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Abstract: The effect of the adsorption of 5-mercaptopentyl-3-amino-1,2,4-triazole (MPATA) on the
corrosive behavior of brass (Cu80/Zn20) in neutral (pH 7.4) borate buffer solutions with and
without 0.01 M NaCl was studied. Electrochemical methods show significant decrease of the anodic
and cathodic currents on the polarization curves in the presence of MPATA. X-ray photoelectron
spectroscopy (XPS) reveals MPATA adsorption on the brass surface from an inhibitor solution.
After 17 h of exposure, a mixed complex [CuxZnyMPATAz] with a thickness of about 3–3.5 nm is
formed on the surface. This nanolayer has sufficient protective ability to withstand corrosion tests in
a salt fog chamber: after 5 days of testing, the samples remain glossy and less than 1% of the surface
has been damaged. After corrosion tests in a salt fog chamber, the surface of unprotected samples is
enriched with zinc, while at the surface of inhibitor-treated samples, the copper and zinc are present
in practically equal contents.

Keywords: brass; neutral solution; corrosion inhibition; electrochemistry; XPS;
mercaptopentylaminotriazole

1. Introduction

Brass, an alloy of copper and zinc, is an important and interesting material, known for its
technological properties and finds wide application, ranging from mechanical engineering to medical
application and arts. In each of these areas of brass exploitation, there are factors that cause the alloy
to undergo corrosion destruction, most often beginning with a selective dissolution of zinc [1–10].
One of the scientifically substantiated and economically expedient methods of protecting brass
from corrosion is to use inhibitors, and azoles are found to be the most efficient. Early works
were devoted to studies of azoles: 1,2,4-triazole (TA), 3-amino-1,2,4-triazole (ATA), and the most
popular 1,2,3-benzotriazole (BTA) as corrosion inhibitors for ferrous and non-ferrous metals and their
alloys [11–39]. Lately, many studies are devoted to the analysis of new, more effective inhibitors,
whose structures contain various substituents improving inhibiting characteristics. On one hand,
they can influence the electronic properties of the active sites of molecules involved in donor-acceptor
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bonds with the surface metal atoms, and on the other hand, create hydrophobic layers on the surface
that prevent the access of aggressive media components to the metal.

Behavior of copper and zinc in a neutral medium was previously studied in the presence of
5-mercaptopentyl-3-amino-1,2,4-triazole (MPATA) (Figure 1), and its high efficiency was shown [40–43].
We believed that it would be interesting to study adsorption and protective ability of MPATA for brass
in a neutral borate buffer solution (pH 7.4) with and without NaCl. For this purpose, electrochemical
measurements, X-ray photoelectron spectroscopy (XPS), as well as corrosion tests in a salt fog chamber
were undertaken.
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(IPC, Moscow, Russia) and Ag/AgCl electrode (+0.22V relative to the standard hydrogen electrode) 
provided with a Luggin capillary was used as the reference electrode, and all the potentials E are 
given relative to it. The auxiliary electrode was a Pt plate. 

After polishing, the electrode was immersed in borate buffer solution containing 0.01 M NaCl 
for 15 min, then the pre-determined concentrations of MPATA was introduced. Steady state was 
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Switzerland). Then samples were polished with diamond powder (2/1) to a mirror finish and 
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2. Experimental Section

To synthesize MPATA, 26 g (0.2 M) of 5-mercapto-3-amino-1,2,4-triazole was dissolved in 80 mL of
10% aqueous sodium hydroxide solution and n-pentyl iodide (35.6 g, 0.2 M) was added dropwise over
3 h to the resulting solution. The MPATA precipitate (18 g with yield 48%) was filtered off, washed
with water, dried, and used without further purification.

Due to poor solubility in water, the MPATA powder was previously dissolved in a small (1–2 mL)
amount of ethanol, then diluted to the desired amount with borate buffer solution (pH 7.4).

The electrochemical measurements were carried out at 20 ◦C in a conventional three-electrodes
cell assembly in borate buffer solution (pH 7.4) with the addition of 0.01 M NaCl. A flat 10 × 10 mm2

electrode was cut out from 2 mm thick brass (Cu/Zn = 80/20) plate, and then soldered to the output
wire to be connected to the potentiostat and embedded in epoxy resin. The working surface was
polished with SiC emery paper 400, 600, 1000 grit, washed with distilled water, and degreased
ultrasonically in ethanol. The polarization curves were recorded with the potentiostat IPC Pro M
(IPC, Moscow, Russia) and Ag/AgCl electrode (+0.22V relative to the standard hydrogen electrode)
provided with a Luggin capillary was used as the reference electrode, and all the potentials E are given
relative to it. The auxiliary electrode was a Pt plate.

