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Abstract

This paper reports the effect of treatment with 2-mercaptobenzothiazole (2MBT) (a
corrosion inhibitor) on pH distribution over Cu samples monitored in situ using scanning
electrochemical microscopy (SECM) in potentiometric mode. Line scans were conducted
over two copper wires embedded in insulating resin, one of which had been pre-treated
with 2MBT. It was found that the treated Cu sample had a less acidic character than the
non-treated sample. Furthermore, the pH above the resin areas is considerably more
acidic than that above either Cu wire. This feature is attributed to the consumption of OH"
ions on the non-treated Cu wire during the formation of atacamite as a corrosion product,
and the tautomeric equilibrium established by the detached 2-mercaptobenzothiazole
molecules in the bulk electrolyte. These pH distributions are spatially resolved in the SECM

mapping above both Cu wires.
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1. Introduction

The use of scanning electrochemical microscopy (SECM) to study the action of organic
inhibitors on the metal corrosion process provides new insights into the complex
processes occurring during the interaction between a metal and a corrosion inhibitor. A
common approach to qualitative detection of corrosion activity on a metal substrate is to
measure the local oxygen concentration [1,2], because this chemical species accepts the
electrons lost by the metal atoms during their oxidation. The oxygen reduction reaction
also has a considerable impact on the pH distribution in the system and so, using SECM in
potentiometric mode, we can monitor the variation of the pH distribution on Cu samples
in situ, and understand how the presence of inhibiting molecules at the surface changes

the corrosion behavior of Cu in NaCl solution.

Scanning micro-electrochemical techniques are a very important branch of modern
electrochemistry, with applications in a variety of different fields. One major use of
methods such as the scanning vibrating electrode technique (SVET), scanning
electrochemical microscopy (SECM), and localized electrochemical impedance
spectroscopy (LEIS) is to provide information about the early stages of corrosion reactions
[3-5]. In particular, the use of SECM enables the study of polymeric films on metals and
their degradation dynamics [6,7], the selective dissolution of metals in alloys [8,9] and the
formation and structural properties of protective films adsorbed over passive metal films
[10,11]. SECM also has the additional advantage of its chemical selectivity [5], combined
with spatial resolution, which can help elucidate the electrochemical processes involved in

corrosion phenomena.

In this work we report on the effect of pre-treating Cu samples with 2-
mercaptobenzothiazole (2MBT), a well-known corrosion inhibitor for this metal [12-17],
on the pH distribution above the samples. The samples were immersed in NaCl agueous
solution and measurements were made using a scanning electrochemical microscope

(SECM) operated in potentiometric mode [18, 19].



2. Experimental

2.1. Preparation of Materials

Two copper wires (purity>99.99%, diameter 125 um) were mounted into an Epofix epoxy
resin (Struers, Ballerup, Denmark) circular mold with a separation between the wires of
approximately 1.8 mm. Their cross-section separated by epoxy resin was used as the
sampling area, while the electrical contact of the copper wires was at the rear of the mold.
The inhibitor, 2-mercaptobenzothiazole (2MBT, Aldrich, 96%), was used as received to
prepare 1 mM aqueous solution in bi-distilled water (conductivity 18.2 MQ cm),

employing a sonicator to dissolve the organic compound due to its low solubility in water.

The samples embedded in epoxy resin were ground with silicon carbide paper to 4000 grit
and polished with 0.3 um alumina slurry. The resulting surface was rinsed with ethanol
and kept in a bath containing ethanol until the inhibitor treatment was applied. The
inhibitor was applied to only one of the two Cu wires in the mold; the other was used as a
control sample. The inhibitor pre-treatment consisted in placing a 10 pyL volume droplet of
1 mM 2MBT solution over the cross-section of the Cu wire for one hour, and then

removing it using a micropipette.
2.2. Electrochemical characterization

After treatment with the inhibitor, the sample was transferred to the SECM instrument,
and a small container for the test solution (volume = 3.5 mL of 1 mM NaCl; pH 6.76) was
created by surrounding the epoxy resin mold with Sellotape. The microelectrodes for
potentiometric SECM operation were introduced into this electrochemical cell. These
comprised a Sb microelectrode as working electrode with a 30 um active disk surface and
Ag/AgCI/KCI (3M) as reference electrode. The fabrication of the microelectrodes has been

described elsewhere [19].

