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The effects of adenine, salicylaldoxime and 4(5)-methylimidazole on brass corrosion in NaCl were
investigated. The investigation comprised electrochemical techniques, scanning electron microscopy
and quantum chemical calculation. The results obtained by polarization measurements show that
the examined compounds successfully inhibited the corrosion of brass. Additionally, the quantum
mechanical calculations indicate that there is a correlation between energy gap and inhibition
efficiency. Moreover, the inhibition mechanism includes the adsorption of the inhibitor on active sites
on the electrode surface, which was confirmed by SEM-EDS analysis of the brass.

Copper and its alloys are used extensively in various industries'~>. Brass is widely used in shipbuilding and marine
engineering®* as well as in the manufacture of heat exchangers, due to its corrosion resistance. In spite of the
corrosion resistance due to oxide films formed on its surface, brass is prone to dissolution in solutions containing
high concentrations of oxygen and chloride, sulfate and nitrate ions®. Generally, corrosion can be reduced by
controlling the pH or using inhibitors®. It is considered that the heterocyclic organic compounds act by forming
an insoluble polymeric complex between metal and inhibitor, thereby forming a protective film on the metal
surface’. Different classes of organic compounds have been investigated as potential corrosion inhibitors of brass
in chloride media’-'. A characteristic of these compounds is the presence of functional groups containing N, S,
and O atoms'"'?, which give the molecule the ability to overlay a large area of a brass surface. Research has been
carried out in the past two decades regarding “green” inhibitors, which have been proven to be cheap and effective
molecules with low impact or no impact on the environment'?.

The aim of this paper is to examine the influence of different concentrations of adenine, salicylaldoxime and
4(5)-methylimidazole on the corrosion of brass in naturally aerated 3% NaCl solution. Adenine is an inexpen-
sive compound that is biodegradable and nontoxic to the environment. Additionally, adenine behaves as a good
copper corrosion inhibitor®!®. According to the literature, salicylaldoxime is also a good corrosion inhibitor of
copper'®. Due to its application in the food industry'®, imidazole has attracted the attention of scientists as a cor-
rosion inhibitor in different solutions (HNO;, H,SO,, HCI, NaCl and NaHCI)*¢.

Materials and Methods
Electrochemical measurements. The brass (Cu37Zn) working electrode was prepared in the following
way: first, a brass wire was cut and then sealed with a material based on methyl methacrylate. The exposed surface
area of the electrode was 0.49 cm?. The brass electrode was polished with alumina paste (0.3 pm Al,O;, Buehler
USA), washed with distilled water and dried prior to each measurement.

A potentiostat (IVIUM XRE, IVIUM Technologies) with suitable software was applied for electrochemical
tests. The system consisted of three electrodes, brass, platinum and standard calomel electrode (SCE), as the
working, auxiliary and reference electrodes, respectively.
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Figure 1. Open circuit potential of brass in 3% NaCl (a) without and with the addition of various
concentrations of adenine; (b) after varying exposure times (30 min, 60 min, 3h and 24 h) of brass in inhibitor
solution.

Open circuit potential (OCP) measurements, linear potentiodynamic polarization and cyclic voltammetry
were performed. Linear potentiodynamic polarization was conducted in the potential range between the open
circuit potential and —0.6 V (vs. SCE) for the cathodic scan and between the open circuit potential and 0.1V (vs.
SCE) for the anodic scan. The cyclic voltammetry curves were recorded in the potential range from —1 V (vs.
SCE) to 1V (vs. SCE). The scan rate used for linear potentiodynamic measurements was 1 mV/s, and 10 mV/s was
used for cyclic voltammetric measurements.

NaCl (VWR BDH Prolabo), adenine (AD) (Sigma Aldrich), salicylaldoxime (SA) (Sigma Aldrich) and
4(5)-methylimidazole (4-(5)-MI) (Sigma Aldrich) were used for the preparation of suitable solutions in this
investigation.

The effect of brass pretreatment in aqueous inhibitor solution (5-10°*M AD, 5:10°*M SA and 1-102M
4(5)-MI) was also investigated.

Surface analysis. The surfaces of brass coupons were tested after 24 h treatment in NaCl solution without
and with the addition of 5-107>M adenine. The surface morphology of brass coupons was examined by scanning
electron microscopy (SEM, Tescan VEGA 3 LM) rigged with an Oxford EDS X-act Inca 350 system.

Results and Discussion

Open circuit potential measurements of brass.  The open circuit potential of brass was measured in 3%
NaCl solution without and with the addition of adenine, salicylaldoxime and 4(5)-methylimidazole. The obtained
results are shown in Figs 1a-3a. In the inhibitor-free solution, the OCP shifts toward a negative direction at the
beginning of immersion, indicating the deposition of corrosion products on the brass surface. The open circuit
potential values are shifted in the negative direction as the concentration of inhibitor is increased. This behavior
may be associated with the adsorption of inhibitor molecules on active sites on the surface of the brass'”'®. The
shift in OCP value due to increased concentration of the inhibitor is not significant, so it can be assumed that the
tested compounds behave like mixed-type inhibitors, which will be discussed later. After the pretreatment of brass
in the appropriate aqueous solution, the OCP was measured again (Figs 1b-3b). The obtained values are more
negative than the value for blank solution. By comparing the OCP values of brass in 3% NaCl in the presence of
5.107*M AD, 5:107*M SA, and 1-10~2M MI with those recorded after pretreatment, it can be seen that in the
second case, the OCP values are more positive. This could be explained by the adsorption of inhibitors on the
metal surface.
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Figure 2. Open circuit potential of brass in 3% NaCl (a) without and with the addition of various
concentrations of salicylaldoxime; (b) after varying exposure times (30 min, 60 min, 3h and 24 h) of brass in
inhibitor solution.

