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KEYWORDS Abstract The effect of Variamine Blue B (4-Amino-4'-Methoxydiphenylamine-Diazonium
Brass; Chloride, VBB) on the corrosion of Cu-35Zn alloy (brass) in 3.5% NaCl medium was studied at
Corrosion; different concentrations and temperatures. For this purpose, electrochemical impedance spec-
Electrochemical impedance troscopy (EIS) and potentiodynamic polarization techniques were used as electrochemical tech-
spectroscopy; niques. Scanning electron microscopy (SEM) and attenuated total reflectance Fourier transform
ATR-FTIR; infrared spectroscopy (ATR-FTIR) was used as optical techniques to investigate the brass surface.
NaCl;

According to experimental results, inhibitor effectiveness increased with increasing temperature and
VBB reduced the corrosion rate by acting as a mixed type inhibitor. The activation energy (E,) of
the dissolution process and the standard free energy values AGqy of the adsorption process showed
that chemical interactions also had a minor contribution to the adsorption of VBB on brass surface
while physical interactions had a major one. Electrochemical and optical results revealed that VBB
molecules held persistently on brass surface even after 120 h. The existence of VBB on brass surface
was verified experimentally by ex-situ ATR-FTIR spectroelectrochemical measurement.

© 2015 The Authors. Production and hosting by Elsevier B.V. on behalf of King Saud University. Thisis
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Variamine Blue B

1. Introduction facilities. Also good machinability, corrosion resistance, and
low cost are features which make brass suitable for marine
environments, heat exchanger tubes and absorption refrig-
eration systems (Xavier et al., 2012). Despite the high corro-
sion resistance of copper and its alloys in atmospheric
conditions these metals may easily give dissolution reactions
in marine environments. Especially chloride and bromide ions

promote the dissolution of copper and its alloys (Ma et al.,

Brass is an alloy (Cu—Zn) which is commonly used in extensive
industrial applications and for esthetic purposes (Fan et al.,
2011). Brass finds a wide range of applications in industrial
processes because of its electrical and thermal conductivity
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2002).

Copper and its alloys undergo electrodissolution in marine
environments and there are numerous investigations related
with the inhibition of the corrosion of these metals with organ-
ic compounds (Gerengi and Bereket, 2012). Recently nitrogen
containing heterocyclic compounds have attracted great inter-
est being used as inhibitors against corrosion of copper and its
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Figure 1 Variamine Blue B salt (4-Amino-4'-Methoxydipheny-
lamine-Diazonium Chloride, C;3H>,CIN;O).

alloys. It has been repeatedly reported (Solmaz et al., 2011)
that compounds containing nitrogen and/or sulfur atoms can
co-ordinate with metals to form chelates. Benzotriazole
(BTA) is the one of the best known corrosion inhibitors
(Ravichandran and Rajendran, 2005) and many researchers
have investigated the inhibitory effect of BTA in chloride envi-
ronment (Gerengi et al., 2009, 2010; Kosec et al., 2007, 2008;
Antonijevic et al., 2005, 2009). Mountassir and Srhiri (2007)
have investigated the inhibitory effect of aminotriazole on
the corrosion and dezincification of Cu—40Zn in chloride solu-
tion including sulfide ions as accelerators and concluded that
the aminotriazole is an effective inhibitor. Ozkir et al. (2013)
have reported that the addition of hyamine in HNO3; medium
inhibited the corrosion of brass.

The present work focuses on the behavior of Variamine
Blue B as an inhibitor for corrosion of Cu-35Zn brass in
3.5% NaCl solution at different temperatures. The
electrochemical behaviors of brass were studied using
potentiodynamic polarization technique (Tafel curves) and
electrochemical impedance spectroscopy (EIS) in the absence
and presence of Variamine Blue B. The morphologies of the
brass surface examined with SEM technique and
ATR-FTIR technique were used for verifying existence of
VBB on the samples after 120 h exposing with corrosive
medium.

2. Material and methods

2.1. Sample preparation

A brass specimen with the composition Cu: 59.2945; Zn:
35.7533; Pb: 2.6114; Sn: 1.7891; Ni: 0.2776; Fe: 0.2742 was
used. The chemical composition analyze was done with a
PAN Analytical brand AXIOS Advanced model XRF equip-
ment. In order to expose the corrosive environment, the speci-
men was embedded in epoxy resin except the circular bottom
whose area was 0.773 cm>. Before the measurements, the brass
surface was mechanically abraded using emery papers with dif-
ferent grades the highest being 1200. Respectively, the elec-
trode surface was degreased and cleaned by rinsing with
acetone and distilled water.

2.2. Testing environment

The chemicals NaCl (Merck) and VBB (Sigma-Aldrich) were
used as purchased. The test solutions were prepared as % mass
in volume (w/v) using 3.5% NaCl solution without and with
the addition of different concentrations of VBB. The concen-
trations ranged from 1.0 x 10™* mol/L to 1.25x 10> mol/L.

