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In this work, two imidazolium-based ionic liquids with different chain lengths namely 1-allyl-3-
ethylimidazolium bromide ([AEIM]Br) and 1-allyl-3-hexylimidazolium bromide ([AHIM]Br)
respectively, were researched on corrosion of X70 steel in 0.5 M sulphuric acid. The corrosion
resistance ability was tested by electrochemical methods including the electrochemical impedance
spectroscopy (EIS) and potentiodynamic polarization measurement. Results showed that [AHIM]Br
have a better inhibition ability than [AEIM]Br. Scanning electron microscope (SEM) was utilized to
further analysis the appearance of steel surface. Furthermore, the inhibition mechanism of two
inhibitors was analyzed by adsorption isotherm study and molecular dynamics (MD) simulation. The
experimental and theoretical results are consistent and the adsorption of the two inhibitors on steel
surface belongs to mixed type of chemisorption and physisorption.
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1. INTRODUCTION

Inhibitors are compounds that control and suppress reactions between a metal and its
surrounding solution when adding to the medium in small quantities [1]. The most effective inhibitors
are organics containing the heteroatoms (N, S, O and P) in a conjugated system, which act as active
centers for their interaction with metal surface [2-7]. Organic inhibitors have been widely reported on
corrosion inhibition for metal [8-10]. However, most of these inhibitors used towards steel corrosion in
acidic media are toxic, volatile and expensive, causing a lot of pollution to the environment. Therefore,
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attempts have been performed to find eco-friendly corrosion inhibitors for metals in recent years [11-
13].

lonic liquids (ILs) are molten salts, which are composed of organic cations and different
anions, with melting points at or below ambient room temperature [14]. For the past few years, ILs
have been proposed as green inhibitors to control metal corrosion in acid media [14]. In this work, two
imidazolium-based ILs, 1l-allyl-3-ethylimidazolium bromide ([AEIM]Br) and 1-allyl-3-
hexylimidazolium bromide (JAHIM]Br) are explored as promising corrosion inhibitors of X70 steel,
which is not reported before. For this investigation, the aim is to explore the effect of different chain
length on inhibition ability of these compounds. The inhibition performance was investigated by
electrochemical methods, weight loss experiment, and scanning electron microscope (SEM). The
theoretical calculation and adsorption isotherm study were furtherly used to give evidence to
adsorption mechanism.

2. EXPERIMENTAL

2.1. Sample and solution preparation

[AEIM]Br [AHIM]Br

Figure 1. The molecular structures of two investigated compounds

The composition (wt %) of the X70 steel specimen are as follows: C (0.06), Mn (1.52), Si
(0.18), Cr (0.031), Cu (0.14), Ti (0.014), Ni (0.11), Mo (0.16), and remaining Fe. The steel was cut
into coupons of 3 cm x 2 cm x 1 cm for weight loss test, and 1 cm x 1 cm x 1 ¢cm for electrochemical
experiment with an exposed area of 1 cm?. Emery papers with 400-2000 grades were used to remove
the oxide layer from the steel specimens. Then the specimens were rinsed with ethanol and deionized
water, and finally dried. The corrosive medium was 0.5 M H,SO, prepared by using analytical grade
reagents with deionized water. [AEIM]Br and [AHIM]Br shown as Fig. 1 were purchased from
Lanzhou Greenchem ILS, LICP. CAS. China, which were used as test inhibitors in the concentration
range of 1-10 mM. Moreover, the 0.5 M H,SO, solution in the absence of inhibitors was taken as the
blank for comparison.

2.2. Weight loss measurement

Some 250 mL glass beakers placed in a water thermostat were used to perform the weight loss
test. Freshly polished steel specimens were precisely weighted and immersed in 0.5 M H,SO4 solution
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with different concentrations of inhibitors for 20 h in triplicate at 298 K, respectively. After that, the
X70 steel specimens were charily withdrawn, carefully rinsed in 0.1 M HCI, ultrapure water and
acetone, then dried and weighted. The mean corrosion rates were calculated by the weight loss of each
specimen and immersion time.

