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Polarization behavior and corrosion inhibition of copper in acidic chloride solutions containing benzotri-

azole were studied. Pourbaix diagrams constructed for copper in NaCl solutions with different BTAH con-

centrations were used to understand the polarization behavior. Open circuit potential (OCP) depended not

only on chloride concentration, but also on whether a CuBTA layer was formed on the copper surface.

Only when the (pH, OCP) was located well in the CuBTA region of the Pourbaix diagram, a stable cor-

rosion inhibiting CuBTA layer was formed, which was confirmed by X-ray Photoelectron Spectroscopy

(XPS) and a long-term corrosion test. The OCP for the CuBTA layer decreased logarithmically with

increasing [Cl-] activity in the solution. A minimum BTAH concentration required to form a CuBTA layer

for a given NaCl concentration and pH were determined from the Pourbaix diagram. It was found that 320

ppm BTAH solution could be used to form a corrosion-inhibiting CuBTA layer inside the corrosion pit in

the sprinkler copper tube, successfully reducing water leakage rate of copper tubes. These experimental

results could be used to estimate water chemistry inside a corrosion pit.
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1. Introduction

Copper has been used widely for many applications

requiring corrosion resistance, thanks to the naturally formed

thin oxide layer on the copper surface playing as a

passivating layer. However, in acidic chloride solutions,

copper loses its corrosion resistance due to dissolution of

the passivating oxide layer [1,2]. Copper is also prone to

pitting corrosion in high pH water in presence of chlorine

[3–6]. The small space of the corrosion pit under the

corrosion products is filled with an acidic solution possibly

containing chloride, accelerating corrosion of the corrosion

pit [7]. Taxén [8,9] could obtain the profiles of pH, potential,

and concentration of various chemical species inside the

copper corrosion pit by a model study. The low pH values

of around 3 and the high activity of Cu
2
O and CuCl were

predicted near the bottom of the corrosion pit. The authors

of the current study [10] also found by XPS and EDS

analyses of corrosion pits that the bottom of the corrosion

pit consists of Cu
2
O and CuCl layers, indicative of high

concentrations of chloride and cuprous species present in

the solution inside the corrosion pit. Lee et al. [11] also found

by Energy Dispersive Spectroscopy (EDS) and X-ray

Photoelectron Spectroscopy (XPS) analyses that localized

corrosion and Cl concentration occurred at the carbonaceous

film–copper boundary due to crevice corrosion.

BTAH (Benzotriazole, C6H5N3) has been used for

more than 70 years as one of the most effective corrosion

inhibitors for copper and its alloys [12]. When copper is

immersed in a BTAH solution, a passivating layer of

polymerized CuBTA complex is formed rapidly on the

copper surface [13,14]. The CuBTA layer is known to be

effective in inhibiting corrosion of copper in acidic and

chloride solutions [15,16]. Kosec et al. reported that BTAH

plays as an excellent corrosion inhibitor of not only copper

but also for brass in chloride solution [17]. However, there

are reports that BTAH becomes ineffective in the NaCl

solution at pH lower than 3 [18,19]. There have been few

reports on whether BTAH could be effective for either

stopping or delaying propagation of corrosion pits already

formed on copper. Lee et al. [11] found that when BTAH

was added to the test solution, a CuBTA complex was

formed at the boundary of the carbonaceous film to

prevent localized corrosion. The current authors studied
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using oxygen scavengers such as hydrazine [20] and

sodium sulfite [21] to reduce water leakage caused by the

pitting corrosion of the sprinkler copper tubing. They

could not observe noticeable decrease in water leakage

by using oxygen scavengers. On the other hand, using

BTAH [10,22], they could reduce the water leakage from

sprinkler copper tubes by more than 80% and they found

a strong dependency of the water leakage frequency on

the BTAH concentration.

The motivation of this study is to find the reason why the

corrosion inhibition of copper by BTAH strongly depends

on its concentration in a highly acidic and chloride

containing aqueous solution like the one in the corrosion

pit. The authors examined the polarization behavior and

corrosion inhibition of copper electrodes immersed in acidic

NaCl solutions at various pH values with different BTAH

concentrations. Formation of the corrosion inhibiting

CuBTA layer on copper was studied by EDS and XPS.

They tried to understand the polarization behavior and

corrosion inhibition by referring to the Pourbaix diagrams

(potential vs. pH diagram) constructed for these solutions. 

2. Experimental procedures

A master BTAH aqueous solution of 10,000 ppm was

used to make test solutions of 100, 300, 600 ppm BTAH.

The purity of BTAH (CAS No. 95-14-7) used was better

than 99%, as specified by the manufacturer, Samchun

Chemicals of Korea. The chloride concentration and pH

value of the solutions was adjusted by adding NaCl and

citric acid to the solutions. The NaCl concentrations

investigated are from 0.01 M to 1 M. The pH value was

varied between 2.5 and 7.4.

The potentiodynamic polarization tests were carried out

to obtain the polarization curves of copper working

electrodes in the test solutions. A copper sticky tape

10 mm wide and 0.1 mm thick with adhesive on the back

was used as the copper working electrode. The copper

tape was firmly bonded to a 0.2 mm thick PVC sheet and

the opening of 1 × 1 cm2 was made by masking it with a

scotch tape. The purity of the copper tape was better than

99.95% by weight. The naturally formed copper oxide on

the copper tape was not removed before the test. The

copper electrode was tested after immersed in the test

solution for 5 hours. A saturated calomel electrode and a

graphite rod of 5 mm in diameter were used as the

reference electrode and the counter electrode, respectively.

