, 12-4-12
and 12-4(2OH)-12, was optimized in gas phase using M06-2X level of
theory with 6-31G** basis set for all atoms without any symmetry
constraints. All quantum chemical calculations were implemented by

Table 2
Composition of ST12 steel panels.

Elements C Si Mn Cu Fe

wt. % 0.11 0.01 0.50 0.02 balance
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Gamess program package [32]. The optimized structures are subjected
to quantum chemical parameters such as the energy of the Highest
Occupied Molecular Orbital (EHOMO), the energy of the Lowest Un-
occupied Molecular Orbital (ELUMO), the energy gap between these
orbitals (ΔE = EHOMO- ELUMO) at the same level. Other quantum che-
mical parameters related to the reactivity of electron structure of mo-
lecules were calculated and include electronegativity (χ), global hard-
ness (η), global softness (σ), global electrophilicity index (ω) and dipole
moment (μ). The following quantum chemical parameters can be esti-
mated by using the Eqs. (1)–(4) [33–35].

≅ − +χ E E1/2( )HOMO LUMO (1)

≅ − −η E E1/2( )HOMO LUMO (2)

= ≅ − −σ
η

E E1 2( )HOMO LUMO
(3)

=ω χ η/22 (4)

3. Results and discussion

Compared with 12-4-12, the spacer unit of 12-4(2OH)-12 has two
extra hydroxyl groups which is likely to render the chemical structure
more hydrophilic. As a result, one may expect the CMC value of 12-
4(2OH)-12 to be slightly higher than that of 12-4-12 which is not the
case. The CMC values of 12-4-12 and 12-4(2OH)-12 are 0.9mM and

0.7 mM, respectively [29,30]. The lower CMC value of 12-4(2OH)-12 is
most probably due to a more favorable packing in the micelles as a
result of hydrogen bonding with water molecules [29,36,37]. It should
also be noted that the intermolecular hydrogen-bonding between the
hydroxyl substituted spacers can promote growth of 12-4(2OH)-12
micelles [38]. This will also affect the solubility and Krafft temperature
of 12-4(2OH)-12 compared with those of 12-4-12 in acidic solution.
While the solubility of 12-4-12 in 1M HCl is as high as 0.5mM, the
solubility level is about 10 μM for 12-4(2OH)-12.

3.1. Electrochemical techniques

The EIS results as Nyquist and Bode plots are shown in Figs. 4 and 5
for 12-4(2OH)-12 or 12-4-12, respectively. As the electrochemical be-
havior for the blank sample remains almost unchanged over immersion
time, in these figures a typical spectrum for the blank sample (after 1 h
immersion) is provided.

The spectra shown in Figs. 4 and 5 reveal two capacitive semi-cir-
cles at high- and low-frequency regions. For comparison, a typical EIS
result for the mild steel panels dipped in the blank 1M HCl solution
(without surfactant) after 1 h immersion is illustrated in these figures. It
should be noted that the variation of results over time was negligible for
the blank solution; that is why the result for the rest of immersion
periods has not been shown here.

The low-frequency semi-circle attributes to interfacial electrode/
electrolyte processes, e.g. charge transfer and electrical double layer.

Fig. 1. The synthesis of two cationic gemini surfactants: (a) 12-4-12 and (b) 12-4(2OH)-12.

Fig. 2. 1 H NMR spectra for two cationic gemini surfactants: (a) 12-4(2OH)-12 (b) 12-4-12.
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The diameter of low-frequency semi-circle that is related to the charge
transfer resistance increases by immersion time up to 4 h and remains
almost constant afterwards. This indicates that adsorption of the sur-
factants reaches to equilibrium after 4 h immersion time. The larger
diameter of the low-frequency semi-circles in Nyquist diagrams of 12-
4(2OH)-12 compared with the corresponding diagrams of 12-4-12, re-
veals that the electrode surface blocking is more pronounced in the
presence of 12-4(2OH)-12.

