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The influence of the concentration of the 1-Butyl-3-methylimidazolium chloride (BMIMCl) and 1-Butyl-3-methylimidazolium
bromide (BMIMBr) as ionic liquids (ILs) on the corrosion inhibition of copper in 1.0 M Cl− solutions of pH 1.0 was studied.
The investigation involved electrochemical polarization methods as well as electrochemical quartz crystal microbalance (EQCM)
technique and scanning electron microscopy (SEM). The inhibition efficiency increases with an increase in the concentration of
BMIMCl and BMIMBr. Adherent layers of inhibitors were postulated to account for the protective effect. Both of the compounds
act as a mixed-type inhibitor. The values of standard free energy of adsorption suggest the chemical adsorption BMIMCl and
BMIMBr on the copper surface.

1. Introduction

Copper and its alloys are used extensively in many kinds of
chemical equipment. Several corrosion inhibitors for copper
and its alloys have been known and applied for corrosion
protection. The inhibition properties of triazole, imidazole,
and thiazole derivatives in the corrosion of copper have been
studied [1–4]. Some heterocyclic compounds containing a
mercapto group have been developed as copper corrosion
inhibitors. These compounds include 2-mercaptobenzot-
hiazole [5], 2,4-dimercaptopyrimidine [6], 2-amino-5-mer-
captothiadzole, 2-mercaptothiazoline [7], potassium ethyl
xanthate [8–11], and indole and derivatives [12]. Among
the numerous organic compounds tested and industrially
applied as corrosion inhibitors, nontoxic are far more strate-
gic now than in the recent past. These compounds include
such amino acids [13–15] and derivatives as cysteine [16].

In the past two decades, the research in the field of green
corrosion inhibitors has been addressed toward the goal of
using cheap effective molecules at low or zero environmental
impact. These compounds include purine and adenine,
which have been tested for copper corrosion in chloride
[17, 18], sulfate [19], and nitrate solutions [20].

Ionic liquids (ILs) are molten salts with melting points at
or below ambient room temperature, which are composed
of organic cations and various anions. Ionic liquids possess
a large number of physicochemical properties [21–24],
mainly, good electrical conductivity, solvent transport, and a
relatively wide electrochemical window [24]. Configuration
of ILs consists of an amphiphilic group with a long chain,
hydrophobic tail, and a hydrophilic polar head. Usually, ILs
have nitrogen, sulphur, and phosphorus as the central atoms
of cations, such as imidazolium, pyrrolidinium, quaternary
ammonium, pyridinium, piperidinium, sulfonium and
quaternary phosphonium. Currently, functionalized IL is a
very noticable topic in the field of IL research. Introducing
different functional groups into cations, which provides a
great deal of ILs with new structures, can markedly change
the physicochemical properties of ILs, and it also affords
more choices for applications of ILs in electrochemical
devices.

Imidazolium compounds are reported to show corrosion-
resistant behavior on mild steel [25], copper [26, 27], and
aluminium [28]. It was found that the action of such
inhibitors depends on the specific interaction between the
functional groups and the metal surface, due to the presence
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Figure 1: Molecular structures ionic liquids: (a) 1-Butyl-3-methylimidazolium chloride (BMIMCl), (b) 1-Butyl-3-methylimidazolium
bromide (BMIMBr).
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Figure 2: Some chosen polarization curves of copper in 1.0 M
Cl− solutions containing different concentrations of 1-Butyl-3-
methylimidazolium bromide: (a) 0, (b) 1.0, (c) 10.0, and (d)
50.0 mM, pH 1.0. The scan rate of 1 mV s−1. Arrows indicate
potential for chronoamperometric measurements.

of the –C=N– group and electronegative nitrogen in the
molecule. Ionic liquids and different types of surfactants
base inhibitors are well known to have a high activity
in acid medium [29, 30] and therefore are used in oil
field to minimize carbon dioxide-induced corrosion [31,
32]. Among many kinds of functionalized ionic liquids
ether-functionalized ILs have been investigated intensively,
and ether groups have been successfully introduced into
imidazolium cations [33–39]. Shi et al. [40] have synthesized
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Figure 3: Inhibition efficiency of copper in 1.0 M Cl− solutions with
different concentrations of 1-Butyl-3-methylimidazolium chloride
and 1-Butyl-3-methylimidazolium bromide.

a series of new imidazolium ionic liquids with highly pure
naphthenic acids and investigated the relationship between
the alkyl connecting with N3 of imidazolium ring and
corrosion inhibition performance in acidic solution. The
inhibition efficiency (η) was found to increase with increas-
ing the carbon chain length of the alkyl connecting with N3

of imidazolium ring. However, no substantial information
is available on imidazolium ionic liquids using as corrosion
inhibitors in acidic chloride solutions.
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Figure 4: Chronoamperometric curves for copper in 1.0 M Cl−

solutions: (a) and (d) without, (b), (c) and (e) with 50.0 mM 1-
Butyl-3-methylimidazolium chloride. Potential electrode: (a), (b)
+350, (c), (d) −250, and (e) +100 mV.
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Figure 5: Mass change of copper electrode with potential in
1.0 M Cl− solutions: (a) without and (b) with 50.0 mM 1-Butyl-
3-methylimidazolium bromide. The scan rate of 1 mV s−1. Arrows
indicate of direction of potential scanning.