After polishing, the electrode was immersed in borate buffer solution containing 0.01 M NaCl
for 15 min, then the pre-determined concentrations of MPATA was introduced. Steady state was
reached within 15 min and after that, the polarization was applied. The scan rate was set at 1 mV/s.
Polarization curves are given in logarithmic current scale to reveal suppression of the first anodic peak
of copper oxidation to Cu+. Each measurement was run three times to achieve a consistent result.

The 10 × 15 mm2 samples for XPS studies were cut out from the same brass plate, the surface was
ground with a coarse (1000), then fine (2500), emery paper (1913 Siawat fc, Frauenfeld, Switzerland).
Then samples were polished with diamond powder (2/1) to a mirror finish and washed with double
distilled water in an ultrasonic bath. In our preliminary experiments, we have found that 5 min
immersion of brass samples in buffer solution with MPATA concentration higher than 0.02 mm resulted
in formation of the complex layer with thickness 3–3.5 nm. Therefore, the concentration 0.01 mm was
selected to follow the thickness of the surface layers depending on the immersion time. After immersion
in 0.01 mm inhibitor solution at room temperature during predetermined time (without NaCl),
the samples were washed for 1 min in the ultrasonic bath to remove physically adsorbed molecules,
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then fixed on the holder, and transferred to the spectrometer fast entry lock chamber. The solutions
were deaerated by bubbling argon gas for 20 min prior to each measurement.

XPS measurements were performed using OMICRON ESCA+ spectrometer (Omicron
NanoTechnology, Taunusstein, Germany) with the Al-anode (the radiation energy 1486.6 eV and
power 252 W). The pass energy of the analyzer was set at 20 eV, and in some cases at 10 eV to increase
the resolution. To take into account the charge of the samples, the position of the XPS peaks was
standardized by the C1s peak of the hydrocarbon impurities from the atmosphere, which binding
energy Eb was taken equal to 285.0 eV. The base pressure in the analyzer chamber was kept no
higher than 8 × 10−10 mbar. The spectra were deconvoluted into components after subtraction of
the background determined by the Shirley method [44]. The element ratios were calculated using
integral intensities under the peaks, taking into account the photoionization cross sectionsσ of the
corresponding electron shells [45], excluding CuLMM and ZnLMM. Using the integrated intensity
of the peaks and the MultiQuant program [46], the thicknesses of the layers formed on the surface
were calculated with allowance for the mean free path of the electrons, λ, according to the formula of
Cumpson and Seah [47]. Each experiment was repeated twice.

To analyze the quantitative and qualitative composition of films formed on the surface of
metal samples in the presence of inhibitor, the spectra of C1s, O1s, N1s, S2p, Cu2p3/2, Zn2p3/2,
CuL3M4,5M4,5 (CuLMM), and ZnL3M4,5M4,5 (ZnLMM) electrons were analyzed. When analyzing
copper and zinc, we should accept that the positions of the Cu2p3/2 and Zn2p3/2 peaks for the metallic
and oxidized states practically coincide, but the Auger spectra of CuLMM and ZnLMM electrons
differ markedly in the form and position of maxima for individual substances. This fact was used
to fit experimental spectra by summing up individual components (metal, oxide, and complex),
as suggested in [42,43,48,49].

Samples for corrosion tests were also cut out from brass plate, ground with emery paper
(1000 and 2500), polished with diamond paste (0.25 µm; TedPella, Inc., Redding, CA, USA) to mirror
finish gloss, degreased with ethanol, and immersed in 2.0 mm MPATA water solution for 5 min.
Afterwards, the dried sampleswere suspended in a salt fog chamber (Umwelttechnik Weiss SC-450,
Reiskirchen-Lindenstruth, Germany). The tests consisted of a periodic spray (15 min)/condensation
(45 min) of brine in the chamber at the interval of 1 h. The temperature in the chamber was kept
at 35 ◦C.

3. Results and Discussion

3.1. Electrochemical Research

A single peak corresponding to the oxidation of copper to Cu+ is observed on the anodic curve
of the alloy, while the second peak denoted as oxidation of copper to Cu2+, observed for pure
copper [29,35,50], is not observed (Figure 2). The polarization curves are close, presented in [19,20,49],
despite the media and composition are not identical.

