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Abstract

1-(2,4-Dimethylphenyl)-5-amino-1H-tetrazole (DAT) nanoparticles were synthesized, and
its inhibiting action on the corrosion of Aluminum AA1005 alloy (Al) in sulfuric acid was
investigated using potentiodynamic polarization and electrochemical impedance spectroscopy
(EIS). Inhibition efficiency increases as inhibitor concentration increases. A good correla-
tion was observed between the potentiodynamic studies and electrochemical impedance spec-
troscopy with electrochemical noise measurements. Hence, it seems that the electrochemical
noise (EN) method can be applied as a complementary quantitative technique to study the
corrosion behavior of inhibitors. The effect of inhibitor concentration on the interpretation of
noise resistance and spectral noise impedance was evaluated. Furthermore, quantum chem-
ical calculations were employed to provide further insight into the mechanism of inhibition
by DAT. It was shown that the adsorption of inhibitors on the AA1005 surface takes place
through both physical and chemical adsorption. The best fit to the experimental data was
obtained using Langmuir adsorption isotherm.
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1. Introduction

Low cost, light weight, high thermal and electri-
cal conductivity make aluminum an economically and
industrially remarkable and important metal. The for-
mation of a protective film on the aluminum surface
is an important feature when a fresh surface of alu-
minum is exposed to the atmosphere or an aqueous
medium. The corrosive persistence of aluminum and
its oxide layer in a wide variety of aggressive solu-
tions has been investigated. Also, the inhibition of alu-
minum corrosion has been extensively studied using
organic and inorganic compounds. Recently, triazoles,
tetrazoles, and their derivatives have been regarded
as excellent corrosion inhibitors for different metal-
lic substrates, i.e. aluminum, [1] stainless steel [2] and
mild steel [3] due to the presence of nitrogen as a func-
tional group and p electrons in their structures. These

compounds are adsorbed on the metal surfaces and
form a protective film, which blocks the active sites
on the surface and prevents further corrosion of the
metal. Benzotriazole and aminotetrazole are the com-
mon azole-based compounds the corrosion inhibition
properties of which have been investigated by various
techniques [4, 5]. Benzotriazole has been known for its
great versatility from drug precursors to the applica-
tion in restrainer photographic emulsions. Aminote-
trazoles are important heterocyclic compounds ap-
plied in the pharmaceutical area, explosive and infor-
mation recording systems as ligands and precursors to
a variety of nitrogen-containing compounds [6].

The present work intends to study the corrosion
behavior of Al samples in 1M H5SOy4 solution with
DAT as the organic inhibitor by common electro-
chemical tools, in particularly electrochemical noise
analysis method. The effect of inhibitor concentration
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Fig. 1. (a) Structure of 1-(2,4-Dimethylphenyl)-5-amino-
-1H-tetrazole; (b) Optimized molecular structure of 1-(2,4-
-Dimethylphenyl)-5-amino-1H-tetrazole.

on the interpretation of noise resistance and spec-
tral noise impedance was evaluated. It is intended
to seek the correlation between noise resistance and
polarization resistance on one hand and the correla-
tion of spectral noise impedance and electrochemical
impedance spectroscopic results at a high-frequency
region on the other.

2. Experimental
2.1. Materials

The employed working electrodes with surface area
of 3 mm? were prepared from aluminum AA1005 with
composition of Al: 99.8, Ni: 0.6601, Si: 0.1, Mn: 0.006,
Mg: 0.005, Cu: 0.01, Pb: 0.03, Bi: 0.005, Co: 0.002,
Ti: 0.002, Na: 0.001, Fe: 0.05, and Ga: 0.005 (wt.%).
The electrolyte was 1.0M H3SO4 solution, which was
prepared using reagents obtained from Merck Chemi-
cal Co. and distilled water at ambient temperature.
1-(2,4-Dimethylphenyl)-5-amino-1H-tetrazole nanos-
tructure was prepared from a mixture of the 2,4-
-dimethylphenylcyanamide, NaN3, and ZnCly under
ultrasonic irradiation. Molecular structure of the in-
hibitor is shown in Fig. 1.