The present work describes a study of the corrosion of
copper in 1.0 M Cl− solutions of pH 1.0 without and with
different concentrations of 1-Butyl-3-methylimidazolium
chloride (BMIMCl) or 1-Butyl-3-methylimidazolium bro-
mide (BMIMBr), based on copper stationary disk electrode
(SDE) voltammetry measurements as well as quartz crystal
microbalance (EQCM) and scanning electron microscopy
(SEM).

2. Experimental

2.1. Solutions. 1-Butyl-3-methylimidazolium chloride,
C8H15ClN2 (BMIMCl) and 1-Butyl-3-methylimidazolium
bromide, C8H15BrN2 (BMIMBr) (>99.8%) were purchased
from Fluka. The molecular structures of compounds are
shown in Figure 1. It is worth to notice that both BMIMCl
and BMIMBr are not flat molecules. BMIMCl and BMIMBr
are stable in air, water, and in the majority of organic
solvents. Both compounds are enough well solvable in water.
The solutions were prepared using analytical grade reagents
and bidistilled water (resistivity 12 MΩ cm). BMIMCl and
BMIMBr were dissolved at concentrations in the range of
0.1–50.0 mM. All studied solutions contained 1.0 M Cl− of
pH 1.0. The solutions were prepared through the mixing up
of suitable quantities of NaCl and HCl for all experiments
were used a naturally aerated solutions.

2.2. Electrochemical Measurements. Electrochemical experi-
ments were carried out in a classical three-electrode glass
cell. The cell was open to air. The working electrode (W) was
home made stationary disk electrode of the Specpure copper
(Johnson Matthey Chemicals Ltd.) with r = 0.240 cm, A =
0.181 cm2. Prior to each experiment, theW was mechanically
abraded to mirror gloss using in this aim 1000 and 2000
grade emery papers. Then electrode was washed several times
on change bidistilled water and ethanol. Finally, SDE was
dried using a stream of air. Such pretreatment of the disk was
repeated after each voltammetric measurement. Other details
were published in [12, 41–44]. All the surface area-dependent
values are normalized with respect to the geometric surface
area of the working electrode.

Electrode potentials were measured and reported against
the external saturated calomel electrode with NaCl solution
(SCE(NaCl)) coupled to a fine Luggin capillary. To minimize
the ohmic contribution, the capillary was kept close to
the working electrode. A platinum (purity 99.99%) wire
was used as an auxiliary electrode. Auxiliary electrode was
individually isolated from the test solution by glass frit.

All voltammetric experiments were performed using a
Model EA9C electrochemical analyzer, controlled via Pen-
tium computer using the software Eagraph v. 4.0. The
polarization curves were obtained using the linear potential
sweep (LSV) technique. Before each run, the clean copper
SDE was quickly inserted into the solution and immediately
cathodically polarized at –800 mV (SCE(NaCl)) for 3 min
to reduce any oxide on the copper surface. The scan started
from the cathodic to the anodic direction with the scan rate
of 1 mV s−1.

The chronoamperometric curves were recorded at the
different potentials electrode in solutions without and with
inhibitors. The potentials applied for the copper electrode
were chosen on basis of polarization curves.

During the measurements, the solution was not stirred.
Electrochemical experiments were repeated many times,
until reproducible curves were received.

2.3. Electrochemical Quartz Crystal Microbalance. Electro-
chemical quartz crystal microbalance (EQCM) experiments
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Figure 6: SEM micrographs of the surface of copper: (a) before, (b) after being immersed for 24 hours in 1.0 M Cl− pH 1.0, (c) corrosive
solution contained additionally 50.0 mM of 1-Butyl-3-methylimidazolium chloride and after the removal of the inhibiting film: (d) 1-Butyl-
3-methylimidazolium chloride, (e) 1-Butyl-3-methylimidazolium bromide (magnification 750x).

were performed with an apparatus constructed in the
Institute of Physical Chemistry, Warsaw. The quartz crystal
had a geometric area of 0.432 cm2 and was operated at
the fundamental frequency of 5 MHz (refers to air). The
sensitivity of the EQCM can be a few nanograms per square
centimeter, which makes it an ideal equipment for corrosion
studies. Other details of the EQCM system used in this
study were similar to those previously described [11, 12,
44].

Copper was galvanostatically deposited onto one surface
of the crystal (resonator). The freshly deposited copper
electrode was thoroughly washed with bidistilled water.
Then the aggressive solution was immediately added to the
cell.