2.3. Electrochemical measurement

Electrochemical approaches were accomplished through a three-electrode system using a CHI
660E electrochemical station. Saturated calomel electrode (SCE) and Pt sheet (2.0 cm?) were utilized
as the reference electrode and the counter electrode, respectively. The X70 steel specimen was used as
the working electrode. After the immersion in the corrosive solution, a stable system was obtained
after 20 min monitoring of its open circuit potential (OCP). Afterwards, electrochemical impedance
spectroscopy (EIS) was recorded at OCP in 100 kHz to 0.01 Hz frequency range with 5 mV peak
amplitude AC signal. Finally, the polarization curves were performed at a scan rate of 1 mV/s and in
the range of —250 mV to —250 mV of OCP.

2.4. SEM analysis

Scanning electron microscope (SEM) was applied to observe the surface morphology of X70
steel specimens after immersion in 0.5 M H,SO, solution in the absence and presence of 10 mM
investigated inhibitors for 8 h at 298 K.

2.5. Calculation details

The Forcite module in Material Studio was used to explore the interaction between investigated
inhibitors and the Fe (110) surface. The molecular dynamics (MD) simulation was performed at 298 K,
canonical ensemble (NVT), with a time step of 1.0 fs and simulation time of 300 ps. The effect of H,O
molecules were also considered.

3. RESULTS AND DISCUSSION

3.1. Potentiodynamic polarization curves

Fig. 2 shows polarization curves of X70 steel in 0.5 M H,SO,4 solution with and without
different concentrations of the studied inhibitors at 298 K. It can be seen that with the addition of
[AEIM]Br and [AHIM]BTr, the polarization curves shift obviously to lower current densities, and this
inhibition effect is improved with the increase of their concentration. Besides, polarization curves of
[AHIM]Br are lower than those of [AEIM]Br, which indicates a better inhibition performance. For
[AEIM]Br and low concentrations of [AHIM]Br, only the cathodic part of polarization curves was
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suppressed, indicating that these compounds mainly reduce cathodic hydrogen evolution thus prevent
X70 steel from corrosion [15]. Particularly, cathodic and anodic part of polarization curves was both
suppressed when the concentration of [AHIM]Br reach up to 10 mM. This reveals that [AHIM]Br acts
as a cathodic-type inhibitor at low concentration, whereas [AHIM]Br experienced a transition from
cathodic to mixed-type inhibitor with increasing its concentration.
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Figure 2. Polarization curves of X70 steel in 0.5 M H,SO, solution in the absence and presence of
various concentrations of (a)[AEIM]Br and (b)[AHIM]Br at 298K.

It is also can be seen that the addition of these inhibitors does not have a significant effect on
the slope, revealing that these compounds does not change the reaction mechanism [16, 17].

The electrochemical parameters, including Ecorr (COrrosion potential), icorr (COrrosion current
density), £, (anodic polarization slope), f. (cathodic polarization slope), # (inhibition efficiency) were
calculated and listed in Table 1. The inhibition efficiency is defined as follows:

7(08) = (1T x100 (1)

Icorr,O

where icorro and icorr Show unprotected and protected current densities of the steel electrode in

the 0.5 M H,SO4 solution, respectively.

Table 1. The Potentiodynamic polarization parameters for X70 steel in 0.5 M H,SO,4 solution in the
absence and presence of diverse concentrations of two inhibitors

Inhibitor C Ecorr lcor b Pa n
(mM) (mV) (mA cm™) (mV dec™) (mV dec™) (%)
[AEIM]Br 0 —-459 1.748 153.5 120.2 /
1.0 -463 1.189 153.8 111.2 31.98
2.5 -467 0.6961 155.0 103.8 60.18
5.0 -463 0.3711 138.7 102.1 78.77
10.0 —468 0.2386 145.8 95.27 86.35
[AHIM]Br 0 —459 1.748 153.5 120.2 /
1.0 —-456 1.089 152.8 113.1 37.70
25 —-465 0.4289 151.6 76.92 75.46
5.0 -467 0.1912 155.3 54.98 89.06

10.0 —450 0.0279 161.5 31.61 98.40
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As seen in Table 1 that icor Values decrease with the addition of two inhibitors. The values of
icorr CONtinue to reduce and the inhibition efficiencies that calculated from i increase with
incremental concentration of these compounds. Remarkably, [AHIM]Br has the lower i values and
higher » values than [AEIM]Br. For [AEIM]Br, the value of » reach up to 86.35% at 10 mM, while
98.40% is obtained for [AHIM]Br at same condition.