The critical frequency (frequency of the maximum imaginary im-
pedance) for low-frequency semi-circle was 3.162 Hz and 1.468 Hz for
12-4-12 and 12-4(2OH)-12 solutions, respectively. Assuming perfect
semi-circle shape, the time-constant (τ) of the electrode/electrolyte
system can be calculated based on the critical frequency (fC) according
to Eq. (5). The time-constant is correlated with the charge transfer re-
sistance (Rct) and double layer capacitance (Cdl) according to Eq. (6).

=f
πτ
1

2C (5)

= ×τ R Cct dl (6)

The time-constant associated with the low-frequency semi-circle for
12-4-12 solution (ca. 0.05 s) is approximately twice as low as that of 12-
4(2OH)-12 (ca. 0.11 s). This is an indication of higher Rct and Cdl for the
later. However, the diameter of low-frequency semi-circle for 12-
4(2OH)-12 showed less than 2-fold increase compared to that for 12-4-
12.

The high-frequency semi-circle attributes to the electrochemical
behavior of inhibitive film on the surface (i.e. Rf and Cf). The low-fre-
quency semi-circle diameter attributed to charge transfer resistance,
shows an increase up to 4 h immersion related to progressive adsorption
of the surfactants on the mild steel surface. It seems that the surfactants
form inhibitive film on the mild steel surface even in initial stages of
immersion. As time elapsed the orientation of surfactant has been
changed to form a more compact adsorbed layer on the surface.

The fitting of EIS data was accomplished by using one-time constant
and two-time constant equivalent electrical circuits for blank and sur-
factant solutions respectively. The fitting results are shown in Figs. 4
and 5. The electrical elements Rs, Rf, Rct, CPEf and CPEdl are the elec-
trolyte resistance, film resistance, charge transfer resistance, constant
phase element of film and constant phase element of double layer, re-
spectively.

The electrochemical parameters extracted from EIS results of mild
steel samples immersed in test solutions are listed in Table 3. In this
table Y0 and n are CPE admittance and exponent, respectively.

Considering surface time-constant distribution and normal time-
constant distribution for double layer and inhibitive film, respectively,
the effective capacitance values reported in Table 3 were calculated
using Eqs. (7) and (8) [39].

= −C Y R.f f
n

f
n n

0,
1/ (1 )/

(7)

Fig. 3. 13 C NMR spectra for two cationic gemini surfactants: (a) 12-4(2OH)-12 (b) 12-4-12.

Fig. 4. The EIS results as Nyquist (a) and impedance Bode (b) diagrams for the mild steel. samples during 5 h immersion in the 1M HCl solution containing 10 μM of
12-4(2OH)-12. The measured data points are shown as scattered plot, while the fitted spectra are presented by solid lines.
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Fig. 5. The EIS results as Nyquist (a) and impedance Bode (b) diagrams for the mild steel samples during 5 h immersion in the 1M HCl solution containing 10 μM of
12-4-12. The measured data points are shown as scattered plot, while the fitted spectra are presented by solid lines.

Table 3
The electrochemical parameters extracted from the EIS results of mild steel samples during 5 h immersion in 1M HCl solution in the absence and presence of the
surfactants.

Immersion Rct Y0,dl ndl Cdl Rf Y0,f nf Cf

Period (h) (Ω cm2) (μsnΩ−1 cm-2) (μF cm−2) (Ω cm2) (μsnΩ−1 cm-2) (μF cm−2)
blank 1 130 ± 3 38.6 ± 2 0.90 ± 0.01 13.46 – – – –

2 131 ± 4 37.3 ± 2 0.90 ± 0.01 12.95 – – – –
3 130 ± 5 36.3 ± 2 0.90 ± 0.01 12.57 – – – –
4 131 ± 2 35.8 ± 2 0.91 ± 0.01 13.91 – – – –
5 132 ± 2 36.9 ± 2 0.91 ± 0.01 14.38 – – – –