The  molecular  formula of VBB  (4-Amino-4'-
Methoxydiphenylamine-Diazonium Chloride) is given in
Fig. 1.

2.3. Electrochemical measurements

Electrochemical measurements were carried out using a CHI
608d model electrochemical analyzer controlled with a com-
puter. The standard three-electrode cell configuration was used
for electrochemical measurements. A brass electrode with a
known composition was used as the working electrode, a plat-
inum sheet as the auxiliary (2 cm?) and an Ag/AgCl electrode
as the reference electrode. During the measurements solutions
were kept open to the atmosphere and the temperatures were
controlled with a thermostat range 298-328 K. All measure-
ments were done after an immersion time of 1 h without stir-
ring the test solutions and were repeated at least three times
until the same result was obtained.

The potentiodynamic curves were obtained in two parts:
The first was from E_, to —0.60 V as a cathodic side with a
scan rate of 0.001 Vs™'. After cleaning the surface the anodic
side was obtained from E_,, to 0.24 V with the same scan rate.
The corrosion rates were calculated by extrapolation of linear
region of the cathodic plots.

EIS measurements were taken at a steady-state open circuit
potential (), sine wave voltage with perturbation amplitude
of 0.005 V peak to peak, at frequencies between 100 kHz and
10 mHz. The impedance diagrams were given using the
Nyquist representation and multiplied with the surface area
(0.773 cm®). Zview software program (Scribner Associates
Inc.) was used for analysing impedance values.

2.4. Surface investigations

The surface visualization of the brass samples was carried out
after 120 h immersion time in corrosive media, by a ZEISS/
EVO LS10 (Serial number: 354700 9924/2476) scanning elec-
tron microscope.

Attenuated total reflectance Fourier transform infrared
spectroscopy (ATR-FTIR) was used for brass surface investi-
gations before and after immersion in 3.5% NaCl solution
absence and presence of 1.25x 107> mmol/L VBB. The
ATR-FTIR spectra measurements were performed by using
a Perkin Elmer Spectrum 65 model Spectrophotometer.
(Serial number: 87503).

3. Results and discussion

3.1. Potentiodynamic polarization studies

The representative potentiodynamic polarization curves of
brass in 3.5% NacCl solution in the absence and presence of
various concentrations of VBB after mentioned immersion
time are shown in Figs. 2 and 3. The corrosion current density
(icorr) Values were determined by extrapolation of Tafel lines to
the corresponding corrosion potentials. All calculated i, val-
ues in the absence and presence of different concentrations of
VBB are given in Table 1. The table represents the corrosion
potential (E.. ), corrosion current density (icor), corrosion
rate (Cgr) in terms of (mm/year) and inhibition efficiency
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Figure 3  Anodic polarization curves of brass in 3.5% NaCl at different VBB concentrations and temperatures. (——) none, (A) 0.1, (O)

0.5, (@) 1.0 and, (m) 1.25 mmol/L VBB.

percent (IE%). The corrosion rates were calculated as
described previously (Keles, 2011).

The inhibition efficiency was calculated from the polariza-
tion data as in Eq. (1)

[E% = om ~ Leors o 100 (1)

lcorr

where 7o and i.op are the corrosion current densities in solu-
tions with and without an inhibitor, respectively.

3.1.1. Cathodic curves

The cathodic polarization curves of the Cu—35Zn alloy in 3.5%
NaCl solution with different concentrations of VBB at differ-
ent temperatures are represented in Fig. 2.
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Table 1 Tafel polarization parameters for the corrosion of brass in 3.5% NaCl solution containing different concentrations of VBB at
various temperatures.
T (K) C (mmol/L) Ecorr (V) icorr (LA cm’z) Corrosion rate (mm/year) Inhibition efficiency IE%
298 - —0.204 11.966 0.138747 -
0.1 —0.236 2.438 0.028269 79.6
0.5 —0.217 0.7071 0.008199 94.1
1.0 —0.262 0.6323 0.007332 94.7
1.25 —0.313 0.6131 0.007109 94.9
308 - —0.269 23.903 0.277158 -
0.1 —0.250 4.220 0.048931 82.3
0.5 —0.273 2.425 0.028118 89.9
1.0 —0.245 1.199 0.013903 95.0
1.25 —0.280 0.764 0.008859 96.8
318 - —0.269 32.031 0.371403 -
0.1 —0.257 6.851 0.079438 78.6
0.5 —0.262 2.849 0.033034 91.1
1.0 —0.269 1.889 0.021892 94.1
1.25 —0.270 1.018 0.011804 96.8
328 - —0.312 52.82 0.612453 -
0.1 —0.300 37.94 0.439918 28.2
0.5 —0.301 10.73 0.124415 79.7
1.0 —0.288 2.94 0.034090 94.4
1.25 —0.282 2.17 0.025161 95.9