2.4. Scanning Electron Microscope. A scanning electron
microscope PHILIPS (XL 30) was used to study the morphol-
ogy of the copper surface in the absence and presence of the
inhibitor. Samples were attached on the top of an aluminum
stopper by means of 3 M carbon conductive adhesive tape
(SPI).

All experiments were carried out at 25.0± 0.2◦C using an
air thermostat with the forced air circulation.

3. Results and Discussion

3.1. Polarization Behaviour of Copper. The effect of 1-Butyl-
3-methylimidazolium chloride and 1-Butyl-3-methylimida-
zolium bromide on the corrosion reactions of copper was
determined by polarization measurements. Figure 2 shows
an example of polarization curves for the copper electrode
in 1.0 M Cl− solutions of pH 1.0 without and with different
concentrations of BMIMBr. Similar curves were recorded for
BMIMCl.

Regarding the mechanism of the oxygen reduction reac-
tion on copper in acidic solutions a lot of work has been
done [45–48]. The cathodic polarization curve (a) may be
attributed to the diffusion-controlled reduction of oxygen.
It is also worth emphasizing that the curve (a) includes two
faintly visible waves, which do not appear for deoxidized
solutions [17, 18]. The cathodic global reaction in an aerated
acidic aqueous solution could be described as follow [49–51]:

O2 + 4H+ + 4e− ←→ 2H2O. (1a)

However, the first cathodic wave is attributed to the reaction

O2 + 2H+ + 2e− ←→ H2O2. (1b)
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Figure 7: Langmuir’s adsorption plots for copper in 1.0 M
Cl− solutions containing different concentrations of inhibitors:
(a) 1-Butyl-3-methylimidazolium chloride and (b) 1-Butyl-3-
methylimidazolium bromide.

In the more negative potential of the electrode surface the
next reaction occurs:

H2O2 + 2H+ + 2e− ←→ 2H2O. (1c)

Furthermore, the reaction (1a) is strongly influenced by
potential [50]. The cathodic parts, curves (b)–(d), show that
in the presence of 1-Butyl-3-methylimidazolium bromide
(similarly as in the case of 1-Butyl-3-methylimidazolium
chloride) the cathodic currents decrease as the BMIMCl or
BMIMBr concentrations increase. However, the curves (b)–
(d) split up into two waves, which correspond to reactions
(1b) and (1c). As it is discussed below, this shoulder may
concern to the adsorption of the BMIMCl or BMIMBr
on copper surface. After crossing potential at about the
−300 mV, (SCE(NaCl)) was observed of the growth of
density of current as a result of the formation of gas hydrogen
on the electrode surface.

The dissolution process of copper (anodic corrosion
reaction) at low overpotentials runs according to the follow-
ing steps [15, 52]:

Cu− e− ←→ Cu+
ads (2a)

Cu+
ads − e− ←→ Cu2+, (2b)

where the Cu+
ads is an adsorbed monovalent species of

copper on the electrode surface.
In corrosive medium in presence of complexing ions such

as Cl− the dissolution process of Cu proceeds via a two-step
reaction mechanism [17, 18]. During the first step, copper
is ionized under the influence of Cl− ion, yielding CuCl
adsorbed at the electrode

Cu + Cl− − e− ←→ CuClads. (3)

This adsorbed compound dissolves by combining with
another Cl− ion according to reactions

CuClads + Cl− − e− ←→ CuCl2,sol (4a)

or

CuClads + Cl− ←→ CuCl−2,sol. (4b)

Products as a result of reactions (4a) and (4b) move to bulk of
solution. However, in 1.0 M, the Cl− concentration range of
CuCl−2 is the dominant cuprous species [10–12, 53], while at
higher concentrations the reaction is proportional to [Cl−]

x
,

where x > 2 [54].
Figure 2 shows that the cathodic and anodic currents

decrease with the increase of the concentration of BMIMBr
(curves (b)–(d)). Probably the protonated 1-Butyl-3-
methylimidazolium chloride [BMIMClH+] and 1-Butyl-3-
methylimidazolium bromide [BMIMBrH+] molecules are
electrostatically adsorbed on the cathodic sites of Cu. Cations
of ILs are large; in addition, the alkyl chain covers a wide part
of the copper surface [55]. However, the hydrophobic chain
may be oriented horizontally or vertically to the electrode
plane. The adsorption or desorption of Cl− and Br− ions
occurs on the anodic sites. The adsorbed species such as
CuClads interact with the cations of ILs to form molecular
layers as a complex on the copper surface [56]. This indicates
that the addition of BMIMCl and BMIMBr affects both the
cathodic and anodic reactions; therefore, the compounds act
as mixed-type inhibitors.

