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Two corrosion inhibitors for copper in neutral NaCl solution, 2-aminobenzothiazole (ABT) and 2-
amino-6-bromobenzothiazole (ABBT) were investigated by corrosion experiments and theoretical
simulations. The results of weight loss and electrochemical experiments revealed that ABT and ABBT
are efficient cathodic inhibitors with excellent inhibition efficiency (ABBT > ABT), which was further
confirmed by field emission scanning electronic microscope (FESEM) observation. The adsorption of
these molecules on copper surface was found to obey Langmuir adsorption isotherm. Moreover, the
quantum chemical calculations and molecular dynamic (MD) simulation were used to investigate
inhibition mechanism of studied inhibitors.
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1. INTRODUCTION

Ocean resources are applied more and more extensively to alleviate resource shortage problem
in the earth. Meanwhile, copper is the most important metal used in marine engineering, including
power stations, shipbuilding and seawater desalination, owing to their favorable thermal, electrical and
mechanical properties [1]. However, corrosion is a serious global problem for some metallic material,
causing approximate 3% loss of the global gross domestic product (GDP) [2]. Despite possessing
excellent corrosive resistance, copper can be corroded seriously in marine environment due to the
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existence of huge amounts of aggressive chloride ions. Thus, corrosion inhibition of copper in chloride
media has attracted plenty of attention and has always being an important research topic [3-14].

In recent decades, numerous methods have been applied to prevent copper from corrosion in
chloride containing environment. One of the most practical and cost-effective strategies is to employ
organic compounds as corrosion inhibitors [15, 16]. Generally, these compounds usually contain
conjugated double bonds, several heteroatoms (i.e. sulfur, nitrogen, oxygen) and/or polar functional
groups [17-21]. Various organic compounds have been employed as inhibitors for corrosion of copper
until now [16, 22-28], among which benzotriazole (BTA) and its derivatives are the most successful
series due to the high performance and low costs. Many thiazole derivatives are explored as corrosion
inhibitors for mild steel [29-32], and few of them have been employed for copper in acidic solution
[33]. 2-mercaptothiazole has also been proved as an effective inhibitor for copper corrosion [34, 35].
Furtherly, 2-aminobenzothiazole (ABT) and 2-amino-6-bromobenzothiazole (ABBT) were discovered
for the first time by our group as more effective corrosion inhibitors for copper in 3% NaCl solution.

The purpose of the present study is to evaluate the inhibition mechanism of 2-
aminobenzothiazole (ABT) and 2-amino-6-bromobenzothiazole (ABBT) for copper in chloride
solution. Potentiodynamic polarization, electrochemical impedance spectroscopy (EIS), weight loss
and FESEM techniques were used to evaluate the inhibitive performance of ABT and ABBT for
copper corrosion in 3.0% NaCl solution at first. Both quantum chemical calculations and molecular
dynamic simulation were further adopted to investigate the active sites and adsorption properties of
these inhibitors on copper surface. Based on the results of experiments and theoretical calculations, an
inhibitive mechanism is obtained to interpret the inhibition effects of studied organics for copper

corrosion.
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Figure 1. Molecular structure of (a) ABT and (b) ABBT

2. EXPERIMENTAL

2.1. Materials and sample preparation

Sodium chloride (NaCl, Aladdin, 99.9%), absolute ethanol (C.HsOH, Aladdin, 99.9%), ABT
(Aladdin, 97%) and ABBT (Aladdin, 97%) as shown in Fig. 1 were used without any purification. For
electrochemical experiments, the copper coupons (99.9%) with dimensions of 1.00 cm?® were
embedded in epoxy resin leaving 1.00 cm? cross-sectional area exposed to the corrosive medium.
Besides, the copper specimens for weight loss measurements were mechanically cut into 3.00 cm x
1.50 cm x 1.50 cm dimensions.
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Prior to each experiment, the copper specimens were abraded consecutively with a series of
emery papers (400, 800, 1600, 2000 grit). And then, they were washed ultrasonically with ultrapure
water, degreased with acetone, and dried at room temperature before being immersed in testing
solution. These corrosive media were prepared with adding ABT (0.1, 0.2, 0.3 and 0.4 mM) or ABBT
(0.01, 0.05, 0.1 and 0.2 mM) into 3% NaCl solution. These concentrations of inhibitors are selected to
obtain clear observation of inhibition ability. 10ml methanol was added to dissolve the compounds
absolutely. Blank solution was also prepared with the same composition without corrosion inhibitor.
All experiments were performed using calibrated thermostat at 298 + 0.5 K.