WonATech’s WPG100 Potentiostat and Smart Interface

were used for the measurements with a scanning rate of

5 mV/s. The potentials were reported in the results with

respect to the saturated calomel electrode potential (V
SCE

)

which is 0.242 V smaller than the standard hydrogen

electrode (V
SHE

). A long term corrosion test was also

performed by immersing copper tape specimens for 2.3

years in the 1 M NaCl solutions at pH around 3.9 with

different BTAH concentrations from 0 to 600 ppm.

EDS and XPS analyses of the specimens were carried

out by Korea Institute of Science and Technology’s

Advanced Analysis and Data Center. A Hitachi Regulus

8230 was used for the EDS analysis with the acceleration

voltage of 5 kV. An Ulvac-PHI’s PHI 5000 VersaProbe

was used for the XPS analysis. The X-ray source for XPS

was monochromatic Al Kα with the beam spot size of

100 μm × 100 μm.

3. Results and Discussion

3.1 Pourbaix diagram of Cu-Cl--BTAH-H
2
O system

Tromans [23] constructed for the first time the Pourbaix

diagrams of copper in acidic and acidic/chloride aqueous

solutions containing BTAH. Tromans and Sun used these

diagrams to interpret the anodic polarization curves of

copper in BTAH-added acidic NaCl solutions [18]. In the

current study, Pourbaix diagrams at 25 ºC of the Cu-Cl--

BTAH-H
2
O system of 1 M and 0.1 M NaCl aqueous

solutions (Fig. 1 and Fig. 2) were constructed in the pH

interval between 1 and 8 in which BTAH is the

predominant phase over either BTA- or BTAH
2

+.  The

equilibrium potentials and equilibrium constants

summarized in Table 1 were used for these constructions.

These thermodynamic equilibrium equations and data

were obtained from the data by Tromans [23] and Bertocci

and Wagman [24]. Activity coefficients of 0.66 and 0.78

were used to calculate the activities of chloride in the 1

M and 0.1 M NaCl solutions, respectively [25]. The

BTAH concentrations of 100, 300, and 600 ppm were

used for the Pourbaix diagram in the 1 M NaCl solution,

while only the 300 ppm BTAH concentration was used

for the Pourbaix diagram in the 0.1 M NaCl solution. The

boundary line position between the CuBTA and Cu
138 CORROSION SCIENCE AND TECHNOLOGY Vol.22 No.3, 2023
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Fig. 1. Pourbaix diagram for Cu-Cl--BTAH-
H

2
O system in the presence of 1 M NaCl and

10-2 M Cu2+

Fig. 2. Pourbaix diagram for Cu-Cl--BTAH-
H

2
O system in the presence of 0.1 M NaCl and

10-2 M Cu2+

Table 1. Thermodynamic data for Cu-Cl--BTAH-H
2
O system at 25 ºC [23,24]

Equilibrium equations
Equilibrium potentials, E (VSHE) or equilibrium constants, K for 

the left equilibrium equations

CuBTA + H+ + e– = Cu + BTAH (1a) E = 0.0946 – 0.0591 log [BTAH] – 0.0591 (pH) (1b)

Cu2+ + BTAH + e– = CuBTA + H+ (2a) E = 0.5861 + 0.0591 (pH)+ 0.0591 log [Cu2+ ] + 0.0591 log [BTAH] (2b)

CuO + BTAH + H+ + e– = CuBTA + H2O (3a) E = 0.975 – 0.0591 (pH) + 0.0591 log [BTAH] (3b)

CuCl2·3Cu(OH))3 + 4BTAH + 2H
+ + 4e– = 4CuBTA + 6H2O + 2Cl

– (4a) E = 0.805 – 0.02955 log [Cl–] + 0.0591 log [BTAH] – 0.02955pH (4b)

4Cu2+ + 6OH– + 2Cl– = CuCl2·3Cu(OH)3 (5a) K = 2.0 × 1069 (5b)

4CuO + 2H+ + 2Cl– + H2O = CuCl2·3Cu(OH)3 (6a) K = 3.7 × 1011 (6b)

CuBTA + Cl– +H+ = CuCl + BTAH (7a) K = 0.4243 (7b)

CuCl + e– = Cu +Cl– (8a) E = 0.116 – 0.0591 log [Cl–] (8b)

Cu2+ + Cl– + e– = CuCl (9a) E = 0.567 + 0.0591 log [Cu2+] + 0.0591 log [Cl–] (9b)

Cu2+ + H2O = CuO + 2H
+ (10a) K = 2.69 × 10-7 (10b)

Cu2+ + 2Cl– + 2e– = CuCl2
–

(11a) E = 0.457 + 0.118 log [Cl–] (11b)
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regions in the Pourbaix diagram does not depend on the

NaCl concentration, because there is no [Cl-] term

included in equation (1a) and (1b) for the equilibrium

between CuBTA and Cu.

The horizontal black dashed dot lines at 0.437 V
SCE

and 0.326 V
SCE

 for 1 M NaCl solution (Fig. 1) and the

0.1 M NaCl (Fig. 2), respectively, separates the areas

dominated by aqueous species of Cu2+ and CuCl
2

–
. The

black dash line labeled H
2
 is the line for hydrogen

electrode at one atmosphere. The blue vertical dotted

arrows in Fig. 1 and Fig. 2 indicate the potential increase

at the pH values of the test solutions during the

potentiodynamic polarization tests.

The green, red, and blue solid lines in Fig. 1 for the

1 M NaCl solution define the stable regions of the solid

phases in equilibrium with 100, 300, and 600 ppm

BTAH, respectively when the activity of Cu2+ is 10-2.

