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Abstract: In this paper, the possibility of using newly synthesized ionic liquid based on nicotinamide
as a potential inhibitor of copper corrosion in an acidic sulfate medium was investigated. Inhibition
efficiency of butyl-nicotinamide, [CsNic]Br on copper corrosion in acidic (pH=3) 0.1 mol/dm? sodium
sulphate solution was analyzed using potentiostatic polarization measurements and electrochemical
impedance spectroscopy (EIS). It was found that the investigated ionic liquid had inhibitory properties
of the corrosion of copper in acidic media. The inhibitory effect of the test compound is manifested
by rapid and spontaneous adsorption of [CsNic]Br molecules on the copper surface following
Langmuir’s adsorption isotherm. As a result, the cathodic corrosion current decreases, as well as the
polarization resistance of the system, increases compared with the basic solution. The inhibition
efficiency of the investigated compound largely depends on the applied concentration.
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1. INTRODUCTION

Corrosion is a spontaneous process of
materials degradation or changes in their properties
due to a chemical or electrochemical reaction with
the environment. The occurrence of corrosion is
present in various materials, but it causes the
biggest problems with metals, significantly redu-
cing their use-value. The consequences of
corrosion are numerous and varied, and their
effects on the safe, reliable and efficient operations
of equipment or structures are often more serious
than the simple loss of metal mass. As a result, the
costs of corrosion represent a great economic
burden on the economy and, according to the latest
estimates of experts in the most developed
countries, amount to over 3% of global GDP [1].
Given the above, more and more attention in the
world is paid to the reduced degree of corrosion of
materials and the costs that corrosion cause, by

applying various methods of corrosion protection.
Modern methods of corrosion protection are
extremely important because, in addition to brin-
ging great material savings, they also enable the
development of other, newer and more modern
types of protection of materials from corrosion [2].

Copper is one of the most important indu-
strial materials and, as an excellent conductor of
heat and electricity, it has an extremely large
application in various fields. Copper, like most of
its alloys, exhibits good corrosion resistance in both
slightly alkaline and weakly acidic environments.
The presence of oxidizing agents, complexing
agents and a more aggressive environment leads to
the dissolution of copper and it is subject to the
corrosion process. The aggressive environment
prevents the formation of a protective oxide layer
on the copper surface, which contributes to the
accelerated dissolution of copper and significant
corrosion [3].
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Reducing the degree of metal degradation
can be achieved by using corrosion inhibitors —
substances whose presence in the corrosive envi-
ronment leads to a reduction in the rate of metal
corrosion. Modern science strives to find metal
corrosion inhibitors that, in addition to the basic
properties required of an inhibitor (high efficiency,
temperature and time resistance), also meet increa-
singly rigorous environmental protection require-
ments (non-toxicity, biodegradability).

Due to its "green" properties, there is a
growing interest in the possibility of using ionic
liquids as potential inhibitors of metal corrosion in
environments with different aggressiveness, as an
alternative to toxic organic and inorganic inhibitors
[4-8].

Since copper is an important construction
material, the possibility of using an ionic liquid,
butyl-nicotinamide, [Cs4Nic] Br, to protect the
copper from corrosion in an acid-sulfate medium
was investigated in this paper. Potential inhibition
properties of [CsNic] Br were investigated using
polarization and electrochemical impedance spec-
troscopy measurements.

2. EXPERIMENTAL

In this paper, the possibility of using the
ionic liquid butyl-nicotinamide, [ C4Nic]Br, (Figure
1) to protect the copper from corrosion in acid-
sulfate medium ¢ (Na,SO4) = 0.1 moldm™ at pH =
3 was investigated.
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Figure 1. Structure of butyl nicotinamide, [C4Nic] Br

A solution of NaxSOs (0.1 moldm?™) at
pH = 3 was used as corrosive medium. Inhibitor
solutions were prepared under the same conditions
with the addition of butyl nicotinamide in the
concentration range of 1:10° moldm™ - 1-107
moldm™ by diluting the basic solution (0.025
moldm™) with distilled water and adding the
required amount of Na,SOs. In all the tested
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solutions, the pH was adjusted to 3 by adding
H,SO, dilute. All measurements were performed at
298 K with constant stirring of the solution using a
magnetic stirrer.

