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Copper Corrosion inhibition by a Quaternary ammonium  
salt-assisted benzotriazole

Quaternary ammonium salt (QaS) Hyamine 1622 and benzotriazole (BTaH) were used to form a protective layer on cop-
per surface to resist the corrosion by immersing the copper into the inhibitors-containing solutions. The inhibitor’s anticorrosion 
properties are studied in neutral 3.5 wt.% naCl medium by anodic polarization, Tafel polarization, electrochemical impedance 
spectroscopy (EiS) and OCP exposure. The surface characterization is analyzed by Contact angle(Ca) measurement, X-ray photo-
electron spectroscopy (XPS), and scanning electron microscopy(SEM). The electrochemical tests show that they can act as single 
inhibitor to form a passive layer to resist Cu corrosion, and the anticorrosion properties of Cu can be improved by using binary 
Hyamine 1622/BTaH inhibitors. XPS results indicate that both BaTH and Hyamine 1622 molecule can be chemisorbed onto 
the copper surface and make complex films with Cu species. Ca measurement revealed the enhancement of hydrophobicity by 
combining QSa with BTaH. OCP exposure in neutral medium for 72 h evidently reveals that the passive layer formed by binary 
inhibitors decreases the pit corrosion. Better hydrophobic nature and more compact passive layer give rise to excellent inhibition 
properties of binary inhibitors. 
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1. introduction

Copper and its alloys are important metals that are widely 
applied in electronics, mechanics, and facilities due to their 
excellent electrical and thermal conductivity, electromigra-
tion resistance, mechanical properties, and stability. They can 
be designed as wires, sheets, pipelines, and nanoparticles for 
various applications, such as current collectors, heat exchanges 
system, catalysts, antimicrobial agents etc. [1-6]. Copper mass is 
resistant toward the attack of the atmosphere and many chemi-
cals; however, it is well prone to corrosion by oxygen or the 
aggressive species when it is exposed to moisture or chloride/
sulphate-containing solution [4]. in its practical use, its varnish 
and the reduction of its conductivity often happen. Therefore, 
keeping the stable performances of copper becomes important in 
the application of copper materials. in recent years, establishing 
protective films on the metal surface has become one of the most 
effective methods to maintain the basic properties of metal, delay 
metal corrosion and protect the metal from corrosive ions [4,7]. 
Many film-forming techniques on the copper surface have been 
established to resist the corrosion, such as coating [8-10], electro-

plating [11], nanocomposite film [12,13], and organic corrosion 
inhibitors [7,14-24]. among these techniques, organic corrosion 
inhibition on copper surface is considered as one of the simplest 
and most effective means because of its ease of fabrication, ef-
ficiency, and the possibility of preparing monolayers [14-24]. So 
far, many organic compounds containing O, n, or S heteroatoms 
with or without π-system heterocyclic groups have been studied 
as effective copper inhibitors, and they are able to adsorb on the 
surface to form a compact film that will suppress the corrosion 
process [15-18,23].

Benzotriazole (BTaH) possessing benzene and triazole 
rings (see Fig. 1a) is popular copper corrosion inhibitor for 
its high efficiency in various media, including the atmosphere 
[18-24]. Many researchers report that the efficiency of BTaH 
is based on its adsorption on the copper surface and the formation 
of Cu(i)BTa barrier film, which has low solubility in aqueous 
media [20,21,24]. The Cu(i)BTa film can act as a physical 
barrier, hindering the diffusion of aggressive ions [20,25-27]. 
However, the corrosion inhibition efficiency of a single BTaH 
inhibitor is limited, and many works have been focused on 
the synergistic effect of different inhibitors or the new organic 
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inhibitor as alternatives [13,15-18,21,22,25,28,29]. Quaternary 
ammonium compounds (QaCs) are cationic surfactants where 
alkyl or aryl groups (i.e. benzyl groups) replace ammonium 
hydrogen to create strong base and corresponding salts. Their 
ability to disrupt microorganism lipid membranes makes them 
the commercial disinfectant [30,31]. as Cationic surfactants, the 
hydrophilic portion contains a positively-charged ammonium 
cation which is readily adsorbed on the negative-charged surface, 
and an alkyl chain of various lengths comprises the hydrophobic 
portion which is repelled to water. Hence, QaCs are also studied 
as metal corrosion inhibitor [32,33] or the additive for metal elec-
trodeposition [34]. Quaternary ammonium salt (QaS), Hyamine 
1622 (chemical structure shown in Fig. 1a) is a water soluble 
cationic surfactant and widely used as a bactericide because of its 
high germicidal activity in hard water. it contains aromatic rings 
with delocalized π electrons, high molecular weight alkyl chains, 
and n heteroatom with free electron pairs, that are favorable to 
anticorrosion of metal [7]. Hence, it is also expected to be used 
as a metal corrosion inhibitor for its compatibility with nonionic 
surface active agents and most polar solvents. 