The CuBTA region becomes wider with increasing

BTAH concentration. The upper and lower horizontal

boundaries of the CuCl region are located at 0.13 and

0.44 V
SHE

, respectively. The vertical line separating the

CuCl region from the CuBTA region shifts to lower pH

values as the BTAH concentration increases, and it is

pH 2.06 for 300 ppm BTAH.

The red solid lines in Fig. 2 for the 0.1 M NaCl solution

define the stable regions of the solid phases in

equilibrium with 300 ppm BTAH when the activity of

Cu2+ is 10-2. One noticeable difference between the

Pourbaix diagram for the BTAH containing 0.1 M NaCl

solution and that for the BTAH containing 1 M NaCl

solution is that CuCl region shrinks to the lower pH side

for the 0.1 M NaCl solution. The boundary between the

CuCl and CuBTA regions is at pH 1.11. The

CuCl
2
·3Cu(OH)

3
 region also shrinks as the NaCl

concentration becomes smaller.

3.2 Polarization behavior of copper in 1 M NaCl solutions

with BTAH of different concentrations at various pH values

Fig. 3 shows the polarization curves of the BTAH-free

1 M NaCl solutions at four different pH values of 5.1,

3.9, 3.3 and 3.1, together with that of tap water at pH 7.4.

The open circuit potential (OCP), corrosion current

density (I
corr

), and pitting corrosion potential (E
p
) obtained

from the polarization curves of these solutions and the

solutions containing BTAH are summarized in Table 2.

E
p
 of 0.08 V

SCE
 denoted by p is observed in the anodic

polarization curve of the tap water. This pitting potential

should be due to breakdown of the thin Cu
2
O layer

naturally formed on the copper electrode. On the other

hand, there is no pitting potential observed in the curves

of the BTAH-free NaCl solutions, probably due to

Fig. 3. Polarization behavior of Cu in BTAH-free 1 M NaCl
solutions at various pH and a tap water

Table 2. Electrochemcal parameters obtained from the potentiodynamic polarization tests of copper in the BTAH-added and
BTAH-free 1 M NaCl solutions

pH

0 ppm BTAH 100 ppm BTAH 300 ppm BTAH 600 ppm BTAH

OCP

(VSCE)

Icorr
(nA/cm2)

Ep

(VSCE)

OCP

(VSCE)

Icorr
(nA/cm2)

Ep

(VSCE)

OCP

(VSCE)

Icorr
(nA/cm2)

Ep

(VSCE)

OCP

(VSCE)

Icorr
(nA/cm2)

Ep

(VSCE)

7.41) -0.03 83 0.08

5.1 -0.30 1,833 x -0.21 143 0.22 -0.23 198 0.32 -0.21 369 0.31

3.9 -0.32 1,296 x -0.31 487 x -0.21 310 0.30 -0.21 274 0.41

3.3 -0.31 1,327 x -0.30 763 x -0.32 430 x -0.21 121 0.35

3.1 -0.33 991 x -0.31 1,144 x -0.30 1,464 x -0.32 473 x
1) Tap water of pH 7.4 with no NaCl added
2) ‘x’ indicates that a pitting potential is not observed
140 CORROSION SCIENCE AND TECHNOLOGY Vol.22 No.3, 2023
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dissolution of the thin Cu
2
O layer in the NaCl solutions.

The polarization curves (especially anodic polarization

curves) of all the BTAH-free NaCl solutions look almost

the same, shifted to a much more active region with the

OCP of -0.30 to -0.33 V
SCE

 than the tap water with the

OCP of -0.03 V
SCE

. Resultantly, I
corr

 of the BTAH-free

NaCl solutions are more than ten times bigger than the

tap water. They show a typical Tafel behavior (linear

increase of potential with increasing log (current density)).

This result is the same as the other published result [18], and

it could be expected because the dissolution equations of

equation (12a) and (12b) do not have an ‘H+’ term [18].

Current peaks denoted by k are observed at around 0 V
SCE

.

The k peaks might be due to oxidation of the copper electrode

surface by chloride to form CuCl via equation (8a) and (8b)

in Table 1. The potential at the k peaks is 0.12 V higher than

the equilibrium potential of -0.116 V
SCE

 (= 0.126 V
SHE

)

determined by equation (8b), probably due to the broad

potential range of this oxidation process occurring.

(12a)

(12b)

Fig. 4a - d show the polarization behavior of copper

electrodes in 1 M NaCl solutions containing 100, 300, or

600 ppm BTAH at different pH values of 5.1, 3.9, 3.3,

and 3.1, respectively. The polarization behavior of the

BTAH-added NaCl solution depends strongly on the

BTAH concentration and the pH value. The OCP of around

-0.21 V
SCE

 is observed for the following combinations of

the BTAH concentration and pH in the 1 M NaCl

solutions: (100, 300 or 600 ppm BTAH) and pH 5.1; (300

or 600 ppm BTAH) and pH 3.9; and 600 ppm BTAH and

pH 3.3 (see Fig. 4 and Table 2). When the OCP is around

- 0.21 V
SCE

, the anodic polarization curve undergoes a

parabolic increase of potential with increasing log (current

density) (see Fig. 4a, b and c). This polarization behavior

indicates that a passive CuBTA layer was formed on the

copper surface while being immersed for 5 hours before

the polarization test. (Usually, the OCP keeps increasing

for about 2 hours and then remains almost constant for

about 3 hours.) E
p
 denoted by p are observed for these

cases. This pitting potential should be due to breakdown

of the combination of the CuBTA layer and the naturally

formed thin Cu
2
O layer. It increases slightly with

increasing BTAH concentration (Fig. 5), which is

CuCl
2

–
e
–

+ Cu 2Cl
–

+=

E 0.224 0.0591+= log CuCl
2

–[ ] Cl
–[ ]

2

⁄
⎩ ⎭
⎨ ⎬
⎧ ⎫

V
SHE

,

Fig. 4. Polarization behavior of Cu in BTAH-added and BTAH-free 1 M NaCl solutions at various pH
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probably due to increasing CuBTA layer thickness with

increasing BTAH concentration. 

