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Abstract

Benzotriazole (BTAH) is an excellent inhibitor for the corrosion of copper and many of its alloys in unpolluted media. Protection is attributed to
the formation of a film of Cu(I)BTA. Injection of sulfide ions into a benzotriazole inhibited salt water damages the protective Cu(I)BTA film very
rapidly, increases the corrosion rate and leads to the formation of copper sulfide. This effect is quite marked at a sulfide concentration as low as
107> M (about 0.3 ppm sulfur) in the presence of 10~> M BTAH, which is 1000-fold greater than that of the sulfide ion. The intensity of sulfide
attack increases with its concentration.

Prolonged pre-passivation of copper in the BTAH protected medium even at high concentration does not markedly improve the resistance of the
protective film to sulfide attack. This finding is contrary to a well-documented phenomenon in unpolluted media where the inhibiting efficiency of
BTAH increases with the time of immersion and the concentration of the inhibitor. X-ray photoelectron spectroscopy (XPS) reveals the presence of

both sulfide and BTAH on the corroded surface indicating that sulfide attack is localized.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Benzotriazole (C¢HsN3; BTAH) is widely used as a corrosion
inhibitor for copper and its alloys in many industries, for
example, chemical mechanical polishing [1-5], desalination
[6], petrochemical industries [7], refrigeration [6,8], and in
gliding arc plasma in humid air [9]. Many aspects of the process
have been studied in efforts to reveal the mechanisms involved
and the nature of the interaction between the metal, the inhibitor
and/or the environment [10-26]. Two mechanisms have been
proposed to explain the high inhibiting efficiency of BTAH.
One mechanism attributes it to the formation of a protective
film of Cu(I)BTA on the surface, which inhibits the anodic
dissolution reaction, that is,

Cu(aq) " +BTAH3q) = Cu(I)BTA () +Hyq) " (1)
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The other mechanism postulates an adsorbed layer of BTAH,
that is,

Cu) +BTAH = Cu: BTAH ys) 2)

where Cu:BTAH,q4,) refers to BTAH adsorbed on the copper
surface. Under oxidizing conditions, this adsorbed species can
be oxidized to give the complex Cu(I)BTA [16], that is,

Cu:BTAH = Cu(I)BTA + H' +e" 3)

Eq. (3) indicates that the complex Cu(I)BTA is favored at more
anodic potentials in less acidic media, while the adsorbed
species is formed in more acidic media under cathodic poten-
tials. It has also been well substantiated that the inhibiting
efficiency increases with the concentration of BTAH and time
of immersion of the metal in the inhibited medium.

The above mechanisms are well accepted in clean
(unpolluted) media. It is now widely recognized that many
of the service environments of copper and its alloys are
polluted. For example, formation waters in sour oil and gas
wells are heavily contaminated with dissolved sulfides, which
are mostly in the form of HS™ ions in nearly neutral media. In
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such environments, these metallic components serve in media
that are inhibited by BTAH and polluted with sulfide ions.
Sulfide ions are known to promote the corrosion of copper [27—
37]. The process involves an adsorption step, that is,

HS™ +Cu = Cu:HS™ (@)

where Cu:HS™ refers to an adsorbed HS™ ion on the copper
surface. This adsorbed species is oxidized to give CuS, that is,

Cu:HS = CuS + H" +2¢ (5)

Hence, copper and its alloys face service environments
containing corrosion promoting sulfide ions and corrosion
protecting benzotriazole. This raises questions regarding the
potential interaction of HS™ and BTAH on the copper surface
and the ensuing effects on the protection efficiency of BTAH
against the corrosion of copper.

The objective of this paper is to study the interaction of
benzotriazole and sulfide ions on the surface of copper.

2. Experimental

Electrodes were prepared from Cu (99.9%) obtained from
Goodfellow. The electrodes were in the form of rods having
0.96 cm diameter. The working electrode was the cross sectional
area of the rod while the immersed length of the rod was coated
with a protective adhesive, so that only the cross sectional area is
exposed to the solution. Electrical contact to the external circuit
was made through the rod. The working electrodes were polished
using SiC papers successively down to 2400 grits, followed by
0.3 micron alumina to acquire a mirror-like finish. A conven-
tional three-electrode cell was used with a Ag/AgCl reference
electrode, £ =0.197 V SHE, and a Pt sheet counter electrode.
Solutions were prepared using deionized water, BTAH from
Aldrich, AnalaR Na,S and NaCl from Fluka.