2.2. Electrochemical measurements

Electrochemical experiments were conducted by CHI660B electrochemical workstation with
conventional three-electrode system. A Bare copper electrode and a platinum plate were worked as the
working electrode (WE) and the counter electrode (CE), respectively. Then a saturated calomel
electrode (SCE) with a luggin capillary was used as the reference electrode (RE). All potential values
reported were referred to SCE in present study.

Prior to each measurement, the WE was immersed in aggressive solution for 40 min at open
circuit potential (OCP) to reach an almost steady state. Subsequently, EIS measurements were
performed at the OCP in the frequency range from 100 kHz to 0.01 Hz using sinusoidal AC
perturbation with amplitude of 5 mV. The EIS data were analyzed and fitted by Zsimpwin 3.10
software. At last, polarization experiments were performed in the potential range of £250 mV versus
the OCP with a scan rate of 2 mV s™. The same experiment was carried out for 5 times to guarantee a
favorable reproducibility.

2.3. Weight loss measurements

All of the weight loss experiments were carried out in 500 mL glass beakers placed in a
thermostat water bath. Copper specimens in triplicate for each inhibitor concentration were weight and
suspended in 3% NaCl solution for 10 days, respectively. Then the specimens were rinsed thoroughly
in 0.1 mol/L HCI, water and acetone, subsequently dried before the determination of the loss in weight
using analytical balance. The mean corrosion rates were finally calculated by the weight loss and
immersion time of each specimen.

2.4. Surface analysis

In order to realize protection effects of the inhibitors on copper surface in corrosive media, the
surface morphology of the copper specimens before and after immersed in 3% NaCl solution without
and with 0.2 mM ABT and ABBT were investigated by field emission scanning electron microscope
(FESEM, JEOL-JSM-7800F, Japan).
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2.5. Calculation methods

Quantum chemical calculations were carried out by Gaussian 03W software. All molecules
were fully optimized by density functional theory (DFT) using B3LYP functional with 6-311++G(d,p)
basis set in aqueous phase. The corresponding quantum chemical parameters including the energy of
the frontier molecule orbital (Enomo, ELumo), energy gap (AE = ELumo — Enomo), and dipole moment
(«) are considered.

In addition, the forcite module in Material Studio 7.0 software was employed to explore the
interaction between the Cu (111) surface and these inhibitors. The molecular dynamic (MD)
simulation was performed in aqueous phase at 298 K, canonical ensemble (NVT), with a time step of
1.0 fs and simulation time of 500 ps.

3. RESULTS AND DISCUSSION

3.1. Potentiodynamic polarization curves

Representative Tafel polarization curves recorded on copper electrode in 3% NaCl solution in
absence and presence of different concentrations of ABT and ABBT are shown in Fig. 2. With
increase in the concentration of organic inhibitors, the polarization curves move directly to lower
current densities, which is an indication that corrosion rate of copper has been decreased effectively.
Furthermore, the shift to the lower current densities of the inhibited solution is more remarkable in the
cathodic part of the polarization curves, and the corrosion potentials shift towards negative potentials
compared with the blank. It may be inferred that the cathodic reaction of the corrosion process are
suppressed primarily and thus protects copper from corrosion [36]. The results revealed that ABT and
ABBT acted as modest cathodic inhibitors [37], and ABBT showed better inhibitive performance.
Especially, with increasing the concentration of ABBT up to 0.2 mM, both of cathodic and anodic
reactions are retarded evidently.
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Figure 2. Potentiodynamic polarization curves for the copper electrode in 3% NaCl solution wihout
and with different concentrations of (a) ABT and (b) ABBT at 298K
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The cathodic and anodic i—-E curves are extrapolated up to their intersection points where
corrosion potential (Ecor) and corrosion current density (icorr) are obtained [28, 38]. The key
electrochemical parameters, including Ecorr, icorr, anodic and cathodic Tafel slope (Ba, fc), and inhibition
efficiency (») are shown in Table 1. The values of # are calculated using the following equation:

n= Icorr.,O - icorr %100 (1)