The OCP of around -0.31 V
SCE

 is observed for the

following combinations of the BTAH concentration and

pH in the 1 M NaCl solutions: 100 ppm BTAH and pH

3.9; (100 or 300) ppm BTAH and pH 3.3; (100, 300, or

600 ppm) BTAH and pH 3.1. When the OCP of the BTAH-

added NaCl solutions is about -0.31 V
SCE

 (see Fig. 4b, c

and d), the anodic polarization curve shows almost the same

linear relationship between potential and log (current

density) as the BTAH-free NaCl solutions until the potential

reaches about -0.2 V
SCE

 at which the peaks denoted by m

appear. Appearance of these m peaks of 1~10 × 10-5 A/cm-

2 magnitude indicates that the CuBTA layer begins to form

on the copper electrode surface when the potential reaches

this value. However, judged by the small magnitude of the

m peaks, these CuBTA layers are not as thick as those

formed during immersion in the BTAH solutions. Tromans

and Sun [18] also observed the same current peaks of ~2.5

× 10-5 A/cm-2 at about -0.2 V
SCE

. They thought that this

current peak is due to fast precipitation of CuBTA by the

reaction of equation (13a) and (13b) onto the copper

surface, derived by the high enough activity of 

which increases with increasing potential (see equation

(12a) and (12b)) [23]. The peaks denoted by n are found

at about -0.1 V
SCE

 for pH 3.9, 3.3 and 3.1 when the OCP

is around -0.31 V
SCE

. These peaks might be due to oxidation

of Cu to CuCl by Cl- via equation (8a) and (8b).

(13a)

(13b)

Fig. 6 compares I
corr

 for the solutions with different

BTAH concentrations at different pH. I
corr

 was plotted as

a bar with stripes when the OCP was around -0.21 V
SCE

,

while it was plotted as a solid bar when the OCP was

around -0.31 V
SCE

. I
corr

 for the BTAH-added solutions with

the OCP of -0.21 V
SCE

 are much smaller than those for

the solutions with the OCP of -0.31 V
SCE

, meaning that

the corrosion rate is reduced significantly if the CuBTA

layer is formed. The advantage of the passivity of the

CuBTA layer becomes amplified if the potential is

increased, for example, to -0.1 V
SCE

 at which the anodic

current is reduced to about 1/500 of that for the solution

in which the CuBTA layer is not formed.

Cathodic polarization behavior of copper in an aqueous

solution should be determined by hydrogen reduction

when the potential is below the hydrogen reduction line,

while it is determined by reduction of trace oxygen just

below the OCP. When the OCP is around -0.31 V
SCE

 and

therefore CuBTA is not formed, the cathodic polarization

curve shifts slightly to a lower current region as the BTAH

concentration increases (see Fig. 4), resulting in a lower

corrosion current density (see Fig. 6). This is probably

because a denser BTAH film is adsorbed to the copper

electrode surface without forming a CuBTA layer,

slowing down the cathodic reaction of hydrogen or

oxygen reduction. Yao et al. [26] also concluded using

their potential-dependent Raman study that BTAH

adsorbs in the form of neutral BTAH molecules on the

Cu surface to form an adsorption layer in the negative

potential region and in the form of deprotonated BTA-

CuCl
2

–

CuCl
2

–
BTAH+ CuBTA 2Cl

–
H

+

+ +→

k
H

+[ ] Cl
–[ ]

2

CuCl
2

–
[ ] BTAH[ ]
------------------------------------------ 1.54 10

2×= =

Fig. 5. Pitting potential (E
p
) of Cu in BTAH-added and

BTAH-free 1 M NaCl solutions at various pH

Fig. 6. Corrosion current density (I
corr
) of Cu in BTAH-

added and BTAH-free 1 M NaCl solutions at various pH
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ion to form a compact polymer film [Cu(BTA)]
n
 in the

positive potential region. On the other hand, when the

CuBTA layer is not formed, the anodic polarization curve

does not depend on the BTAH concentration in the

potential range between -0.3 V
SCE

 and -0.2 V
SCE

 which is

the potential of the m peak (see Fig. 4c and d). Because

of this phenomenon, even in the case that the CuBTA

layer is not formed, the higher BTAH concentration would

lead to the smaller I
corr

.

To confirm by XPS analysis whether the CuBTA layer

is really formed when the OCP is around -0.21 V
SCE

, the

following experiments were performed. Firstly, a copper

specimen was immersed for 5 hours in 1 M NaCl solution

at pH around 3.9 containing 100 or 600 ppm BTAH. The

specimens were named as 100X and 600X according to

their BTAH concentrations in ppm with the letter ‘X’

attached at the end. The voltage on the specimen was

increased during the potentiodynamic polarization test up

to the point indicated by the specimen’s name in Fig. 7.

After finishing the polarization tests, the specimens were

analyzed by XPS. Fig. 8a and b are the XPS survey spectra

of the specimens 600X and 100X, respectively. The

carbon peak at 285 eV (C1s) seems due to both

contaminant carbon and carbon present in BTAH [27].