12-4(2OH)-12 1 742 ± 10 26.0 ± 2 0.84 ± 0.01 3.97 527 ± 25 0.91 ± 0.20 0.79 ± 0.01 0.12
2 1093 ± 15 10.8 ± 1 0.77 ± 0.01 0.44 264 ± 18 1.26 ± 0.30 0.75 ± 0.01 0.09
3 1442 ± 20 5.1 ± 1 0.72 ± 0.01 0.06 200 ± 15 1.73 ± 0.35 0.83 ± 0.01 0.34
4 1380 ± 15 4.6 ± 2 0.72 ± 0.01 0.05 229 ± 15 1.15 ± 0.25 0.84 ± 0.01 0.24
5 1448 ± 20 3.6 ± 1 0.74 ± 0.01 0.06 254 ± 20 1.66 ± 0.30 0.83 ± 0.01 0.34

12-4-12 1 596 ± 9 16.1 ± 2 0.84 ± 0.01 2.24 237 ± 15 1.34 ± 0.20 0.78 ± 0.01 4.88
2 1012 ± 12 1.8 ± 0.4 0.67 ± 0.01 0.004 125 ± 20 1.68 ± 0.30 0.86 ± 0.01 0.11
3 1094 ± 15 1.9 ± 0.5 0.68 ± 0.01 0.005 140 ± 20 1.77 ± 0.35 0.87 ± 0.01 2.83
4 1209 ± 20 2.1 ± 0.5 0.69 ± 0.01 0.008 185 ± 25 1.59 ± 0.25 0.86 ± 0.01 0.61
5 1160 ± 25 2.0 ± 0.4 0.69 ± 0.01 0.008 228 ± 20 1.18 ± 0.25 0.87 ± 0.01 0.25

Fig. 6. Inhibition efficiency (η%) and surface coverage (θ%) obtained from EIS results for mild steel samples during 5 h immersion in 1M HCl solution containing 10
μM of the surfactants. The scatter band shows the standard deviation of triplicates.
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Fig. 7. Nyquist diagrams for the mild steel samples immersed in the 1M HCl solution containing different concentrations of (a) 12-4(2OH)-12 and (b) 12-4-12 after
5 h immersion. The measured data points are shown as scattered plot, while the fitted spectra are presented by solid lines. Polarization resistance (Rp = Rct + Rf) of
the samples after 5 h immersion (c).

Fig. 8. Polarization curves obtained for the mild steel samples after 5 h exposure to 1M HCl containing different concentrations of (a) 12-4(2OH)-12 and (b) 12-4-12
inhibitors.
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=
+

−C Y
R R

R R
. ( )dl dl

n s f

s f

n n
0,
1/ (1 )/

(8)

As can be seen in Table 3, the variation of charge transfer resistance
over immersion time is negligible for the blank solution. In the presence
of the surfactants, Rct increases sharply within 3 h immersion period
and remains more or less constant afterwards. The extent of charge
transfer resistance which is a measure of surface blocking due to the
surfactants adsorption is in the order of: 12-4(2OH)-12 > 12-4-12. It
should be noted that the inhibitive film formed on the mild steel surface
has higher resistance in the presence of 12-4(2OH)-12 compared to 12-
4-12 at all immersion periods indicating higher tendency of the OH
functional surfactant to form a compact surface film.

The double layer capacitance (Cdl) was almost constant during the
immersion period for the blank solution. In the presence of the sur-
factants, Cdl values decreased sharply within 2 h of immersion and re-
mained almost constant afterwards. The extent of Cdl is a function of
adsorbed water and adsorbed surfactants on the steel surface. The
higher the surfactant concentration on the surface, the lower would be
the number of adsorbed water molecules. Water has higher dielectric
constant than surfactants. Therefore, the sharp decrease in Cdl values
reflects rapid water desorption due to surfactants adsorption at initial
stages.

Inhibition efficiency (η%) and surface coverage (θ%) of the mild
steel in the presence of each surfactant can be calculated using Eqs. (9)
and (Fig. 10), respectively [40,41]. The subscripts (“i’’ and “b’’) in these
equations indicate the presence and absence of inhibitor, respectively.