3.1.1. Corrosion Parameters. Electrochemical corrosion
kinetic parameters were calculated on the basis of cathodic
and anodic potential versus current characteristics in the
Tafel potential region (Figure 2). The corrosion parameters
such as corrosion potential (Ecorr), corrosion current density
( jcorr), cathodic (bc), and anodic (ba) Tafel slope are listed
in Table 1. It is worth noticing that no definite trend was
observed in the shift of the Ecorr values in the presence of
various concentrations of 1-Butyl-3-methylimidazolium
chloride and 1-Butyl-3-methylimidazolium bromide. This
confirms earlier advanced admission that both inhibitors
belong to mixed-type inhibitors. The current density
(Table 1) decreased when the concentrations of BMIMCl
and BMIMBr were increased. This indicates the inhibiting
effect of 1-Butyl-3-methylimidazolium chloride and 1-
Butyl-3-methylimidazolium bromide. An increase in
cathodic (bc) and a decrease in anodic (ba) Tafel slopes
(Table 1) indicated a mixed cathodic and anodic effect
of the inhibition on the copper corrosion mechanism.
Moreover, these inhibitors cause small change in the
cathodic and anodic Tafel slopes, indicating that BMIMCl
and BMIMBr are first adsorbed onto copper surface and
therefore impeded by merely blocking the reaction sites of
copper surface without affecting the cathodic and anodic
reaction mechanism [57]. Generally speaking, the inhibitor
molecule blocks the active corrosion sites on the copper
surface.
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3.1.2. Inhibition Efficiency. The inhibition efficiency (η) can
also be calculated from polarization tests by using the
following equation [58, 59]:

η (%) =
(
jo − jcorr

jo

)
100, (5)

where jo and jcorr are the corrosion current densities in the
absence and presence of inhibitor, respectively.

The inhibition efficiency depends on both the nature and
the concentration of the investigated compounds. The cal-
culated inhibition efficiencies are presented in Figure 3.
In the presence of 1-Butyl-3-methylimidazolium chloride
and 1-Butyl-3-methylimidazolium bromide, the inhibition
efficiency increases with an increase in for the concentration
of inhibitors. However, for concentration 50.0 mM both
inhibitors η are the highest for 1-Butyl-3-methylimidazolium

chloride. It is obvious that for higher concentration of 1-
Butyl-3-methylimidazolium bromide we will get a film which
considerably better protects the surface of copper.

3.1.3. Corrosion Rate. The corrosion current density ( jcorr)
was converted into the corrosion rate (kr) by using the
expression [60]

kr

(
mm
year

)
= 3.268× 10−3

(
jcorrMCu

nρ

)
, (6)

where the corrosion current density ( jcorr) should be in
μA cm−2, MCu is the molecular weight of copper, n is the
number of electrons transferred in the corrosion reaction,
and ρ is the density of Cu (g cm−3).

The values of the copper corrosion rate in the absence
and presence of inhibitors were calculated from (6) and
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Figure 9: Schematic illustration of the mechanism of corrosion
protection of copper by BMIMX (where X is the Cl− or Br− ions).

Table 1: Corrosion parameters of copper in 1.0 M Cl− solutions
in the absence or presence of different concentrations of 1-Butyl-
3-methylimidazolium chloride and 1-Butyl-3-methylimidzaolium
bromide, pH 1.0.

Inhibitor
Concentration
(mM)

Ecorr

(mV)
jcorr

(μA cm−2)
−bc ba
(mV dec−1)

without 0 149 18 50 130

BMIMCl

0.1 162 14 55 126

1.0 125 8 65 120

5.0 183 5 70 114

10.0 207 2 75 110

50.0 165 0.8 85 100

BMIMBr

0.1 197 15 70 115

1.0 247 9 100 90

5.0 248 6 110 80

10.0 224 3 120 70

50.0 249 1.4 140 60

Table 2: Corrosion rate of copper in 1.0 M Cl− solutions
in absence or presence of different concentrations of 1-Butyl-
3-methylimidazolium chloride and 1-Butyl-3-methylimidazolium
bromide, pH 1.0.

Concentration of BMIMCl
and BMIMBr (mM)

kr (mm/year)

BMIMCl BMIMBr

0 0.417 0.417

0.1 0.325 0.348

1.0 0.185 0.185

5.0 0.116 0.139

10.0 0.046 0.093

50.0 0.018 0.069

are presented in Table 2. The corrosion rate of copper is
significantly reduced as a result of the reduction in the jcorr.
The kr of Cu in 1.0 M Cl− solution without inhibitors is
found to be 0.417 mm/year, which is ≈23 and 6 times lower
in solutions with 50.0 mM 1-Butyl-3-methylimidazolium

Table 3: Values of surface coverage (Θ) of copper in1.0 M Cl− solu-
tions for different concentrations of 1-Butyl-3-methylimidazolium
chloride and 1-Butyl-3-methylimidazolium bromide, pH 1.0.