The N1s peak at 400 eV is clearly seen for the specimen

600X, indicating that a thin CuBTA layer was formed on

the specimen 600X with an OCP of -0.20 V
SCE

. On the

other hand, the N1s peak is barely seen for the specimen

100X with an OCP of -0.31 V
SCE

, indicating that almost

no CuBTA layer was formed while the specimen was

immersed in the solution, except when the voltage was

passing through the small m peak (see Fig. 7). In the XPS

spectra of the specimen 100X, a small Cl2p appears,

indicating that CuCl was formed through the reaction of

equation (8a) and (8b) occurring at around the n peak.

The above results show that if the CuBTA layer is formed

in a 1 M NaCl solution with BTAH added, the OCP should

have a value of around -0.21 V
SCE

.

The strong dependence of the CuBTA layer formation

on both BTAH concentration and pH can be discussed

further referring to the Pourbaix diagram of 1 M NaCl

solution (Fig. 1). The boundary between the CuBTA and

Cu regions in the Pourbaix diagram at pH 5.1 is located

lower than the OCP (-0.21 V
SCE

) for all of the 100, 300,

and 600 ppm BTAH solutions. This means that the

CuBTA layer formed on the copper surface in these

solutions becomes thermodynamically stable as

confirmed by this study (Fig. 4a). At pH 3.9, the

boundaries between the CuBTA and Cu regions for the

300 and 600 ppm BTAH solutions are located below

-0.21 V
SCE

, indicating that the CuBTA layer formed

becomes stable (Fig. 4b). On the other hand, the boundary

between the CuBTA and Cu regions for the 100 ppm

Fig. 7. Potentiodynamic polarization curves of Cu in 100
and 600 ppm BTAH-added 1 M NaCl solutions at pH
around 3.9 for specimens of XPS analysis

Fig. 8. XPS survey spectra of the specimens (a) 100X and (b)
600X (see Fig.7 for the specimens)
CORROSION SCIENCE AND TECHNOLOGY Vol.22 No.3, 2023 143
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BTAH solution is located almost at -0.21 V
SCE

, suggesting

that the CuBTA layer formed on the copper surface in the

100 ppm BTAH solution may not be thermodynamically

stable (Fig. 4b). In this case, only when the potential is

increased above -0.21 V
SCE

, the CuBTA layer is formed as

manifested by the appearance of the peak m (Fig. 4b). At

pH 3.3, the boundary between the CuBTA and Cu regions

nearly touches the OCP line of CuBTA for 1 M NaCl at -

0.21 V
SCE

 for the 600 ppm BTAH solution, suggesting that

the CuBTA layer could be thermodynamically stable only

in this solution (Fig. 4c). At pH 3.1, the boundaries

between the CuBTA and Cu regions in the Pourbaix

diagram for all three solutions are located well above -

0.21 V
SCE

, making the CuBTA layer unstable (Fig. 4d).

To form a stable CuBTA layer at pH lower than 3.3, the

BTAH concentration should be higher than 600 ppm.

3.3 Analysis of the copper specimens immersed for 2.3

years in 1 M NaCl solutions at pH 3.9 with different

BTAH concentrations 

To investigate the BTAH concentration dependence of

the corrosion inhibition efficiency qualitatively, copper

tape specimens bonded on PVC sheets were immersed

for 2.3 years in the 1 M NaCl solutions at pH around 3.9

added with BTAH of 0, 100, 300, and 600 ppm (see top

photos of Fig. 9). The bottom photos of Fig. 9 show the

specimens taken out from the solutions. The specimens

were named according to their BTAH concentrations in

ppm with the letter ‘L’ attached at the end. Blue-green

corrosion product powders, which look like copper chloride

dihydrate (CuCl
2
·2H

2
O), are settled at the bottom of the

bottles of the 0 and 100 ppm BTAH solutions. Some corners

and edges of the specimens 0L and 100L were dissolved

away by corrosion. The color of the specimen 0L turned

into dark red. Dark green corrosion product particles are

deposited on the specimen 100L (Fig. 9b-1), while it

Fig. 9. Copper tape specimens immersed for 2.3 years in 1 M NaCl solutions at pH around 3.9 with BTAH of 0 to 600 ppm
added

Table 3. Surface of composition of the specimens 100L and
600L measured by XPS (at.%)

Specimen

Element
100L 600L

C1s 62.57 65.40

N1s 9.34 19.98

O1s 18.10 9.67

Cl2p 1.99 0.44

Cu2p3 8.01 4.51
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became dark brown when the particles were removed using

a scotch tape (see Fig. 9b-2) There are some regions,

especially at the center of the specimen 100L, which

maintain the color of original copper specimen.

The specimen 300L has a small amount of dark brown

corrosion products at the top left and the bottom of the

specimen surface. There are no blue-green corrosion

product powders settled in the bottle. The specimen 600L

has almost no corrosion products observed over the entire

surface with maintaining its original brightness of the

copper specimen, meaning that almost no corrosion has

occurred during this period of time.

The surface concentration of the specimens 100L and

600L was analyzed by XPS. Fig. 10a and b show the

survey spectra of these two specimens. Most of the peaks

for these specimens are better defined than those of the

specimens 100X and 600X, probably because of much

longer immersion time for these specimens. The specimen

600L has a stronger N1s peak than the specimen 100L.

Actually, the surface of the specimen 600L has 20 at.%

N1s, while the N1s composition of the specimen 100L is

9.34 at.% (see Table 3). The reason why the specimen

100L also has this high concentration of nitrogen is

probably because this specimen contains a seemingly

intact bright region at the center (see Fig. 9b-2). The

specimen 100L shows high Cl2p concentration of 1.99

at.%, while the specimen 600L has almost no Cl2p

concentration, which is another evidence that the

specimen 600L underwent almost no corrosion.