= −η
R
R

% 100(1 )ct b

ct i

,

, (9)

= −θ
C
C

% 100(1 )dl i

dl b

,

, (10)

Fig. 6 shows the inhibition efficiency (η%) and surface coverage
(θ%) of the surfactants versus immersion time. As, there is a big dif-
ference between surface coverage and inhibition efficiency. Although
12-4(OH)-12 is stronger corrosion inhibitor than 12-4-12, the coverage
of 12-4(2OH)-12 is significantly lower than that of 12-4-12. It is already

shown that the difference between surface coverage and inhibition ef-
ficiency arised from the different orientation of the adsorbent on the
metal surface. It has been shown that orientation of aliphatic chains of
the surfactants horizontally on the surface can increase metal surface
blocking by removing some adsorbed water molecules, which conse-
quently influences the charge transfer resistance [3]. However, at the
same extent of adsorption, the vertical orientation of the surfactants
molecules toward metal surface can lead to considerable increment in
thickness of electrical double layer [3]. Hence, small area on the surface
can be blocked despite of increase in double layer thickness. Conse-
quently, in the vertical orientation, the charge transfer resistance will
be less affected despite of significant decrease in double layer capaci-
tance. Therefore, at initial stages of immersion, the higher η% than θ%
for the 12-4-12 can be attributed to the higher tendency of this sur-
factant to horizontally orient on the surface. As time elapsed θ% be-
comes higher than η% reflecting tendency toward vertical orientation
on the surface. Similar to the 12-4-12, a switch from horizontal or-
ientation toward vertical orientation appeared for the 12-4(2OH)-12,
but at longer periods. It seems that the presence of OH groups on the
spacer increases the tendency of the surfactants to remain horizontal on
the mild steel surface. This can be the result of intermolecular hydrogen
bonding reported for OH functional surfactants [29–31,36,37].

The effect of surfactants concentration on their corrosion inhibition
in 1M HCl was investigated by EIS after an exposure period of 5 h. The
results in the form of Nyquist diagrams are represented in Fig. 7.

The general shape of the curves is not similar for the both inhibitors
at different concentrations demonstrating that in the corrosion me-
chanism almost changes due to the inhibitors addition [42]. Fig. 7
shows a single capacitive loop at high frequency for the neat acid so-
lution and the solution containing 1 and 5 μM of inhibitors, revealing
that the corrosion of these samples are under charge transfer control.
However, the plots of the solution with 10 μM inhibitors consist of two
relaxation times. It can be related to the presence of a film on the
surface [43,44]. Fig. 7a and b indicates a decrease of capacitive re-
sponse with the decrease of inhibitor concentration. Such a phenom-
enon could be attributed to higher corrosion activity at low con-
centrations of inhibitor molecules.

It is generally known that a bigger diameter of semicircles in
Nyquist plot stands for an improved corrosion inhibition. This is well
observed in the Fig. 7a and b, through the increase of the diameters of
capacitive loops with the increase in both inhibitors concentrations,
showing an improvement in inhibiting effect on mild steel corrosion.

It is well known that the corrosion inhibition performance of a given
system can be deduced from polarization resistance, (the mathematical
sum of Rct and Rf). The polarization resistance value of samples is re-
ported in Fig. 7c. Polarization resistance shows an increase with in-
crement of concentration of 12-4-12 and 12-4(2OH)-12 molecules in
1M HCl solutions. This phenomenon is due to the formation of in-
hibitive layer on the metal surface. The highest polarization resistance
value was obtained for 12-4(2OH)-12 with concentration of 10 μM,

Table 4
The polarization resistance derived from slope of the potential-current density
curve at Ecorr.