in the present work, BTaH and QaS, Hyamine 1622 are 
applied to form inhibition film on the copper surface by self-
assembling in containing single or binary solution. The inhibition 
effects of BTaH and Hyamine 1622 on copper corrosion in 3.5% 
naCl solution are studied.

2. experimental

2.1. materials

The BTaH and Hyamine 1622 were supplied by Sinopharm 
Chemical reagent Co., Ltd. and Hozen international Trading 
(Shanghai) Co., Ltd., respectively. BTaH was dissolved in 
distilled water to prepare a 3 g L–1 solution. Hyamine 1622 
was dissolved in a 3 g L–1 BTaH solution to prepare solutions 
containing 0.2-2 g L–1 Hyamine 1622. The copper specimens 
(purity: 99.99%) were used as the working electrodes. Before 
use, the copper surface was sequentially polished with different 
metallographic grits paper and then cleaned in dilute ethanol for 
a few minutes, followed by drying with a flow of nitrogen gas. 
The cleaned electrodes were directly put in different solutions to 
assemble inhibitor films at 40°C. after 10 minutes, the assem-
bled samples were taken out of the solutions and washed several 
times with distilled water to remove the solution residue. The 
cleared assembled copper samples were used for electrochemical 
measurements and characterization.

2.2. electrochemical characterization

Electrochemical measurements to investigate the corrosion 
protection performance of the inhibitor layer were carried out in 
3.5 wt.% naCl solution by gamry electrochemical workstation 
(reference 600+, america). all experiments were carried out 
using a conventional three-electrode system consisting of the 
Cu/filmed Cu electrode as working electrode, platinum electrode 
as counter electrode, and saturated calomel electrode (SCE) as 
reference electrode. Potentiodynamic polarization was scanned 
in the potential range of –250 mv to +250 mv (vs. OCP) at a scan 
rate of 1 mv s–1. The inhibition efficiency can be evaluated using 
the corrosion current density as follows:
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where i0
corr and icorr are the corrosion current densities of the 

bare and inhibitor modified electrodes, respectively. The elec-
trochemical impedance spectroscopy (EiS) measurement was 
carried out at amplitude potential perturbation of 10 mv in the 
aC frequency range from 100 kHz to 0.1 Hz. The obtained 
impedance results were analyzed and fitted by ZSimpWin 3.2.1 
impedance analysis software. The inhibition efficiency can be 
measured using the charge transfer resistance from the following  
equation:
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where R'
ct and Rct are the charge transfer resistance for the in-

hibitors coated Cu and bare Cu, respectively. The OCP of bare 
Cu and inhibitors coated Cu was monitored in 3.5 wt.% naCl 
solution under static. all the electrochemical experiments were 
carried out at room temperature.

2.3. physical characterization

a goniometer coupled with CaM software (Shanghai 
Zhongchen digital Technic apparatus Co. Ltd ) was used to 
measure the contact angle of a diW drop placed on the surfaces 
of the bare Cu and the Cu surface immersed in the solutions 
containing BTaH, Hyamine 1622 or their combination. The 
data were obtained from three different samples, and the average 
numbers are reported. Scanning electron microscopy (SEM; FEi 
nova nanoSEM × 30) was used to observe the morphology of 
Cu surface after static exposure in 3.5 wt.% naCl solution for 
72 h to compare anticorrosion ability for different inhibitors.