At these conditions, low concentrations (up to 0.15 mm MPATA) slightly decrease copper
dissolution at −60 mV, but at the same time increase the current at +180 mV. Yet, 0.2 mm suppresses
Cu+ formation 10 times and shifts the activation potential to +500 mV. At 1.0 mM, anodic formation of
Cu+ and Cu2+ is almost inhibited up to +500 mV, but at the highest concentration this substance does
not shift the breakdown potential of the passive state to positive values.

Cathodic curve obtained at 1.0 mm MPATA reveals the suppression of all observed cathodic
reactions and a significant shift of 200 mV towards negative potentials for hydrogen evolution reaction.
This allows us to conclude that during immersion of the brass electrode in MPATA-containing solution
the protective film is formed and the MPATA molecule behaves mixed anodic-cathodic inhibitor.
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MPATA concentration (0.01 M NaCl pH 7.4).

3.2. X-ray Photoelectron Spectroscopy (XPS) Measurements

The XPS method was used to determine the composition of the surface layers formed on
brass samples after treatment in the MPATA solutions. The brass samples reveal the peaks of
N1s and S2p electrons, indicating the strong adsorption of the inhibitor, which is not removed
even by ultrasonic washing. In addition, a third component appears in the Auger CuLMM and
ZnLMM spectra, whose positions differ markedly from the spectra of the corresponding metals and
oxides. This, as well as changes in the N1s spectra, in comparison with the individual MPATA,
reveals the formation of a complex of copper and zinc with an inhibitor upon its adsorption on
the surface.Due to the high-resolution spectra (20 eV), the nitrogen states in the spectrum of the
inhibitor powder may be differentiated. The peak was clearly asymmetric and had a maximum at
399.0 eV (a in Figure 3). A shoulder at ~400 eV, being due to the protonated nitrogen (Figure 1),
disappears upon adsorption, the maximum shifts to 399.6 eV, and the peak becomes symmetric and
narrows from 2.58 eV to 2.05 eV (b in Figure 3). This is explained by the interaction of triazole with
metal cations through nitrogen atoms in a heterocycle with proton removal and electron density
equalization [19,42,43]. As the theoretical studies suggest, deprotonated form for triazoles is the active
species for inhibiting corrosion [51].
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Sulfur, whose S2p peak (Figure 4) also demonstrates the presence of MPATA in the surface film
and whose amount is taken in calculating of the complex, does not participate in the formation of
chemical bonds with metal atoms as a heteroatom in other inhibitors having thione or thiol form.
The position of the peak in the spectrum of S2p is almost frozen within the range: 163.8 ± 0.1 eV.
It should be noted that the atomic ratio N/S observed on the samples exposed to buffer solutions with
MPATA was close to one found for the MPATA powder, namely 4/1.
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Figure 4. XPS (X-ray photoelectron spectroscopy) of S2p electrons on the surface of brass after
17 h immersion in the buffer solution with 0.01 mM MPATA.

As we have mentioned, the Cu2p and Zn2p peaks are not informative to distinguish Cu0, Cu+

and Zn0, Zn2+, therefore, Auger lines are used for identification of species formed on the surface of
brass. As examples, two Auger CuLMM spectra are presented in Figure 5 with possible separation into
three components: metallic copper, cuprous oxide, and copper complex with MPATA. The methods to
produce the components will be given below.
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Figure 5. Deconvolution of the Auger CuLMM spectra into individual components for samples exposed
in 0.01 mm MPATA solution: (a) 1 min; (b) 17 h.

When the brass samples are exposed in MPATA solution, the CuLMM spectra are modified
(Figure 6). In a blank solution, only metallic (main peak at 568.0 eV) and oxide (main peak at 570.0 eV)
components are present in the spectrum. After one minute of immersion of the sample in solution with
an inhibitor, a third component (hump) appears, whose maximum is observed at 572.2 eV (Figure 5).
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This component may belong to the CuMPATA complex with the atomic ratio Cu:S:N = 1:1:4 [43].
With increasing the immersion time, this part of the spectrum, which, as we believe, belongs to the
copper complex, slightly increases, but after 15 min, it reaches almost maximum.
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in 0.01 mm MPATA solution (broken line presents position of CuMPATA complex).

At the same time, the ZnLMM spectrum was also changing and it can be deconvoluted in principle
into four components: metallic, oxide, hydroxide, and complex with MPATA [42,51]. Unfortunately,
intensity of ZnLMM spectra was rather low (Figure 7) to make reasonable deconvolution, and possible
summation of components may be regarded as tentative. Nevertheless, the spectra show gradual
disappearance of metallic contribution with increasing immersion time.
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Figure 7. Deconvolution of the Auger ZnLMM spectra into individual components for samples exposed
in 0.01 mm MPATA solution after 1 min (a) and after 17 h (b).

