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Abstract The electrochemical behavior of brass-MMS55
alloy was studied in artificial seawater with benzotriazole
by using a novel method called dynamic electrochemical
impedance spectroscopy (DEIS). This method gives possi-
bility to investigate the protection of metals in corrosive
medium by using inhibitors in galvanostatic conditions for
a long time. Instantaneous impedance spectra for brass-
MMS5S were recorded for 10 h in artificial seawater for
different concentration of benzotriazole. It was found that a
few hours were not enough for the accurate calculation of
corrosion inhibition. Also with this method it is possible to
figure out how the charge transfer resistance (R.;) changes
by the time. Usefulness of the DEIS technique in the
investigation of non-stationary phenomena has been proved
in the field of inhibitor research. All studies clearly show
that benzotriazole inhibits the corrosion of brass-MMSS5
alloy in artificial seawater solution and the value of
inhibition efficiency increases with increasing concentration
of benzotriazole.
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Introduction

Copper and its alloys are widely used in industry because of
their excellent electrical and thermal conductivity and are
often used in heating and cooling systems [1, 2]. Especially,
brass has been widely used as tubing material for
condensers and as heat exchanger in various cooling water
systems [3, 4]. Due to those various industrial applications
and economic importance of brass, its protection against
corrosion attracted much attention. However, it corrodes
easily in chloride containing aqueous solutions and air,
which limits its use. But the majority of marine propellers
from the smallest to the largest are made from copper alloys
[5]. Brass-MMS5S5 has been especially used as casting
propeller and as rudder [6]. This type of brass has also
been used in valve bodies, pump parts, and non-magnetic
binnacle fittings [7].

One of the most important methods in corrosion
protection is to use inhibitors [8—10]. Inhibitors are
chemicals that act to slow down corrosion. They are the
preferred method of corrosion control in closed and
recirculation cooling and heater systems. The effectiveness
of an organic substance as an inhibitor depends on the
structure of the inhibitor [11] and the stability of the chelate
formed on the metal surface [12]. Most organic substances
employed as copper corrosion inhibitors protect the metal
by forming a chelate on the metal surfaces [13]. Benzo-
triazole (BTA) is known as one of the best corrosion
inhibitors for copper and its alloys in a wide range of
environments [14—18]. Also BTA has low toxicity and
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presents no ecological hazard although precautions should
be taken [19]. It is generally assumed that BTA forms a
polymeric cuprous complex on the metal surface which
prevents further copper dissolution [20, 21]. Most of above
studies concerned that BTA adsorbed on the copper alloys
surface according to reaction (1).

n(BTA)aq + nCu — [Cu(BTA)]n + nH* + ne™ (1)

Brass has been widely studied in 3.5% NaCl media
where it has been observed that the chloride ion has a
strong influence on the copper corrosion mechanism [22].
However, according to laboratory tests, these solutions do
not always reproduce the corrosion accurately losses in the
natural seawater, because, in addition to chlorides, other
impurities in the salt composition can pronouncedly affect
the corrosion [23].

Darowicki et al. [24, 25] have presented a new mode of
electrochemical impedance measurement. In this method
(dynamic electrochemical impedance spectroscopy (DEIS)),
the impedance spectra are determined for narrow periods
of time. The purpose of this work is to present a novel
method, dynamic electrochemical impedance spectroscopy,
which has never been employed in the investigation of
protection of metals by adding inhibitor to corrosive
medium.

Experimental approach

Materials

Electrochemical measurements were all carried out at
room temperature, in a three-electrode type cell with
separate compartments for the reference electrode (Ag/
AgCl) and the counter electrode was platinum (Pt) plate.
During the all measurements, the solution was stirred
with magnetic bar (500 rot/min). The working electrode
was brass-MM55. The area of this electrode was
0.2 cm?® and surface of the working electrode was
prepared by grinding abrasive paper of 400-1,800 grada-
tion. Next, they were rinsed with distilled water and
degreased with acetone. In each experiment, after 10 min
of the beginning of the experiment, we added BTA
(Roanal Ltd. Hungary, product number: 02070). Thus,
we investigated how BTA acted on our sample. Brass-
MMS55 had the composition 55% Cu, 4% Mn, 1% Fe,
0.6% Al, and the rest Zn. Chemical composition of the
artificial seawater is given in Table 1 [26]. pH of our
solution was 8.10 and resistivity was (p) 25 Q cm. The
conductivity was measured by Nilsson electrical resistance
conductance meter model 400.
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Table 1 Composition of the artificial seawater