Potentiodynamic polarization curves were measured on the
Cu electrodes at a voltage scan rate of 5 mV s~ in 3.5% NaCl
solution containing various concentrations of sodium sulfide and
BTAH. Potential scanning started from the less to the more
anodic potentials. The potential was controlled using a Gamry
potentiostat. Polarization resistance (R,) of the electrodes was
measured using electrochemical impedance spectroscopy (ELS)
under different conditions of BTAH and sulfide concentrations.
EIS experiments were also performed using the Gamry
potentiostat. The values of R, were calculated from the EIS
spectra using the Gamry software. Measurements were
performed at 25 & 1 °C while the electrolyte was stirred using
a magnetic stirrer. The surfaces of the electrodes were examined
using XPS, VG SCIENTIFIC 200 Spectrometer (UK), using Mg
Ka radiation (1253.6 eV) operating at 300 W, 13 kVand 23 mA.

3. Results and discussion
3.1. Polarization curves

Fig. 1 shows the effect of the concentration of BTAH on the
polarization behavior of copper. The presence of BTAH
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Fig. 1. Polarization curves of copper in 3.5% NaCl solution containing various
concentrations of BTAH.

decreases the rate of anodic dissolution by 3-4 orders of
magnitudes, depending on its concentration. A passive region
appears in the anodic branch which is attributed to the
formation of a protective film of the Cu()BTA complex
(Egs. (1)—(3)). This passive region ends at the break down
potential, Ey,, beyond which the current increases rapidly as the
potential becomes more anodic. The rapid increase in current
above Ey, is caused by localized corrosion as a result of the
breakdown of the protective film [38]. As the concentration of
BTAH increases, the breakdown potential, E},, becomes more
positive and the current in the passive region decreases
indicating that the film becomes more protective.

The effect of sulfide ions on the polarization curve of copper
in the BTAH inhibited solution is illustrated in Fig. 2. The
sulfide ions have strong detrimental effect on the passivity
caused by BTAH. The increase in the concentration of HS™ ions
has the following effects:

(a) It lowers the breakdown potential, by hundreds of mV
depending on its concentration;
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Fig. 2. Effect of the concentration of sulfide ions on the polarization curves of
copper in the presence of 3.5% NaCl and 10~> M BTAH.
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(b) It increases the current in the passive region and the rate of
anodic dissolution by orders of magnitude;

(c) It shifts the free corrosion potential in the cathodic direction
by hundreds of mV.

Note that a sulfide ion concentration as low as 107> M
(0.32 ppm sulfur) increases the current on the polarization
curve of copper by about 10-fold in the presence of 10™* M
BTAH. This concentration of BTAH (1072 M) is 1000-fold
greater than that of the sulfide ions. However, it was not able to
prevent the sulfide attack.

3.2. Current transients

Potentiostatic current transients were measured on copper
electrodes in the presence of various concentrations of BTAH at
potentials in the passive region. Fig. 3 illustrates the current
transients measured in the presence of 107> and 107> M BTAH
at a potential of 0.05 V versus Ag/AgCl (within the passive
region). Note the initial rapid decrease of current with time
before the current tends to level off toward a steady value. After
1 h the currents were 50 and 0.7 wA cm > for the 10> and
1072 M BTAH, respectively. An order of magnitude increase in
the concentration of BTAH results in about 70-fold decrease in
the steady current under the present experimental conditions.
This is an illustration of the remarkable efficiency of BTAH
against the dissolution of copper within the passive region.
Under this potential, corrosion protection is attributed to the
formation of Cu(I)BTA complex, see Egs. (1) and (3). The
decrease of current with time is an illustration of progressive
increase of the inhibiting efficiency of the Cu(I)BTA film with
time of immersion (see also Fig. 8 below). The corresponding
currents at the same potential (0.05 V versus Ag/AgCl) in the
potentiodynamic polarization curves (Fig. 1) are about 12 and
0.5 wA cm™ 2 for 107> and 10~% M BTAH, respectively. While
the two currents in the presence of 10~>M BTAH are fairly
close, the steady state current in the presence of 10~> M BTAH
(50 wA cm™?) is about fourfold greater than the current
obtained from the potentiodynamic polarization curve
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Fig. 3. Potentiostatic current transients produced by the copper electrode in the
presence of (a) 1072 and (b) 10> M BTAH at 0.05 V (Ag/AgCl) in the passive
region.