Sample Ecorr (mV) RP (Ω cm2)

Blank −517 ± 5 135.7 ± 5
12-4(2OH)-12, 10 μM −531 ± 5 1925 ± 215
12-4(2OH)-12, 5 μM −532 ± 5 1534 ± 148
12-4(2OH)-12, 1 μM −511 ± 5 1104 ± 109
12-4-12, 10 μM −514 ± 5 1602 ± 152
12-4-12, 5 μM −521 ± 5 905 ± 88
12-4-12, 1 μM −521 ± 5 602 ± 54

Fig. 9. ECN signals after removing DC trend (smooth crystal) utilizing UWT.
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showing the best corrosion inhibition performance.
Polarization curves obtained after 5 h immersion in the test solu-

tions are depicted in Fig. 8. Both of anodic and cathodic branches have
been depressed in the presence of the surfactants which is the sign for a
mixed corrosion inhibition. Polarization curves depict that by in-
creasing the inhibitors concentration the cathodic and the anodic cur-
rent densities reduces. Based on the marked decrease of the cathodic
and anodic current densities upon introducing the inhibitors in the
aggressive solution, 12-4-12 and 12-4(2OH)-12 can be considered as a
mixed-type inhibitors, meaning that they reduce the anodic dissolution
and also retards the cathodic hydrogen evolution reaction.

The polarization resistance (RP) values derived from slope of the
potential-current density curve at Ecorr are provided in Table 4. Looking
at this table, addition of surfactants concentration led to higher polar-
ization resistance indicating higher surface blocking at higher

concentrations. The extent of RP in the presence of 12-4(2OH)-12 is
higher than 12-4-12 at the same concentrations confirming superior
corrosion inhibition of OH functional surfactant. Polarization results
showed a good trend correlation with the EIS measurements.

Electrochemical current noise (ECN) signals recorded during 5 h
immersion in the test solutions after removing direct current (DC)
trend, here the smooth crystal, utilizing undecimated wavelet transform
(UWT) are depicted in Fig. 9.

Depression of the transient intensity in the ECN signal for the
sample immersed in the surfactant solutions compared to that in the
blank solution indicates the depression of cathodic and anodic reactions
on these samples. Compared with 12-4-12, 12-4(2OH)-12 showed
smaller transients which confirms the results obtained from EIS and
polarization measurements. However, the distribution of transients is
not equal in the time domain. At initial stages the double layer capa-
citance is developed which is associated with occurrence of frequent
large transients. For example, during the first 3600 s in the blank so-
lution, there are several large transients indicating frequent occurrence
of charging and discharging of interfacial capacitance on the electrode
surface due to instable intensive cathodic and anodic reactions and
rapid hydrogen evolution. As time elapsed, the number of large tran-
sients decreased which shows the development of double layer capa-
citance due to stabilization of cathodic and anodic reactions. In the
presence of the surfactants, the period for development of double layer
capacitance is decreased. This period for 12-4-12 and 12-4(2OH)-12 is
about 1000 s and 400 s, respectively. Rapid development of double

Fig. 10. UWT spectra of the ECN signals obtained in; (a) blank, (b) 12-4-12, (c) 12-4(2OH)-12 solutions during 1st hour of immersion. The relative amplitude of the
original ECN signal is presented in the background of each UWT spectra.

Table 5
The ET values of the prepared samples.

Sample ET (pA2)

Blank 649.7
12-4(2OH)-12, 10 μM 46.9
12-4(2OH)-12, 5 μM 52.3
12-4(2OH)-12, 1 μM 65.4
12-4-12, 10 μM 55
12-4-12, 5 μM 61.3
12-4-12, 1 μM 76.4
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layer capacitance in the presence of surfactants is an indication of rapid
adsorption of the surfactants on the mild steel surface, which simulta-
neously blocks the electrode surface and intensive transients arising
from the hydrogen evolution reaction.

To characterize frequency of the transients, undecimated wavelet
transform (UWT) was employed to transfer time records to frequency
domain. The transformed data for the 1st hour of immersion with sev-
eral transients are displayed in Fig. 10. The presence of very intensive
transients in the recoded period can mask the presence of less intensive
transients in the entire frequency region. Hence, Fig. 10a displays only
few intensive low-frequency transients related to intensive hydrogen
evolution reaction despite the fact that there are several transients in
the time records. In the presence of 12-4-12, the UWT spectra (Fig. 10b)
show more transients and higher resolution at low and medium fre-
quencies compared to those in the blank solution. This is attributed to
the depression of the hydrogen evolution reaction including growth,
absorption and desorption of hydrogen bubbles due to adsorption of
this surfactant on the mild steel surface. Fig. 10c shows high resolution
UWT spectra due to the absence of intensive transients attributed to
hydrogen evolution. This is associated to more rapid adsorption of 12-
4(2OH)-12 on the mild steel surface than 12-4-12 with no hydroxyl
functionality. Presence of medium and high frequency transients in
Fig. 10c are attributed to the activation control of the electrochemical
corrosion reaction.

