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Abstract The kinetics of interaction of benzotriazole

(C6H5N3, BTAH) with the surface of copper in salt water

were studied using an electrochemical quartz crystal

microbalance and X-ray photoelectron spectroscopy (XPS).

Upon injecting BTAH into the electrolyte, three regions

appear in the time response of the microbalance. Region I

(at short time of few minutes), exhibits rapid linear growth

of mass with time, which is attributed to the formation of a

protective Cu(I)BTA complex. Region II reveals attach-

ment of BTAH at a slower rate onto the inner Cu(I)BTA

complex. Region III is a plateau indicating that the BTAH

film attains an equilibrium mass and thickness, which

increase with the concentration of BTAH. The intensity of

the N1s peak in the XPS spectra increases with the time of

immersion, indicating more BTAH on the surface. The

results suggest a duplex inhibitor film composed of an

inner thin layer of Cu(I)BTA and an outer layer of physi-

cally adsorbed BTAH which increases in thickness with

time and BTAH concentration. They also offer an expla-

nation for the much documented findings of simultaneous

increase of the polarization resistance and decrease of

double layer capacity with inhibitor concentration and time

of immersion.
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1 Introduction

Benzotriazole (C6H5N3, BTAH) has been extensively

studied as an inhibitor for the corrosion of copper and

many of its alloys [1–16], for dezincification of brass [17,

18] and as additive in the etching [19], electrodeposition

[20–22] and in the chemical mechanical polishing of cop-

per [23–25]. It has also been reported to inhibit the

corrosion of iron [26–28], cobalt [29], zinc [30], and nickel

[28] and to enhance the resistance of tin bronze to oxida-

tion in air [31]. The remarkable inhibiting efficiency of

BTAH is attributed to adsorption [32–34] and complex

formation [34–38], i.e.,

BTAH þ Cu ¼ BTAH:Cu ð1Þ

BTAH þ Cuþ ¼ Cu(I)BTA þ Hþ; ð2Þ

where BTAH : Cu refers to adsorbed BTAH and

Cu(I)BTA is a protective complex.

Most previous studies were concerned with the inhibit-

ing efficiency and characterization of the films grown on

the metallic surface after sufficiently long times [4, 13].

The kinetics of interaction of BTAH with the surface of

copper have not attracted much attention. This is believed

to be due to the complexity of the kinetic behavior and also

the difficulty of performing such measurements.

It is now possible to follow such behavior in situ and in

real time using an electrochemical quartz crystal micro-

balance (EQMB). This balance utilizes the piezoelectric

properties of quartz crystals [39]. Crystals which acquire a

charge when compressed, twisted or distorted are said to be

piezoelectric. A quartz crystal has a well-defined natural

frequency, f (defined by its shape and size) at which it

prefers to oscillate. Loss or gain of mass from the surface

of the crystal changes the frequency f. The change in mass
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(Dm) and in the oscillation frequency (Df) are related by the

following equation [39, 40]:

Df ¼ �2Dmf 2=A(lqq)1=2 ¼ �CfDm; ð3Þ

where f is the oscillation frequency of the quartz crystal

(9 MHz), Dm is the elastic mass change (g), A is the

electrode area (0.196 cm2), qq is the density of quartz

(2.648 g cm–3), and l is the shear modulus of the crystal

(2.947 · 1011 g cm–1 s–2). The constant Cf is the

integrated EQMB sensitivity, which has a value of

0.9363 Hz ng–1. This equation can then be simplified to

Dm ¼ �1:068 Df ; ð4Þ

where Dm is in nano grams and f is in Hz. Equation 4 is valid

for small evenly distributed elastic masses added to or taken

from the crystal surface and when the mass change is within

2% of the mass of the quartz crystal [39, 40]. Many factors

affect the accuracy of measurements of the EQMB such as

surface roughness, density and viscosity of the liquid in

contact with the crystal [40]. The EQMB has been used in

studies of corrosion and protection of metals [13–15, 41–47].

The objective of this paper is to analyze the kinetics of

interaction of BTAH with the surface of copper in salt

water. This is pursued using an electrochemical quartz

microbalance (EQMB). This approach enables one to fol-

low the kinetics of the process in situ and in real time.

2 Experimental details

The quartz crystal used in these experiments was an AT-cut

disk of area 0.196 cm2 (diameter 2.5 mm) and its nominal

resonant frequency was 9 MHz. On both sides, a 3,000 Å

thick layer of Au was sputtered on a 100 Å Ti layer. The

crystal holder is a well-type shaped holder (QA-CL4) which

was obtained from Seiko EG&G Co. Ltd. The EQMB

(QCM922 from Seiko EG&G Co. Ltd) was coupled with a

Gamry PCI4 Potentiostat. All measurements were per-

formed in 3.5% NaCl under free corrosion conditions in a

conventional three-electrode cell. Copper was electroplated

from an acid sulfate bath and inspected microscopically to

ensure a uniform layer. The copper coated quartz crystal

was immersed in the electrolyte for 1 h before the injection

of BTAH. To achieve a certain concentration of BTAH, a

small volume of a concentrated solution of BTAH in 3.5%

NaCl was injected into the electrolyte and stirred rapidly.