The Cu2p peaks were investigated in detail to study the

structure of the corrosion inhibition layer (Fig. 11). The

Cu2p3 spectra consist of two peaks at 933 and 935 eV.

The peaks at 933 eV are due to Cu and Cu
2
O, while the

peaks at 935 eV are believed due to CuBTA [11,28]. For

the specimen 100L, the CuBTA peak is much smaller that

the Cu/Cu
2
O peak. On the other hand, for the specimen

600L, the CuBTA peak height is comparable to that of

the Cu/Cu
2
O peak. The similarly shaped but smaller peaks

of Cu/Cu
2
O and CuBTA are observed in the Cu2p1

spectra as well. These results and the photos of the

specimens in Fig. 9 indicate that the CuBTA layer was

formed well in the specimen 600L, while the CuBTA

layer was formed in the specimen 100L as well, but either

incompletely or unevenly.

The above results support the conclusion obtained in

the section 3.2 that only when the (pH, OCP) is located

well in the CuBTA region of the Pourbaix diagram, a

stable corrosion inhibiting CuBTA layer could be formed.

3.4 Polarization behavior of copper in 0.1 M NaCl solu-

tions with 300 ppm BTAH at various pH values

Fig. 12 shows the polarization behavior of the copper

electrode in 300 ppm BTAH-added 0.1 M NaCl solutions

Fig. 10. XPS survey spectra of the specimens (a) 100L and
(b) 600L (see Fig. 9 for the specimens)

Fig. 11. Cu2p spectra of the specimens (a) 100L and (b)
600L (see Fig.9 for the specimens)
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at various pH values of 2.5 to 3.2. The electrochemical

parameters obtained from these polarization tests are

given in Table 4. The OCP is around -0.12 V
SCE

 at pH

equal to or higher than 2.9, indicative of formation of a

CuBTA layer. On the other hand, it is about -0.25 V
SCE

at pH equal or lower than 2.7, showing that the CuBTA

layer is not formed at these low pH values. The current

peaks denoted by m are observed at around -0.16 V
SCE

in the anodic polarization curves of the solutions at pH

2.7 and 2.5. After formation of a CuBTA layer was

completed at about 0 V
SCE

, the anodic polarization curves

of these solutions begin to follow the curve for the solution

either at pH 3.2 or pH 2.9. Unlike the polarization curves

for the 1 M NaCl solutions, there is no n peaks observed

which is related to the formation of CuCl. This may be

because the surface of copper electrode becomes so

completely covered with the sound CuBTA layer during

the period of potential increase that copper cannot be

oxidized to CuCl via equation (8a) and (8b). Fig. 13 shows

the corrosion current density of copper in the 0.1 M NaCl

solution with 300 ppm BTAH at different pH values.

When the CuBTA layer was formed on the copper surface,

the corrosion current density, I
corr

 was more than two times

lower than those obtained when the CuBTA layer could

not be formed.

The OCP of -0.12 V
SCE

 for a stable CuBTA layer in the

0.1 M NaCl solution is higher than that of -0.21 V
SCE

 for

the 1 M NaCl solutions. The higher OCP in the 0.1 M

NaCl solution allowed the CuBTA layer to be formed at

lower pH values of 3.2 and 2.9 in the 0.1 M NaCl solutions

than those in the 1 M NaCl solutions. At pH 3.2 and 2.9,

the boundaries between the CuBTA and Cu regions in the

Pourbaix diagram of the 0.1 M NaCl solution (Fig. 2) are

located well below the OCP of -0.12 V
SCE

, indicating that

the CuBTA layer formed becomes stable. However, the

boundaries between the OCP and Cu regions at pH 2.7

and 2.5, where the CuBTA layer was not formed initially,

are still located below the OCP of -0.12 V
SCE

, even though

the difference between the OCP and the boundary was

reduced proportionally with decreasing pH. Therefore, for

the CuBTA layer to be formed safely on the copper surface

in the 0.1 M NaCl solution at a particular pH value, BTAH

concentration should be high enough so that the boundary

between the CuBTA and Cu regions at that pH value in the

Pourbaix diagram is located at least 0.05 V below the OCP.

3.5 Polarization behavior of copper in the 300 ppm

BTAH solutions with various NaCl concentrations

The polarization behavior of copper was tested in the

300 ppm BTAH solutions at around pH 4.2 with various

NaCl concentrations from 0.01 M to 1 M (Fig. 14). The

electrochemical parameters obtained from the tests are

given in Table 5. The anodic polarization curves of all

Fig. 12. Polarization behavior of Cu in 300 ppm BTAH-
added 0.1 M NaCl solutions at various pH

Table 4. Electrochemcal parameters obtained from the
potentiodynamic polarization tests of copper in the 300 ppm
BTAH-added 0.1 M NaCl solutions at different pH values

pH
OCP

(VSCE)

Icorr
(nA/cm2)

Ep

(VSCE)

3.2 -0.11 83 0.42

2.9 -0.12 152 0.41

2.7 -0.25 544 0.40

2.5 -0.24 308 0.43

Fig. 13. Corrosion current density (I
corr
) of Cu in 300 ppm

BTAH-added 0.1 M NaCl solutions at various pH
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the four solutions show a parabolic increase of potential

with increasing log (current density), indicative of CuBTA

formation. The polarization curve was shifted to a more

active region of higher currents and lower potentials as

the NaCl concentration was increased. Fig. 15 shows that

I
corr

 increases almost linearly with increasing NaCl

concentration. Both the anodic and cathodic currents

increase with increasing NaCl concentration.