Cyclic voltammetry measurements of brass.  The initial contact of brass (Cu37Zn) with 3% NaCl solu-
tion leads to the formation of oxide layers via the following reactions!?:

Zn 4 O, + 4H" = Zn*" + 2H,0 + 2¢~ (1)
2Zn*" + 2H,0 = 2Zn0O + 4H" )
Cu-—e = Cu" (3)

Cu -e =Cu?t 4)

2Cu" + H,0 = Cu,0 + 2H" (5)

Furthermore, in the presence of chloride ions, the formation of CuCl species occurs according to reaction (6)*:

Cu" + CI” = CuCl (6)

This layer has poor adhesion and has no ability to protect the metal. Furthermore, the layer is transformed into
CuCl,™ via reaction (7):

CuCl + CI" = CuCl,~ (7)
The cathodic reaction of brass in the investigated solution is oxygen reduction according to reaction (8)*:
0O, + 2H,0 + 4e” = 40H" (8)

The anodic current peak obtained in 3% NaCl solution without inhibitor suggests that copper undergoes
oxidation and forms oxidation products.

Additionally, in accordance with the CV curves shown in Fig. 4a,b, two oxidation peaks can be observed in
the presence of adenine (5-107*M, 1.107>M, and 5-10~>M) in solution as well as in 3% NaCl after pretreatment
in 5-107*M AD solution for different periods of time (30 min, 60 min and 3 h). The first peak corresponds to the
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Figure 3. Open circuit potential of brass in 3% NaCl (a) without and with the addition of various
concentrations of 4(5)-methylimidazole; (b) after varying exposure times (30 min, 60 min, 3h and 24 h) of brass
in inhibitor solution.

oxidation of Cu to Cu™?"22. The intensity of this current peak is reduced as the concentration of adenine or the
exposure time of brass to AD solution increases, indicating the protective ability of AD. In the cathodic direction,
the reduction peak is observed at ~ —0.4 V vs. SCE, indicating the reduction of brass corrosion products. The
second anodic current peak appears only if adenine is present either in the test solution or on the surface of the
electrode. The peak intensity is greatest in the presence of the highest adenine concentration or after the longest
pretreatment. This current peak can be attributed to the reaction of Cu™ and adenine and the formation of the
Cu(I)-adenine complex?.

It is known that the form of adenine in neutral NaCl solution is anionic®®. This form of adenine forms a
Cu(I)-adenine complex with Cu*?%. At lower concentrations adenine reacts with CuCl and forms the following
compound on the electrode surface’:

CuCl,y, + CsHsNy = [Cu — CH,N;],4 + CI” + HY 9)

However, with the addition of a higher concentration of adenine, adenine adsorbs directly on the electrode
surface according to the following reaction':

Cu + C;HyN; — e” = [Cu — CH;N; 4 (10)

As a result of these reactions, a protective layer [Cu-CsH,N;], 4, is formed on the electrode surface. According
to Sharma and Trnkova?®, it is also possible to form adenine dimers at higher potentials in neutral and alkaline
media.

According to literature data Cu?* react with salicylaldoxime and 4(5)-methylimidazole and form com-
plexes*>=3°. Formation of complexes is present in Figs 5 and 6. In accordance with the literature, salicylaldoxime
has the ability to form insoluble complexes with copper?!. The formation of this layer on the brass surface pre-
vents further corrosion and prevents the adsorption of aggressive ions on the brass surface. The CV curves in the
presence of salicylaldoxime are similar to that of brass in inhibitor-free solution (Fig. 7a), and the mechanism of
brass dissolution is not changed. The addition of SA reduces the intensity of the cathodic peak to a certain extent,
suggesting an inhibitory effect. The cyclic voltammetry curves of brass after pretreatment in 5-107> M SA (Fig. 7b)
indicate a decrease in both the anodic and cathodic current peaks with increasing immersion time. A significant
reduction in these peaks is evident after the longest pretreatment, indicating a strong interaction between SA and
the brass surface. This behavior could be explained by the formation of a compact protective layer on the brass
surface.
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Figure 4. Cyclic voltammetric curves of brass in 3% NaCl (a) in the absence and presence of different
concentrations of adenine; (b) after brass pretreatment in 5-10~* M AD for different periods of time (30 min,
60min, 3h and 24h).
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Figure 5. Formation of complex by copper ions and salicylaldoxime.

The addition of 1-1072M 4(5)-methylimidazole causes a reduction in the anodic current peak, indicating
the formation of a protective layer on the brass surface, which effectively prevents the dissolution of the brass
(Fig. 8a). It is assumed that the presence of the inhibitor at concentrations less than 11072 M was not sufficient to
form a protective layer and that aggressive ions came into contact with the brass. The mechanism of formation of
the protective film can be described by reaction (11)*:

Cu + inh = Cu(inh),4; = Cu®* + ne” + inh (11)

The formed Cu(inh),4 does not fully cover the surface of the brass at lower concentrations of the inhibitor.
Therefore, the dissolution of metals occurs in places on the brass surface that are not covered with the Cu(inh),4,
layer.

During the reverse scan, a small activation anodic peak is observed in the presence of SA and 4(5)-MI, indi-
cating the occurrence of the reactivation process. It is proposed that the brass surface in 3% NaCl solution is not
completely covered by a protective layer of inhibitor. The current density of the activation peak is the highest in
the presence of 4(5)-methylimidazole. This may be explained by either the formation of porous and thin protec-
tive films®® or competition between dissolution and precipitation of the layer on the brass surface*.

The influence of pretreatment of the electrode in 4(5)-MI aqueous solution is shown in Fig. 8b. The current
densities of both the anodic and cathodic peaks are affected by immersion time. Increasing the exposure time of
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Figure 6. Formation of complex by copper ions and 4(5)-methylimidazole.