Inhibitor
0.1 1.0 5.0 10.0 50.0

(mM)

BMIMCl 0.22 0.56 0.72 0.89 0.96

BMIMBr 0.17 0.56 0.67 0.78 0.83

Table 4: Slope (b), linear correlation coefficient (R2), equilib-
rium constant (K), and standard free energies of adsorption
(ΔG0

ads) of copper in 1.0 M Cl− solutions for different concen-
trations of 1-Butyl-3-methylimidazolium chloride and 1-Butyl-3-
methylimidazolium bromide.

Inhibitor b R2 K (M−1) ΔG0
ads (kJ mol−1)

BMIMCl 1.0 0.9997 1.0× 103 −27.2

BMIMBr 1.1 0.9999 1.1× 103 −27.4

chloride or 1-Butyl-3-methylimidazolium bromide, respec-
tively. Thus, these results reveal the capability especially of
BMIMCl to act as a corrosion protective layer on copper in
chloride solutions.

3.2. Chronoamperometric Measurements. The effects of an
addition of 1-Butyl-3-methylimidazolium chloride and 1-
Butyl-3-methylimidazolium bromide to the Cl− electrolyte
on the behavior of copper were studied by chronoamper-
ometry. The chronoamperometric curves in Figure 4 were
recorded at the electrode potential of −250, +100, and
+350 mV (SCE(NaCl)) in solutions without (curves (a), (d))
and with 50.0 mM of BMIMCl (curves (b), (c), and (e)),
pH 1.0. Similar curves were recorded for BMIMBr. The
potentials applied to the copper electrode were chosen on
basis of polarization curves (Figure 2), and they regarded the
cathodic (1b), (1c), and anodic (2a) reactions.

It can be seen that in solutions without inhibitors, curves
(a) and (b), a thick film CuClads was formed on the electrode
surface according to the reaction (3). The large current
suggests that the layer was not compact. However, the film
breakdown or corrosion products inside it are due to the
continuous dissolution of copper

CuCl−2,sol

Cu2+ + 2Cl− + e−

Cu+
ads + Cl− + CuCl2,sol (7)

In the presence of BMIMCl or BMIMBr, the smaller
currents for reactions (1b), (1c), and (2a) were recorded,
especially for BMIMCl (curves (b), (c), and (e)). This must
be due to the adsorption of BMIMCl or BMIMBr molecules
on the copper surface limiting of the aggressive attack on
the solutions on the metal. In this case, the protective
layer on the copper surface was the most compact for both
inhibitors.
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Table 5: Quantum chemical parameters for BMIM+ calculated by PM3 semiempirical method.

Net atomic charges EHOMO (eV) ELUMO (eV) ΔE (eV)

N1 C2 N3 C4 C5

0.407 −0.316 0.416 −0.217 −0.209 −0.8355 0.6844 1.5199

3.3. Electrochemical Quartz Crystal Microbalance Measure-
ments. The electrochemical quartz crystal microbalance
(EQCM) has been widely used to observe the response of
mass loading on the surface. The EQCM technique is based
on the piezoelectric effect. The resonant frequency of the
quartz crystal lattice vibrations in a thin quartz crystal wafer
is measured as a function of the mass attributed to the crystal
interfaces [61, 62]. Sauerbrey,s equation is commonly used
to describe the linear relationship between the frequency
shift (Δ f ) and the mass change (Δm). Using the EQCM,
the change in surface mass is calculated from the change in
resonant frequency according to the equation:

Δm = − Δ f

K/Sp
, (8)

where K is the fundamental constant predicted to be
56.6 Hz cm2 μg for quartz crystal with the resonant frequency
of ca. 5 MHz, and Sp is the piezoelectrically active area of the
quartz crystal covered by the Cu film [63]. It is significant
that a decrease in frequency corresponds to an increase in
surface mass. The mass change is reasonably assumed as
the result of metal corrosion as well as the adsorption of
components of studied electrolytes.

The influence of 1-Butyl-3-methylimidazolium chloride
and 1-Butyl-3-methylimidazolium bromide on corrosion of
copper was additionally tested by EQCM measurements. The
investigations were carried out in 1.0 M Cl− without and with
the addition of BMIMCl or BMIMBr of 50.0 mM (pH 1.0)
in the presence of air. The results are presented in Figure 5.
The curves represent the change of mass (Δm), calculated
from the frequency increase/decrease (8). Similar curves
were recorded for BMIMCl. The curve (a) representing the
solution without inhibitors shows an increase in the mass
of copper electrode from −600 to +120 mV (SCE(NaCl))
(Section 2), which may by attributed to the oxide formation
following the reactions

2Cu+ +
1
2

O2 + 2e− ←→ Cu2Oads

Cu+
2 +

1
2

O2 + 2e− ←→ CuOads.