Calibration of the Sb microelectrode tip showed a linear relationship between potential
and the solution pH, with a slope of -48.6 mV pH™ in the 4 < pH < 11 range. This linear

relationship makes it possible to determine if the response of the tip corresponds to



Nernstian behavior in buffer solutions. This is only an indication of the viability of the tip
as an electrochemical sensor. In [19] the tip was calibrated in the 3 < pH < 11.5 range with
a very similar slope to the one obtained in this work, confirming Nernstian behavior even
over this extended range. SECM imaging was performed either as bidimensional maps or

as line scans.

The maps were recorded at a height of 30 um from the sample with a scan rate of 60 um
s (step size 60 pm), extending over an area of 3000 um x 1500 um containing the two
copper wires surrounded by the epoxy resin. Line scans passing over the centers of the
two copper wires were performed at the same height with a line length of 4000 um and a

scan rate of 10 um s*. No perturbation was caused to the system.

3. Results and discussion

Fig. 1 shows a selection of the pH distributions obtained during the line scans for various
times of immersion in 1 mM NaCl. It can be seen that the Cu wire treated with 2MBT has a
less acidic character, with a pH value of 5.06 after 26 minutes of immersion, and reaches a
maximum pH value of 5.72 after 203 minutes. However, the non-treated sample displays a
lower pH value of 4.24 after 26 minutes, becoming more acidic after 107 minutes with a
registered pH of 2.97. Finally, after 203 minutes the pH of the non-treated sample

becomes slightly less acidic, with a final recorded pH value of 3.64.

During the first scan (Fig. 1), recorded at 26 minutes, the pH of the electrolyte above the
resin areas and the non-treated copper wire (i.e., 4.12—4.77) is almost one pH unit more
acidic than above the area of the 2MBT-treated Cu sample (5.06). However, after 107
minutes the pH values on the resin lay between 2.99 and 3.74. In the last scan recorded
after 203 minutes the corresponding values were 3.07—3.14. In the last scan, a less acidic
environment can be noticed over the non-treated copper wire, though this is still 2 pH

units less alkaline than the Cu wire modified with 2MBT.
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Fig. 1. Potentiometric SECM line scans depicting the pH distributions generated in the electrolyte
adjacent to 2MBT-treated (right) and non-treated (left) Cu wires in 1 mM NaCl. Sensing tip: Sb
disc, 30 um diameter; tip—substrate distance: 30 um; scan direction: from right to left; scan rate:
10 um st

The corrosion behavior of copper in NaCl solution has been widely studied. The cathodic

reaction of copper in NaCl solution is oxygen reduction [20-22]:

0, +4e~ + 2H,0 - 40H™ (2)
On the other hand, the dissolution at the anode is a complex process that involves a series

of reactions [20,22,23]:

Cu,0 + 2Cl~ 4+ 2H* & 2CuCl + H,0 (2)
CuCl + CI~ < CuCl; (3)
CuCl; © Cu?* + 2Cl~ + e~ (4)

This reaction mechanism can lead to the formation of atacamite (Cu,CI(OH)s) as follows:

2Cu?* + ClI~ + 30H™ & Cu,CI(OH), (5)
The consumption of OH" during the formation of atacamite could explain to some extent
the acidification of the electrolyte around the non-treated Cu surface which is acting as

the anode in the corrosion cell.



The treated (inhibitor-modified) Cu sample is acting as the cathode, and therefore oxygen
reduction (Eg. 1) takes place on its surface. This will turn the pH of its immediate vicinity
considerably more alkaline than the rest of the system. According to equation 1, OH" ions
are formed at the cathodic site and these are consumed at the anodic site (Eq. 5). The final

result is a pH in the neutral range, which was observed in the map (Fig. 2).

Similar behavior is observed in Fig. 2, which shows the SECM mapping of both Cu wires
recorded after immersion for 1 hour. The inhibitor-treated Cu wire shows a more alkaline
pH (namely, 7.0), corresponding to the consumption of oxygen at the cathode, while the
non-treated sample displays a more acid pH value that varies between 4.5 and 5.5,

because copper is corroding (Eg. 5).

The apparent discrepancies in the pH values observed between Fig. 1 and Fig. 2 can be
explained in terms of the size of the area scanned. While Fig. 1 corresponds to line scans,
which have a width of 30 um, Fig. 2 describes a map which is a collection of lines. These
lines represent different areas of the sample (i.e., they extend over a number of anodic

and cathodic sites).