Icorr,O

where icorr0 @and icorr indicate uninhibited and inhibited current densities of copper specimen,
respectively. Table 1 reveals that corrosion current densities (icorr) decrease obviously when organic
inhibitors are present. These values of icor continue to reduce and the inhibition efficiencies that
calculated from icorr increase with incremental concentration of these inhibitors. The values of # for
ABT and ABBT at each concentration are extremely high, and the maximum values of the efficiencies
are 96.3% with ABT at 0.4 mM and 98.4% with ABBT at 0.2 mM. These results indicate that
effectively protective film of inhibitor molecules are formed on the copper surface [27]. This film acts
as a barrier to the diffusion of oxygen molecules from the solution to the copper surface, and thus
blocks the active sites on the copper surface to protect corrosion of copper [22, 39].

Table 1. Potentiodynamic polarization parameters for copper in 3% NaCl solution without and with
different concentrations of ABT or ABBT at 298K

C (mM) Ecorr (MV/SCE) icor (WA cm2) Be (MV s1) Ba (MV s71) n (%)
Blank —214 2.750 -94 59 —
ABT

0.1 -176 0.295 -141 41 89.3
0.2 -182 0.208 -134 38 92.9
0.3 -186 0.152 -139 36 94.8
0.4 -191 0.108 -136 38 96.3
ABBT
0.01 -179 0.580 -195 41 78.9
0.05 —228 0.129 -141 38 95.3
0.1 -218 0.077 -149 36 97.2
0.2 -167 0.044 -122 114 98.4

3.2. Electrochemical impedance spectroscopy

In order to get insight into the corrosion mechanism and verify the results of polarization
experiments, electrochemical impedance spectroscopic investigations of copper in 3% NaCl solution
without and with different concentrations of inhibitors were carried out. Corresponding Nyquist and
Bode plots are given in Fig. 3.
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Figure 3. Nyqusit and Bode plots for copper in 3% NaCl solution without and with different
concentration of ABT (a,c) and ABBT (b,d) at 298 K.

As shown in Fig. 3a and Fig. 3b, the Nyquist plots of the blank solution of both inhibitors and
0.01mM ABBT show an imperfect semicircle in the high frequency region followed by a straight line
at low frequency range.
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Figure 4. Equivalent circuits used to fit the EIS data (a) with and (b) without Warburg impedance

Generally, the high frequency semicircle is relevant to the resistance of charge transfer (Rct)
and double layer capacitance (Car). The low frequency impedance is deemed as Warburg impedance
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(W), which can be interpreted by the transportation of soluble cuprous chloride complexes from copper
surface to the bulk solution or the diffusion of dissolved oxygen to the surface of copper [40]. It can be
seen that Warburg impedance disappears with increasing concentration of these inhibitors. Only some
large convex arcs are noticed in the Nyquist plots, demonstrating that corrosion process is controlled
by the charge transfer step in such conditions. Besides, each diameter of the semicircle increases
obviously with increasing concentration of ABT and ABBT.

The increase of log|Z| at low frequencies in Bode plots (Fig. 3c and Fig. 3d) shows the higher
protection performance with incremental concentration of these inhibitors. In addition, large values of
the phase angle are observed and then continue to become higher with increasing concentration of
inhibitors, indicating that superior inhibition behavior is obtained due to more and more inhibitor
molecules adsorbed on copper surface at higher concentration.