Fig. 16 shows the dependence of the OCP on the [Cl-]

activity (= NaCl mole concentration times its activity

coefficient). As the black dotted trend line shows, the OCP

decreases with increasing [Cl-] activity with a logarithmic

dependency (equation (14a)). This dependency could be

expressed in terms of the NaCl mole concentration, [NaCl]

by equation (14b). The OCP for the stable CuBTA

formation is almost the same as the potential for the m

peaks shown in Fig. 4 for the 1 M NaCl solutions and Fig.

12 for the 0.1 M NaCl solutions. This might mean that the

OCP is determined by the potential at which the activity

of  reaches a high enough value for fast

precipitation of CuBTA, as Tromans [23] argued for the

m peaks. Assuming that the  activity for

precipitation of CuBTA is a constant independent of NaCl

concentration, a relationship between the [Cl-] activity and

the OCP could be obtained by substituting a specific [Cl-

] activity for [Cl-] and its corresponding OCP for E in Eq

(12b). By substituting 0.078 for [Cl-] of 0.1 M NaCl

solution and the observed OCP of -0.132 V
SCE

, a theoretical

equation of equation (15) could be obtained. The

theoretical line of equation (15) was drawn as a red line

in Fig. 15 together with the black dashed experimental

line. A slight difference observed between these two curves

is probably due to a nonnegligible dependence of 

for CuBTA precipitation on the [Cl-] activity.

Experimental OCP 

= –0.0921 log[Cl–] – 0.227, V
SCE 

(14a)

= –0.0852 log[NaCl] – 0.211, V
SCE 

(14b)

CuCl
2

–[ ]

CuCl
2

–
[ ]

CuCl
2

–
[ ]

Fig. 14. Polarization behavior of Cu in 300 ppm BTAH-
added solutions with different NaCl concentrations at pH
4.2

Table 5. Electrochemcal parameters obtained from the
potentiodynamic polarization tests of copper in the 300 ppm
BTAH solutions with various NaCl concentrations at
around pH 4.2

NaCl conc

(M)

[Cl-]

activity

OCP

(VSCE)

Icorr
(nA/cm2)

Ep

(VSCE)

0.01 0.0093 -0.046 7 0.42

0.10 0.078 -0.132 21 0.30

0.35 0.249 -0.168 76 0.32

1 0.67 -0.207 310 0.30

Fig. 15. Corrosion current density (I
corr
) of Cu vs. NaCl

concentration in the 300 ppm BTAH solutions at pH around
4.2

Fig. 16. Dependence of the OCP for CuBTA formation on
the chloride activity
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Theoretical OCP 

= –0.1182 log[Cl–] – 0.263, V
SCE 

(15)

Using the above results, the BTAH concentration

needed to form a stable CuBTA at a combination of the

NaCl concentration and pH can be determined from the

Pourbaix diagram. Firstly, the OCP values for the stable

CuBTA at different NaCl concentrations are obtained

by equation (14a), and the corresponding OCP lines are

drawn on the Pourbaix diagram which shows only the

boundaries between the CuBTA and Cu phases for many

different BTA concentrations (see Fig. 17). Then, the

CuBTA/Cu boundary line passing through the junction

between the pH line for the given pH value and the OCP

line for the given NaCl concentration becomes the line

for the minimum BTAH concentration needed to form

a stable CuBTA. For example, the minimum BTAH

concentration needed to form the stable CuBTA layer

on copper in a solution of 0.5 M NaCl and pH 3 is 500

ppm, as indicated by a red dot in Fig. 17. 

3.6 CuBTA layer formation inside a corrosion pit and

the water chemisty inside the corrosion pit

It would be interesting to see if the CuBTA layer is

formed inside the corrosion pit in the sprinkler copper

tube when a sprinkler system of an apartment is filled

with BTAH solution. The authors have used BTAH in

order to reduce the water leakage in sprinkler copper

tubes which is caused by pitting corrosion. They filled

the copper tubes of more than 300 sprinkler systems in

a 10 year old apartment complex with 400 ppm BTAH

solution. The details of how to fill the sprinkler copper

tubes with the BTAH solution is described in the authors’

other paper [10]. The BTAH concentration inside the

copper tubes was expected to be about 320 ppm because

some water was remaining in the tubes before filling the

BTAH solution. There was only one water leakage for

1 year period in this apartment complex, which occurred

5 months after filling the BTAH solution. This

corresponds to more than 90% reduction in the water

leakage frequency. The leaked copper tube was collected

and analyzed using EDS and XPS. The followings are

the results.

Fig. 18a and b show the photos of a corrosion pit

found in the leaked copper tube. Fig. 18a is the photo

after the black colored cupric oxide (CuO) and green

colored malachite (Cu
2
CO

3
(OH)

2
) layers were removed,

while Fig. 18b is the photo of the corrosion pit bottom

taken after brown colored cuprous oxide (Cu
2
O)

particles were scraped off from the corrosion pit. Fig.