The figure reveals that adding VBB increasingly in the corro-
sive solution decreased the cathodic current densities, and
because no significant change was detected in the appearance
of the cathodic curves it can be said that the cathodic process
was unchanged. This indicates the adsorption of VBB molecules
on the brass surface and the retardation of corrosion without
altering the cathodic reaction mechanism by merely blocking
the active sites (Oguzie et al., 2007). In the cathodic range, dis-
solved oxygen in the solution takes over the cathodic reaction
of brass in 3.5% NaCl media as shown in the following Eq. (2)

0, +2H,0 +4e~ — 4OH™ 2)

It is clear from Table 1 that i, values decreased and IE%
increased when the VBB concentration was increased, indicat-
ing an inhibiting effect. The currents of potentials more nega-
tive than —0.55 V disclose the mass transport in the cathodic
process, for the temperatures 298 K and 308 K. Mountassir
and Srhiri (2007) point out that the reduction of oxygen reac-
tion is a mixed type of process including diffusion and activa-
tion processes. It was observed that in the activation controlled
region (Tafel) currents were almost linear. After the mentioned
potential the currents do not increase linearly due to the diffu-
sion controlled reaction. A similar situation was observed at
318 K and 328 K temperatures. This behavior could be
explained in the following manner: the oxygen diffusion
decreased in high temperatures due to the decrease of oxygen
solubility in water. Therewith the concentration of O, mole-
cules which reached the metal surface was limited and the cur-
rents did not increase even at more negative potentials than
—0.50 V. Similar results have been also reported in literature
on the suppression of cathodic reaction of metals (Qi et al.,
2013; Kear et al., 2005).

3.1.2. Anodic curves

The anodic curves obtained in 3.5% NaCl solution VBB free
and with different concentrations of VBB are shown in Fig. 3.

Fig. 3 reveals that, the addition of VBB caused a decrease in
anodic current densities and presents the modification on the
shape of the anodic curve. The accepted explanation of anodic
dissolution mechanism of brass in neutral chloride media can
be outlined as follows: In the beginning of the corrosion stage,
the ZnO layer is formed on brass surface via the reaction,

Zn** + H,0 — ZnO +2H"  or (3)

Zn + H,0 — ZnO + 2H" + 2¢ (4)

Also at this time copper forms Cu,O according to the fol-
lowing reaction, (Ravichandran et al. 2004; Gao and Liang,
2007).

2CllJr + H2O — CuzO + 2H+ or (5)

2Cu + H,O — Cu,O +2H™ + 2e” (6)

These oxide layers occur immediately after the initial con-
tact of brass with the chloride solution and they cannot pre-
vent further anodic polarization of the metal. Chloride ions
facilitate the dissolution of brass at more anodic potentials
by formation of CuCl and CuCl5 species as given in reactions
(7)—(9). It is reported in literature that at this stage the anodic
current is related with both charge and mass transfer processes
(Ravichandran et al., 2004; Kear et al., 2005).

Cu" + ClI” — CuCl (7)

The formed CuCl may also go through a dispropor-
tionation reaction resulting soluble species as follows
(Ravichandran et al., 2004):

2CuCl — Cu + CuCl, (8)

CuCl + ClI” — CuCl; 9)

Addition of the inhibitor also mostly caused the E.,, shift
toward more positive potentials than blank solution with
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Figure 4 Nyquist diagrams (a) and Bode plots (b) of brass in
3.5% NacCl solution at different temperatures.

increased concentrations of VBB and at all temperatures. It is
clear that the addition of VBB in a blank solution did not
affect the dissolution mechanism of brass. A little plateau
was observed at the anodic potentials which indicates the
adsorption of VBB to form a protective film on the brass sur-
face. As a consequence, the dissolution rate of brass decreased
and the anodic reaction was controlled. The decrease in
corrosion current densities was observed at high inhibitor
concentrations even at the highest studied temperature. In lit-
erature, this observation is attributed to copper (I) complex
formation with inhibitor molecule (Ma et al., 2002; Solmaz
et al., 2011). However the inhibitor could not prevent the dis-
solution of metal after certain potentials at any of the studied
temperatures. At this moment the desorption rate of the inhi-
bitor molecules was greater than the adsorption rate which led
to an increase in current densities to a certain value. The cor-
rosion of brass occurred at open points of metal surface
because an insufficient number of molecules could not cover
these active sites at low concentrated VBB solutions.

CuCl; « Cu*" +2C1" +e” (10)

The Eq. (10) explains what happened at higher anodic over
voltage. The current density increased because under high
potentials Cu (II) species is formed from Cu (I). Even at higher
potentials, the current density is controlled by diffusion
limitations.

It can be concluded from potentiodynamic polarization
curves that, there is a decrease in both cathodic and anodic
current densities with the increase in VBB concentration at
all temperatures. This confirmed that the addition of VBB
has retarded the rates of both cathodic and anodic; namely
oxygen reduction and metal dissolution reactions.