Component Concentrations, g/l
NaCl 24.530

MgCl, 5.200

Na,SO4 4.090

CaCl, 1.160

NaHCO; 0.201

KBr 0.101

H;BO; 0.027

Method

Dynamic electrochemical impedance spectroscopy tech-
nique is the perturbation of a multi-sine signal. A system
under investigation is perturbed with a set of sine voltage or
current signals having the same amplitude but different
frequencies. This method is general and allows the analysis
of impedance spectra in a joint time—frequency domain. The
perturbation and response signals are registered continuously
during the measurement. The analyzing window function is
employed to cut a fragment out of the recorded register. In
the next step this segment is subjected to the regular Fourier
transformation and an instantaneous spectrum is determined.
The spectrum is averaged over the time range equal to the
length of the analyzing window [27].

Generation of the current was performed with a National
Instruments Ltd. PCI-6120 digital-analog card. The same
card was used to measure the current and voltage signals.
Autolab PGSTAT 30 equipment was used to supply
galvanostatic condition and also, as a current—voltage
converter. The perturbation signal was a package composed
of 20 elementary current sinusoids of the frequency range
4.5 kHz to 700 mHz. Logarithmic distribution of frequen-
cies of excitation signal was chosen due to best represen-
tation of impedance variations on such scale.

Two criteria were taken into consideration in selection of
amplitudes. First of them was increase of potential response
together with drop of signal frequency for impedance
measurements in galvanostatic mode. To allow proper
detection of resultant signal in the range of all applied
frequencies diminished amplitudes were used for low-
frequency elementary signals. Increase of system imped-
ance while an experiment proceeds was second issue taken
into consideration during formation of the perturbation
signal. Perturbation amplitudes were selected in such a way
to assure that resultant response signal peak-to-peak
amplitude will not exceed 10 mV at any stage of
experiment.

Lowest frequency of perturbation signal determines the
size of analyzing window, which in this particular case was
10 s. It means that each and every impedance spectra
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achieved represent averaged value of impedance from the
time period of 10 s. On the other side, highest frequency
range determines the sampling frequency, which was equal
to 12.5 kHz in this case. Detailed information regarding
dynamic EIS measurements carried out in galvanostatic
mode was presented by Slepski et al. [28].

Results and discussion

Ten minutes after starting each DEIS experiment, the
required amount of BTA (e.g. to have the determined
concentration of BTA in artificial seawater) was added
quickly to the corrosion cell. Without and with the inhibitors
(Fig. 1) 0.0100 M, 0.0134 M, 0.0201 M, and 0.0268 M
BTA, DEIS results were depicted in Figs. 1, 2, 3, 4, and 5.

Individual impedance spectra presented in the form of
Nyquist plot manifest shape of flattened semicircles in the
high frequency range, magnitude of which increases.
Changes of shape of impedance spectra are also visible in
the range of low frequencies where they form straight line.
It should be noted, that for every experiment changes of
impedance spectra are most visible for the first few hours of
exposition. Afterwards, one can say that the investigated
system has stabilized. For proper construction of the
electric equivalent circuit one has to take into consideration
both the structure of analyzed system and the processes
occurring within it. Exposition of the electrode to NaCl
solution leads to formation of surface layer mostly
composed of ZnO with the addition of Cu,O and others
[29-31]. Presence of BTA in the electrolyte entirely
changes the composition of such a layer. As a result of
chemisorptions, a compact layer is formed which is
composed of Cu(I)BTA and Zn(I)BTA complexes with
the addition of adequate oxides that effectively limits
further corrosion process. Electric equivalent circuit should
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Fig. 1 DEIS result of Brass-MMS55 without inhibitor in artificial
seawater
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Fig. 2 DEIS result of Brass-MM55 with 0.0100 M BTA in artificial
seawater

also contain elements representing electrode process,
charge transfer resistance, and double layer capacitance as
well as elements representing transport of reagents.