18c shows the diffusion path of BTAH as well as the

cross-section of the corrosion pit. The composition at

the positions D and F in Fig. 18a and b were measured

by EDS and XPS, respectively, and their spectra are

Fig. 17. Determination of the BTAH concentration needed to form the CuBTA layer on copper in the acidic NaCl solution by
using the Pourbaix diagram of Cu-Cl--BTAH-H

2
O system
148 CORROSION SCIENCE AND TECHNOLOGY Vol.22 No.3, 2023



POLARIZATION BEHAVIOR AND CORROSION INHIBITION OF COPPER IN ACIDIC CHLORIDE SOLUTION CONTAINING

BENZOTRIAZOLE
shown in Fig. 18d and e. The EDS and XPS spectra are

quite similar in shape to each other. Actually, the

composition at the position D obtained by EDS is almost

the same as the composition at position F obtained by

XPS (see Table 6). Both positions have high N

concentration and low Cl concentration. This means that

Cu
2
O particles in the corrosion pit and the corrosion pit

bottom are coated well with CuBTA. The nitrogen (N)

composition at the position F is also similar to that of

the specimen 600L which showed almost no corrosion,

meaning again that a sound CuBTA layer was formed

at the bottom of the corrosion pit.

The Cu2p peaks were investigated for this corrosion

pit (Fig. 19). The Cu2p3 spectra consist of two peaks

at 932.5 and 934.5 eV which are almost the same as

those for the specimen 600L. However, the CuBTA

peak height with respect the Cu/Cu
2
O height is smaller

than that for the specimen 600L. This might mean that

the CuBTA layer formed in the corrosion pit is thinner

than that formed in the specimen 600L. Similarly

shaped peaks of Cu/Cu
2
O and CuBTA are observed in

the Cu2p1 spectra as well. The important point is that

the CuBTA layer was formed well inside the corrosion

pit, and it helped reduce the water leakage rate by about

90%.

It might be possible to estimate the water chemistry

inside the copper corrosion pit, using the results of this

study. 320 ppm BTAH solution was effective in reducing

the water leakage of sprinkler copper tubes and it was

confirmed that the CuBTA layer was formed well in the

corrosion pit by this solution. The authors also found

that 100 ppm BTAH solution was not effective in

reducing the water leakage rate of sprinkler copper tubes.

These two results suggest that the water chemistry inside

the copper corrosion pit could be similar to that of 1 M

NaCl solution at pH around 3.9 as far as the corrosion

Fig. 18 (a) corrosion pit found in a sprinkler copper tube filled with 320 ppm BTAH, (b) the same corrosion pit with Cu
2
O

particles removed, (c) schematic diagram showing the cross-section of a corrosion pit and the diffusion path of BTAH through
the corrosion pit, (d) EDS analysis result of the position D, and (e) XPS survey spectrum of the position F

Table 6. Composition of the positions D and F of a corrosion
pit measured by EDS and XPS, respectively (at.%). This
corrosion pit was found in a leaked sprinkler copper tube
treated by 320 ppm BTAH solution

 Position

Element
D (EDS) F (XPS)

C (C1s) 54.95 54.55

N (N1s) 14.86 18.61

O (O1s) 20.70 15.79

Cl (Cl2p) 0.09 1.14

Cu (Cu2p3) 9.38 10.01
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inhibiting strength is concerned. However, the real water

chemistry in the corrosion pit would be different from

the combination of 1 M [Cl–] and pH 3.9 because this

combination may not satisfy the electrical neutrality

inside a corrosion pit (104 times higher [Cl–] than [H+]).

If the Cl– concentration is equal to the H+ concentration

so that the electrical neutrality condition is satisfied only

by these two species, the 0.03 M [Cl–]/pH 1.5 might

become the water chemistry inside the corrosion pit. The

two combinations of 1 M [Cl–]/pH 3.9 and 0.03 M [Cl–

]/pH 1.5 are indicated in Fig. 17 as solid squares which

are connected to each other by a dashed line. If the

electrical neutrality condition is satisfied not only by

[Cl–] and [H+] but also by other positive ions such as

[Cu2+], the water chemistry would change to a higher

[Cl–]/higher pH combination than the 0.03 M [Cl–]/pH

1.5 combination along the dashed line. This could be

the subject of further study either by experiment or

simulation.

 

4. Conclusions

The polarization behavior of copper in BTAH-added

NaCl aqueous solutions at different pH values was studied,

with reference to the Pourbaix diagrams constructed for 1

M and 0.1 M NaCl solutions with different BTAH

concentrations. Formation of the corrosion inhibiting

CuBTA layer was studied by the potentiodynamic

polarization tests and the EDS/XPS analysis. The following

conclusions were obtained from this study.

The OCPs of -0.21 V
SCE

 and -0.12 V
SCE

 were obtained

for 1 M and 0.1 M NaCl solutions, respectively, when the

CuBTA layer is formed on the copper electrode. These

OCPs do not depend on either pH or BTAH concentration

of the solutions. The OCPs are lowered to 0.31 V
SCE

 and

-0.25 V
SCE

 for 1 M and 0.1 M NaCl solutions, respectively,

when the CuBTA layer is not formed.

It is concluded from the polarization behavior of copper

in the 300 ppm BTAH solutions with various NaCl

concentrations that the OCP value for the stable CuBTA

layer depends on the [Cl-] activity logarithmically.

For a stable CuBTA layer to be formed by BTAH on

copper at a particular combination of the NaCl

concentration and pH, a high enough BTAH concentration

should be used so that the (pH, OCP) is well in the CuBTA

region of the Pourbaix diagram.

BTAH concentration to obtain a stable CuBTA layer in

a NaCl solution can be determined from the Pourbaix

diagram of Cu-Cl--BTAH-H
2
O system with the help of

the OCP line for the NaCl concentration drawn on the

diagram.

When the sprinkler copper tube is filled with 320 ppm

BTAH solution, a corrosion inhibiting CuBTA layer can

be formed inside the corrosion pit in the sprinkler copper

tube, reducing the water leakage rate greatly. 

The information obtained through this study could be

used to estimate the water chemistry inside the corrosion

pit.
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