0,03
0,02 -
0,01 -
~
£
§ 0,00
= —— 3% NaCl
-—1-10*M SA
0,014 — 510*M SA
~—1-10°M SA
- 510°M SA
0,02 |
T T T T T T T T T T T
-1,0 -08 -06 -04 -02 00 02 04 06 08 10 12
E, Vvs. SCE
a)
0,03 -
0,02 |
0,01 -
~
5
S 000+

—=— 3% NaCl
30min SA

—— 60min SA
3h SA
24h SA

-0,01 o

-0,02 o

T T T T T T T
-10 -08 -06 -04 -02 00 02 04 06 08 10 12
E, Vvs. SCE

b)

Figure 7. Cyclic voltammetric curves of brass in 3% NaCl (a) in the absence and presence of different
concentrations of salicylaldoxime; (b) after brass pretreatment in 5-10~° M SA for different periods of time
(30 min, 60 min, 3h and 24 h).

brass in 4(5)-MI solution (3 h and 24 h) leads to the appearance of two anodic peaks. Similar behavior is obtained
after the exposure of brass to AD solution. This behavior could be explained by the reaction of Cu* with 4(5)-MI
and the formation of a Cu(I)-imidazole complex. The formed Cu(I)-imidazole complex has anticorrosive prop-
erties and prevents the further reaction of chloride ions and brass, which is in agreement with the literature>¢.

Potentiodynamic polarization measurements of brass.  The polarization curves of brass in 3% NaCl
without and with the addition of different concentrations of 4(5)-methylimidazole, salicylaldoxime and adenine
are shown in Figs 9a-11a, respectively. The presence of the investigated inhibitors leads to a decrease in the
corrosion current density relative to that of inhibitor-free solution. This can be explained by the formation of a
protective layer on the brass surface.

The addition of adenine causes a change in brass behavior in 3% NaCl solution. This change is illustrated
in Fig. 9a. In the presence of 1:107*M adenine, the anodic current density rapidly increases with potential. It is
proposed that this concentration of adenine is not enough to form a protective layer (to cover the entire brass
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Figure 8. Cyclic voltammetric curves of brass in 3% NaCl (a) in the absence and presence of different
concentrations of 4(5)-methylimidazole; (b) after brass pretreatment in 1-1072M 4(5)-MI for different periods
of time (30 min, 60 min, 3h and 24 h).

surface). Upon further increasing the adenine concentration, both the anodic and cathodic current densities
are reduced in comparison to those in blank solution, and the corrosion potential (E_,,) values shift toward the
negative direction.

The corresponding electrochemical parameters of brass corrosion in 3% NaCl, including the corrosion poten-
tial (E.,,), corrosion current density (j.,), anodic (b,) and cathodic (b.) Tafel slopes and inhibition efficiency
(IE), were calculated according to polarization curves. The inhibition efficiency was determined via Eq. (12):

WIE = ((jcurr - jcorr(inh))/jcorr) - 100 (12)

where j.,,, and jo.nn) are corrosion current densities without and with the addition of inhibitor in 3% NaCl
solution.

As shown in Table 1, the corrosion current densities are decreased in the presence of inhibitors, indicating
an inhibitory effect. Additionally, the anodic (b,) and cathodic (b.) Tafel slopes are changed in the presence of
adenine (Table 1). This behavior can be explained by the formation of a protective layer on the metal surface'!.

Potentiodynamic polarization curves of brass obtained in 3% NaCl solution after immersion in 5-10°M AD,
5.10>M SA and 1.1072M 4(5)-MI for different periods of time are presented in Figs 9b-11Db, respectively.

According to Fig. 9b, the cathodic current density decreases after pretreatment of brass for 30 min in 5-107°*M
AD relative to that of inhibitor-free solution. Furthermore, as the exposure time increases, the anodic current
density also decreases, indicating a decrease in the brass dissolution processes. It is evident that IE increases as the
immersion time of the brass electrode in AD solution increases (Table 1). This can be explained by the formation
of a more stable protective layer on the brass surface under the examined conditions, thereby protecting the brass
from corrosion. It is evident from Table 1 that the values of E_,, are shifted in the negative direction as immersion
time increases. This displacement of corrosion potential is lower than 85mV, indicating that adenine behaves like
a mixed-type inhibitor.

In the presence of SA, the corrosion potential (E.,,,) is moved toward less positive values in comparison to that
of blank solution, but there is no definite shift in E_, (Fig. 10). The addition of SA leads to a significant decrease
in the cathodic current density compared with the anodic current density, especially in the vicinity of the corro-
sion potential. It is proposed that SA acts as a mixed-type inhibitor with a pronounced effect on the cathodic reac-
tion. The calculated parameters in Table 2 indicate that the corrosion current density decreases with increasing
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Figure 9. Potentiodynamic polarization curves of brass in 3% NaCl (a) in the absence and presence of different
concentrations of adenine; (b) after brass pretreatment in 5-10~>M AD for different periods of time (30 min,
60 min, 3h and 24h).

Immersion time, | E_,, Vvs.
Inhibitor, M | min SCE jeorr Alcm? —b,V b,V 1E, %
3% NaCl / —0.215 8.03-10°° 0.518 0.078 /
1-.107* / —0.241 2.70-107° 0.150 0.040 66.4
5107* / —0.269 2.52:10°¢ 0.197 0.089 68.4
1-.1073 / —0.250 7.22:1077 0.133 0.078 91.0
51073 / —0.266 6.27-1077 0.066 0.057 92.2
30 —0.221 5.17-1077 0.092 0.042 93.6
60 —0.221 3.91-1077 0.045 0.038 95.1
180 —0.255 1.78:1077 0.047 0.038 97.7
1440 —0.278 1.40-1077 0.061 0.048 98.3

Table 1. Electrochemical parameters of brass corrosion in 3% NaCl solution without and with the addition of
different concentrations of adenine and after pretreatment in adenine solutions for various time periods. /(In
the immersion time column) - means that the measurements were performed without pretreatment of brass
electrode in inhibitor solution. /(In the IE column) - means that there is no inhibition activity.

SA concentration. Additionally, the values of the anodic and cathodic Tafel slopes are changed in the presence of
SA, indicating the formation of a protective layer on the metal surface.