 

 

(a)                               (b) 

 
Fig. 1. Chemical structure of (a) BTaH and (b) QaS Hyamine 1622
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3. results and discussion

3.1. time evolution of corrosion potential

The clean bare coppers are immersed in an inhibitor-
containing solution at 40°C for 10 minutes to form a film on the 
copper surface. in order to determine the effects of the films on 
the corrosion potential of copper, the free dissolution of bare Cu 
and the filmed Cu surface were monitored, and the open circuit 
(corrosion) potentials (Ecorr) with respect to time were recorded. 
Fig. 2 shows typical mean open circuit (corrosion) potential 
(Ecorr) transients for Cu electrodes containing different inhibitor 
layers in a 3.5 wt.% naCl solution at room temperature. Com-
pared to the bare Cu electrode, all the Ecorr values of the filmed 
Cu electrodes shift to a positive direction, indicating a resistance 
of the anodic corrosion reaction of copper. With the increase of 
the immersing time in naCl solution, the Ecorr of Cu electrode 
containing BTaH inhibitor decreases greatly, indicating that 
the BTa film is destroyed by aggressive Cl– or Cl– species im-
migrating to the copper surface through the holes of BTa films. 
The Ecorr of Cu electrode treated on 1 g L–1 Hyamine 1622 is 
reasonably stable with the increase of immersion time, indicating 
the stability of the Hyamine 1622 film. The great Ecorr increase 
happens when the combination of BTaH and Hyamine 1622 is 
carried out, and no obvious decrease occurs with the increase of 
immersion time in naCl solution, indicating that the obtained 
film is compact and stable on the copper surface and has an 
increased resistance of corrosive species to the copper surface. 
Hence, in the presence of Hyamine 1622, the surface of copper 
can be more protected by binary inhibitors from corrosion.

Fig. 2. potential vs. time curves in 3.5 wt.% naCl for the bare Cu and 
the inhibitor coated Cu surface

3.2. potentiodynamic polarization study

Many researches have reported that the corrosion mecha-
nism of copper is strongly effected by chloride ions, and the 
presence of surface films formed on copper evidently reduces 

the rate of both anodic and cathodic charge transfer process 
[7,35]. The effect of different films on copper corrosion was 
investigated by the polarization technique. Typical anodic polari-
zation behaviors of bare Cu and inhibitor filmed Cu are shown 
in Fig. 3. The anodic behavior of bare Cu can be explained using 
the following reactions [7,13, 35].

 Cu0 – e → Cu+ (1)

 Cu+ + Cl– → CuCl (2)

 CuCl + Cl– ↔ CuCl2– (3)

 Cu+ – e → Cu2+ (4)

in neutral chloride solution, the first step is the oxidation of 
Cu0 to Cu+ (reaction 1), and Cu+ ions rapidly react with Cl– to 
produce CuCl which is only slightly soluble in dilute chloride 
solution (reaction 2). The insoluble CuCl film will cover the 
surface of copper. The rate of Cu+ production and the current 
density increase with the positive shift of overpotential. However, 
Cl– can attack CuCl and produce soluble CuCl2– (reaction 3). 
Hence, at an overpotential region, when the production rate of 
Cu+ is larger than the consumption rate, a peak value of current 
density appears (the peak i shown in Fig. 3), indicating a pas-
sive film formation. The increase of subsequent current density 
with the increase of anodic overpotential is due to the CuCl2– 
production and Cu2+ formation (reaction 4), which usually exist 
in the form of Cu(OH)2, Cu2(OH)3Cl or CuCO3.Cu(OH)2 [7]. 
Evidently, compared to the bare Cu electrode, the inhibitor-
filmed Cu has a reduced dissolution rate, indicating that a single 
inhibitor (BaTH or QSa Hyamine 1622) can react with Cu and 
form a passive barrier to resist Cu corrosion. For BaTH, similar 
to bare Cu, evident passivation occurs, indicating the inhibitor 
layer with BaTH is not so compact that aggressive species can 
penetrate through the hole to make copper dissolution and CuCl 
formation. Tiny peak i for Hyamine 1622 inhibitor in its anodic 
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 Fig. 3. Typical anodic polarization behaviors of bare Cu and inhibitor 
filmed Cu in 3.5 wt.% naCl solution
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polarization curve reveals that a compact film is formed when 
Cu is immersed in 1 g L–1 Hyamine 1622 for 10 minutes. The 
layer obtained from binary inhibitors shows an excellent bar-
rier property and no evident anodic reaction of Cu in the initial 
anodic polarization potential region, indicating the combination 
of BaTH and Hyamine 1622 can produce a compact film on 
copper to separate Cu from aggressive species in solution and 
reduce copper corrosion. 