2.2. Testing methods

The specimens were connected to a copper wire at
one end and sealed using epoxy resin with the other
end exposed as the WE surface. The surface of work-
ing electrode was abraded with silicon carbide paper
(from 600 to 1200), cleaned with distilled water, and
degreased using acetone before each run. A standard
electrochemical cell with three electrodes in a Faraday
cage was used for electrochemical noise (EN) measure-
ments. A Faraday cage was used in order to avoid
interferences with external electromagnetic field and
stray currents during EN measurements. Two nom-
inally identical electrodes (with 3 mm? surface area)
and a standard calomel electrode were used as working
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Fig. 2. Polarization curves for Al in 1.0 mol L~ ! HySO4
in the absence and presence of different concentration of
DAT at 25°C.

and reference electrodes, respectively. The EN mea-
surement was monitored by electrochemical interface
model 1287 Solarton for 2 h. The signal processing was
carried out by Matlab 2011a software. Electrochemical
potential and current noise were obtained with 0.1 Hz
sampling frequency. For electrochemical impedance
spectroscopy (EIS) and potentiodynamic polarization,
a standard electrochemical cell with three electrodes
including AA1005, graphite, and standard calomel
electrode as working, counter, and reference electrode
was used. The EIS and potentiodynamic polarization
tests were performed by the potentiostat/galvanostat
model 273 A EG&G and SI (HF frequency response
analyzer). The EIS measurements were carried out at
an open-circuit potential with an amplitude of 10 mV
AC potential in the frequency range of 100 kHz—-100
mHz. The potentiodynamic current-potential curves
were recorded by sweeping the electrode potential au-
tomatically from —0.5 to 0.5 V vs. OCP with a scan-
ning rate of 10 mV s~*

3. Results and discussion
3.1. Potentiodynamic polarization

Figure 2 shows the potentiodynamic polariza-
tion curves of AA1005 in 1.0 mol L—! H,SO, so-
lution in the absence and presence of various con-
centrations of DAT. Polarization measurements pro-
vide valuable information about the kinetics of an-
odic and cathodic reactions. The relevant parame-
ters, namely corrosion current density (icoyr), cOr-
rosion potential (Fcoy), anodic and cathodic Tafel
slopes (Ba, B.) and polarization resistance (Rp) are
listed in Table 1. According to the data presented,
corrosion current density decreased as the concentra-
tion of inhibitor increased. The addition of DAT to
acidic media affected anodic branches of the poten-
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Table 1. Polarization parameters and the corresponding inhibition efficiencies for Al in 1.0 mol L~ H2SO4 containing
different concentration of DAT

C (molL™)  Eeowr (mV) Lo (BA cm™2)  Bc (mV decade™)  Ba (mV decade™) R, (kQ) n

0 -845 449 181 192 5.4 -
0.001 -820 364.1 180 187 6.6 18.90
0.002 -793 283.2 179 186 9.5 36.92
0.004 —775 225.5 182 179 11.5 49.77
0.006 —750 173.1 180 175 12.5 61.44
0.008 736 136.1 180 171 14.6 69.68
0.01 719 125.6 183 175 15.9 72.02

tiodynamic polarization curves. Therefore, DAT be-
haved as an anodic inhibitor. The considerable cor-
rosion potential shift to positive direction confirmed
that the inhibitor affected the anodic reaction more
in comparison to the cathodic one. The corrosion in-
hibition efficiency was calculated using the relation

[1]:
(%) = 100 (o =), 1)

ZCOI‘I‘

where ¢, and icorr are uninhibited and inhibited cor-
rosion current densities, respectively, obtained from
potentiodynamic polarization curves. The 7 values
show that the inhibition is more pronounced with
increasing inhibitor concentration. In the calcula-
tion of surface coverage, 6, it was assumed that
inhibition is mainly due to the blocking of active
sites on the surface and hence § = 7/100. An at-
tempt was made to test the Langmuir, Temkin, and
Frumkin isotherms. Langmuir adsorption isotherm
was found to fit well with the experimental data,
as shown in Fig. 3. Langmuir isotherm is defined
as:

g - KO @)

1+ KC

which can be rearranged as:

C 1
=0+ (3)

where 6 is the surface coverage, C' is the inhibitor
concentration, and K is the adsorption equilibrium
constant. The plot of C'/6 versus C for DAT yields
a straight line with a correlation coefficient close
to 1.0, indicating that adsorption of this inhibitor
is well described by Langmuir adsorption isotherm.
In Langmuir isotherm, it is assumed that all the
adsorption sites are equivalent, and the probabil-
ity of the adsorption of DAT molecules at the ac-
tive sites is independent of the occupation of nearby
sites.
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Fig. 3. Langmuir adsorption isotherm of the inhibitors by
using surface coverage value calculated by Tafel polariza-
tion results.