Electrochemical measurements

A computer-controlled potentiostat, Volta-
Lab PGZ 301, was used for electrochemical
measurements. The measurements were performed
in a three-electrode electrochemical cell. In this
system, copper (99.99%) was used as the working
electrode, platinum as the counter electrode and the
saturated calomel electrode (SCE) was used as a
reference electrode. Before each measurement, the
working electrode was polished with SiC paper
(grit sizes of 1200), washed and immersed in the
test solution. After a relaxation time of 20 minutes,
the corrosion potential of the copper electrode was
read, and then the electrode potential was first
scanned between corrosion potential and -
250mv/SCE to the cathodic and after that to the
anodic direction (+200 mV/SCE), with a scan rate
of 10mVmin'. Electrochemical impedance measu-
rements were performed at the corrosion potential,
in the frequency range 0.01 Hz —10 kHz, with 10
points per decade.

The obtained results were converted into
Excel documents and further processed using the
Origin 6.1 program. The modelling of the
examined electrochemical system was done by
applying the nonlinear least-squares method within
the Fissa_0.1b program.

3. RESULTS AND DISCUSSION
3.1. Polarization measurements

Potentiostatic polarization measurements
were performed at tested ionic liquid’s con-
centration in the range of 1:10"> moldm™ to 1-107
moldm, at pH value 3 at 298 K. The aim of these
measurements was to determine the influence of
the concentration of ionic liquid [C4Nic]Br on its
inhibition efficiency as well as to determine the
mechanism of its adsorption on the copper surface.
Figure 2 shows the polarization curves of copper
electrodes recorded in the blank solution (0.1
moldm™ Na;SOs) and the inhibitor solution
([C4Nic]Br) concentration 110~ mol dm, at pH 3.
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Figure 2. Polarization curves of copper electrodes in Na>SOgsolution and 1107 moldm™ inhibitor solution

During the polarization of the copper elec-
trode, the cathode part of the polarization curve
describes the process of oxygen reduction, while the
anode part refers to the dissolution of the copper
under the stated conditions. As can be seen from
Figure 2, relative to the blank solution, in the
presence of inhibitors the anodic dissolution of
copper begins at slightly more negative potential
values, while the reduction of oxygen takes place at
lower current densities. These results indicate that
the applied ionic liquid has an inhibitory effect on
the copper corrosion in an acidic environment,
whereby [CsNic]Br exerts its protective effect on the
corrosion of copper mainly by blocking the cathodic
reaction of oxygen reduction.

From the obtained experimental data, the
corrosion potentials Ecor and the corrosion current
density jecor were determined using the Tafel
extrapolation method. The inhibition efficiency, #,

of the tested potential inhibitor was calculated
based on the difference in current density flowing
at the copper electrode in the corrosive and
inhibitor solution using the equation:

n=2"7.100 (1)
Jo

where jy and j represent the respective corrosion
current densities in the absence and presence of the
inhibitor.

Table 1 shows the obtained experimental
results for the corrosion potential, Ecor, corrosion
current density, jecor, for the blank solution and
inhibitor solutions of the applied concentrations, as
well as the coverage of the metal surface with
adsorbed inhibitor molecules, 6, and degree of
inhibition efficiency of ionic liquid, #.
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Table 1. Characteristics of polarization curves of copper in the blank solution and the solutions with different

inhibitor concentrations

NICOTINAMIDE-BASED IONIC LIQUID AS A POTENTIAL COPPER CORROSION INHIBITOR

Cinh (mol/dm?) Ecore (mV) Jeore (WA/cm?) n (%) 0
0 -23 32.03 - -
1-107 -49 27.39 14 0.1449
5-10° -44 23.15 28 0.2774
1-10* -48 19.18 40 0.4010
5-10* -44 16.03 50 0.4995
1-103 -60 15.00 53 0.5316

The data shown in Table 1 indicate that in the
presence of an inhibitor there is a slight shift of the
corrosion potential to more negative values as well
as the inhibitory efficiency of the [C4Nic]Br
depends on the applied concentration. It can be
noticed that, with increasing concentration, the
inhibition efficiency increases and that the best
protection against copper corrosion is achieved at
the highest applied concentration of 1-10~ moldm™.

The organic molecules exert their protective
effect on the process of metal corrosion by
expelling water molecules and/or ions from inside
the electrochemical double layer during their
adsorption [9]:
inh

wopy + 0, gy —— inh

(ads) (ads)

+nH,O,

(sol)

2

The type of the realized adsorption of the
organic molecule on the metal surface depends on
several factors: the chemical composition and
electronic properties of the inhibitor molecule, the
temperature of the corrosion medium, as well as the
electrochemical potential on the metal-solution
interface, etc. [10, 11]. Under real conditions, it is
usually very difficult to determine which of the
above factors is most responsible for the type of the
achieved adsorption. Theoretically, physical adsorp-
tion of the inhibitor molecule is characteristic at

lower temperatures, while chemical adsorption is
mainly present at higher temperatures [12].