3.2. Electrochemical impedance spectroscopy (EIS) studies

The corrosion behavior of the Cu—35Zn alloy was investigated
in 3.5% NaCl solution, in the absence Fig. 4 and presence of
different concentrations of VBB Fig. 5 by using EIS technique
at temperature range of 298-328 K. Nyquist and Bode plots of
mentioned  experimental conditions were presented,
respectively.

In Figs. 4 and 5, it is seen that the impedance diagrams
resemble a depressed semicircle, which is considered as typical
behavior for solid electrodes observed in scattered impedance
data (Gao and Liang, 2007). There are several reasons for this:
Surface roughness, impurities, dislocations, grain boundaries,
adsorption of inhibitors, etc. may cause this depressed view
of Nyquist diagrams. The term ‘disturbed capacitance’ is used
to characterize these types of Nyquist diagrams and, a con-
stant phase element CPE is used instead of double layer capa-
city (Cq) to explain the non-ideal behavior of the metal
solution interface (Ozcan, 2008). Related impedance of CPE
is calculated according to Eq. (11) (Ahamad et al., 2010):

1

Yo(jw)" ()

Zcpg =
where Y, is the CPE constant, n is the CPE exponent. j is the
square root of —1, and w is the angular frequency. Depending
on the value of n, CPE can represent a resistance. n is a mea-
sure of non-ideality of the capacitor and has a value ranging
from —1 to 1 (Negm et al., 2011).

EIS measurements demonstrated that the impedance
response of brass changed in the presence of VBB in 3.5%
NaCl solution. The change was significantly related to the
adsorption of VBB molecules at the metal/solution interface.
The diameters of capacitive loops were increased with the
increasing of the concentration of VBB which indicates an
increase in the polarization resistance of brass corrosion. The
increase in resistance of Nyquist diagrams proved an increase
in surface coverage. This can be seen distinctly from Fig. 5.
The adsorbed inhibitor molecules form a protective film via
insulating (Fengling et al., 2008) the brass surface from solu-
tion and making the corrosion reaction more difficult.

The physical description of the corrosion process of brass in
the studied medium was analyzed by modeling the metal/solu-
tion interface to an equivalent electrical circuit. The EIS data
were fitted to the most probable equivalent circuit for model-
ing metal/solution interface; therefore two types of equivalent
circuits were proposed (Fig. 6).

In Fig. 6a an equivalent circuit with one semicircle was used
for describing the inhibitor free brass/solution interface at
298 K. The elements of the circuit can be named as; R, is the
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Figure 6 Proposed equivalent circuits for impedance analysis and interpretation of brass-NaCl solution system. Equivalent circuit for

having (a) one semi circle (b) two semicircles in impedance spectra.

solution resistance, R is the charge transfer resistance, Ry is
the diffuse layer resistance which is related to the transporta-
tion resistance of ions from metal surface to solution or vice
versa (Erbil, 2012) and CPEjy, is the constant phase element
of the double layer. The semicircle can be described as an over-
lapping of the double layer resistance (R.) and the diffuse lay-
er resistance (Rq) in the brass/solution system which are not
possible to distinguish between. Therefore the polarization
resistance (R},) can be calculated by summing these two resis-
tances (R, = Ret + Ra).

The equivalent circuit shown in Fig. 6b was used for fitting
electrochemical responses of brass which have two loops in the
Nyquist plots. As shown in Fig. 6b two different elements were
added into the circuit in order to define the brass/solution
interface accurately. These added circuit elements were pre-
sented as Rrand R,. Ry reflects the film resistance of adsorbed
inhibitor molecules, R,y is the oxide film resistance that formed
on brass surface, CPE; is the constant phase element of the
film layers and CPEjy is the constant phase element of the dou-
ble layer in the equivalent circuit. The nature of the oxide film
that formed on brass was explained by Egs. (3)-(6) given
above.

The second loop that can be observed in the Nyquist dia-
grams of inhibitor free solutions at 308328 K was related with
the oxide layer on brass formed in 3.5% NaCl solution. In
these cases there were no inhibitor molecules in the solution,
so the film resistance R, should not take part in the polariza-
tion resistance expression. The total resistance may be stated
as R, = Ry + Ry + R,y and CPE; was related to the oxide
film of brass.

In the case of VBB containing solutions, the Nyquist dia-
grams were described with the equivalent circuit shown in
Fig. 6b. In these diagrams there were two loops which were
related to the faradaic process and film formation. The fara-
daic process was associated with the high frequency part of
the impedance diagrams and represented with R., R4 and
CPEy elements similar to the model mentioned in Fig. 6a.
The second loop which was observed in the lower frequency
region was attributed to resistance of both the oxide film of
brass and the adsorption of VBB. The structure of the protec-
tive layer formed on brass in VBB containing solution consist-
ed of both Cu,O oxide layer and Cu—VBB complex products.
We assume that CuCl;y species went through the following
reactions and Cu(I)VBB complex was formed in the oxide lay-
er. Similar examples are mentioned in literature (Kosec et al.,
2008; Quan et al., 2002):

xCuCl; + xVBB — [Cu(I)VBB] + 2xCl~ (12)

The total polarization resistance can be summed up as
R, = Ryt + R4 + Rox + Rrand CPF; was the capacitance of
both oxide and complex film layer.