3.2. Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy is an ex-
cellent technique, which has been used to under-
stand the mechanism of corrosion, passivation phe-
nomena, and charge transfer mechanism at the elec-
trolyte/electrode interface. This has been broadly dis-
cussed in the literature using a variety of theoreti-
cal models [7-16]. Nyquist presentations of EIS for
AA1005 in 1.0 mol L= HySO, in the absence and
presence of various concentrations of DAT are shown
in Fig. 4. It is apparent from Fig. 4 that the impedance
response of AA1005 changes significantly with increas-
ing DAT concentration. The electrical equivalent cir-
cuit employed for the analysis of the impedance plots
is shown in Fig. 4. Ry and R are the solution and
charge transfer resistances, respectively. The ideal ca-
pacitive behavior is not observed in this case, and
hence, a constant phase element CPE is introduced
in the circuit to give a more accurate fit [1]. The
impedance of the constant phase element (CPE) is
defined as follows:

1

A <4>

ZcpE =
where Yy is the CPE constant (F cm™ Sn~! or
s" Q71 em™?), j equals v/—1, w is the angular fre-
quency, and n is the CPE exponent. Depending on
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Fig. 4. Nyquist plots for Al in 1.0 mol L~! HySOy4 in the
absence and presence of different concentration of DAT at
25°C.

n, CPE can represent resistance (n = 0, Zcpg = R),
capacitance (n = 1, Zcpg = C), inductive (n = 1,
Zcpr = L) or Warburg impedance (n = 0.5, Zcpg =
W). The correct equation to convert the CPE con-
stant, Yy, into the double layer capacitance, Cyqj, is
the following equation:

C’dl == YO (wmax)nil ) (5)

where wpax is the angular frequency at which the
imaginary component of the impedance is maximum.
As observed in Table 2, the R values increased as
the concentration of inhibitors increased. On the other
hand, the values of Cy decreased with increasing in-
hibitor concentration. This was due to the increasing
surface coverage by the inhibitor and consequently a
decrease in local dielectric constant and/or an increase
in the thickness of the double layer. This can be at-
tributed to the replacement of water molecules with
adsorbed inhibitors on the metal surface [1]:

Org, + nH2044s ¢ Orgads + nH2044. (6)

Inhibition efficiencies in Table 2 were calculated
through the following expression [1]:

s (%) = 100 (@) , (7)

ct

where R}, and R represent charge transfer resistance
before and after addition of the inhibitor to the corro-
sion environment, respectively. Inhibition efficiencies
increased with increased inhibitor concentration. The
neis values are in good agreement with n obtained
from the polarization method. As observed in Fig. 5,
Langmuir isotherm was fitted to obtain the experi-
mental data.
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Fig. 5. Langmuir adsorption isotherm of the inhibitors by
using surface coverage value calculated by electrochemical
impedance spectroscopy results.

3.3. Electrochemical notse

The electrochemical noise is the measurement of
potential and current noise with time. Potential and
current are simultaneously measured without applying
external perturbation. In this technique, two nomi-
nally identical electrodes are connected galvanically
through a zero resistance ammeter (ZRA). The cur-
rent between two electrodes is measured by ZRA.
Moreover, two electrodes sense similar potentials due
to short circuit connection between them, and their
potential is measured toward a standard reference
electrode or an identical third electrode [17]. The most
popular approaches to the analysis of electrochemical
noise are statistical and spectral methods [18]. The
statistical method is determination and tracking of
mean potential and current values, which are related
to corrosion process thermodynamics and corrosion
rates, respectively. The noise resistance, R,,, is another
important parameter, which has a physical concept
like polarization resistance and is calculated by divid-
ing standard variation of potential on the standard
variation of current. In spectral methods, time domain
potential and current noise are transferred to the fre-
quency domain. The power spectral densities (PSD)
are curves frequently used in the spectral analysis
of electrochemical noise methods. The spectral noise
impedance, Rg,, is a concept similar to impedance
values, which is determined by AC polarization tech-
niques. This quantity has been linked to the equiv-
alent electrochemical impedance of electrodes, which
can provide much valuable information regarding the
corrosion process and rate [19]. The spectral noise
impedance is defined in terms of power spectral den-

sities:
Ronl ) =[S 0

However, the first and crucial step toward a compre-
hensive noise analysis is data pretreatment. In most
electrochemical noise measurements, a DC drift ap-
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Table 2. Impedance parameters and the corresponding inhibition efficiency values for Al in 1.0 mol L~! HySO4 containing
different concentration of DAT

C (mol L™1) Rs (9 cm?) Rey (Q cm?) n 10°Y, (F em™2 Sn™1) Ca (F cm™2) nets (%)
0 8.86 6450 0.96 5.03 4.32 -
0.001 8.52 7850 0.96 3.52 3.02 17.83
0.002 8.28 13687 0.96 2.67 2.33 52.67
0.004 7.69 18393 0.96 2.28 1.99 64.52
0.006 7.62 24050 0.95 2.25 1.95 73.18
0.008 7.08 26394 0.95 1.94 1.60 75.56
0.01 6.84 20894 0.95 1.27 1.07 78.42