The electrochemical parameters of brass corrosion in 3% NaCl after pretreatment in aqueous SA solution for
various periods of time are also presented in Table 2. The shift in E.,,, is not significant with increasing immer-
sion time, but the value is more positive than that obtained in 5-10>M SA without pretreatment. This behavior
indicates that SA acts as a mixed-type inhibitor. Additionally, the pretreatment of brass in 5-10~> M SA solution
leads to a remarkable decrease in corrosion current density relative to the value obtained in 5-107>M SA without
pretreatment.

Potentiodynamic polarization curves of brass in 3% NaCl solution without and with the addition of 4(5)-MI
are shown in Fig. 11. Similar to adenine, the presence of 4(5)-MI leads to the displacement of both the anodic
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Figure 10. Potentiodynamic polarization curves of brass in 3% NaCl (a) in the absence and presence of
different concentrations of salicylaldoxime; (b) after brass pretreatment in 5-107>M SA for different periods of
time (30 min, 60 min, 3h and 24 h).

Immersion time, | E_,, Vvs.
Inhibitor, M | min SCE jeorr Alcm? —b,V b,V 1E, %
3% NaCl / —0.215 8.03-10°° 0.518 0.078 /
1-.107* / —0.221 3.78-10°¢ 0.241 0.040 52.9
5107* / —0.284 3.02:10°¢ 0.077 0.082 62.4
1-.1073 / —0.306 2.11-107° 0.057 0.045 73.7
51073 / —0.325 1.34-10°° 0.051 0.047 83.3
30 —0.225 9.13.1077 0.045 0.025 88.6
60 —0.225 7.25:1077 0.086 0.022 91.0
180 —0.226 5.00-1077 0.059 0.028 93.8
1440 —0.228 2.02:1077 0.062 0.023 97.5

Table 2. Electrochemical parameters of brass corrosion in 3% NaCl solution without and with the addition
of different concentrations of salicylaldoxime and after pretreatment in salicylaldoxime solutions for various
time periods. /(In the immersion time column) - means that the measurements were performed without
pretreatment of brass electrode in inhibitor solution. /(In the IE column) - means that there is no inhibition
activity.

and cathodic curves toward lower current values. In accordance with this behavior, it can be said that 4(5)-MI
acts as a mixed-type inhibitor. The electrochemical parameters presented in Table 3 indicate that the inhibition
efficiency increases as the concentration of 4(5)-MI increases. The values of the anodic and cathodic Tafel slopes
are changed in the presence of inhibitors, suggesting that a protective layer is formed on the brass surface!!.

As presented in Table 3, the values of E.,,.; do not change significantly after the immersion of brass in aqueous
4(5)-MI solution. Additionally, Fig. 11b shows that the pretreatment of the electrode causes a remarkable decrease
in the corrosion rate, shifting the cathodic curves to lower current densities. This can be explained by the forma-
tion of a protective layer on the brass surface that hinders the cathodic reaction. It is proposed that the stability of
the formed layer increases with exposure time, leading to increased IE.
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Figure 11. Potentiodynamic polarization curves of brass in 3% NaCl (a) in the absence and presence of
different concentrations of 4(5)-methylimidazole; (b) after brass pretreatment in 1-1072M 4(5)-MI for different
periods of time (30 min, 60 min, 3h and 24 h).

Immersion time, | E_,, Vvs.
Inhibitor, M | min SCE jeorrs Alcm? —b,V b,V IE, %
3% NaCl / —0.215 8.03-10°° 0.518 0.078 /
1-107* / —0.239 6.44-107° 0.175 0.064 19.8
1-.1073 / —0.299 6.04-10°¢ 0.235 0.084 24.8
51073 / —0.243 3.05-10°¢ 0.345 0.164 62.0
1.1072 / —0.220 2.10-10°° 0.116 0.163 73.8
30 —0.216 1.72:10°° 0.075 0.022 78.6
60 —0.222 9.20-1077 0.043 0.013 88.5
180 —0.216 8.88-10~7 0.038 0.027 88.9
1440 —0.222 4.57:1077 0.070 0.033 94.3

Table 3. Electrochemical parameters of brass corrosion in 3% NaCl solution without and with the addition
of different concentrations of 4(5)-methylimidazole and after pretreatment in adenine solutions for various
time periods. /(In the immersion time column) - means that the measurements were performed without
pretreatment of brass electrode in inhibitor solution. /(In the IE column) - means that there is no inhibition
activity.

The results obtained by potentiodynamic polarization measurements confirm that the protective ability of the
inhibitors increases with increasing inhibitor concentration as well as with increasing immersion time. Analysis
of the curves presented in Figs 9-11 leads to the conclusion that better anticorrosive protection is provided by
electrode pretreatment in inhibitor solution than by the addition of inhibitor to the test solution. However, with
the potential increase curves obtained in the NaCl solution with and without addition of inhibitor are coincide,
which indicates the dissolution of the protective film and the desorption of inhibitor molecules from the surface
of the electrode. By comparing the anodic and cathodic Tafel slopes obtained without and with the appropriate
pretreatment of brass (Tables 1-3), it can be said that both b, and b, are generally lower in the second case. This
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Figure 12. SEM images and EDS spectra of brass surfaces (A) without any treatment; (B) after 24 h immersion
in 3% NaCl solution; (C) after 24 h immersion in 3% NaCl solution with the addition of 5-107*M AD.

probably indicates that the pretreatment of brass in the appropriate solution leads to the formation of a compact
protective layer. Additionally, the obtained results indicate that the tested inhibitors remarkably reduce the corro-
sion rate of brass in 3% NaCl solution by hindering both reactions®.