(9)

In the range of the potential from +120 to +400 mV,
(SCE(NaCl)) (Section 3) was observed to increase, Δm/Sp of
ca. 0.22 μg cm−2. However, the copper electrode is partially
covered by an oxide film, which dissolves slowly. Simulta-
neously, the Cl− ions interact with the electrode; therefore,
for solutions without inhibitors, Δm increased immediately
because of the precipitation of CuClads layer which could
be formed on the copper surface according to the reaction
(3). This effect was observed in numerous studies. In several
investigations [64–69], only low concentration of chloride, in

the range from 0.1 to 10.0 mM, was used. In other words [70–
72], much greater chloride concentrations were employed,
then the protective layer dissolves and passes into the
solutions as the following complexes: CuCl2 and CuCl3

2−. It
is obvious that those conditions were more favorable to the
precipitation of CuClads layer, which could act as a protective
barrier safeguarding copper from its further oxidation. The
action of Cu2Oads, CuOads, and CuClads can be physically
interpreted as a blockage of the copper surface which after
changing direction potential on the opposite completely
dissolves.

In the next experiment, 1-Butyl-3-methylimidazolium
chloride or 1-Butyl-3-methylimidazolium bromide were
added to 1.0 M chloride solutions, see Figure 5 curve (b)
which concerns BMIMBr. Similar curve was obtained for
BMIMCl. In anodic cycle on the curve (b) appear two
characteristics sections of change of mass in the function
of potential of electrode. After crossing potential –600 mV
(SCE(NaCl)), the film on the copper surface was precipitated
(Sections 1 and 2). Therefore, it was assumed that BMIMCl
or BMIMBr molecules are adsorbed directly on the surface
of copper to form monomolecular layers as a complex on the
metal surface. It is clear that the inhibitory action of BMIMCl
and BMIMBr reduces the surface area available for oxygen.
After crossing potential +120 mV (SCE(NaCl)), layer surface
BMIMX (where X is the Cl− or Br−) becomes more tight
as a result of the precipitation of the CuClads and CuBrads

layers on the copper surface (Sections 2 and 3). Moreover,
after the change of direction of the potential (+400 mV
(SCE(NaCl)), CuClads and CuBrads were dissolved. However,
Δm was slightly changed (curve (b)). Probably, precipitated
layer did not appear on the copper surface. BMIMCl and
BMIMBr form adherent layers on the copper surface. This
leads to the protection of the Cu surface from the attack of
aggressive solutions and oxygen.

It seems to be obvious that 1-Butyl-3-methylimida-
zolium chloride or 1-Butyl-3-methylimidazolium bromide
molecules are chemisorbed on the surface of copper. Prob-
ably the adsorption of BMIMCl and BMIMBr molecules can
occur through the formation of copper-nitrogen coordinate
bond or the π-electron interaction between the aromatic ring
and the copper substrate.

3.4. Scanning Electron Microscopy Studies. The surface mor-
phology of copper samples immersed in 1.0 M Cl− (pH
1.0) for 24 hours in the absence and presence of 50.0 mM
of 1-Butyl-3-methylimidazolium chloride or 1-Butyl-3-
methylimidazolium bromide was studied by scanning elec-
tron microscopy (SEM). The solutions were not degassed.

Figure 6 shows the surface morphology of copper spec-
imens (a) before and (b) after being immersed in corrosive
solution. Figure 6(b) reveals that the surface was strongly
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damaged in the absence of inhibitors. The presence of
chloride ions and dissolved oxygen contributes to the
oxidation of the metal. The copper surface is covered by
aggregates of small cubic crystals CuClads and probably Cu2O
or CuO. Figure 6(c) shows SEM image of the surface of
copper specimens after immersion for the same time interval
in corrosive solution additionally containing 50.0 mM of
BMIMCl. However, in these conditions, the film precipitates
on the surface of copper (Figure 6(c)). A similar result was
obtained for BMIMBr. The SEM photographs show that
it does not cover tightly the surface and hence does not
protect the Cu surface to an adequate degree. Chloride ions,
oxygen, and water penetrate the protective film through
pores, flaws, or other weak spots what results in further
corrosion of copper. The results of the action of aggressive
environment were visible after the removal of protective layer
from the surface of copper. It well adhered to surface of the
metal, and removal of protective film was difficult enough.
In this aim, ultrasonic water baths were used. The sample
was shaken in diluted sulphuric acid and rinsed in propanol.
Figure 6 presents samples after the removal of the inhibit-
ing film which contained (d) 1-Butyl-3-methylimidazolium
chloride and (e) 1-Butyl-3-methyl-imidazolium bromide.
These results indicated that a more tight protective layer
was received for solution with 1-Butyl-3-methylimidazolium
chloride (Figure 6(d)). Moreover, the BMIMCl in chloride
solution was a better inhibitor than the BMIMBr.