To find the appropriate adsorption isotherm,
i.e., to study the thermodynamic parameters of the
adsorption process of [CsNic]Br molecules on the
surface of the copper electrode, the coverage of the
metal surface with adsorbed molecules was first
calculated based on the data obtained by

potentiostatic polarization measurements
[C4Nic]Br:
n
0=— 3)
100

The obtained values for the copper surface

coverage at pH = 3 for different concentrations of
the tested inhibitor are shown in Table 1. From the
given data, it can be seen that with the increase of
the inhibitor concentration, the degree of surface
coverage by ionic liquid increases. As expected, the
highest degree of coverage was achieved at a
concentration of 110~ moldm.
By processing the obtained experimental results, it
was found that the tested inhibitor, [C4Nic]Br, is
adsorbed on the copper surface following the
Langmuir isotherm [13, 14]:

“)
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where 6 represents coverage of the copper surface,
Kags 1s the equilibrium constant of the adsorption
process and cinn is inhibitor concentration.

2.0x10°
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Figure 3 shows the Langmuir adsorption
isotherm (dependence of cinn on the cin/ 6 ratio)
[CsNic]Br on the copper surface at pH 3 in the
sulfate medium.
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Figure 3. The Langmuir’s adsorption isotherm of [C4Nic]Br on the copper surface

It can be seen from Figure 3 that the obtained
dependence is linear, which confirms that the
isotherm describes well the adsorption process
[CsNic]Br on the copper surface. An important
thermodynamic parameter of the adsorption pro-
cess is the free energy of the adsorption, AGags, and
it can be calculated by knowing the value of the
equilibrium constant of the adsorption process
using equation 5 [13,14]:

e_(AGads /RT)

ads

55.5 (5)

Table 2 shows the values obtained for the
equilibrium constant of the adsorption process,
K., regression coefficient, r, calculated based on
the Langmuir isotherm as well as the value of the
free energy of the adsorption, AGags at a tempe-
rature of 298 K.

Table 2. Values of the equilibrium constant of the adsorption process, K.as, regression coefficient, v, and the free

energy of the adsorption, AGus for [C4Nic] Br

1111<ads

AGiags (kJ/mol) r

9.54

-33.58

0.9997

22

Contemporary Materials, XlII-1 (2022)



pages: 18-27

As can be seen from the results shown in
Table 2, the adsorption constant, Kuds, [CaNic]Br
has a high value, and the free energy of the
adsorption, AG.4, has a negative value, which
indicates the fact that the adsorption of ionic liquid
molecules on the copper surface take place quickly,
spontaneously with the formation of a stable
protective film. The value of the free energy of the
adsorption of [C4Nic]Br molecules may indicate
the ongoing type of adsorption. Namely, a value of
AGags more positive than -20 kJ/ mol indicates that
the organic molecule on the metal surface is
physically adsorbed, while a value less than -40 kJ/
mol is attributed to the presence of a coordination

NICOTINAMIDE-BASED IONIC LIQUID AS A POTENTIAL COPPER CORROSION INHIBITOR

bond between the metal and the inhibitor molecule
[15,16]. The obtained value of AG,qs for [CsNic]Br,
-33.58 kJ/ mol, indicates that the examined ionic
liquid under the given conditions is predominantly
bound to the copper surface by physical adsorption.

3.2. Electrochemical impedance
measurements

Electrochemical impedance measurements were
performed in 0.1 moldm™ Na,SO4 solution, and in
inhibitor solutions, in the concentration range
1-10° moldm™ — 110 moldm?, at pH value 3,
after a relaxation time of 20 minutes (Figure 4).
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Figure 4. Nyquist plot of the copper electrode in inhibitor solutions of different concentrations and the blank solution