(12 pA cm™?). This might be attributed to the tendency of
copper to undergo localized corrosion in the presence of low
concentrations of BTAH [38].

Similar experiments were performed to find out whether the
pre-immersion of copper in the BTAH inhibited electrolyte
would also improve its resistance to sulfide attack. In each
experiment a certain concentration of sulfide ions was injected
into the electrolyte after various times of contact of copper with
BTAH under potentials in the passive region. The copper
surface was polarized for 1, 5 and 17 h in the presence of
1072 M BTAH before the injection of 1073M HS™, Fig. 4a—c,
respectively. Note the rapid increase in current upon injection
of sulfide ions that appear in all cases, which indicate that the
duration of the Cu(I)BTA film growth process does not improve
its resistance to sulfide attack. This is contrary to the well-
documented finding in unpolluted media where the inhibitor
efficiency increases with the immersion time [10,13,37]. The
magnitude of this sudden increase in current upon injection of
sulfide ions is taken as a measure of the intensity of sulfide
attack.
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Fig. 4. Current transients of copper electrodes polarized at 0 V vs. Ag/AgClin a
solution of 3.5% NaCl + 107> M BTAH for various times: (a) 60 min, (b)
300 min and (c) 1020 min before injection of 10~ M sulfide ions.
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Fig. 5. Effect of the concentration of BTAH on the current transients of copper
upon injection of 107> M HS™ ions into the electrolyte. The electrode was
polarized at 0 V vs. Ag/AgCl in an electrolyte of 3.5% NaCl and BTAH.

Fig. 5 displays another set of results to reveal the effect of the
concentration of BTAH on the response of current transient to
the sulfide attack. One electrolyte was inhibited by 107> M
BTAH while the other was inhibited by 107> M BTAH. Note
the rapid increase in the current upon the addition of sulfide ions
in both media. Note also that the increase in the current is more
pronounced in the presence of 10~ (about 260 wA cm ™ ?) than
in the case of 107>M BTAH (about 170 pA cm ™). This
indicates that an order of magnitude increase in the
concentration of BTAH does not prevent sulfide attack but
only lowers its intensity rather modestly (by about one third).

The effect of the concentration of the injected sulfide ions on
the current transients is shown in Fig. 6 for sulfide concentration
of 10~ *and 10~* M HS ™ in the presence of 107> M BTAH. Upon
the addition of 10~* M HS ™ the current increases by only about
20 pA cm 2 compared to 270 pA cm > upon injection of
10 MHS .

A question arises here regarding the source of the increase in
current after injecting the sulfide ions; that is, whether it is due
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Fig. 6. Effect of the concentration of injected sulfide ions on the current
transients of copper polarized at 0 V vs. Ag/AgCl in an electrolyte of 3.5%
NaCl and 107> M BTAH.
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Fig. 7. Effect of sulfide addition on the current transients of copper and graphite
electrodes in 3.5% NaCl in the presence of 10~ M BTAH. Each electrode was
potentiostated at 0 V vs. Ag/AgCl for 1h in the inhibited electrolyte before
injecting 10> M sulfide ions.

to the oxidation of sulfide ions or to an increase of the rate of
corrosion of Cu. Sulfide ions can be oxidized to give several
possible products including elemental sulfur [39], that is,

HS =S + H'+2¢  E° = —0.065 V(SHE) (6)

2HS = $,>" +2H" +2e~  E° = 0.298 V(SHE) 7)

2HS™ +3H,0 = S,0;% +8H" +8e
E° = 0.200 V(SHE) (8)

To answer the above question, similar experiments were
performed on graphite and copper electrodes under the same
conditions. Fig. 7 shows the current transients produced by the
copper and the graphite electrodes that were polarized at 0 V
versus Ag/AgCl in an electrolyte containing 3.5%
NaCl + 1072 M BTAH. Upon injection of 107> M HS™ ions,
the current produced by the copper electrode jumps to a value of
about 170 wA cm ™2 and subsequently decreases with time.
However, it remains fairly high after 1 h (about 70 A cm ).
On the other contrary, the current of the graphite electrode
jumps to about 50 wA and decreases rapidly to a negligibly
small value. Graphical integration of the charges passed under
the curves (for 1 h) yields values of 418.3 and 34.6 mC for the
copper and graphite electrodes, respectively. This indicates that
the oxidation of the sulfide ions (Eqgs. (6)—(8)) contributes only
a small fraction of about 8% of the charge passed upon injection
of the sulfide ions while the rest of the charge is due to enhanced
corrosion of copper (Eq. (5)).