3.5. Adsorption Isotherm. It has been assumed that inhibitor
molecules establish their inhibition action via the adsorption
of the inhibitor onto the metal surface. The adsorption can
be described by two main types of interaction: physical
adsorption and chemisorption. The adsorption processes of
inhibitors are influenced by the chemical structure of organic
compounds, the nature and surface change of metal, the
distribution of charge in molecule, and the type of aggressive
media.

Assuming the corrosion inhibition was caused by the
adsorption of inhibitor on metal surface, the values of surface
coverage (Θ) for different concentrations of inhibitors were
calculated on the basis of polarization curves according to the
equation:

Θ = 1− jinh

jo
. (10)

The values of the surface coverage are listed in Table 3. It
can be seen that the Θ increased with an increase in the
concentration of BMIMCl and BMIMBr. It is also worth
noticing that at 50.0 mM solution the inhibitors of the
surface coverage are higher for the BMIMCl (Table 3).

Basic information on the interaction between the
inhibitors and the metal surface can be provided by the
adsorption isotherm. All isotherms can be expressed by

f (Θ, x) exp(−2aΘ) = Kc, (11)

where f (Θ, x) is the configurational factor which depends
upon the physical model and the assumptions underlying
the derivation of the isotherm [17], x is the size ratio, a is

the molecular interaction parameter, K is the equilibrium
constant of the adsorption process, and c is the inhibitor
concentration.

Figure 7 shows the dependence of the fraction of the
surface covered c/Θ as a function of the concentration
c of 1-Butyl-3-methylimidazolium chloride or 1-Butyl-3-
methylimidazolium bromide. It should be explained that
other adsorption isthoterms (Frumkin and Temkin) were
also checked. The linear correlation coefficient was used to
choose the isotherm that fits the best of the experimental
data. It should be noticed that the data fit the straight
line with a slope nearly equal unity with linear correlation
coefficient higher than 0.999 (Table 4) indicates that these
inhibitors adsorb according to the Langmuir adsorption
isotherm [17, 73, 74] given by the following equation:

c

Θ
= 1

K
+ c, (12)

where K is the adsorption equilibrium constant, related to
the free energy of adsorption, ΔG0

ads

K = 1
csolv

exp

(
−ΔG0

ads

RT

)
, (13)

where csolv represents molar concentration of the solvent,
which in the case of water is 55.5 mol dm−3. The free
energy of adsorption was calculated from the adsorption
equilibrium constant using the equation [75]

ΔG0
ads = −RT ln(55.5K). (14)

The slopes of linear correlation coefficients, equilibrium
constants, and the free energies adsorption of BMIMCl and
BMIMBr for copper are presented in Table 4.

The nature of corrosion inhibition has been deduced
in terms of the adsorption characteristics of the inhibitor
[76]. The metal surface in aqueous solution is always covered
with adsorbed water dipoles. Therefore, the adsorption of
inhibitor molecules from aqueous solution is a quasisub-
stitution process, the thermodynamics of which depend on
the number of water molecules replaced by the inhibitor
molecule. The Langmuir isotherm is based on the assump-
tion that each site of metal surface holds one adsorbed
species. This kind of isotherm involves the assumption of
no interaction between the adsorbed species on the metal
surface. The negative values of ΔG0

ads (Table 4) prove the
strong interaction of BMIMCl or BMIMBr molecules on to
the copper surface [58, 77].

Generally, values ΔG0
ads around –20 kJ mol−1 or lower are

consistent with the electrostatic interaction between the
charged molecules and the charged metal surface (physisorp-
tion). Those more negative than –40 kJ mol−1 involve charge
sharing or transfer from the inhibitor molecules to the metal
to form a coordinate type of bond (chemisorption) [78–80].
For investigated ionic liquids inhibitor, it can be concluded
that calculated ΔG0

ads values equal –27.2 and –27.4 kJ mol−1

for BMIMCl and BMIMBr, respectively (Table 4). However,
the free energies of adsorption are situated in range from
−20 to −40 kJ mol−1; therefore, it can be accepted with
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a large probability, that the adsorption mechanisms of
BMIMCl and BMIMBr in 1.0 M Cl− solution involve first of
all chemical adsorption on the copper surface with negligible
participation physisorption.

The adsorption of the inhibitor on the metal surface
is the first step in the action mechanism of inhibitors in
aggressive acid media.The adsorption of 1-Butyl-3-methyl-
imidazolium chloride or 1-Butyl-3-methylimidazolium bro-
mide on the copper surface makes a barrier for mass and
charge transfers. This situation leads to the protection of the
copper surface from the attack of aggressive solutions. The
orientation of the BMIMX molecules in the adsorbed state
on the copper surface could be resolved by the application of
quantum chemical calculations.