The surfaces of the electrodes were examined using XPS,

VG SCIENTIFIC 200 Spectrometer (UK).

3 Results and discussion

Figure 1 is an illustrative example of the time variation of

the changes in frequency (Df) and mass (Dm in lg) of the

quartz crystal. The initial decrease in mass and increase in

frequency refer to the corrosion of copper (before injection

of BTAH). The corrosion of copper in this medium is a

complex process that leads to the formation of soluble and

insoluble corrosion products such as CuCl�2 , CuCl2, CuCl,

Cu2O, Cu2(OH)3Cl,...etc. [48, 49]. While the solid corro-

sion products remain on the surface, the soluble products

pass into the electrolyte leading to a decrease in the mass of

the metal. The overall rate of this process can be deter-

mined from the slope of the linear part of the mass change,

i.e.,

corrosion rate ¼ � oDm

ot
: ð5Þ

The results in Fig. 1 yield a corrosion rate of about

0.008 lg s–1 which amounts to 1.26 · 10–10 mole s–1

(assuming the product is Cu+). The amount of copper ions

that passed into the corrosive medium as a result of the

corrosion reaction before injecting BTAH (27.4 lg)

amounts to about 4.25 · 10–7 mole of Cu+.

3.1 Injection of BTAH

Upon injection of BTAH into the electrolyte, the trends of

Df and Dm are reversed quite rapidly, indicating an

increase in the mass of the copper layer on the quartz

crystal. This is attributed to the attachment of BTAH onto

the copper surface and the formation of the protective

Cu(I)BTAH complex (see Eqs. 1, 2). There is strong evi-

dence that the corrosion rate of copper in the presence of

BTAH is negligibly small compared to that in its absence

[1–16]. Had BTAH merely stopped the corrosion reaction,

one would have observed a constant mass and constant

frequency after addition of BTAH. Such a behavior has

been recently reported for copper in sulfuric acid upon

injection of 5-mercapto-1-phenyl tetrazole (5MPhTT),

where the mass of copper remained constant for about

10,000 s [47]. The fact that Dm in the present work

increased rapidly with time indicates that BTAH was

attached to the copper surface at a high rate. Three regions

can be identified in the course of time variation of Dm and

Df, see Fig. 1.

3.1.1 Region I

Immediately following the addition of BTAH (to establish

a concentration of 5 · 10–4 M), there is a rapid linear

increase of mass with time. This is defined as Region I.

This region lasts for about 130 s in Fig. 1 and is associated

with a mass gain of about 6 lg which corresponds to
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5 · 10–8 mole of BTAH. The protective complex

Cu(I)BTA forms readily in view of the presence of Cu+

ions on the surface (e.g., Cu2O). These Cu+ ions remain on

the metal surface, before and after their reaction with

BTAH and do not cause mass change. Hence, the increase

in mass is solely attributed to attachment of BTAH mole-

cules onto the surface. The fact that Region I is linear

indicates that the rapid attachment of BTAH onto the

surface and the formation of the Cu(I)BTA complex

readily occur on empty sites on the copper surface.

The area of a flatly oriented BTAH molecule is esti-

mated at 38.2 Å2 [13]. Assuming BTAH accumulates

uniformly on the copper surface in a flat orientation, at the

end of Region I the protective film of BTAH is about 590

layers thick. Taking the thickness of a BTAH molecule to

be about 0.92 Å [13] the protective film is estimated to be

about 540 Å at the end of Region 1.

The rate of accumulation of BTAH onto the surface can

be obtained from the slope of the line in Region I. The

value of this slope is 4.61 · 10–2 lg s–1 in Fig. 1, which is

equivalent to 3.87 · 10–10 mole of BTAH adsorbed on the

copper surface per second.

3.1.2 Regions II and III

Region II also shows linear increase of mass with time, at a

much lower rate, under the conditions of Fig. 1. The rate of

accumulation of BTAH on the surface in Region II

amounts to 9.2 · 10–3 lg s–1, which is about fivefold

slower than in Region I (4.61 · 10–2 lg s–1). Region II

extends for about 40 min which is much longer than

Region I. The mass gain during Region II is about 20 lg

which corresponds to about 1.68 · 10–7 moles of BTAH.

This is about threefold greater than the mass gain in Region

I. Region II is attributed to further attachment of BTAH

onto the surface, albeit at a slower rate. By the end of

Region II in Fig. 1, the mass of BTAH attached to the

copper surface is 27.4 lg, which amounts to 0.23 lmol of

BTAH. This is only a small fraction (about 0.5%) of the

BTAH that was injected in the electrolyte.

The BTAH that is attached onto the surface in Region II

is involved in one or both of the following processes:

1. Formation of more of the protective complex

Cu(I)BTA. This process requires diffusion of Cu+ or

BTAH through the Cu(I)BTA film that formed in

Region I.

2. Attachment of BTAH onto the Cu(I)BTA film, via

physical adsorption, without forming Cu(I)BTAH.