3.2. EIS measurement
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Figure 3. Nyquist impedance curves recorded for X70 steel electrode in 0.5 M H,SO,4solution without
and with various concentrations of (a)[AEIM]Br and (b)[AHIM]Br at 298 K.

Nyquist plots of X70 steel specimens with and without various concentrations of [AEIM]Br
and [AHIM]Br in 0.5 M H,SO, are shown in Fig. 3. Nyquist plots can be regarded as two parts. The
one is a capacitive loop at high frequency, which is related to the charge transfer and double layer
behavior [18]. The another is an inductive loop at low frequency, which is due to the relaxation process
of adsorbed particles on the steel surface [19]. Moreover, it can be clearly seen that diameters of
Nyquist plots increase with the addition and increase of both inhibitors as compared to the diameter in
blank specimen, revealing that the corrosion of steel was effectively inhibited. It is obvious that the
shape of the Nyquist plots almost keep the same with different concentrations of these organic
compounds, which indicates that the addition of studied compounds change the corrosion mechanism
slightly and inhibit corrosion by enhancing the values of charge transfer resistance through adsorption
ability [20, 21].

The used equivalent electric circuit is shown in Fig. 4. The circuit consists of solution
resistance (Rs), charge-transfer resistance (Rc), constant phase element (CPE), and inductive elements
(L and R.). The CPE denotes Cq (double layer capacitance), which can be calculated as follows [22]:

CdI :YO (27[ fmax )”'l (2)
where Yy is the magnitude of the CPE, , fnax represents the frequency at the maximum value of

the imaginary component of the impedance spectra. n is the deviation parameter in regard to phase
shift.
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Figure 4. The equivalent circuits used for fitting the EIS data.

Table 2. Impedance parameters of X70 steel in 0.5 M H,SO,4solution in the absence and presence of
different concentrations of [AEIM]Br and [AHIM]Br

CPE c
_ C R 6 ¢ Ret L Re n
Inhibitor (mM)  (Qcm?) gos'(‘Zrlno_z) n ((:lvrtn F_z) (Qem?)  (Qem®)  (Qem?®) (%)
0 1.56 203.7 0.91 114.3 13.47 20.48 75.60 /
1.0 1.41 185.7 0.89 93.36 19.47 61.93 94.67 30.92
[AEIM]Br 2.5 1.76 166.4 0.87 75.69 28.21 95.51 154.9 52.25
5.0 1.09 189.0 0.84 83.58 61.79 257.6 263.1 78.20
10.0 1.35 238.6 0.80 92.91 81.02 289.6 300.9 83.37
0 1.60 203.7 0.91 114.3 13.47 20.48 75.60 /
1.0 1.20 165.1 0.88 77.98 22.23 74.64 118.1 39.41
[AHIM]Br 2.5 1.48 150.1 0.85 64.07 43.37 124.2 284.2 68.94
5.0 1.30 112.6 0.84 48.29 90.80 458.3 430.3 85.17
10.0 1.70 58.73 0.80 24.69 518.8 1115 0.001 97.40

The relevant impendence parameters values obtained from EIS are listed in Table 2. The
inhibition efficiencies are determined by,