in order to compare the corrosion current density for dif-
ferent filmed copper treated by different inhibitors, the poten-
tiodynamic polarization curves of bare Cu electrode and Cu 
electrodes covered different inhibitor layers in 3.5 wt.% naCl 
solution were recorded with the sweep rate of 1 mv s–1 and 
shown in Fig. 4. it is obvious that all the cathodic portions in 
polarization curves are similar, and the anodic portion changes 
with the different Cu surfaces. For the bare copper electrode, 
the corrosion current density decreases when the polarization 
potential increases up to 0.1 v vs. SCE and then increases when 
the polarization potential shifts positive enough. The decrease of 
corrosion current density is mainly caused by the formation of 
the cuprous chloride as a result of the reaction in Eq. (1) [7,13]. 
Cuprous chloride is poor soluble in dilute naCl solution and 
can produce a passive film on the copper surface to inhibit the 
copper corrosion for its resistance of charge transfer and mass 
transportation [7]. Compared to the bare Cu electrode, all coated 
copper electrodes have decreased cathodic current density and 
anodic current density, indicating the positive effect of corro-
sion inhibition for copper. When copper is treated in 1 g L–1 
Hyamine 1622 solution, no obvious anodic passivation occurs 
at the anodic polarization region. But the increase of corrosion 
current density slows down at the anodic polarization potential 
which is not very far away from the corrosion potential. This 
may be due to the adsorption of Hyamine 1622 on the Cu sur-
face and forming a compact inhibitor layer, which resists the 
Cu dissolution. The BTaH can greatly decrease the corrosion 
current density , and a passive film is formed on the Cu surface 
at around –0.03 v vs. SCE, which is more negative than that 
of the bare Cu electrode (appropriately 0.04 v vs. SCE). The 
negative shift of passivation potential and the decrease of cur-
rent density are mainly caused by the formation of Cu(i)BTa 
film as a physical barrier, disabling the diffusion of aggressive 
ions [18,38]. When Hyamine 1622 is combined with BaTH, the 
values of both cathodic and anodic current density decrease with 
the increase of Hyamine 1622, indicating the combination of Hy-
amine 1622 with BaTH can suppress the active Cu dissolution. 
With the increase of Hyamine 1622, the similar anodic passive 
potential and the weakened passivation phenomenon indicate that 
enough QaS Hyamine 1622 improves the compatibility of the 
inhibitor layer and decrease the Cu dissolution. The calculated 
values of the polarization data according to Fig. 4 are presented 
in TaBLE 1. it can be seen that the values of Ecorr shift between 
the blank and inhibited curves are less than 85 mv, indicating 
the inhibitors act as mixed-type inhibitors and affect both the 
anodic and cathodic processes [39,40]. a limited corrosion inhi-
bition ability for BTaH or Hyamine 1622 indicates their film on 

copper surface can resist the Cu dissolution to some extent. When 
Hyamine 1622 is combined with BaTH, The content increase of 
Hyamine 1622 can reduce both cathodic and anodic corrosion 
current densities. The percentage inhibition efficiency (IE %) 
increases concurrently with an increase in the concentration of 
Hyamine 1622 in 3 g L–1 BTaH solution. The highest percent-
age inhibition efficiency value was achieved at the combination 
of 1.0 g L–1 Hyamine 1622 with 3.0 g L–1 BTaH. The increase 
of corrosion inhibition for binary inhibitors reveals that there is a 
more impact film obtained in binary inhibitor solution which can 
act as a physical barrier to protect the copper from dissolution.
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Fig. 4. Potentiodynamic polarization curves of bare Cu electrode and 
Cu obtained in solutions containing different inhibitors

TaBLE1

Polarization parameters for bare Cu and different inhibitor-coated Cu 
in 3.5 wt.% naCl solution

Concentrations Ecorr  
(mV vs. sCe)

icorr  
(μA cm–2) IE (%)