3.3. Polarization resistance

The progressive decrease of current with time (Fig. 3)
reveals that the inhibiting efficiency of benzotriazole increases
with time. Electrochemical impedance spectra were measured
after various times of immersion of copper in the BTAH
inhibited medium, before and after injection of the sulfide ions.



8990 FEM. Al Kharafi et al./Applied Surface Science 253 (2007) 8986-8991

After addition of 10° M HS'

2001 \

0 - <= Blankelectrolyte

T T T

0 2 4 6 8 10 12 14 16 18 20
Time of immersion / h

Fig. 8. Effect of immersion time on the polarization resistance (determined
using EIS technique) of copper electrode immersed in a solution of 3.5%
NaCl +0.01 M BTAH. Note the sudden decrease of R;, upon injection of
107 M sulfide ions.

Analysis of these spectra was performed as shown before [39].
The analysis yields the polarization resistance (R,) which is
inversely proportional to the corrosion rate [40], that is,

K
R, = ©)

1C()I‘I‘

where K is a constant for each system. The variation of R, with
the time of immersion is shown in Fig. 8. Note the gradual
increase of R, with the time of immersion before injection of
the sulfide ions, in agreement with results of earlier work
[10,13,37]. Note also the remarkable detrimental effect of
the sulfide ions in decreasing R, (and hence increasing the
corrosion rate). The effect of sulfide ions is extremely rapid.

3.4. X-ray photoelectron spectroscopy (XPS)

Fig. 9 illustrates parts of the XPS spectrum obtained from the
corroded copper surface. The electrode was polarized at 0 V
versus Ag/AgCl for 17 hin the presence of 10~2 M BTAH before
injection of 10~* M HS™, which remained in contact with the
copper surface for 1 h. The XPS spectrum reveals the presence of
N1s peak at a binding energy of 400 eV and S 2p at 162.0 eV,
referred to the peak of C1s at284.6 eV [41]. The N1s peak reveals
the presence of some BTAH on the copper surface that was
corroded in the presence of sulfide ions. Furthermore, the S 2p at
a binding energy of 162.0 eV reveals the presence of sulfide ions
in the form of copper sulfide. The absence of an S 2p at 164.0 eV
reveals the absence of elemental sulfur on the corroded copper
surface [41]. This is another proof that the increases in current in
Figs. 2 and 4-7 are caused by the dissolution of copper under the
effect of the sulfide ions (Eq. (5)), rather than the oxidation of the
sulfide ions (Egs. (6)—(9)).

3.5. Mechanism of film breakdown

A rationale for the observed effect of sulfide ions can be
found in the relative stabilities of copper sulfide and the
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Fig. 9. Parts of the XPS spectra of copper immersed in 3.5% NaCl + 107> M
BTAH solution to which 107> M HS™ was added after 17 h. The electrode
remained in contact with the medium for 1 h after injection of sulfide.

protective Cu(I)BTA complex. While Cu,S has a stability
constant [42] of about 10*7, the stability constant of Cu(I)BTA
complex [43] is about 10°. This indicates that sulfide ions
compete for Cu(I) ions under a much stronger driving force than
BTAH [35]. Consequently, sulfide ions can extract the Cu(I)
ions from the Cu(I)BTA complex. The first step is the break
down of the protective Cu(I)BTA film under the effect of the
sulfide ions, that is,

Cu(I)BTA + HS™ = CuS + BTAH + e~ (10)

This reaction leads to the disappearance of some of the
protective Cu(I)BTA film and the appearance of copper sulfide
[27-37]. Once the protective film breaks down, corrosion
occurs on the bare surface.

4. Conclusions

Sulfide ions decrease the inhibiting efficiency of benzo-
triazole against the corrosion of copper in chloride media. The
extent of this effect depends on the relative concentrations of
both species (Figs. 5 and 6). The current transients reveal
interesting interactions between the injected sulfide ions and
the BTAH on copper surface. An order of magnitude increase in
the concentration of sulfide ions (at a certain concentration of
BTAH) increases the intensity of sulfide attack by more than
one order of magnitude (Fig. 6). On the contrary, an order of
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magnitude increase in the concentration of BTAH decreases the
intensity of sulfide attack by only about one third (Fig. 5).
Extended pre-passivation of the copper surface in the presence
of BTAH does not improve its resistance to sulfide attack.
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