To calculate the thickness of the formed films, the Auger spectra CuLMM were deconvoluted into
individual components (oxide, metal, and complex), as was done in Figure 5 to determine their ratio
in the surface layer. The deconvolution and fitting of the spectra were carried out in such a way that
the difference between a modeled spectrum and the experimental one was minimal. The position and
shape of the individual components of the CuLMM spectrum were determined using a copper sample.

To obtain the metallic component, the copper sample was etched in the chamber of the
spectrometer by Ar+ ions. The Cu2O spectrum was obtained by exposing the sample for a long
time in water at 90 ◦C without air access until a sufficiently thick oxide layer was grown and the signal
from the metal bulk was not seen. The absence of bivalent copper was confirmed by the absence of the
shake-up satellites in the Cu2p spectra. The CuMPATA complex spectrum was obtained by long time
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exposure of the sample in a solution with a high concentration of inhibitor also without access of air.
The immersion time was controlled by the absence of Cu2+.

The same procedure was done in the case of ZnLMM spectra for zinc sample. However, in the case
of brass, we obtained very noisy spectra and that is why the deconvolution was accomplished only for
three components: Zn0, ZnO, and Zn(OH)2. To calculate atomic content, the photoionization cross
sections of CuLMM and ZnLMM were determined from relation between the integrated intensities
of the photoelectron peaks: Cu2p3/2 and CuLMM for Cu(m), CuCNS, and CuSO4; and Zn2p3/2 and
ZnLMM for Zn(m), ZnO, and ZnSO4 [52]. Further, for the rest of the elements, we have used standard
Scofield’s photoionization cross-sections [45].

We can only guess what part of Zn(OH)2 component includes complex with MPATA, because the
ratio S/Cu = 1/(1 ± 0.2). We can also write that the surface complex has composition Cu1−xZnxMPATA
where x< 0.2, but for further discussion, it is not so important.

After deconvolution of the CuLMM and ZnLMM spectra into individual components, as shown in
Figures 5 and 7, we obtained the composition of Zn and Cu in the surface layers (Table 1). The obtained
intensities of the peaks of the rest elements C1s, O1s, N1s, and S2p, were put into the MultiQuant
program for calculating the thickness of surface films. The following surface model consisting of
supposed homogeneous plane-parallel layers was taken for calculations: hydrocarbon and other air
pollution, then a layer of moisture adsorbed from the air, then a mixed complex of Cu1−xZnxMPATA,
where x < 0.2, located on a copper-zinc oxide layer that covers the brass substrate. The results of
calculating the thickness are shown in Figure 8.

Table 1. Composition of Zn and Cu in surface layers (at %) after brass exposition in borate buffer
solution (0.01 mm MPATA).

Time Zn(OH)2 ZnO Zn(m) CuMPATA Cu2O Cu(m)

1 min 4.42 0.30 2.64 12.80 37.78 42.06
15 min 1.80 0.40 2.40 30.26 37.07 28.06
30 min 1.50 0.58 2.07 33.68 31.61 30.56
120 min 2.94 0.65 1.59 36.02 30.84 27.95

1020 min 4.26 1.93 1.05 45.41 27.54 19.81
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There are some studies devoted to effects of the chloride ions on the behavior of copper and
brass [17,22,26,50–54], and it was shown that only large concentrations substantially influence kinetics
of the formation and composition of various films on the surface of metals. In our case, adding 0.01 M
NaCl notably decreased Zn content in the surface film, leaving the thicknesses of complex and oxide
unchanged for the same immersion time.
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3.3. Discussion

According to our electrochemical study, the first anodic peak corresponds to oxidation of copper
up to Cu+:

2Cu + H2O = Cu2O + 2H+ + 2ē

Naturally, in the presence of chloride ions, this process goes more actively, especially for zinc.
Therefore, at the steady state potential, the surface is already covered with cuprous oxide and the
upmost surface layer is presented by Cu–OH [55]. That is why the surface of brass sample exposed in
borate buffer solution containing 0.01 M NaCl for 15 min presents only Cu2O with thickness of 1.5 nm
with 5% of Zn (total) and traces of chloride.