Surface analysis. Figures 12 and 13 show SEM-EDS images of polished brass surfaces without any treatment
and after the immersion of the electrode for 24 h in 3% NaCl, 5:10*M AD, 5-1073M SA and 1-10~2 M 4(5)-MI
solutions.
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Figure 13. SEM images and EDS spectra of brass surfaces (A) after 24h immersion in 3% NaCl solution with the
addition of 51073 M SA; (B) after 24 h immersion in 3% NaCl solution with the addition of 1-:1072M 4(5)-MI.
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Figure 14. Langmuir adsorption isotherms for brass in 3% NaCl containing different concentrations of

adenine, salicylaldoxime and 4(5)-methylimidazole.
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Inhibitor 1/K slope R? -AG, kJ/mol
AD 0.00009563 1.06 0.998 32.3
SA 0.00015514 1.17 0.999 31.1
4(5)-MI 0.00163 1.21 0.949 254

Table 4. Adsorption parameters of adenine, salicylaldoxime and 4(5)-methylimidazole on the brass surface in
3% NaCl.

Figure 17. Distribution of HOMO (a) and LUMO (b) of salicylaldoxime.

According to the figure, the brass surface after pretreatment in NaCl solution is different from the brass surface
without any treatment. EDS analysis shows that Cl~ ions exist on the brass surface, which indicates that corrosion
products are formed. Additionally, after pretreatment in adenine, salicylaldoxime and 4(5)-methylimidazole solu-
tions, the electrode surface is changed. Moreover, on the brass surface presented in Fig. 12B, there exist adsorbed
species that are not found on the clean surface (Fig. 12A). The EDS spectrograms show that nitrogen atoms are
detected on the brass surface after treatment of the electrode in inhibitor solutions. Furthermore, nitrogen atoms
derive from adenine, salicylaldoxime and 4(5)-methylimidazole molecules, and their presence indicates that the
adsorption of AD, SA and 4(5)-MI occur at the active sites on the brass surface (Figs 12C and 13A,B).
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Methylimidazole | Adenine Salicylaldoxime
Enomo, eV | —9.221 —9.162 9218
Eromo.eV | 0.730 ~0.705 —0.534
AE, eV 9.951 8.457 8.684
w, D 3.63678763 5.89602736 1.95167390
IeVv 9.221493712 9.162334824 | 9.21847318
A, eV —0.73009796 0.705416676 | —0.533600108
x> eV 4.245697876 4.93387575 4.342436536
n, eV 4.975795836 4.228459074 | 4.876036644
AN, 0.426635056 0.583412971 | 0.445283419

Table 5. Quantum chemical parameters.

Adsorption isotherm. The important step in the inhibition of corrosion is the adsorption of inhibitors on
the metal surface. Additionally, the adsorption isotherm provides information about the interaction between the
metal surface and a given inhibitor. To obtain information about the mode of corrosion inhibition of brass by ade-
nine, salicylaldoxime and 4(5)-methylimidazole, the Langmuir adsorption model was examined. This adsorption
model is given by Eq. (13):

Clo=1/K+C (13)

The obtained linear relation of ¢/ versus inhibitor concentration (Fig. 14) suggested that the Langmuir
adsorption isotherm provides the best description of the adsorption behavior of the investigated compounds on
the brass surface.

The Gibbs free energy (—AG) can be calculated according to Eq. (14):

—AG = (InK — In(1/55.55)) - R - T (14)

where R is the universal gas constant, T is the thermodynamic temperature, and the value of 55.5 is the molar
concentration of water in solution.

The linear regression coefficient (R?) is almost equal to 1, indicating that the adsorbed molecules occupy only
one site. The obtained Gibbs free energies present in Table 4 point to stronger adsorption of adenine and salicy-
laldoxime than 4(5)-methylimidazole.

Quantum chemical calculation. Quantum chemical calculations and molecule geometry optimi-
zation were performed using ArgusLab 4.0%, software previously proven useful for this purpose®-*!. The
PM3-SCF method was applied. The calculated parameters are summarized in Table X and include the highest
occupied molecular orbital energy (Epomo), lowest unoccupied molecular orbital energy (Ejymo), energy gap
(AE =Eypo — Enomo) and dipole moment of inhibitor (p). Further calculations using the obtained parame-
ters included the determination of the ionization potential (I), electron affinity (A), electronegativity (x), global
hardness (1)) and the maximum number of electrons transferred (AN,,,,). The following Eqs (15-19) were used:

I=—Epomo (15)
A=—E o (16)
x=05-I+A) (17)
n=05-(—A4) (18)
AN,gx =X/ (2m) (19)

The proposed spatial distribution of HOMO and LUMO is presented in Figs 15-17. The values of the quantum
chemical parameters calculated for methylimidazole, adenine and salicylaldoxime are in accordance with the
available previously published results*>-#4.

Comparative analysis of the experimental results and calculation results indicates that several quantum chem-
ical parameters can be correlated with inhibition efficiency. Namely, as the energy gap decreases, organic mole-
cules can provide higher inhibition efficiency. Higher values of Eyoyo and lower values of E; o are, in this case,
also good indicators of potential inhibition efficiency. These values are indicators of the tendency of inhibitor
molecules to donate (Eyopng) or accept (Epyyo) electrons and hence to be adsorbed on the metal surface (AE).
A similar trend can be observed regarding molecular hardness; i.e., as the molecular hardness decreases, the
molecule reacts with the surface more readily, and the corrosion effect decreases. Similar observations have been
presented in the literature*-*8. The maximum number of electrons transferred increases in the same order as
the experimentally obtained inhibition efficiency, as was also noticed by Bedair®. The molecule with the highest
dipole moment also provides the highest inhibition efficiency, which is in accordance with results found in the
literature as well**°. Nevertheless, all the studied compounds have dipole moment values greater than that of
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water (1,88 D), indicating strong interactions between the inhibitors and the metal surface®. Under the investi-
gated conditions, adenine provided the best inhibition effect among the studied compounds, which can also be
expected based on the quantum chemical parameters presented in Table 5.

Conclusion
The influence of different concentrations of adenine, salicylaldoxime and 4(5)-methylimidazole on the corrosion
behavior of brass in 3% NaCl was studied.