This might be due van der Waal forces or pi stacking

caused by the many pi electron pairs in the BTAH

molecule, which is common in similarly conjugated

systems [50, 51].

The increase in mass in Region II cannot be readily

attributed to the formation of more of the protective

Cu(I)BTA complex on the surface. Further growth of t1he

Cu(I)BTA film requires outward diffusion of copper ions
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through the Cu(I)BTA film (which formed during Region I)

to react with BTAH on the surface. In this case, diffusion

through the film would be the slow step which requires

dependence of mass on the square root of time, i.e., a

parabolic rate law. As the film grows linearly with time in

Region II, this possibility is excluded. Consequently,

Region II is attributed to attachment of more BTAH onto

the Cu(I)BTA film formed during Region I, rather than to

the formation of more of the complex Cu(I)BTA.

Beyond Region II, the mass remains essentially constant

independent of time, Region III. This indicates that the film

has attained an equilibrium thickness under this set of

conditions. The film has a limiting mass of 27.4 lg under

the conditions of Fig. 1, which corresponds to a thickness

of about 0.250 lm.

3.1.3 Effects of BTAH concentration

The corresponding results in the presence of higher con-

centrations of BTAH are shown in Figs. 2 and 3 for 5 and

10 mM BTAH, respectively. The three regions are seen in

all the figures. The mass of BTAH attached to the copper

surface during Region I amounts to 6 lg (in Figs. 1, 2, 3)

which is independent of the concentration of BTAH in the

electrolyte. It is shown above that this mass is sufficient to

form a film of the complex Cu(I)BTA with a thickness of

about 540 Å.

As the concentration of BTAH in the electrolyte

increases, Region II acquires a sigmoidal shape while the

plateau of Region III increases. The complex behavior

shown in Region II does not follow the parabolic rate law

under any concentration, and hence is not attributed to a

diffusional process. The limiting values of Dm at the plateau

of Region III are 27.4, 63.4, and 136.3 lg, for 5 · 10–4,

5 · 10–3, and 1 · 10–2 M BTAH, respectively. The mass

gain of 63.4 lg (plateau in Fig. 2) corresponds to about

5.3 · 10–7 mole of BTAH which is more than all the Cu+

ions that resulted from the corrosion reaction before

injecting BTAH(4.25 · 10–7 mole). Since only a fraction of

these Cu+ ions remains on the copper surface during free

corrosion, it follows that the amount of BTAH attached to

the surface in Region II is much more than needed to form

the complex Cu(I)BTAH. Coupled with the linear increase

of mass with time, this suggests that BTAH adsorbs onto the

Cu(I)BTA film formed in Region I. Such an adsorption may

be attributed to van der Waal’s forces or pi stacking. Using

the arguments presented above, the thickness of the film in

Region III is 0.250, 0.575, and 1.24 lm in the presence of

5 · 10–4, 5 · 10–3, and 10–2 M BTAH, respectively.
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3.2 X-ray photoelectron spectroscopy

Figure 4 illustrates the N1s peak in the XPS spectra

obtained from the copper surfaces after immersion in a

solution containing 5 · 10–4 M BTAH for 10 min (curve

a) and 3 h (curve b). The center of the peaks occurs at

399.5 eV which is characteristic of nitrogen (relative to a

binding energy of 248.6 eV for C1s). The intensity of the

peak at longer time is higher than that at short time, indi-

cating a greater amount of BTAH on the surface as the

immersion time increases.

Upon sputtering the surface with an argon ion beam, the

intensity of both peaks decrease with time as shown in

Fig. 5. The rapid initial decrease in intensity with time is

attributed to the facile removal of the physically adsorbed

BTAH layer at the outer surface of the film. Subsequently,

the intensity decreases with time at a much slower rate,

which reflects a more stable film of Cu(I)BTA beneath the

physically adsorbed layer of BTAH.
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4 Conclusions

The mode of interaction of BTAH with the surface of

corroding copper is described in terms of three regions.

Region I shows rapid linear growth of the Cu(I)BTA

complex with time. The thickness of the film that forms at

the end of region I amounts to 540 Å, independent of the

concentration of BTAH in the electrolyte. Region II shows

further attachment of BTAH on the Cu(I)BTA film which

forms on the surface, and hence gradual thickening of the

film until a constant mass is reached (Region III), indi-

cating the attainment of an equilibrium thickness of the

film. The adsorption of BTAH during Region II on the

Cu(I)BTA complex occurs at a slower rate. This is attrib-

uted to weak van der Waal forces and pi stacking between

the pi electrons in the BTAH molecules. As the concen-

tration of BTAH increases, the shape of Region II changes

and the value of the plateau (Region III) increases, indi-

cating a thicker film of BTAH under equilibrium condition.

The results offer an explanation for the much docu-

mented findings of simultaneous increase in polarization

resistance and decrease in double layer capacity with time

of immersion of copper in BTAH inhibited media [4, 16,

52]. They show clearly that these changes are directly

related to the mass of BTAH attached to the copper surface.
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