Bare Cu –206 32
3 g L–1 BTaH –183 0.78 97.56

1 g L–1 Hyamine 1622 –172 2.54 92.07
3 g L–1 BTaH + 0.2 g L–1 

Hyamine 1622 –197 0.041 99.87

3 g L–1 BTaH+ 0.6 g L–1 
Hyamine 1622 –193 0.037 99.88

3 g L–1 BTaH + 1 g L–1 
Hyamine 1622 –192 0.032 99.99

3 g L–1 BTaH + 2 g L–1 
Hyamine 1622 –175 0.062 99.81

3.3. eis studies

a film will be formed on the cupper surface when the cup-
per electrode is immersed in the solution containing BTaH or 
Hyamine 1622 by self-assembly [21,32]. The corrosion inhibi-
tion ability of the inhibitor for a metal can also be evaluated by 
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EiS which is one of the most helpful technique for the corrosion 
determination of coated metals. Fig. 5 shows the nyquist imped-
ance plots in 3.5 wt.% naCl solution for the bare Cu and the Cu 
electrodes modified in different solutions. Compared to BaTH 
and the combination of BaTH and Hyamine 1622, the nyquist 
spectra of the bare copper electrode and the Hyamine 1622 alone 
in 3.5 wt.% naCl solution display poorly resolved loops. The 
figure inserted in Fig. 5a shows that there are two capacitive loops 
for bare Cu and the loop increases when the copper is treated 
in 1 g L–1 Hyamine 1622. it indicates that a film is formed on 
Cu surface in 1 g L–1 Hyamine 1622 solution and has a larger 
impedance. When Cu is put in BaTH-containing solution, the 
Cu electrode has a resolved loop at high frequency followed by 
Warburg impedance at low frequency, indicating a reasonably 
large impedance. When Hyamine 1622 is combined with BaTH, 
an enlarged loop appears, and the Warburg impedance disap-
pears at low frequency with the increase of the concentration of 
Hyamine 1622. This indicates a more compact inhibitor film is 
formed on the Cu surface, which inhibits the corrosion process 

at the interface of Cu and solution, and the corrosion process is 
mainly controlled by the charge transfer process while the corro-
sion resistance of copper has been enhanced significantly by the 
combination of BTaH and Hyamine 1622 [13,36]. Fig. 5b depicts 
the Bode plots of (φ vs. log f and log |Z | vs. log f ) bare electrode 
and inhibitor modified Cu electrodes. There is an increase in 
the value of the bode modulus and the bode phase angles for 
the modified electrodes, indicating the corrosion resistivity of 
Cu electrode by inhibitors layer. The combination of Hyamine 
1622 and BaTH enhances the corrosion resistivity of inhibitor 
film, and thelargest protection occurs when 1 g L–1 Hyamine 
1622 is combined with 3 g L–1 BaTH. Excessive Hyamine 
1622 doesn’t give evident enhancement on Cu anticorrosion in 
neutral solution.

in order to understand the electrochemical performance of 
the film on copper, the impedance data is elucidated using the 
equivalent circuit shown in Fig. 5b [13]. The electrochemical 
element Rs represents the resistance of the solution between the 
working electrode and the reference electrode. its value can be 
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calculated from the intercept of the high-frequency semicircle 
with the real imagine axis. Constant phase element (Q1) typically 
represents the displacement of a pure double-layer capacitor [37], 
which is composed of a film capacitance Cf of the corrosion pro-
cess and the deviation parameter n1. The capacitance Cf mainly 
originates from the dielectric property of surface film formed 
on the copper surface (corrosion products and/or inhibitor film), 
and Rf represents the resistance of the film. Rct is related to the 
charge transfer resistance of the corrosion process, and Constant 
Phase Element Q2 is composed of double-layer capacitance and 
a dispersion coefficient n2. The coefficient n can characterize dif-
ferent physical phenomena like surface inhomogeneity resulting 
from surface roughness, impurities, inhibitor adsorption, porous 
layer formation etc. The physical parameters of the EiS analysis 
obtained by the fitted equivalent circuit (Fig. 5b) are listed in 
TaBLE 2. it shows that the film resistance Rf for BaTH is lower 
than that of Hyamine 1622, indicating that the positively-charged 
ammonium cation is adsorbed and forms a high resistant film 
on the copper surface. The higher capacitance Cf and lower n1 
indicate that the film formed by Hyamine 1622 is less compact 
than BaTH. according to equation (2), the corrosion resist-
ance efficiency can be calculated from the change of electron 
transfer resistance between the bare copper electrode and the 
inhibitors-coated electrode. The copper corrosion resistance 
efficiency (iE%) is 98.04% for BaTH-assembled copper and 
93.27% for Hyamine 1622 treated copper. When Hyamine 1622 
is combined with BaTH, the obtained film has a larger Rct, and 
its value increases gradually with the increase of the concentra-
tion of Hyamine 1622 in 3 g L–1 BaTH solution, indicating the 
increase of corrosion resistance ability. The highest copper cor-
rosion resistance efficiency of 99.54% is obtained when 1 g L–1 
Hyamine 1622 is combined with 3 g L–1 BaTH. The decrease of 
capacitance and n for the SaMs films from the combined inhibi-
tors indicates that Hyamine 1622 can decrease the porosity and 
the surface heterogeneity due to the accumulation of inhibitor 
molecules on the most active adsorption sites [41]. When the 
concentration of Hyamine 1622 is above 1 g L–1, the obtained 
film doesn’t produce a great increase in copper corrosion inhi-
bition efficiency. This result indicates a limiting action for the 
absorption of BaTH and Hyamine 1622 on the copper surface, 
and too much Hyamine 1622 formula may affect the effective 
absorption of BTaH on the copper surface. 