RCtO
706) = (1-—-5)x100 3)

ct

It can be seen that the values of R, are much higher for inhibited conditions as compared to the
Rct value of uninhibited condition, manifesting the formation of inhibitor-adsorption film of [AEIM]Br
and [AHIM]Br on steel surface, inhibiting the process of charge transfer. On the contrary, the values of
Cq display a decline tendency with the growing concentration of these compounds, which could be
attributed to the gradually absorbed organic molecules, resulting to the increased thickness of electric
double films or decrease in the values of dielectric constants [23]. Accordingly, for [AEIM]Br, the #
value reached up to 83.37% at 10 mM from 30.92% at 1 mM, while [AHIM]Br has better inhibition
performance with the # value of 97.40% at 10 mM and 39.41% at 1 mM. The obtained inhibition
efficiencies agrees well with those calculated from polarization test, revealing that the addition of
studied compounds enhanced corrosion resistance of steel in 0.5 M H,SO, solution.
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3.3. Weight loss study
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Figure 5. The weight loss graph of X70 steel in 0.5 M H,SO, solution without and with various
concentrations of (a)[AEIM]Br and (b)[AHIM]Br at 298 K.

The inhibition action of [AEIM]Br and [AHIM]Br at various concentrations on corrosion of
X70 steel was investigated by weight loss measurement at 298 K after 20 h immersion. The relevant
corrosion rate (v, mg m2 h™') and inhibition efficiency () are calculated as follows and shown in Fig.
5.

W, —W
v= 4
St (4)
(%) = 2 —Y %100 (5)
Yo

where S is the total sample surface area, t is the immersion time, Wy and W are the weight of
samples before and after exposure to corrosive solution, respectively, vy and v are the corrosion rates of
steel samples without and with inhibitor, respectively.

As seen in Fig. 5, for each compound, the corrosion rates decrease and inhibition efficiencies
increase with increasing concentration. Particularly, the lower corrosion rates and higher inhibition
efficiencies were obtained for [AHIM]Br than those from the [AHIM]Br. This observation indicates
that both compounds could adsorbed onto steel surface and thus inhibit steel corrosion in 0.5 H,SO,4
solution, while [AHIM]Br have a superior inhibitive ability.

3.4. Adsorption isotherm study

The interaction between the metal surface and organic inhibitor can be very well understood in
terms of the adsorption isotherm. In this work, several classical adsorption isotherms were used to fit

the results obtained from weight loss measurement of the organic compound [24-26].
% =K,4C (Langmiur isotherm) (6)

(ﬁ dexp(2ad) = K, C (Frumkin isotherm) (7)
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exp(-2ad) = K, C (Temkin isotherm) (8)

where 6, the degree of the coverage, is defined as #/100, C is the concentration of the
compound, Kags is the equilibrium constant of adsorption process of the compound.
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Figure 6. The Langmuir adsorption isotherms of (a)[AEIM]Br and (b)[AHIM]Br on steel surface in
the test solution at 298 K.

The Langmuir adsorption isotherms of (a)[AEIM]Br and (b)[AHIM]Br on steel surface in the
test solution at 298 K are shown in Fig. 6. The linear regression coefficients (R?) of the straight line in
Fig. 6 are 0.999 and 0.998, which shows that the linearity of the fitted straight line is good, indicating
the adsorption of these compounds on the surface of X70 steel follows Langmuir adsorption isotherm.

As shown in Fig. 6(a-b), the relationship between C and C/6 complies straight lines with intercept of
1/K. The standard adsorption free energy (AG_,.) can be calculated by [26],

ads

AGY, =—RT In(55.5K ) (9)

ads

here, T is the absolute temperature (K) and R is the molar gas constant (8.314 J mol * K %),
The calculated values of AGY, are —24.74 kJ/mol for [AEIM]Br , —26.47 kJ/mol for

ads

[AHIM]BT, respectively. The negative sign of Ac?2, demonstrates that the adsorption of these organic

ads
compounds on the steel surface is a spontaneous process [27]. It is generally believed that this

adsorption behavior is the result of co-adsorption of physical and chemical adsorption and belongs to
mixed adsorption when the value of AG., is between —40 kJ/mol and —20 kJ/mol [28]. Therefore, it

ads

can be concluded that both studied compounds on steel surface in present study is mixed adsorption
between physisorption and chemisorption.