The total absolute energy of detail crystals (ET) of ECN signals for
the samples dipped in the acid solutions was calculated according to Eq.
(11) [45].

∑ ∑=
= =

E dT j k

n
j k1

8

1 ,
2

(11)

The ET values of the samples mild steel in 1M HCl without and with
various concentrations of inhibitors during 4th hour of immersion are
tabulated in Table 5.

Looking at Table 5, the highest ET value belongs to the blank
sample. EN results show that the ET values of both inhibitors is con-
siderably lower than that of blank sample. This means that 12-4(2OH)-
12 and 12-4-12 inhibitors could provide proper corrosion resistance
performance on mild steel surface.

The lower ET obtained in the presence of 12-4(2OH)-12 compared
12-4-12 reveals the lower ECN signal energy; therefore, the higher
corrosion inhibition performance for the OH functional surfactant. This
result is in accordance with EIS and polarization measurements.

3.2. Surface characterization

Surface morphology of mild steel panels after 5 h exposure to the
test solutions was studied using SEM. The micrographs are shown in
Fig. 11. The micrograph from the mild steel surface exposed to the
blank acid solution shows sever corrosive attack on the mild steel
surface. The presence of relatively larger corrosion products on this
sample indicates intensive corrosion reactions on this sample. In the
presence of 12-4-12 the extent of corrosion products decreased com-
parted to the blank solution indicating restriction of corrosion attacks.
The most uniform and the least corrosion attack has been occurred in
the presence of 12-4(2OH)-12 (Fig. 11c). These micrographs confirm
the results obtained from electrochemical measurements reflecting su-
perior corrosion inhibition performance of 12-4(2OH)-12 than 12-4-12.

The surface roughness of the mild steel panels after 5 h immersion in
the test solutions were examined using AFM. The AFM images are il-
lustrated in Fig. 12. Neglecting the effect of steel panel preparation by

Fig. 11. SEM micrographs obtained from the mild steel surface after 5 h immersion in 1M HCl acid solutions: blank solution (a), and solutions containing 12-4-12 (b)
and 12-4(2OH)-12 (c).
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Fig. 12. AFM micrographs obtained from the mild steel surface (scan area: 5× 5 μm) after 5 h immersion in 1M HCl acid solutions: blank solution (a), and solutions
containing 12-4-12 (b) and 12-4(2OH)-12 (c).

Fig. 13. Optimized molecular structure of (a) 12-4-12 and (b) 12-4(2OH)-12 at M06-2X/6-31G** level of theory.
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sand paper, the difference in surface roughness arises mostly due to
difference in corrosion attacks on the samples. The arithmetic average
roughness (Sa) for the mild steel samples immersed in the blank, 12-4-
12, and 12-4(2OH)-12 acidic solutions was around 39.6, 14.5 and
6.1 nm, respectively. The AFM results were also in good agreement with
the SEM and EIS results.

3.3. Quantum chemical study

The quantum chemical calculations make available valuable evi-
dence on the probability of electron transfer between the adsorbate
molecules and surface. It provides the relationship between the studied
molecular structures and their efficiency as well as extends the ex-
perimental studies [46,47]. The optimized geometry of the of two ca-
tionic gemini surfactants, 12-4-12 and 12-4(2OH)-12, as well as their

Fig. 14. Frontier Molecular Orbital (FMO) density distributions of (a) 12-4-12 and (b) 12-4(2OH)-12.