The data obtained by fitting the EIS results were summa-
rized in Table 2. The R, values increased significantly with
the concentration of VBB whereas the CPE; values decreased.
This suggests that the surface film formed in the presence of
VBB was thicker, less permeable and strongly adsorbed (Raj
and Rajendran, 2011). The stability of the film did not disap-
pear at high temperatures which is an indication of a strong
and stable interaction between the metal and VBB. The inhibi-
tion efficiencies were calculated at different concentrations and
temperatures utilizing the polarization resistance values
according to the following equation.

1% = Rt = Ro 109 (13)
Ry1an)

where R,anny and R, are polarization resistance values with
and without VBB, respectively.

It is also apparent from Table 2 that the values of CPEy,
decreased with increasing VBB concentration. The decrease
in CPEg values suggested a decrease in the dielectric constant
and/or an increase in the double layer thickness. This can be
explained as a result of adsorption of VBB molecules onto
the brass surface which have lesser dielectric constant com-
pared with desorbed water molecules. Thus the brass surface
was protected against the corrosive medium (Moretti et al.,
2013; Umoren et al., 2014).

The EIS results prove that the inhibition efficiency of VBB
increases with increasing concentration of VBB and rising tem-
perature. It was suggested that a stable and strong protective
film was formed on the brass surface even at high
temperatures.

3.3. Evaluation of SEM and ATR-FTIR results

The brass specimens were exposed to 3.5% NaCl solution for
120 h in the absence and presence of 1.25 mmol/L VBB in
order to determine the effect of the immersion time. The mea-
surements were followed by electrochemical impedance
method in 24-h interval, and the results were presented as
Nyquist and Bode plots in Fig. 7. A representative impedance
parameters were given in Table 3 for the corrosion of brass at
24 and 120 h immersion times. The parameters were evaluated
using model described in Fig. 6b.

In the beginning of the waiting period of inhibitor free solu-
tion, the diameter of capacitive loop increased until the 48th
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Table 2 Impedance parameters for the corrosion of brass in 3.5% NaCl at different concentration of VBB and temperatures.

T C R CPEy, (Rei+ Ry) CPE; (Rs + Ryy) Rp IE% 0 Ve

(K) (mmol/L) (ohm) Yo (x10%s" ohm™!) # (ohm) Yo (x10°s" ohm™!) n (ohm) (ohm)

298 Blank 7.29 68.8 0.80 3910 = = = 3910 - - 0.0010
0.1 8.19 19.2 0.87 28 53.2 0.56 11,515 11,543 66.1 0.661 0.0052
0.5 291 148.7 0.60 2342 128.5 0.77 10,300 12,642 69.1 0.691 0.0056
1.0 4.63 25.1 0.67 248 37.7 0.67 21,786 22,034 823 0.823 0.0042
1.25 3.10 11.2 0.73 261 65.6 0.69 35,011 35,272 88.9 0.889 0.0053

308 Blank 4.50 15.0 0.87 23 378.6 0.41 2564 2587 — = 0.0052
0.1 5.58 34.5 0.77 5 35.4 0.66 7930 7935 67.4 0.674 0.0037
0.5 8.39 19.8 0.70 10 36.4 0.76 10,990 10,999 76.5 0.765 0.0010
1.0 2.62 10.4 0.73 121 84.7 0.62 16,482 16,603 84.4 0.844 0.0021
1.25 6.24 2.28 0.85 565 254 0.58 351 25,503 89.9 0.899 0.0064

318 Blank 5.42 123.8 0.76 1215 8193 0.97 351 1566 — = 0.0017
0.1 4.42 49.2 0.75 89 26.8 0.43 5384 5473 714 0.714 0.0017
0.5 1.50 7.4 0.79 369 35.1 0.68 8829 9198 83.0 0.830 0.0087
1.0 3.16 23.2 0.66 37 12.0 0.47 15,209 15,246 89.7 0.897 0.0348
1.25 9.96 7.4 0.79 120 28.9 0.56 14,885 15,005 89.6 0.896 0.0329