3.6. Quantum Chemical Calculations. Quantum chemical
calculations have been widely used to study the reaction
mechanisms and to interpret the experimental results as well
as to solve chemical ambiguities. The structure and electronic
parameters can be obtained by means of theoretical calcu-
lations using the computational methodologies of quantum
chemistry [81]. The geometry of the inhibitor in its ground
state as well as the nature of their molecular orbitals, highest
occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO), are involved in the properties of
the activity of inhibitors. The HOMO is the orbital that
could act as an electron donor, since it is the outermost
orbital containing electrons. The LUMO is the orbital that
could act as the electron acceptor, since it is the innermost
orbital which has place to accept electrons. Highest occupied
molecular orbital energy (EHOMO) and lowest unoccupied
molecular orbital energy (ELUMO) are very popular quantum
chemical parameters. These orbitals, also called the frontier
orbitals, determine the way the molecule interacts with other
species. It should be noted that the EHOMO is often associated
with the electron donating ability of the molecule, whereas
ELUMO indicates its ability to accept electrons. The energy
of the HOMO is directly related to the ionization potential,
and the energy of the LUMO is directly related to the
electron affinity. The calculated difference (ΔE = ELUMO −
EHOMO) demonstrates inherent electron donating ability and
measures the interaction of the inhibitor molecules with
metal surface. A large energy gap (ΔE) implies high stability
for the molecule in chemical reactions [82].

In current practice semiempirical methods serve as
efficient computational tools which can yield fast quanti-
tative estimates for a number of properties. The PM3 is
semiempirical method based on the neglected differential
diatomic overlap integral approximation. However, the PM3
method uses the same formalism and equations as the AM1
method [83].

The quantum chemical parameters for MBIM+ were ob-
tained by PM3 method and listed in Table 5. More-
over, Figure 8 shows the molecular structure of 1-Butyl-3-
methylimidazolium ion, the charge density distribution (δ)
for nitrogen and carbon atoms, and molecular orbital density
distribution, highest occupied molecular orbital (HOMO)
and lowest unoccupied molecular orbital (LUMO). The

binding capability of a molecule with metal depends also on
the electronic charge on the chelating atom. From the data
on the electron density of BMIM+, it can be concluded that

(i) the largest positive charge (δ+) is localized at the N1

and N3 atoms;

(ii) the negative charge (δ−) localized at the C4, C3, and
C5 atoms. However, the δ−C5

charge is smaller than δ−C4

and δ−C2
;

(iii) the BMIM+ interacts perhaps with the surface Cu
electrode loaded negatively with nitrogen atoms and
positively with carbon atoms. It is obvious that
the interaction with the surface of the electrode is
stronger through nitrogen atoms.

The higher the EHOMO (Table 5) of the inhibitor, the
greater the tendency of offering electrons to unoccupied d
orbital of the Cu and the higher the corrosion inhibition
efficiency for copper in Cl− acid solutions (Figure 3). In
addition, the higher the ELUMO, the more difficult the
acceptance of electron from the metal surface. However,
the LUMO-HOMO energy gap admits low values, what is
effective with this is that the inhibition efficiency of inhibitors
was improved. Figure 8 shows that the highest occupied
molecular orbital (HOMO) is mainly constituted by N1and
N3 atoms, and the lowest unoccupied molecular orbital
(LUMO) is constituted by C2, C4, and C5 atoms, which
indicate that N1 and N3 can provide electrons, and C2, C4,
and C5 can accept electrons.

Four types of adsorption may take place involving
BMIMX molecules on the copper-solution interface:

(i) electrostatic attraction between charged molecules
and the charged metal,

(ii) interaction of unshared electron pairs in the molecule
with the metal,

(iii) interaction of π-electrons with the metal,

(iv) a combination of the above.

Frontier orbital electron densities on atoms provide a
useful means for the detailed characterization of donor-
acceptor interactions. Figure 9 shows schematic illustration
of mechanism of corrosion protection of copper by BMIMCl
or BMIMBr. The mechanism involves the formation of
protective monolayer inhibitors which protect copper before
corrosion.

4. Conclusion

The following results can be drawn from this study:

(1) the investigated ionic liquids (ILs): 1-Butyl-3-meth-
ylimidazolium chloride (BMIMCl) and 1-Butyl-
3-methylimidazolium bromide (BMIMBr) exhibit
inhibiting properties for the corrosion of copper in
1.0 M Cl− solutions of pH 1.0,

(2) the inhibition efficiency increased with the increase
in ILs concentration, followed the order: BMIMCl >
BMIMBr;
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(3) the adsorption of the investigated compounds
was confirmed to follow the Langmuir adsorption
isotherm;

(4) the values of standard free energies of adsorption
suggest mainly the chemical adsorption of BMIMCl
and BMIMBr on the copper surface;

(5) the quantum chemistry calculation results show that
the imidazoline ring and heteroatoms are the active
sites of the both inhibitors;

(6) the inhibition effect is due to the formation of
an insoluble stable film through the process of
adsorption of the inhibitor molecules on the copper
surface.
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