Adding MPATA into solution results in the following reaction:

Cu-OH + MPATA = CuMPATA + HOH

and in case of brass, with partial replacement of copper with zinc. As we have shown, the thorough
ultrasonic washing of the surface of samples after exposure in MPATA solutions does not remove the
adsorbed layer of the MPATA complex. The calculated thickness of the complex is much larger than the
size of MPATA molecule and the first monolayer forms quite quickly. We think that the formed complex
has a polymeric nature as proposed in [43], constructing chains –Cu–N–N–Cu– using nitrogen atoms
N1 and N2 from the azole cycle. In such chains, some places may be occupied by zinc to satisfy the
ratio Cu/Zn. The similar polymer complexes were proposed by Finsgar et al. [56], when benzotriazole
forms a protective film when adsorbed on copper. Formation of such polymeric complexes creating
reliable protective barrier against oxidation of copper and brass becomes an accepted view [57–62].
We see also that the oxide layer practically does not change its thickness.

3.4. Corrosion Tests

Corrosion tests were carried out in a salt fog chamber with periodic spraying of brine every hour.
Figure 9a shows two samples after 4 spraying/condensation cycles. During this time, the sample
without the inhibitor completely darkens and is coated with corrosion products. Samples with
preliminary applied inhibitor (Figure 9b) were then left for 5 days. Samples retained their luster,
although salt crystals were visible on the surface, and corrosion regions were observed on the
plates—however, the spots covered not more than 1% of the surface.
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Figure 9. View of samples after corrosion tests: (a) samples with inhibitor and without after 4 cycles of
tests; (b) sample with the applied inhibitor after 135 test cycles (5 days).

To study the surface after the corrosion tests, small samples were prepared for the XPS
measurements (Figure 10). Samples were kept for 20 cycles in a salt fog chamber, then without
washing were placed in the spectrometer chamber. Corrosion damage on the inhibitor-treated sample
is barely noticeable, while on the unprotected sample, the selective dissolution regions of the alloy are
distinctly visible: areas with metallic copper are evident. In this connection, it was of interest to know
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the composition of the surface and to establish the behavior of the alloy with an inhibitor and without
an inhibitor in the presence of chloride ions.
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Figure 10. Samples (inhibited-left, uninhibited-right) for XPS-studies after 20 cycles in the salt
fog chamber.

Analysis of the surface composition showed that the sample without the inhibitor is almost
completely covered with zinc compounds, and the surface of the samples treated with MPATA contains
XPS peaks of copper and zinc (Figure 11). Such behavior was found earlier in the study of brass with
benzotriazole [17] and mercaptobenzothiazole (MBT) in NaCl solution [52]. This phenomenon for brass
in the presence of chloride still does not have a clear explanation, although there is some speculation
in the literature [63] on the formation of zinc chloride complexes of composite structure.
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Figure 11. Composition of brass surface by XPS after corrosion tests in salt fog chamber.

Despite the fact that the samples were not washed after the tests, the amount of chloride on the
surface is 14 times less than that of zinc—hence the assumption that the surface zinc presents in the
form of chloride should be rejected. The observed duplicated peaks of Cu2p and Zn2p are probably
due to local different charging of the surface of the samples, since during the tests, it is covered with
a thick oxide layer and some spots of surface become non-conductive. On the other hand, leaching
of some atoms creates vacancies [32,54] around left atoms and therefore they experience different
charging that results in doubling the spectrum. But this question requires more thorough approach.

To show the advantage in the efficiency of protection properties of MPATA over other well-known
corrosion inhibitors, we have carried out the same corrosion tests with brass plates protected by
2-mercaptobenzotiazole (MBT) (shown in Figure 12a) and by 5(6)-mononitrobenzimidazole (MNBI)
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(shown in Figure 12b). Samples protected by MBT remain glossy, but have darker shade in comparison
with ones protected by MPATA. They also have more local corrosion spots. It should be pointed out
that MBT has very low solubility in neutral solutions and the whole amount of a substance did not
solve completely. On the other hand, MNBI dissolved instantly, but failed to protect brass even after 1
day of salt spray test. Nevertheless, it should be mentioned that all three substances, according to XPS,
formed almost the same thickness of metal-organic protective layer (≈4 nm).
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Thus, corrosion tests have shown that the MPATA may protect brass surfaces better than MBT
and much better than MNBI that goes in parallel with decreasing the free adsorption energy of these
compounds on copper in neutral solutions [41].

4. Conclusions

1. Electrochemical measurements have shown that addition of 1 mm MPATA results in complete
suppression of anodic dissolution of copper: the main component of the brass alloy.

2. The analysis of X-ray photoelectron spectra had shown that treatment of brass in MPATA
solution results in formation a protective film consisted of the complexes [Cu1−xZnxMPATA]
(where x < 0.2) whose thickness does not exceed 3–3.5 nm.

3. During corrosion tests, it was found that even after 5 days in a salt fog chamber with hourly
spraying, brass samples protected with an inhibitor retain their gloss and have damage less than
1% of the surface.
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