328 Blank 6.08  694.6 0.58 58 4453 0.76 672 730 - - 0.0054
0.1 4.16 371.1 0.64 478 6864.0 0.68 512 990 26.3 0.403 0.0044
0.5 3.18 251.0 0.48 59 551.0 0.70 4254 4313 83.1 0.831 0.0035
1.0 1.00 2.6 0.79 426 79.2 0.61 9766 10,192 92.8 0.928 0.0027
1.25 2.06 3.8 0.81 272 63.8 0.63 13,836 14,108 94.8 0.948 0.0034

hour (Fig. 7a). This was attributed to the formation of oxide
film on brass as mentioned in Egs. (3)-(6). However, brass
was not completely resistant to corrosion in chloride contain-
ing media. 48 h later the polarization resistance of brass
decreased due to diffusion of chloride ions into oxide layer.
This accelerated the dissolution of oxide and the substrate met-
al lying under the oxide film. The substrate metal also included
Zn which is thermodynamically more reactive than copper.
Hence Cl™ ions reached to the base metal by opening pores
in the oxide film and caused the formation of soluble complex
products of metallic zinc as follows (Fan et al., 2011; Ma et al.,
2002):

Zn +4Cl- — ZnCL2™ +2e” (14)

Meanwhile copper (I) ion could also give soluble products in
NaCl environment as have been mentioned above in Egs.
(7)-(9). The cathodic reaction is oxygen reduction like as given
in Eq. (2). As can be seen from the Table 3 the polarization
resistance of brass in 3.5% NaCl reduced to 6141 from
11,688 ohm 120 h later.

In the case of the solution including 1.25 mmol/L VBB
(Fig. 7b), the capacitive loop rapidly increased in diameter to
46,841 ohm within 24 h. A protective film formation caused
by the adsorption of VBB molecules on brass surface was sug-
gested. As can be seen in Fig. 7b at 48 h the polarization resis-
tances of brass decreased and afterward remained on the same
level. This can be explained as follows: the adsorbed VBB
molecules cause an improvement by incorporating into the
oxide layer. Mass transfer reaction is controlled this way.
The polarization resistance of brass decreased to 22,633 ohm
after the exposing time of 120 h. The decrease in the polariza-
tion resistance value was caused by the diffusion of corrosive
species such as dissolved oxygen and chloride ions into pores

of the oxide layer and the electrochemical reactions that was
made possible (Solmaz et al., 2008). After 120 h the inhibition
efficiency of VBB seemed to be 72.9% which suggested that the
inhibitor film was reasonably permanent.

The SEM images of brass surfaces exposed to 3.5% NaCl
without and with 1.25 mmol/L VBB for 120 h are given on
Figs. 8 and 9.

SEM examination of the figures clearly shows the difference
between the two brass surfaces. The damage that the metal suf-
fered in the absence of VBB is clearly seen in Fig. 8a and b.
Small sized corrosion products and pits that spread over the
surface of brass were observed in inhibitor free NaCl solution.

Fig. 9a and b shows the brass surface that was exposed to
3.5% NaCl + 1.25 mmol/L VBB solution for 120 h. The pol-
ishing scratches on the brass surface could be seen even
120 h later from the figures. There were no corrosion products
and cracks on brass surface in the VBB containing solution
which proves that the metal was hindered against corrosive
species. When comparing the surface treated with 3.5%
NaCl + 1.25 mmol/L VBB solution to the surface treated with
3.5% NaCl solution a smoother surface was observed.

After  exposing the substrate for 120h in
NaCl + 1.25 mmol/L VBB solution, ATR-FTIR of brass sur-
face was recorded in order to confirm the adsorption of the
VBB film on the metal surface. ATR-FTIR spectrum of
untreated brass surface was also recorded to make comparison
with the inhibited brass surface and it was shown in Fig. 10. As
can be seen from the figure the characteristic band of N-H
stretching is indicated by peak at 3389 cm™', peak at
1431 cm™! corresponding to C—C stretching and the peak at
1243 cm™! corresponding to C-N stretching (Radoi et al.,
2008). These observations prove the existence of VBB on the
brass surface after exposing 120 h to corrosive medium.
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different immersion times: 24 h (0), 48 h (@), 72 h (A), 96 h (a) and 120 h (O).

Table 3 Impedance parameters for the corrosion of brass in 3.5% NaCl solution and 3.5% NaCl + 1.25 mmol/L VBB solution at
different immersion times.
Immersion R CPEq (Ret+ Ry) CPE; (R + Roy) Rp IE% »*
time (h) (ohm) Yo (x10°s" ohm™") 7 (ohm) Yo (x10°s" ohm™") n (ohm) (ohm)
3.5% NaCl 24 5.78 81.8 091 147 321 0.49 11,541 11,688 — 0.0094
120 7.40  49.7 0.84 722 121 0.61 5419 6141 - 0.0044
3.5%NaCl + VBB 24 4.05 2.9 0.78 689 39.3 0.51 46,152 46,841 75.0 0.0009
120 5.87 0.1 0.98 20 59.4 0.59 22,613 22,633 729 0.0036