Figure 4 shows that the Nyquist plots in both
the basic and inhibitory solutions deviate from the
ideal semicircular shape, which is expected based
on the literature data for copper in an acidic sulfate
medium [17,18]. In a corrosive environment with-
out the presence of inhibitors, in contrast to
inhibitor solutions, one semicircle appears on the
curve at high frequencies, which is followed by a
constant phase angle of 45°, independent of the
frequency. This phenomenon is characteristic of
systems that are controlled by linear diffusion and
can be described by applying the Warburg
impedance. Unlike the blank test in the inhibitor
solutions, the constant phase angle disappears,
which is a sign that the process of dissolving copper

in the presence of inhibitors, unlike the corrosive
medium, is no longer diffusion-controlled. On the
other hand, in the presence of ionic liquid on the
Nyquist plot, another capacitive loop appears. The
appearance of the second capacitive loop is a sign
that inhibitor molecules form a barrier on the metal
surface [19], while the increase of the first
capacitive loop with increasing inhibitor concen-
tration indicates that resistance to charge transfer
plays a key role in controlling copper dissolution
rate [20].

More information on the dynamic processes
developing on the surface of the copper electrode
in the corrosion and inhibitor solutions can be
obtained by modelling the tested electrochemical

Contemporary Materials, XlI1-1 (2022)
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system. Figure 5 shows the obtained empirical
models of an electrochemical cell in which the
physical and chemical properties of the corrosion

R1 CPE1

R2 ¥U1—J

pages: 18-27

system are replaced by the corresponding linear
circuit elements for the corrosion solution (Figure
5a) and inhibitor solutions (Figure 5b):

-
—h

CPE1

—R2 C1—

Figure 5. Electrical equivalent circuit for copper electrode (a) in corrosion solution (b) in inhibitor solution

where R. (R1) represents the resistance of electro-
lyte solution, Q4 (CPE1) is the double-layer
constant phase elements, R, (R2) is the charge
transfer resistance, Z, (W1) represents Warburg
impedance, C,, (Cl) is pore capacity of the
inhibitor film, R, (R3) is resistance to charge
transfer through the pores of the inhibitor film.

In modelling, instead of the double-layer
capacity, Cg, the double-layer constant phase
element, Ods, was used. Better agreement of
experimental data during modelling with a phase
constant element than with the capacity of the
double layer indicates the presence of inho-
mogeneity of the electrode surface, which affects
the uneven distribution of surface properties of the
copper electrode.

Values obtained by modelling the electro-
chemical system for polarization resistance (Rp),

phase constant element (Qgs), pore capacity of the
inhibitor film (Cp,), charge transfer resistance
through the inhibitor film pores (Ry,), surface
inhomogeneity () in the basic solution and
solutions of the tested ionic liquids at different
concentrations and inhibition efficiency () are
shown in Table 3.

The inhibition efficiency (1) was calculated
based on the following equation:

_ R, (inh)—R,(0) !
R /Gnk)

00 (6)

where R, (0) and R, (inh) represent the charge
transfer resistance in the absence and presence of
the inhibitor respectively.

Table 3. Impedance parameters and inhibition efficiency of the [C4Nic]Br

Cinh (moldm?) | Z,(Q) R, (Q QOus (Fem™) n n (%) Rpo (Q) | Cpo (Fem?)
0 0.9 215 6.5 102 0.80 - - -
1-10° - 420 7103 0.70 49 300 2
5:107 - 530 7103 0.71 59 320 2
1-10* - 560 8107 0.70 62 330 2
5-10* - 620 7103 0.70 65 330 3
1-103 - 780 7103 0.70 72 330 6
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The value of the polarization resistance, R,
represents a direct measure of the protection of the
copper surface from corrosion. A higher value of
polarization resistance is a sign of better resistance
of the metal surface in relation to degradation
processes [21]. The values shown in Table 3
indicate that the presence of the tested ionic liquid
leads to an increase in the polarization resistance of
the system relative to the blank solution, which is
evidence of the tested ionic liquid’s inhibitory
properties on copper corrosion in acidic sulfate
medium. It is also noticeable that the value of the
polarization resistance changes as a function of the
applied ionic liquid concentration. As expected,
with increasing concentration there is an increase
in polarization resistance, and thus inhibition
efficiency, #. The values obtained for inhibition
efficiency calculated based on the polarization
resistance using equation 5 are slightly higher than
those obtained based on the polarization measure-
ements, which can be attributed to the difference in
the applied determination techniques.

Table 3 also shows that the values of the
double-layer constant phase element, Qgs, deter-
mined in the blank and inhibitor solutions differ by
approximately one order of magnitude, with no
change in the values of Qg with a change in the
concentration of applied ionic liquid. The pheno-
menon can be explained by the fact that the
presence of ionic liquid leads to changes in the
structure of the electrochemical double layer, but it
is independent of the applied concentration.