Table 3. Statistical analysis of electrochemical noise of Al in 1.0 mol L~! HySO4 containing different concentration of
inhibitor (DAT)

C (mol L™1) Em (V) I (A) Eeta La Rn (kQ) T (%)

0 ~0.7469 4.79 x 1077 3.24 x 107° 3.129 x 1077 10.3540 -
0.001 -0.7615 4.79 x 107° 6.43 x 107* 4.74 x 107° 13.553 25
0.002 -0.7034 1.36 x 1077 1.68 x 107* 8.50 x 107 19.764 47
0.004 -0.7124 4.36 x 1077 9.26 x 107° 3.65 x 1077 25.313 60
0.006 -0.6924 9.19 x 1077 5.54 x 107° 2.25 x 107° 29.055 65
0.008 ~0.6632 9.93 x 107° 5.57 x 107° 1.72 x 107° 32.253 68
0.01 ~0.6454 1.43 x 1077 1.89 x 107° 5.24 x 10710 36.055 72

0.744 (a) - for a faster anodic reaction compared to another de-

M manding more cathodic current for current data [18].

! It is believed that the DC trend should be removed be-

Y / A fore noise resistance and spectral noise impedance cal-

S 075 "-PLH,,WJ'{J;{JP' 1 culation. Moreover, to avoid the integration effect in

o = FFT method, some extra pretreatment is needed. For

i.'! this purpose, the Hann window is recommended to ap-

' w ply on data before transferring data from time domain
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Fig. 6. Time records of electrochemical potential and cur-
rent noise for Al in 1.0 mol L™ H5SO4 in the absence (a)
and 0.001 mol L™" (b) of DAT at 25°C.

pears in potential or current noise data. The DC drift
component can be a consequence of surface passiva-
tion for potential data or the support of one electrode

current oscillate periodically. The mean values of po-
tential are shifted toward more positive values with in-
creasing inhibitor concentration and numbers of birth-
death transient increase. The birth-death transients,
which can be seen as a sudden increase and decrease in
current values are attributed to activation controlled
processes such as metastable pitting. Moreover, with
increasing inhibitor concentration, the standard devi-
ation of potential and current noise decreases, and the
noise resistance value increases as a consequence. The
inhibition efficiencies in Table 3 were calculated from
the following expression:
)

where R} and R, represent the charge transfer re-
sistance before and after addition of the inhibitor to

R — Ry

i ©)

(%) =100
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Fig. 7. Langmuir adsorption isotherm of the inhibitors by
using surface coverage value calculated by electrochemical
noise results.
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Fig. 8. Spectral noise impedance Al in 1.0 mol L™ H2SO4
in the absence and presence of different concentration of
DAT at 25°C.

the corrosion environment, respectively. Inhibition ef-
ficiencies increased with increasing inhibitor concen-
tration. The n, values are in good agreement with n
obtained from the polarization method and electro-
chemical impedance spectroscopy. Figure 7 shows the
fitting of Langmuir isotherm on experimental data.
The computed spectral noise impedances of electro-
chemical potential and current noises are shown in
Fig. 8. The spectral noise impedance was computed
after removing DC trend and applying a Hann window
on potential and current noise data. As it can be seen,
the spectral noise impedance curves moved toward
higher values with increasing inhibitor concentration.
However, the magnitudes are not close to those ob-
tained from other methods due to necessary pretreat-
ment of data, while the trends show a good correla-
tion with obtained results from polarization methods,
electrochemical impedance spectroscopy, and noise re-
sistance.

4. Conclusion

The adsorption and inhibition effects of DAT
nanoparticles on corrosion behavior of aluminum

AA1005 alloy in 1 mol L= HySO, were studied us-
ing electrochemical techniques. Inhibition efficiency
increases with increasing inhibitor concentration. A
good correlation was observed between the potentio-
dynamic studies and electrochemical impedance spec-
troscopy with electrochemical noise measurements.
Hence, it seems that the EN method can be applied
as a complementary quantitative technique to study
the corrosion behavior of inhibitors. Moreover, EIS
plots indicate that the charge transfer resistance in-
creases with increasing concentration of the inhibitor.
The best fit to the experimental data was Langmuir
adsorption isotherm. It was shown that the adsorp-
tion of both inhibitors on the AA1005 surface takes
place through both physical and chemical adsorp-
tion.
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