Cyclic voltammetric and potentiodynamic polarization measurements showed that the investigated com-
pounds can be successfully used as brass corrosion inhibitors in 3% NaCl solution. The inhibition efficiency
of the investigated compounds depends on their concentrations in solution. Additionally, the exposure time of
brass in the appropriate solution is an important step in protecting brass against corrosion. The adsorption of the
inhibitors on the brass surface obeys the Langmuir adsorption isotherm. The quantum chemical calculations are
in good agreement with the results obtained by electrochemical measurements.

Received: 18 January 2019; Accepted: 16 August 2019;
Published online: 06 November 2019

References
1. Scendo, M. Inhibition of copper corrosion in sodium nitrate solutions with nontoxic inhibitors. Corros Sci. 50, 1584-1592 (2008).
2. Levin, M., Wiklund, P. & Leygraf, C. Bioorganic compounds as copper corrosion inhibitors in hydrocarbon media. Corros Sci. 58,
104-114 (2012).
3. Antonijevi¢, M. M., Mili¢, S. M., Radovanovi¢, M. B., Petrovi¢, M. B. & Stamenkovi¢, A. T. Influence of ph and chlorides on
electrochemical behavior of brass in presence of benzotriazole. Int J Electrochem Sc. 4, 1719-1734 (2009).
4. Kabasakalog®lu, M., Kiyak, T., Sendil, O. & Asan, A. Electrochemical behavior of brass in 0.1 M NaClL Appl Surf Sci. 193, 167-174
(2002).
5. Kosec, T., MiloSev, I. & Pihlar, B. Benzotriazole as an inhibitor of brass corrosion in chloride solution. Appl Surf Sci. 253, 8863-8873
(2007).
6. Scendo, M. Corrosion inhibition of copper by purine or adenine in sulphate solutions. Corros Sci. 49, 3953-3968 (2007).
7. Ravinchandran, R., Nanjundan, S. & Rajendran, N. Effect of benzotriazole derivatives on the corrosion of brass in NaCl solutions.
Appl Surf Sci. 236, 241-250 (2004).
8. Ravinchandran, R. & Rajendran, N. Influence of benzotriazole derivatives on the dezincification of 65-35 brass in sodium chloride.
Appl Surf Sci. 239, 182-192 (2005).
9. Ramyji, K., Cairns, D. R. & Rajeswari, S. Synergistic inhibition effect of 2-mercaptobenzothiazole and Tween-80 on the corrosion of
brass in NaCl solution. Appl Surf Sci. 254, 4483-4493 (2008).
10. Keles, H. & Akca, S. The effect of Variamine Blue B on brass corrosion in NaCl solution. Arab ] Chem. 12, 236-248 (2019).
11. Sherif, E. M. & Park, S. M. Effects of 2-amino-5-ethylthio-1,3,4-thiadiazole on copper corrosion as a corrosion inhibitor in aerated
acidic pickling solutions. Electrochim Acta. 51, 6556-6562 (2006).
12. Lalitha, A., Ramesh, S. & Rajeswari, S. Surface protection of copper in acid medium by azoles and surfactants. Electrochim Acta. 51,
47-55 (2005).
13. Scendo, M. The influence of adenine on corrosion of copper in chloride solutions. Corros Sci. 50, 2070-2077 (2008).
14. Abu-Baker, A. N. & Al-Qudah, M. A. A new dioxime corrosion inhibitor for the protection and conservation of copper: synthesis,
characterization and evaluation in acidic chloride solution. Appl Phys A-Mater. 122, 1-14 (2016).
15. Schlee, C. et al. Determination of 2-methylimidazole, 4-methylimidazole and 2-acetyl-4-(1,2,3,4-tetrahydroxybutyl)imidazole in
caramel colors and cola using LC/MS/MS. J. Chromatog. B. 927, 223-226 (2013).
16. Antonijevi¢, M. M. & Petrovi¢, M. B. Copper Corrosion Inhibitors. A review. Int ] Electrochem Sc. 3, 1-28 (2008).
17. Badawy, W. A, Ismail, K. M. & Fathi, A. M. Corrosion control of Cu-Ni alloys in neutral chloride solutions by amino acids.
Electrochim Acta. 51, 4182-4189 (2006).
18. Ismail, K. M. Evaluation of cysteine as environmentally friendly corrosion inhibitor for copper in neutral and acidic chloride
solutions. Electrochim Acta. 52, 7811-7819 (2007).
19. Ravichandran, R., Nanjundan, S. & Rajendran, N. Effect of benzotriazole derivatives on the corrosion and dezincification of brass in
neutral chloride solution. ] Appl Electrochem. 34, 1171-1176 (2004).
20. Fan, H. et al. Inhibition of brass corrosion in sodium chloride solutions by self-assembled silane films. Corros Sci. 53, 4273-4281
(2011).
21. Radovanovi¢, M. B, Simonovi¢, A. T., Petrovi¢, M. B., Mili¢, S. M. & Antonijevi¢, M. M. Influence of Purine on Brass Behavior in
Neutral and Alkaline Sulphate Solutions. Int J Electrochem Sc. 7, 11796-11810 (2012).
22. Ivanov, S. L., Raj¢i¢-Vujasinovi¢, M. M., Petrovi, J. L., Grekulovi¢, V. J. & Mladenovid, S. A. Elektrohemijsko ispitivanje hladno
deformisanog bakra u alkalnoj sredini u prisustvu kalijum-etilksantata. Hem Ind. 68, 279-288 (2014).
23. Sharma, V. K. & Trnkova, L. Copper Nanoparticle Modified Pencil Graphite Electrode for Electroanalysis of Adenine. Electroanal.
28, 2834-2840 (2016).
24. Jelen, E, Kourilova, A., Hason, S., Kizek, R. & Trnkova, L. Voltammetric study of adenine complex with copper on mercury electrod.
Electroanal. 21, 439-444 (2009).
25. Liu, L., Duraj, S., Fanwick, P. E., Andras, M. T. & Hepp, A. F. Substituted Imidazole Copper(II) Complexes: The Coordination
Polymer Complex Tetrakis N-Methylimidazole Copper(II) Sulfate. ] Coord Chem. 56(8), 647-653 (2003).
26. Nither, C., Wriedt, M. & Je3, I. Dichlorotetrakis(4-methylimidazole)copper(II). Acta Crystallographica Section E. 58, m39-m40
(2002).
27. Appa Rao, B. V. & Reddy, M. N. Formation, characterization and corrosion protection efficiency of self-assembled 1-octadecyl-1H-
imidazole films on copper for corrosion protection. Arab | Chem. 10, $3270-53283 (2017).
28. Forgan, R. S. et al. Cation and anion selectivity of zwitterionic salicylaldoxime metal salt extractants. Dalton T. 39, 1763-1770
(2010).
29. Roach, B. D. et al. Collision induced dissociation (CID) to probe the outer sphere coordination chemistry of bis-salicylaldoximate
complexes. Dalton T. 39, 5614-5616 (2010).
30. Tobiasz, A., Walas, S., Landowska, L. & Konefal-Géral, J. Improvement of copper FAAS determination conditions via
preconcentration procedure with the use of salicylaldoxime complex trapped in polymer matrix. Talanta 96, 82-88 (2012).
31. Abu-Baker, A. N., MacLeod, L. D., Slogget, R. & Taylor, R. A comparative study of salicylaldoxime, cysteine and benzoriazole as
inhibitors for the active chloride-based corrosion of copper and bronze artifacts. European Scientific Journal. 9, 1857-1881 (2013).
32. Sudheer & Quraishi, M. A. Electrochemical and theoretical investigation of triazole derivates on corrosion inhibition behaviour of
coper in hydrochloric acid medium. Corros Sci. 70, 161-169 (2013).