Generally, the impedance data could be properly fitted using the equivalent circuits shown in
Fig. 4. The corresponding electrochemical parameters obtained from the equivalent circuits are listed
in Table 2. Here, Rsis the solution resistance, Ry reflects the resistance of protective film formed on
copper surface, W represents the Warburg impedance and Rt represents the charge transfer resistance.
Qr and Qq are constant phase angle elements (CPE), denoting a film capacitance (Cs) and double-layer
capacitance (Cai), respectively. These circuits in this case could be expressed as follows [36],

1
Zcwith w> =Rs + (2)
. 1 1
JWCPE; + —+
Ri JWCPEd +
Ret +W
1
Z (without W>= Rs + (3)
. 1 1
JWCPEf + — + — 1
Rt WCPEa+

ct

The impedance of CPE is defined as follows [41],

—n

W

Zepe = cosnm . sinnm,n (4)
YCS i)

where Y is the modulus of the CPE, w is the angular frequency, j is the imaginary number (j% =
—1), n is the deviation parameter, denoting the meaning of a phase shift. When n = 0, the CPE indicates
a pure resistor, for n = +1, a pure capacitor, and for n = -1, an inductor.

In addition, the values of # of these inhibitors for the copper electrode in 3% NaCl solution are

calculated from the polarization resistance Rp (Rp = Ret + R¢) as follows,

R -R
n= "R P9 %100 (5)

p

where Rp and Rp are the sum of charge transfer resistance and film resistance for copper in 3%
NaCl media without and with inhibitors, respectively.

Obviously, in Table 2, the values of both Rct and Rf increase with the addition of ABT or
ABBT, and this effect are enhanced by increasing their concentration, demonstrating that a high-
efficiency protective film are formed by the adsorption effect of these inhibitors on copper surface.
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Furthermore, the values of Cr and Cqi, which can be expressed as equations (6) and (7) below in the
present study [42, 43], exhibits a decreasing trend with increasing concentration of inhibitors.

& &

Cy=—75 (6)

Cs = (7)

Table 2. Impedance parameters recorded for copper electrode in 3% NaCl solution in the absence and
presence of ABT and ABBT at 298K

Rs Rf Ret Ct (uF Ca (uF

COM  oemd) kaem) koemd) cm?d ™ my M W ()
Blank 240 0.10 25 1862 092 347 056 000128 —
ABT

01 212 295 13.9 3.43 1 753 08  — 846
02 197 541 145 294 099 542 08 — 869
03 234 554 23.6 309 097 419 078 — 911
04 240 612 423 3.20 1 428 064 — 946
ABBT

001 142 066 11.2 425 1 367 071 00006 781
005 211 223 43.0 2.82 1 111 067 — 943
01 263 459 1134 310 098 241 058 — 978
02 288 463 5122 268 099 254 065 — 995

where S is the surface area of copper electrode exposed to corrosive medium, d is the thickness
of electric double-layer, F is the Faraday’s constant. ¢ and & show the permittivity of the air and the
local dielectric constant, respectively. Thus, the decrease of Cs can be interpreted with the adsorption
effect of these organic molecules, which reduces the exposed electrode surface area at higher inhibitor
concentration and thereby retards copper corrosion efficiently. Furthermore, water molecules on the
electrode surface are replaced gradually by inhibitor molecules at the metal/solution interface, leading
to thicker electric double-layer, lower local dielectric constant, and smaller exposed electrode surface
area mentioned above. All these factors result in reduce of Cq[39].

Consequently, inhibition efficiencies increase with the inhibitor concentration and reach 94.6%
for ABT at 0.4 mM, 99.5% for ABBT at 0.2 mM, respectively. It indicates that these compounds act as
effective corrosion inhibitor for copper in 3% NaCl medium. These results are in good agreement with
those obtained from polarization measurements and provide further confirmation about corrosion
process.