3.4. inhibition mechanism study

Evidently, a blocking barrier is established when the copper 
surface is immersed in a solution containing BTaH, Hyamine 
1622, or their combination. Considering the molecular structure 
of these organic compound, the contact angles of a diW drop on 
the surface of bare Cu and filmed Cu samples that are immersed 
in 3 g L–1 BTaH, 1 g L–1 Hyamine 1622, and their combined 
solution are shown in Fig. 6. The contact angles of Cu samples 
exposed to BTaH solution is 76±2° while the contact angles of 
Cu samples exposed to Hyamine 1622 solution is 79±2°. The 
Combination of BTaH and Hyamine 1622 increases contact an-
gle to 85±2°. Compared to the bare copper surface, all filmed Cu 
surfaces show a significant increase in contact angles, indicating 
the hydrophobic increase of Cu surfaces because the blocking 
film is formed by the reaction of Cu with BTaH or Hyamine 
1622. BTa contains n atoms in its aromatic ring, and the benzene 
rings of adsorbed BTa molecules face away from Cu and make 
it hydrophobic [7,42]. aromatic rings and high molecular weight 
alkyl chains in Hyamine 1622 also enhance the hydrophobicity 
of the copper surface. The fact that the combination of Hyamine 
1622 and BTaH enhances the hydrophobicity of Cu surface 
shows that there is a positive effect of Hyamine 1622 on the 
barrier formation of BTaH for copper anticorrosion.
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TaBLE 2

EiS parameters obtained in 3.5 wt.% naCl for the bare and Cu electrodes modified in different inhihitor-containing solution

Concentrations
Q1 Rf

(Ω cm2)
Q2 Rct

(kΩ cm2) IE%
Cf (μF.cm–2) n1 Cdl (μF.cm–2) n2

Bare Cu — — — 104 0.54 1.58 —
3 g L–1 BTaH 0.86 0.979 2.40 9.13 0.46 56.23 97.19

1 g L–1 Hyamine 1622 18.7 0.877 38.2 16.64 0.45 23.48 93.27
3 g L–1BTaH + 0.2 g L–1 Hyamine 1622 0.638 0.954 4.71 4.82 0.59 82.88 98.09
3 g L–1BTaH+ 0.6 g L–1 Hyamine 1622 0.685 0.978 25.17 3.87 0.63 107.81 98.53
3 g L–1BTaH + 1 g L–1 Hyamine 1622 0.782 0.977 23.23 3.23 0.62 344.79 99.54
3 g L–1BTaH + 2 g L–1 Hyamine 1622 1.63 0.948 38.42 4.86 0.60 297.71 99.47
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XPS was performed to verify the composition of the inhibi-
tor layer on the Cu surface. XPS high resolution spectra for Cu 
surfaces treated with different inhibitors are shown in Fig. 7. 
Sample “a” is the as-received Cu surface immersed in 3 g L–1 
BTaH solution at 40°C for 10 min. Sample “b” and “c” were 
the Cu surfaces immersed in solutions containing 1 g L–1 QaC 
Hyamine 1622 and the mixture of 3 g L–1 BTaH and 1 g L–1 
QaC Hyamine 1622 at 40°C for 10 min, respectively. The high 
resolution spectra of Cu 2p3/2 from sample “a”, “b” and “c” are 
shown in Fig. 7a. The three components of Cu 2p3/2 for sample 
“a” indicate the layer obtained from BaTH contains metallic Cu 
at 932.7 ev [43,44], Cu2O at 932.4 ev [16,43], and the Cu-BTa 
organometallic complex at 933.3 ev [16,29]. The Cu 2p3/2 spec-
trum of sample “b” is similar to that of sample “a”, indicating 
QaC Hyamine 1622 can also be adsorbed on the Cu surface and 
form a layer with Cu. The high resolution n 1s spectra of three 
samples are illustrated in Fig. 7b. the n1s bond energy of BaTH 
emerges at 399.3 ev [43]. For sample b, there are two peaks 
for n 1s signal in high resolution spectrum. The bond energy 
at 403.11 ev is attributed to the quaternary nitrogen (r4