Table 6
Quantum chemical parameters for 12-4-12 and 12-4(2OH)-12 at the M06-2X/6-31G** level of theory.

Compound EHOMO (eV) ELUMO (eV) ΔE (eV) X (eV) H (eV) Σ (eV) Ω (eV) M (debye)

12-4-12 −12.13 −4.02 −8.10 8.07 4.05 182.7 0.18 46.34
12-4(2OH)-12 −12.10 −4.37 −7.73 8.24 3.86 191.5 0.17 47.83

M. Mahdavian et al. Corrosion Science 137 (2018) 62–75

73



corresponding frontier molecular orbitals density distributions, HOMO
and LUMO, are depicted in Figs. 13 and 14, respectively. The HOMO
and LUMO orbitals show the electron donating and electron accepting
areas, respectively, of these molecules when they interact with surface.

The calculated quantum chemical parameters related to the elec-
tronic structure of the studied molecules such as frontier molecular
orbitals energies (EHOMO, ELUMO), gap energy (ΔE), electronegativity
(χ), global hardness (η), global softness (σ), global electrophilicity
index (ω) and dipole moment (μ) are summarized in Table 6.

The higher value of EHOMO indicates the greater donating electron
ability to an appropriate acceptor with unoccupied molecular orbitals.
Conversely, the lower value of ELUMO indicates the higher accepting
tendency of electron. Thus, efficiency increases as the energy gap be-
tween HOMO and LUMO energy levels (ΔE = EHOMO- ELUMO) decreased
since the energy required to remove an electron from the HOMO orbital
to LUMO will be minimized [33–35,48,49].

According to Table 6, it was concluded that the inhibition efficiency
of 12-4(2OH)-12 is higher than 12-4-12 since the HOMO energy of 12-
4(2OH)-12 is higher than 12-4-12. Also, the energy band gap of 12-
4(2OH)-12 is reasonably lower than 12-4-12. It was assigned that the
reactivity of molecule and hence the strength of adsorption increases as
energy band gap decreases leading to an increase in the inhibition ef-
ficiency. Based on results of Table 6, the electronegativity of 12-
4(2OH)-12 is more than 12-4-12 indicating the electron accepting
tendency of 12-4(2OH)-12 is higher than 12-4-12 and it is in good
agreement with the ΔE trend. Global hardness (η) and global softness
(σ) are another index for comparison of efficiency of the studied com-
pounds based on their electron structures. As can be seen, the calcu-
lated value of softness of 12-4(2OH)-12 is higher than 12-4-12. Thus,
12-4(2OH)-12 as soft base has more reactivity for interaction on the
metal surface as soft acid. The calculated value of elecrophilicity (ω)
follows in the order 12-4-12 > 12-4(2OH)-12. Low and high value of
elecrophilicity corresponds to a good nucleophile and a good electro-
phile, respectively. Goulart et al. [50] have stated that high value of
dipole moment can be attributed to the high inhibition efficiency. This
is because, the high dipole moment value probably facilitated to
stronger dipole–dipole interactions during the adsorption on the metal
surface. The calculated dipole moment of 12-4(2OH)-12 was found
more than 12-4-12 which is in general agreement with the trends
mentioned above. It is worthy to note that all of results are in a good
agreement with the experimental observation of the inhibition effi-
ciencies obtained from electrochemical techniques.

4. Conclusion

The results of this study (electrochemical tests, SEM micrography,
and AFM topography) showed that 12-4(2OH)-12, a cationic gemini
surfactant with C12 alkyl tails and two hydroxyl substituted methylene
groups in its spacer, is a better corrosion inhibitor than 12-4-12. SEM
and AFM images clearly showed that while these surfactants are strong
corrosion inhibitors, the steel panel immersed in 1M HCl+ 10 μM 12-
4(2OH)-12 has less corrosion products than the one in 1M HCl+ 10μM
12-4-12 after 5 h. Based on the calculated quantum chemical para-
meters, the inhibition efficiency of 12-4(2OH)-12 is higher than 12-4-12
that is in a good agreement with the experimental observation.
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