As noted before, the consumption of hydroxide ions during atacamite formation partially
explains the acidification of the NaCl solution. However, there is another possible
explanation for this phenomenon that is related to the presence of 2MBT. It is likely that
the protective film adsorbed on the Cu surface is a multilayer structure rather than an
ordered and stable monolayer. The inhibitor 2-mercaptobenzothiazole is a tautomer that
has a tautomeric equilibrium in the pH range 3-9 [24,25]. This suggests deprotonation of
the molecule and subsequent acidification of the media in which it occurs (the NaCl
solution in this case). The presence of a multilayer film would lead to the detachment of
the outermost molecules of the film which, once in the bulk solution, would deprotonate
as part of their tautomeric equilibrium, leading to the acidification observed over the resin

areas.
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Fig. 2 Potentiometric SECM scan map showing the pH distribution in a plane parallel to the surface
of the Cu wires after immersion in 1mM NacCl for 1 h. Sensing tip: Sb disc, 30 um diameter; tip—
substrate distance: 30 pm; scan rate: 60 pm s’

To support the idea of a multilayer structure, we can estimate the number of molecules
that are needed to create a monolayer. To do this, we will use data from a previously
published work by the authors [16] in which, employing the electrochemical quartz crystal
microbalance (EQCM), the frequency variation during 1 mM 2MBT adsorption on copper

was obtained (Af =-225 Hz).

By using the Sauerbrey equation (Eq. 6), with a sensitivity factor (Cy) of 226 Hz cm? g,
the amount of adsorbed mass per square centimeter (Am) can be estimated. Multiplying
this amount by the active area of 0.205 cm?, a total adsorbed mass of 0.203 pg is
obtained. Considering that a 2MBT molecule has an approximate mass of 2.77x1022 g, the
number of adsorbed molecules on the copper surface is found to be 7.29x10'4. Using the
density of 2MBT (1.42 g cm3, according to Sigma Aldrich) the volume of the adsorbed film
can be estimated, yielding 1.42 x 10”7 cm3. Assuming that a uniform film is created, a film

thickness of 6.92 nm is obtained.

Af = —CsAm (6)
On the other hand, the volume of a 2MBT monolayer can be estimated assuming that the

molecule is planar and that its adsorption orientation is with the benzene ring parallel to



the Cu surface. This adsorption orientation has been seen previously for similar
compounds [22,26]. Taking the atomic diameter of the more abundant atom in the
molecule (2MBT, C7HsNS;) which is carbon with an approximate atomic diameter of 182
pm or 1.82 x 108 m [26] as the thickness of the monolayer, a volume of 3.73 x 10°cm? is
obtained. Using the density of 2MBT and the mass of a single molecule of 2MBT, the

volume of a single 2MBT molecule can be estimated (1.95 x 1022 cm3).

Therefore, a monolayer of 2MBT over the Cu active area of 0.205 cm? (of the EQCM
electrode) will require 1.91 x 10'3 2MBT molecules. Since there are 7.29 x 10* molecules
adsorbed, it is reasonable to assume that the film formed on copper has a multilayer
structure. Furthermore, the adsorption free energy (AGa¢s=-5.59 kJ mol™?) was also
calculated [16]. This value corresponds to a physisorption process leading to weak
bonding and a more unstable adsorption of the outermost molecules. These could then

detach and deprotonate, resulting in the acidification of the adjacent electrolyte (Fig. 2).

4. Conclusions

The use of SECM in potentiometric mode makes it possible to image the pH distributions
produced in the surrounding electrolyte by the interaction of 2-mercaptobenzothiazole
with copper. Since corrosion processes are highly sensitive to pH, local pH effects
associated with the interaction between inhibitor molecules and the metal are of major
importance. In this work it has been demonstrated that the presence of an adsorbed film
of 2MBT on the surface of a Cu sample can produce a pH shift towards more alkaline
values in a small volume of 1 mM NaCl solution, compared to a non-treated Cu surface.
This is due to the presence of a protective film of 2MBT on the Cu surface, which
effectively inhibits metal dissolution, but may still act as the cathode (where the oxygen
reduction takes place) in the corrosion cell formed when in electrical contact with non-
treated copper. Meanwhile, copper dissolution and atacamite formation occur at the non-
inhibited sample, which displays a more acidic pH value due to the consumption of OH"

during the anodic process.



Further acidification is attributed to the detachment of 2MBT molecules from the
multilayer film adsorbed on inhibitor-treated Cu. These molecules participate in a
tautomeric equilibrium that involves the deprotonation of the molecules in the bulk of the
solution, leading to a noticeable acidification of the NaCl solution that extends over the

surrounding resin areas.
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