+) in 
the cation [45-47]. The n 1s signal at 398.7 ev is attributed to 
nitrogen of the amide groups and sp2 hybridization [48] coming 
from amide traces present in the Hyamine 1622. Two bond energy 
peaks for n 1s for sample “c” can be observed as expected. One 
peak at 403.11 ev is from QaS Hyamine 1622 and the other at 

399.4 ev is mainly from BTaH. The results of Cu 2p and n 1s 
for sample “c” indicate that the barrier layer consists of the Cu-
BTa/Cu-QaS organometallic complex as well as Cu2O. it is 
also interesting that the signal intensity of BaTH for sample 
“c” is higher compared to that for sample “a”, indicating QaS 
Hyamine 1622 enhances the adsorption of BaTH on the Cu 
surface. it is well established in the literature that nr4

+ can be 
adsorbed on Cu or Fe surfaces through Cl– as a bridge [49,50]. 
Hyamine 1622 is a kind of QaS containing chloride. Hence, 
a Cu-QaC passive film may be formed through Cl– as a bridge 
when Cu is immersed in a solution containing Hyamine 1622. 
The signal with BE = 197.6 ev (Cl 2p) assigned to Cl– ions in 
sample “b” and “c” confirms the function that rn4

+ is adsorbed 
on the Cu surface and forms a passive layer with BTaH to inhibit 
Cu corrosion. The higher hydrophobicity and more compact 
BTa adsorption for the barrier layer of sample “c” is benefitial 
to Cu anticorrosion.

3.4. surface morphology studies

in order to gain the surface morphological changes of Cu, 
copper surfaces with OCP exposure in 3.5 wt.% solutions for 72 h 
were evaluated by SEM, as shown in Fig. 8. after 72 h immer-
sion in naCl solution, the bare Cu surface became brown-black, 
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indicating that the copper surface has been eroded in the attack of 
aggressive species such as Cl– and dissolved oxygen in solution. 
a lot of corrosion products are observed on the copper surface 
(Fig. 8a). When copper is coated with BaTH or Hyamine 1622 
inhibitors, the surface color changes mildly, and the SEM im-
ages (Fig. 8b and Fig. 8c) reveal that there are some pits on the 
copper surface. This indicates that the single inhibitor film is 
not compact enough, and aggressive species penetrate through 
the hole of the film and corrode Cu. Whereas in the presence 
of layer formed in the mixture of 1 g L–1 Hyamine 1622 and 
3 g L–1 BaTH, the morphology of Cu (Fig. 8d) looks relatively 
smooth with no noticeable corrosion, indicating the combina-
tion of Hyamine and BaTH can effectively protect the Cu from 
corrosion in the aggressive environment.

4. Conclusions

in this work, BaTH and QaS Hyamine 1622 were used to 
form a passive layer on the copper surface to improve anticor-
rosion properties, and the inhibition properties were studied in 
a neutral medium. Both BaTH and Hyamine 1622 can act as 
inhibitors to form a passive layer as a physical barrier layer to 
resist Cu corrosion. The anticorrosion properties can be improved 
by using binary Hyamine 1622/BTaH inhibitors. The optimum 
concentration of BTaH and Hyamine 1622 on the surface has 
been established by potentiodynamic polarization and EiS 
methods. The surface characteristics of inhibitor coated Cu 

were characterized and compared by contact angel test and XPS. 
The results show that both BaTH and Hyamine 1622 molecule 
can be chemisorbed onto the copper surface, and Hyamie 1622 
improves the adsorption of BaTH on copper and enhances the 
hydrophobicity and varnish of copper. The protection of inhibi-
tors on Cu corrosion in 3.5 wt.% naCl was investigated by anodic 
polarization, Tafel polarization, EiS, and OCP exposure for 72 h, 
showing excellent inhibition properties of binary inhibitors. 
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