3.3. Weight loss measurements

The effect of ABT and ABBT addition at different concentrations for copper corrosion in 3%
NaCl solution was investigated by weight loss measurement at 298 K after 10 days immersion. The
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corrosion rate (W, mg m2 hl) and inhibition efficiency (i) at various concentrations of these

compounds are listed in Table 3. # can be calculated by,
0

W
= x100 8
= (8)

0

where W? and W are the corrosion rates of copper in 3% NaCl solution without and with the
inhibitors, respectively. The corrosion rates decrease distinctly, meanwhile the inhibition efficiencies
increases obviously with increasing concentration of these inhibitors as seen from Table 3. Both of
these inhibitors retard the copper corrosion effectively in 3% NaCl solution at all concentrations,
which indicates good inhibitive capacity of these compounds. The maximum efficiency reaches 92.7%
with ABT at 0.4 mM and 94.9% with ABBT at 0.2 mM. Furtherly, it is discovered that the inhibition
efficiencies obtained from weight loss measurements are in accordance with those from the
electrochemical experiments.

Table 3. Corrosion parameters obtained from weight loss measurements of copper specimens in 3%
NaCl solution containing different concentrations of ABT and ABBT at 298K

C (mM) W (mg m?2h?) 1 (%)
Blank 8.06 —
ABT

0.1 1.36 83.1
0.2 1.18 85.4
0.3 0.87 89.2
0.4 0.59 92.7

ABBT
0.01 1.98 75.4
0.05 0.73 91.0

0.1 0.53 934
0.2 0.41 94.9

3.4. Morphological analysis

FESEM is widely used to study the effects of corrosion inhibition through morphological
characteristics of metal surface [14, 25, 44-47]. Fig. 5 shows the high-definition photographs of the
copper coupons before and after the immersion in 3% NaCl solution for 7 days in absence and
presence of 0.2 mM inhibitors. The copper specimen in 3% NaCl solution without inhibitors (Fig. 5b)
is strongly corroded by the aggressive solution, and the surface of this specimen becomes rough,
scratched and porous obviously. In contrast, in the presence of 0.2 mM ABT (Fig. 5¢) and ABBT (Fig.
5d), the surface of the specimens is well protected and the micrographs are nearly the same as the
freshly polished copper (Fig. 5a). Therefore, it can be concluded that both of these compounds are
good inhibitors for copper corrosion even at a low concentration. These observations confirm that,
protective layers on the copper surface are formed by these two kinds of organic molecules, which
prevents the attack of corrosive media and thereby reducing the corrosion rate effectively.
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Furthermore, the specimen surface with ABBT is smoother slightly than counterpart with ABT, which
also support the results obtained from electrochemical and weight loss experiments.

Figure 5. FESEM micrographs of (a) freshly polished copper specimen and the specimens immersed
in 3% NaCl solution for 7 days (b) without inhibitor and (c) with 0.2 mM ABT and (d) 0.2 mM
ABBT

3.5. Adsorption isotherm studies
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Figure 6. (a) Langmuir adsorption isotherm and corresponding thermodynamic parameters of ABT
and ABBT on the copper surface in 3% NaCl solution at 298K, (b) Frumkin isotherm plot, (c)
Temkin isotherm plot, respectively.
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As known, adsorption isotherm is extensively employed to investigate the adsorption
mechanism of corrosion inhibitor on metal/solution interface. In present study, several classical
adsorption isotherms including Langmuir, Frumkin, and Temkin isotherms [48-50] as shown in Fig. 6
are used to fit the results obtained from potentiodynamic polarization measurements of the organic

compounds.

0
—=K

. 0: C (Langmiur isotherm) (9)

ads

(% Yexp(2ad) = K,4C (Frumkin isotherm) (10)

exp(—2ad) = K,C (Temkin isotherm) (11)

where 6, the degree of the coverage, is defined as n (%), C is the concentration of the
compounds, Kags is the equilibrium constant of adsorption process of corrosion inhibitors and a is the
molecular interaction parameter.