SCIENTIFIC REPORTS |

(2019) 9:16081 | https://doi.org/10.1038/s41598-019-52635-2


https://doi.org/10.1038/s41598-019-52635-2

www.nature.com/scientificreports/

33. Hassan, H. H., Ibrahim, M. A. M., Abd El Rehim, S. S. & Amin, M. A. Comparative Studies of the Electrochemical Behavior of Silver
Electrode in Chloride, Bromide and Iodide Aqueous Solutions. Int J Electrochem Sc. 5, 278-294 (2010).

34. Zhang, D. Q,, Xie, B., Gao, L. X., Joo, H. G. & Lee, K. Y. Inhibition of copper corrosion in acidic chloride solution by methionine
combined with cetrimonium bromide/cetylpyridinium bromide. ] Appl Electrochem. 41, 491-498 (2011).

35. Otmacic Curkovic, H., Stupnisek-Lisac, E. & Takenouti, H. The influence of pH value on the efficiency of imidazole based corrosion
inhibitors of copper. Corros Sci. 52, 398-405 (2010).

36. Tian, Y. Q. et al. [Cu'(im)].: Is this air-stable copper(I) imidazolate (8210)-net polymer the species responsible for the corrosion-
inhibiting properties of imidazole with copper metal? Eur ] Inorg Chem. 2004, 18131816 (2004).

37. Peme, T. et al. Adsorption and Corrosion Inhibition Studies of Some Selected Dyes as Corrosion Inhibitors for Mild Steel in Acidic
Medium: Gravimetric, Electrochemical, Quantum Chemical Studies and Synergistic Effect with Iodide Ions. Molecules 20,
16004-16029 (2015).

38. Thompson, M. A. Planaria Software LLC, Seattle, WA, http://www.arguslab.com.

39. Abreu-Quijano, M. et al. Quantum Chemical Study of 2-Mercaptoimidazole, 2-Mercaptobenzimidazole, 2-Mercapto-5-
Methylbenzimidazole and 2-Mercapto-5-Nitrobenzimidazole as Corrosion Inhibitors for Steel. Int ] Electrochem Sc. 6, 3729-3742
(2011).

40. Khadom, A. A., Hassan, A. E & Abod, B. M. Evaluation of environmentally friendly inhibitor for galvanic corrosion of steel-copper
couple in petroleum waste water. Process Saf Environ. 98, 93-101 (2015).

41. Petrovi¢ Mihajlovi¢, M. B., Radovanovi¢, M. B., Tasi¢, Z. Z. & Antonijevi¢, M. M. Imidazole based compounds as copper corrosion
inhibitors in seawater. ] Mol Lig. 225, 127-136 (2017).

42. Gutiérrez, E., Rodriguez, J. A., Cruz-Borbolla, J., Alvarado-Rodriguez, J. G. & Thangarasu, P. Development of a predictive model for
corrosion inhibition of carbon steel by imidazole and benzimidazole derivatives. Corros Sci. 108, 23-35 (2016).

43. Scendo, M. & Trela, ]. Adenine as an Effective Corrosion Inhibitor for Stainless Steel in Chloride Solution. Int J Electrochem Sc. 8,
9201-9221 (2013).

44. Vinay, J. & Pradip, R. B. Density Functional Theory Computations for Design of Salicylaldoxime Derivatives as Selective Reagents
in Solvent Extraction of Copper. T Indian I Metals. 69, 135-141 (2016).

45. Ebrahimzadeh, M. et al. Theoretical and experimental investigations on corrosion control of 65Cu-35Zn brass in nitric acid by two
thiophenol derivatives. Appl Surf Sci. 332, 384-392 (2015).

46. Chaitra, T. K., Mohana, K. N. S. & Tandon, H. C. Thermodynamic, electrochemical and quantum chemical evaluation of some
triazole Schiff bases as mild steel corrosion inhibitors in acid media. ] Mol Lig. 211, 1026-1038 (2015).

47. ElIbrahimi, B. et al. Computational study of some triazole derivatives (un- and protonated forms) and their copper complexes in
corrosion inhibition process. ] Mol Struct. 1125, 93-102 (2016).

48. Wazzan, N. A. DFT calculations of thiosemicarbazide, arylisothiocynates, and 1-aryl-2,5-dithiohydrazodicarbonamides as
corrosion inhibitors of copper in an aqueous chloride solution. J Ind Eng Chem. 26, 291-308 (2015).