3.5. SEM observation

Fig. 7 shows SEM images of X70 steel after immersion in 0.5 H,SO, solution in absence and
presence of 10 mM studied inhibitors after 8 h at 298 K. As seen in Fig. 7a, the steel surface is badly
damaged due to the aggressive attack from H,SO, solution.
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Figure 7. The X70 steel surfaces after immersion in 0.5 M H,SO, solution (a) without and with 10
mM (b) [AEIM]Br or (c) [AHIM]Br for 8 h at 298K.

With the addition of [AEIM]Br and [AHIM]Br respectively, the X70 steel surfaces are
relatively smooth and less damaged or corroded. In particular, the steel surface protected by [AHIM]Br
(Fig. 7c) is smoother than that prevented by [AEIM]Br (Fig. 7b), which can furtherly confirm the
better inhibition action of [AHIM]Br than [AEIM]Br.

3.6. Molecular dynamics simulation

MD simulation was performed to further investigating the interaction between studied
compounds and the steel surface, Figs. 8 and 9 show the equilibrium adsorption configuration of
studied inhibitor compounds on Fe (110) surface without and with H,O molecules, respectively.
Whatever the addition of water molecules, it is clearly seen that the both compounds are almost
parallel with the surface of Fe (110). In this condition, the chemical bond could occur through donation
of the lone pair of the heteroatoms to the Fe atoms [29, 30]. Besides, the parallel mode of [AHIM]Br
than [AEIM]Br can effectively decrease contact area between the steel surface and aggressive
particles, consequently reduce aggressive attack to steel substrate. In particular, bigger molecule
[AHIM]Br can provide larger protective surface than the other one, which could denote to a better
inhibitive ability.
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Figure 8. The adsorption equilibrium configurations for the studied compounds [AEIM]Br, (a) side
view, (b) side view, and [AHIM]Br (c) side view, (d) top view, on Fe (110) surface without
consideration of H,O molecules.

Figure 9. The adsorption equilibrium configurations for the studied compounds [AEIM]Br, (a) side
view, (b) side view, and [AHIM]Br (c) side view, (d) top view, on Fe (110) surface with
consideration of H,O molecules.
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Furtherly, the interaction energy (Einweract) between inhibitor molecules and the steel surface
were also calculated. In the system without H,O molecules, the obtained values of Eineract([AEIM]BT)
and Eineract([AHIM]Br) were 86.4 and 144.7 kcal/mol, respectively. In the system containing H,O
molecules, Eineract([AEIM]Br) = 238.8 kcal/mol, Eineract([AHIM]Br) = 297.8 kcal/mol. Although the
existence of water molecules influence the interaction energy values, the two values follow the same
trend. Generally, the high value of Ejnerace means that the inhibitor can adsorb onto the steel surface
easily and strongly [31, 32]. In present study, the higher value of [AHIM]Br confirms its superior
inhibition performance than [AEIM]Br calculated from the experimental results above.

4. CONCLUSIONS

Two imidazolium-based ILs with different chain lengths were investigated on corrosion
resistance for X70 steel in 0.5 M sulphuric acid. The following conclusions can be drawn:

1) Weight loss experiment reveal that [AHIM]Br has a better inhibitive ability for X70
steel corrosion than [AEIM]Br in aggressive medium and the inhibition performance increases with the
augment of concentration.

(2) Electrochemical results agrees well with the weight loss experiment and indicates that
[AEIM]Br is a cathodic-type inhibitor. On the other hand, low concentration of [AHIM]Br is a
cathodic inhibitor, while high concentration makes it mixed-type.

(3) SEM confirmed the inhibitive order of studied inhibitors.

4) Adsorption isotherm study proves that adsorption of two inhibitors is a spontaneous
mixed physical and chemical adsorption obeying Langmuir adsorption isotherm.

(5) The MD study is consistent with the experimental data and provide evidence for the
mechanism of inhibitors. The larger protective area from [AHIM]Br bringing its better inhibitive
ability than [AEIM]Br.
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