In previous research, impedance spectra obtained on
brass in the presence of BTA are effectively analyzed with
the use of simple electric equivalent circuit consisting of
solution resistance, charge transfer resistance, and constant
phase element (CPE) connected with electric double layer
capacitance [32] or taking into consideration differences for
low- and high-frequency region [33, 34]. Kosec et al. [29]
have introduced second time constant (RQ) representing
influence of surface layer in electric equivalent circuit. This
time constant was observed in the area of highest
frequencies ranging up to kHz. Resultant values of
analyzed circuit elements were considerably lower in
respect to charge transfer resistance and CPE representing
electric double layer capacitance. This can explain omission
of such surface layer in impedance data analysis presented
by other authors.
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Fig. 3 DEIS result of Brass-MM55 with 0.0134 M BTA in artificial
seawater
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Fig. 4 DEIS result of Brass-MMS55 with 0.0201 M BTA in artificial
seawater

Experiment carried out by authors with use of DEIS
technique in the range up to 4.5 kHz as the highest
frequency. Obtained impedance spectra presented in the
form of Nyquist plot contain only one time constant that
evolve with time of experiment. Taking into consideration
its character and variations in time of experiment authors
decided to describe it by means of resistance and CPE
bound with charge transfer process and electric double layer
capacitance, respectively.

Changes connected with transport of reagents usually
occur in the range of low frequencies (below Hz). In the
case of the experiment carried out by authors, solution was
under constant stirring which allows neglecting diffusion
transport between surface and bulk of electrolyte. Imped-
ance spectra obtained by means of classic impedance
technique by other authors [32—-34] manifest semicircle
shape in the range of low frequencies; however, its

T T-25
["-20
L o]
15 2
N
10 E
\\\\\\Xi\ -5
NHTIN \\\\\ NN
\\\\\\\k\\ W R \}\\\};}}g\\}\}‘\\}&\\}.

\ A
N\ {}}\@‘\}}‘ W SR

10 s N 4
Re[Z]/k Q 00 t/ hour

Fig. 5 DEIS result of Brass-MM55 with 0.0268 M BTA in artificial
seawater
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magnitude is too large to correspond to charge transfer
resistance (kiloohms to megaohms). Such behavior can be
explained with diffusion through the layer of finite
thickness which, in authors’ case, is composed of oxides
or other complex forms in the presence of BTA in the
solution. Impedance of such diffusion is represented by
equation below [30]:

Zo = {tanhB(/’a))l/z} /Yoljw)'? (2)

Where B=1/(D)"?, D is the diffusion coefficient, / is the
diffusion layer thickness, Yo,=(c(2)"%)"', and o is the
Warburg coefficient.

Lower frequency limit used in impedance measurement
is 0.7 Hz. It is insufficient to detect complete range of
diffusion. Taking into consideration the fact that changes in
higher frequencies of diffusion process are identical for
both finite diffusion for w>2/B* as well as for classic
Warburg impedance the latter element was used in the
analysis. Warburg element was used only in terms of
correct fitting procedure of other elements.

All impedance data were analyzed with ZSimpwin 3.1
program [35] with the use of electric equivalent circuit R(Q
(RW)) introduced on Scheme 1. ZSimpwin exploits simple
and efficient Down-Hill simplex method instead of popular
Marquardt transformation during the fitting procedure. The
measure of goodness of fit to model is y> parameter,
defined as:

o [Efon) o) (o) )

a? + b? a + b?

(3)

where: w;, a;, b—experimental data points, p—parameters
associated with a model, Z'; , Z''—calculated point, during
the analysis x> did not exceed 1x10* attesting very high
fit of received impedance spectra to proposed electrical
equivalent circuit.

Key:

Rg: resistance of electrolyte in bulk

Zw: Warburg impedance

R charge transfer resistance at the metal surface
CPE: constant phase element

CPE

Rct ZW

Scheme 1 An electrical circuit of R(Q(RW)) model
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Fig. 6 R. change of Brass-MMS55 in artificial seawater by using
different concentration of BTA (ZCK 0.0268 M BTA, open inverted
triangle 0.0201 M BTA, open triangle 0.0134 M BTA, open circle
0.0100 M BTA, open diamond no inh.)

The impedance of constant phase element is given by
Z CPE = [Q(jo)"]"" (4)

Where Q describes the non-ideal behavior of the
capacitance, j is the imaginary number, w=27f is the
angular frequency (rad/s), n is the exponent (n € < 0,1 >).

Figure 6 represents changes of charge transfer resistance
of process, which converse might be used as a measure of
electrode process rate.