3.4. Adsorption isotherms

The adsorption isotherm describes the interaction of inhibitor
molecules with the metal surface which is important when
evaluating the mechanism of the inhibition. If an organic mole-
cule adsorbed on metal efficiently, it can be called a successful
corrosion inhibitor. The adsorption process occurs between
the metal/solution interface by replacing adsorbed water

molecules and organic molecules as shown in the reaction
given below (15) (Mistry et al., 2013).
Org oy + mH2O(aas) < O1gyq5) + MHO(s01) (15)

In this equilibrium reaction, the organic molecules in the solu-
tion and adsorbed molecules on the metal surface are repre-
sented as Orguoy and Orgugs), respectively, and m is the
number of water molecules that is replaced with organic
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Figure 8 SEM images of brass surface exposed to 3.5% NaCl
solution for 120 h at 298 K. (a) Magnification x500 and (b)
Magnification x2000.

molecules. To determine which adsorption isotherm best fits
the adsorption mode of VBB on brass, the surface coverage
(0) values were used in different isotherms. The plots were
obtained by using inhibition efficiencies that were calculated
from potentiodynamic polarization measurements. The values
seemed to fit best with the Langmuir adsorption isotherm with
correlation coefficients which have been given in Fig. 11. The
Langmuir adsorption isotherm can be expressed as in Eq. (16).
Cinh 1
0 N Kads + th (16)

In the equation, 6 shows the degree of coverage on the metal
surface, Cj,, represents the inhibitor concentration and K,g
represents the equilibrium constant of adsorption process.

High correlation coefficients approved the consistency of
experimental results with the Langmuir adsorption isotherm.
Therefore, it was concluded that the adsorbed molecules
aligned on the metal surface without interactions between
adjacent molecules (Obot et al., 2009).

K,q4s,» the equilibrium constant of the adsorption process,
was calculated from the reciprocal of the intercept of the

Figure 9 SEM images of brass surface exposed to 3.5%
NaCl + 1.25mmol/L VBB solution for 120h at 298 K. (a)
Magnification x500 and (b) Magnification x2000.

plotted isotherm line (Fig. 11). Subsequently, K,4s was used
to evaluate the standard free energy of adsorption (AGyys) val-
ues of the VBB molecule at each temperature by the following
Eq. (17):

—AGS,

—a 17
exp (17)

Kads CSolvem
where Cggpvent 18 the molar concentration of water which is
55.5mol L', R is the gas constant (8.314J K~'mol™") and
T is the absolute temperature (K).

The calculated values of K,qs and AGhgs were listed in
Table 4. The AGYy values were —37.0; —36.8; —37.9 and
—39.9 kJ mol™! respectively at the temperature range of 298—
328 K. The negative values of AGgy4, mean that the adsorption
process of VBB on brass surface is spontaneous. Generally,
AGSy values around —20kJmol™' are accepted as a
physisorption which takes place by an electrostatic interaction
between charged molecules and the metal; those around
—40 kJ mol™! are known as chemisorption. Chemisorption
requires charge sharing or transfer between an organic mole-
cule and metal which causes them to co-ordinate and form a
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Figure 10  Ex-situ ATR-FTIR spectra of brass surface recorded
after exposing 120 h in 3.5% NaCl solution with and without VBB
in the wave number region 4000-650 cm™".

covalent bond (Liao et al., 2011). The fact that the AGgqs val-
ues are very close to —40 kJ mol~' indicates that the adsorp-
tion of VBB is not merely a physical or a chemical
adsorption. Therefore, the adsorption of VBB on brass surface
can be accepted as a mixed type of adsorption which has a che-
mical contribution on a physical adsorption. Similar results are
reported in literature (Ramesh and Adhikari, 2009; Ali et al.,
2005; Noor and Al-Moubaraki, 2008).

3.5. Activation energy calculations

Temperature investigations are important in corrosion studies
because they make it possible to determine the activation ener-
gy (E,) and calculate the dissolution process. Information
about the inhibition mechanism can be collected by comparing
E, values both in the presence and absence of the inhibitor
(Popova et al., 2007). Therefore, the corrosion rate of brass
in 3.5% NacCl solution alone and with the presence of VBB
was determined at different temperatures for E, calculation.
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Table 4 Adsorption equilibrium constants (K,qs) and stan-
dard free energy of adsorption (AGy4s) of VBB on brass in 3.5%
NacCl solution.

Temperature (K) Kags (x10* L/mol) AGS4 (kJ mol™")

298 5.56 -37.0
308 3.13 —36.8
318 3.03 =379
328 4.05 -39.9
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In (i /A cm?)
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0.003 0.00305 0.0031 0.00315 0.0032 0.00325 0.0033 0.00335 0.0034
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Figure 12  Arrhenius plots of brass corrosion in 3.5% NaCl
solution in presence of (¢) 3.5% NaCl; (m) 0.1 mmol/L. VBB; (A)
0.5 mmol/L VBB; (e)1.0 mmol/L VBB; and (x) 1.25 mmol/L VBB.