49. Bedair, M. A. The effect of structure parameters on the corrosion inhibition effect of some heterocyclic nitrogen organic compounds.
J Mol Liq. 219, 128-141 (2016).

50. Zarrouk, A. et al. A theoretical study on the inhibition efficiencies of some quinoxalines as corrosion inhibitors of copper in nitric
acid. J Saudi Chem Soc. 18, 450-455 (2014).

51. Zulfareen, N., Kannan, K., Venugopal, T. & Gnanavel, S. Synthesis, characterization and corrosion inhibition efficiency of N-(4-
(Morpholinomethyl Carbamoyl Phenyl) Furan-2-Carboxamide for brass in HCl medium. Arab ] Chem. 9, 121-135 (2016).

Acknowledgements
The authors gratefully acknowledge the financial support of the Ministry of Education, Science and Technological
Development of the Republic of Serbia through Project No. 172031.

Author contributions

M.R. and Z.T. wrote the manuscript. M.P.M. carried out the quantum chemical calculations. A.S. carried out
experiments. M. A. supervised the experiments and manuscript writing. All authors reviewed and contributed to
the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to M.B.R.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International
B’

T | icense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2019

SCIENTIFIC REPORTS |

(2019) 9:16081 | https://doi.org/10.1038/s41598-019-52635-2


https://doi.org/10.1038/s41598-019-52635-2
http://www.arguslab.com
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Electrochemical and DFT studies of brass corrosion inhibition in 3% NaCl in the presence of environmentally friendly compou ...
	Materials and Methods

	Electrochemical measurements. 
	Surface analysis. 

	Results and Discussion

	Open circuit potential measurements of brass. 
	Cyclic voltammetry measurements of brass. 
	Potentiodynamic polarization measurements of brass. 
	Surface analysis. 
	Adsorption isotherm. 
	Quantum chemical calculation. 

	Conclusion

	Acknowledgements

	Figure 1 Open circuit potential of brass in 3% NaCl (a) without and with the addition of various concentrations of adenine (b) after varying exposure times (30 min, 60 min, 3 h and 24 h) of brass in inhibitor solution.
	Figure 2 Open circuit potential of brass in 3% NaCl (a) without and with the addition of various concentrations of salicylaldoxime (b) after varying exposure times (30 min, 60 min, 3 h and 24 h) of brass in inhibitor solution.
	Figure 3 Open circuit potential of brass in 3% NaCl (a) without and with the addition of various concentrations of 4(5)-methylimidazole (b) after varying exposure times (30 min, 60 min, 3 h and 24 h) of brass in inhibitor solution.
	Figure 4 Cyclic voltammetric curves of brass in 3% NaCl (a) in the absence and presence of different concentrations of adenine (b) after brass pretreatment in 510−3 M AD for different periods of time (30 min, 60 min, 3 h and 24 h).
	Figure 5 Formation of complex by copper ions and salicylaldoxime.
	Figure 6 Formation of complex by copper ions and 4(5)-methylimidazole.
	Figure 7 Cyclic voltammetric curves of brass in 3% NaCl (a) in the absence and presence of different concentrations of salicylaldoxime (b) after brass pretreatment in 510−3 M SA for different periods of time (30 min, 60 min, 3 h and 24 h).
	Figure 8 Cyclic voltammetric curves of brass in 3% NaCl (a) in the absence and presence of different concentrations of 4(5)-methylimidazole (b) after brass pretreatment in 110−2 M 4(5)-MI for different periods of time (30 min, 60 min, 3 h and 24 h).
	Figure 9 Potentiodynamic polarization curves of brass in 3% NaCl (a) in the absence and presence of different concentrations of adenine (b) after brass pretreatment in 510−3 M AD for different periods of time (30 min, 60 min, 3 h and 24 h).
	Figure 10 Potentiodynamic polarization curves of brass in 3% NaCl (a) in the absence and presence of different concentrations of salicylaldoxime (b) after brass pretreatment in 510−3 M SA for different periods of time (30 min, 60 min, 3 h and 24 h).
	Figure 11 Potentiodynamic polarization curves of brass in 3% NaCl (a) in the absence and presence of different concentrations of 4(5)-methylimidazole (b) after brass pretreatment in 110−2 M 4(5)-MI for different periods of time (30 min, 60 min, 3 h and 24
	Figure 12 SEM images and EDS spectra of brass surfaces (A) without any treatment (B) after 24 h immersion in 3% NaCl solution (C) after 24 h immersion in 3% NaCl solution with the addition of 510−3 M AD.
	Figure 13 SEM images and EDS spectra of brass surfaces (A) after 24 h immersion in 3% NaCl solution with the addition of 510−3 M SA (B) after 24 h immersion in 3% NaCl solution with the addition of 110−2 M 4(5)-MI.
	Figure 14 Langmuir adsorption isotherms for brass in 3% NaCl containing different concentrations of adenine, salicylaldoxime and 4(5)-methylimidazole.
	Figure 15 Distribution of HOMO (a) and LUMO (b) of 4(5)-methylimidazole.
	Figure 16 Distribution of HOMO (a) and LUMO (b) of adenine.
	Figure 17 Distribution of HOMO (a) and LUMO (b) of salicylaldoxime.
	Table 1 Electrochemical parameters of brass corrosion in 3% NaCl solution without and with the addition of different concentrations of adenine and after pretreatment in adenine solutions for various time periods.
	Table 2 Electrochemical parameters of brass corrosion in 3% NaCl solution without and with the addition of different concentrations of salicylaldoxime and after pretreatment in salicylaldoxime solutions for various time periods.
	Table 3 Electrochemical parameters of brass corrosion in 3% NaCl solution without and with the addition of different concentrations of 4(5)-methylimidazole and after pretreatment in adenine solutions for various time periods.
	Table 4 Adsorption parameters of adenine, salicylaldoxime and 4(5)-methylimidazole on the brass surface in 3% NaCl.
	Table 5 Quantum chemical parameters.