Initial values of this parameter are similar and do not exceed
300 Q cm?. For all of concentrations, the increase of R, is
visible in the primary phase of exposition followed by its
stabilization. Such behavior is a result of oxidation of material
and simultaneous formation of surface layer. However, access
to reaction surface is more difficult as the layer grows
eventually leading to the inhibition of R increase.
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Fig. 7 Surface heterogeneity (n) value of Brass-MM5S5 in artificial
seawater by using different concentration of BTA (£1 0.0268 M BTA,
open inverted triangle 0.0201 M BTA, open triangle 0.0134 M BTA,
open circle 0.0100 M BTA, open diamond no inh.)
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Fig. 8 O parameter of the CPE element vs. time of exposure in
artificial sea water in the presence of different concentration of BTA
based on the DEIS results. (X:Z 0.0268 M BTA, open inverted triangle
0.0201 M BTA, open triangle 0.0134 M BTA, open circle 0.0100 M
BTA, open diamond no inh.)

Differences in R values are visible depending on
concentration of BTA used for the experiment, ranging from
~400 Q cm? in case of lack of inhibitor up to 4 kQ cm? for
0.0268 M of BTA. Such huge divergences are to be
connected with properties of forming surface layer. In a
solution containing only artificial seawater, one expects
highly porous inhomogeneous layer of dozens of nanometers
thickness whose main constituent is ZnO. Very thin
homogeneous layer of few nanometers thickness is formed
in the presence of BTA. It consists of Cu(I)BTA and Zn(II)
BTA complexes [29].

In the case inhomogeneous electrode surface connected
with surface roughness, porous layer etc. resultant imped-
ance spectra exhibit the most often dispersion of time
constants [36-38]. A measure of this dispersion is the
deviation (decrease) of n parameter values. It allows
identifying this parameter as magnitude of surface inhomo-
geneity. Figure 7 represents changes of n parameter during
the experiment.

Similar as in case of charge transfer resistance increase
of n parameter is visible in the primary phase of experiment
resulting from the formation of outer layer on the surface.

Table 2 Inhibition efficiency values of BTA on Brass-MMS55 in
artificial seawater after 10 h

Concentrations Re (Ohm cm?) Inhibition efficiency (IE%)
No inhibitor 501.8 -

0.0100 M BTA 969.4 48.24

0.0134 M BTA 2,088 75.97

0.0201 M BTA 2,736 81.66

0.0268 M BTA 3,330 86.89
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Increase of inhibitor concentration in the solution conse-
quences in obtaining results closer to the value of 1 which
means that surface is more homogencous. This is also
confirmed by changes of Q parameter visible on Fig. 8.

O parameter represents double layer capacitance occur-
ring at the bottom of the pores [39, 40]. Taking this into
consideration, as well as two rows of difference between no
BTA in the solution and 0.0268 M BTA one can suggest
fundamental influence of inhibitor concentration on reduc-
tion of pores size and/or quantity that are present in the
outer layer.

The percentage inhibition efficiency (IE%) is calculated
from the charge transfer resistance values [41] by using
Eq. 5:

(Ret) ' — (Ret(inh)) ™!

E(%) = (Ret) ™!

x 100

(5)

Where R (inh) and R are the charge transfer resistance
values with and without inhibitors, respectively. Change of
R by the time is given in Fig. 6. Also, inhibition efficiency
values are given in Table 2.

It is clear that the R values increased in the presence of
inhibitors. Also, the results obtained undoubtedly indicate
that the investigated system was not in a stationary state.
The change in spectra in Figs. 1, 2, 3, 4, and 5 confirms this
idea. Figure 6 shows that inhibitor efficiency increased by
the time but this was not in order. Changes of proposed
equivalent circuit electric parameters, in particular R, were
very fast therefore dynamic EIS constitutes an attractive
tool for investigation of such a non-stationary system.

Conclusions

The application of dynamic electrochemical spectroscopy
technique to the corrosion protection by using inhibitor
makes it possible to determine impedance changes as a
function of time in the inhibition process. DEIS allows the
investigation of inhibition process progressing in time. The
changes of electrical parameters enable to determine when
the system consists of metal inhibitor and aggressive
medium is in the stable state. Studying inhibition effect of
BTA for brass-MMS5S5 in artificial seawater by DEIS shows
that system reaches to stable state after 4 h. Thus, the
calculated inhibition efficiencies should be more realistic
when the system is in the stable state (e.g. at the end of 4 h).
Result shows that BTA has excellent inhibition properties on
the corrosion of brass-MMS55 in artificial sea water.
However, DEIS method is more informative since it gives
information about time when BTA has stable maximum
inhibition effect. Thus, measurements carried out with
dynamic EIS seems to be more useful then classic EIS
approach that base on frequency response analysis (FRA).
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