The values of n factors shown in Table 3
indicate that the presence of ionic liquid in the
corrosive environment does not lead to an increase
in the value of » factors, i.e., to a decrease in the
inhomogeneity of the electrode surface.

As can be seen from the data shown in Table
3, the resistance to charge transfer through the
pores of the inhibitor film, R,, does not depend on
the concentration of ionic liquid. This trend can be
explained by the compactness of the inhibitory film
that forms on the copper surface and does not
depend on the concentration of the applied ionic
liquid.

It is interesting to note that the values
obtained for the pore capacity of the inhibitor film,
Chpo, also do not depend on the concentration at low
concentrations of ionic liquid, while there is a
significant increase in pore capacity at higher con-
centrations. This phenomenon can be attributed to
the fact that only at higher concentrations of
inhibitors a significant amount of ionic liquid is

NICOTINAMIDE-BASED IONIC LIQUID AS A POTENTIAL COPPER CORROSION INHIBITOR

deposed on the copper surface, which also leads to
a significant increase in the pore capacity of the
formed film.

4. CONCLUSION

In this work, the inhibitory properties of
butyl nicotinamide, [C4Nic]Br on copper corrosion
in an acidic solution of 0.1 moldm™ Na,SO4 at pH
3, were investigated by using potentiostatic pola-
rization measurements and electrochemical impe-
dance spectroscopy.

The results of polarization measurements
indicate that the examined ionic liquid has the
properties of a corrosion inhibitor of copper under
the stated conditions. The inhibition efficiency of
the test compound depends on the applied con-
centration, and it was determined that the best
protection against copper corrosion is achieved by
applying the highest concentration of inhibitor
(1-10° moldm™). Inhibitor molecules achieve a
protective function by physical adsorption on the
copper surface, which takes place quickly and
spontaneously by the mechanism of the Langmuir
isotherm, whereby the cathode current density of
the corrosion decreases.

The results of electrochemical impedance
spectroscopy indicate that in corrosion solution the
corrosion rate of copper is diffusion-controlled,
while in inhibitor solutions, the charge transfer
resistance controls the corrosion rate. As the
concentration of the inhibitor increases, the value
of' the polarization resistance increases, and thus the
efficiency of the applied inhibitor.
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JOHCKA TEYHOCT HA BA3U HUKOTUHAMMUJA KAO IIOTEHIIUJAJTHHA
NHXUBUTOP KOPO3UJE BAKPA

Caskerak: Y 0BOM pajy UCIIUTHUBaHA je MOTYNHOCT NMpHMeHe HOBOCHHTETU30BaHE jOHCKE TEYHOCTH Ha
0a3u HUKOTHHAMHUA Kao MOTEHIIHjaTHOT HHXHONTOpa KOopo3nje 6akpa y KHceloj cyndaTHO] CpeanH.
AHanmm3upaHa je HHXHOMTOpcka eduracHocT OyTmin-HukoTHHaMuna [CsNic]Br Ha kopo3mjy Oakpa y
kucenom (pH = 3) pacteopy HarpmjyM-cyndara konmenrpamuje 0,1 mol/dm?®, mpumenoM momapu-
3alMOHUX MEpema U eeKTpoxeMujcke umnenancHe cuekrpockonuje (EIS). YTBpheno je na ncnurupana
JOHCKa TEYHOCT IOCelnyje MHXMOMTOPCKE OCOOMHE Ha KOpO3Wjy Oakpa y KHCello] cpeauHu. MHXu-
OUTOPCKO [ICjCTBO HCIHMTUBAHO jEAMICE-C OCTBapyje Op3oMm u crmoHTtaHoM azcopmimjoM [C4Nic]Br
MoOJIeKyJla Ha OakapHy MOBPIIMHY IO MeXaHW3My JIaHrMHpOBE aJCOPIIMOHE H30TE€PME, MPHU YeMY
JI0JIa3u IO CMambemha KaTo/IHe I'YCTHHE CTpyje Kao u 10 noBehama mojsapu3anuoHoOr OTHOpa CHCTEMA.
YTBpheHo je 1a HHXHOUTOPCKA ePUKACHOCT UCITUTUBAHE JOHCKE TEYHOCTH Y BEJIMKO] MEPH 3aBUCH O]
NpUMEHCHE KOHLICHTpaLHje.
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Paper received: 16 August 2021 Paper accepted: 15 January 2022

Contemporary Materials, XIII-1 (2022) 27