The relation between corrosion rate and temperature is given
in the Arrhenius Eq. (18) (Bahrami et al., 2010):

fcor = A exp(_Ez)/RT) (18)

Here A is a constant, i, iS corrosion current density, E, is the
activation energy, R is the universal gas constant and 7 is the
absolute temperature. Fig. 12 represents the Arrhenius plots of
the [In .o vs. 1/T] for brass in 3.5% NaCl solution. From the
slopes of these plots E, values were calculated and given in
Table 5.

The E, values were 38.65kJmol™!; 70.21 kI mol™!;
67.53kJmol™"; 41.24kJmol™"; 32.85kImol™' for the
absence and presence of VBB with increasing concentrations,
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Langmuir adsorption plots of VBB on brass in 3.5% NaCl solution at 298-328 K temperatures.
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Table 5 Activation energy values, E,, for the corrosion of brass in 3.5% NaCl solution with and without different concentration of
VBB and temperature dependence of percent inhibition efficiency, IE%. (E, = kJ mol ™).

T (K) 3.5% NaCl 0.1 mmol/L VBB 0.5 mmol/L VBB 1.0 mmol/L VBB 1.25 mmol/L VBB

E, IE% E, IE% E, IE% E, IE% E, IEY%
298 38.65 - 70.21 79.6 67.53 94.1 41.24 94.7 32.85 94.9
308 - 82.3 89.9 95.0 96.8
318 - 78.6 91.1 94.1 96.8
328 - 28.2 79.7 94.4 95.9

respectively. The E, values obtained in the presence of VBB
were found higher (except 1.25mmol/L VBB) when
compared to the values obtained in the absence of VBB.
The lowest E, was observed in solution including
1.25 mmol/L M of VBB. According to some researchers
(Keles, 2011; Kardas, 2005; Bouklah et al., 2006) the increase
in E, value in the presence of the inhibitor refers to the phy-
sical adsorption and the opposite case has been attributed to
the chemisorption. In our study the adsorption of VBB seems
to be physical except at the highest VBB concentration.
Similar behavior was reported by Ali et al.(2005) who
deduced that change of adsorption type is connected with
increasing inhibitor concentration. This situation was related
with the decrease of the frequency factor and change in the
dissolution mechanism. Hence the adsorption was referred
to as chemisorption with higher concentration range and
physisorption with lower concentration range. Oguzie et al.
(2005) have reported that because some energy is used in
chemisorption, a decrease in activation energy is observed
in the corrosion process of inhibitor containing systems com-
pared with blank solution. Physisorption may have taken
place in metal/solution interface when an increase is observed
in the activation energy of the inhibited systems.

The temperature dependence of percent inhibition efficien-
cy (IE%) is also shown in Table 5. The metal surface was cov-
ered with inhibitor molecules even at higher temperatures, and
rate determining step of the metal dissolution becomes diffu-
sion controlled through the film of corrosion products and
inhibitor. The rate of metal dissolution can be considered as
a sum of corrosion rate of the bare metal and corrosion rate
on this part of the surface which is covered by adsorbed inhi-
bitor. At high degrees of coverage, the first process has no sub-
stantial contribution (Behpour et al., 2010). In this case the
corrosive mechanism includes a direct reaction of the mole-
cules of the inhibitor with the metal surface and the activation
energy can be smaller or higher than in absence of inhibitor.
According to these; the higher value of E, in uninhibited solu-
tion compared with inhibited solution and increase of its /E%
with temperature increase can be interpreted as an indication
of transformation of physical adsorption into chemical
adsorption.

Taking the references and the results obtained from the
activation energy calculations into consideration, it can be
concluded that the adsorption of VBB could not be classified
as simply physical or chemical. Previous standard free energy
finding supports this suggestion. We can say that a strong
physisorption process may take place at lower concentrations
and chemical interactions may contribute to the adsorption
of VBB at the highest concentrations.

4. Conclusions

According to experimental findings we can present the follow-
ing remarks.

VBB exhibited very good corrosion inhibition performance
for brass in 3.5% (w/v) NaCl solution at the temperature range
of 298-328 K. Potentiodynamic polarization and EIS results
reveal that VBB inhibits the corrosion of brass in aggressive
NaCl solution even at 328 K temperature with 95.9% and
95.1%. VBB acts as a mixed type inhibitor at all studied tem-
peratures and it reduces both anodic and cathodic reactions.
The adsorption of VBB on brass surface in 3.5% NaCl solu-
tion was found to follow the Langmuir adsorption isotherm.
Standard free energy of adsorption (AGhgs) values suggested
that VBB is tightly adsorbed on the brass surface. It can be
said that physisorption process takes place at lower concentra-
tions of VBB and chemical interactions contribute to the
adsorption in the higher concentration range. ATR-FTIR
spectroscopy techniques were used to prove the existence of
the VBB inhibitor film. SEM results showed a smoother sur-
face in the VBB containing solutions when was compared with
the inhibitor free solution. This suggested that the metal has
been hindered against corrosive species 120 h later.
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