As seen in Fig. 6, Langmuir isotherm was found to be the most suitable mode to fit
experimental results, with all linear regression coefficients (R?) very close to 1, whereas Frumkin
isotherm (ABT: 0.676, ABBT: 0.461), Temkin isotherm (ABT: 0.853, ABBT: 0.981), respectively. It
suggests that adsorption process of ABT and ABBT on copper surface in 3% NaCl solution obeys
Langmuir isotherm. The relationship between C and C/0 complies straight lines with intercept of 1/K.
The standard free energy of adsorption (AG.,.) can be calculated as follows [51-53],

1o oAGk
=%9XP(?) (12)

Here, T is the absolute temperature (K), 55.5 is the molar concentration of water in the solution
(mol/L) and R is the molar gas constant (8.314 J mol 1 K1),

Thermodynamic parameters obtained are also shown in Fig. 6. Generally, a high value of Kags
and low value of AG., demonstrate that the inhibitor could be easily and strongly adsorbed on the

ads

ads

metal surface, indicating a superior inhibition behavior [54]. It can be seen that the values of Kags and
AG,, follow the order: Kadgs (ABBT) > Kags (ABT), AGy, (ABBT) < AG,, (ABT), indicating that ABBT

exhibits a better inhibitive performance than ABT, which is agreement with experimental results

mentioned above.

Besides, the negative values of AG?

ads

indicate that the adsorption of these inhibitors on copper

0
ads

surface is a spontaneous process. As is well known that the value of AG,, around or lower than —40

kJ/mol is consistent with chemisorption owing to the covalent bond formed by charge transfer or
sharing from the inhibitor molecules to the surface of copper. If the AG?, value is around or higher

ads
than —20 kJ/mol, it can be regarded as physisorption. The corresponding corrosion inhibition acts by
electrostatic interaction between the charged metal and the charged organic molecules [55]. Thus
corrosion inhibition process of ABT on copper surface is mixed adsorption between physisorption and
chemisorption, while stronger chemisorption could take place for ABBT in same condition. These
results further confirm that ABBT is a more effectively corrosion inhibitor of copper in 3% NaCl
medium than ABT.
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3.6. Quantum Chemical Calculations

22he Thhe N
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Figure 7. Optimized molecular structures and frontier molecular orbital of ABT and ABBT

Quantum chemical calculations are widely used in studying the correlation between molecular
structure and inhibition mechanism in corrosion field[56]. Thus in the present work, density functional
theory (DFT) were employed to investigate the inhibition effect of both ABT and ABBT on copper
surface. The fully optimized geometry structure, density distribution of the highest occupied molecular
orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO), contour and total electron
density surface of electrostatic potential (ESP) of these inhibitor molecules are given in Fig. 7 and Fig.
8. Besides, the computed quantum chemical parameters such as the energy of the frontier molecule
orbital (Enomo, ELumo), energy gap (AE = ELumo — Enomo), and dipole moment (u) are listed in Table
4. As shown in Fig. 7, both of these organic molecules are plane conjugated structure, which imply that
flat mode with the largest contact area may be obtained if the inhibitors absorbed on the surface of
copper. In addition, the HOMO and LUMO for both of these inhibitors distribute almost whole region
of the thiazole and aromatic rings. The planar structure could thus to be absorbed on copper surface
with several feasible active centres for the interaction [27]. Moreover, as known that negative (red)
regions of the ESP map in Fig. 8 are associated with nucleophilic reactivity, meanwhile the positive
(blue) regions with electrophilic reactivity. Generally, metal acting as an electrophilic agent is
accessible to attract negatively charged sites of inhibitor molecules, and the nucleophilic centers of
inhibitor molecules are normally electronegative groups, p-electrons in conjugated double bonds and
heteroatoms with lone electron pairs, which are easily available to form covalent bonds [48]. Three
active centres (negative region) within N and Br atoms of ABBT are observed than one within N atom
of ABT, indicating ABBT molecule are readily transfer or sharing free electron pairs to copper to form
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covalent bonds compared with ABT. It can be attributed to the conjugated effect with the existence of
bromo-substitution.

(b)

Figure 8. (a) Contour and (b) total electron density surface map of electrostatic potential for ABT and
ABBT

Table 4. Quantum chemical parameters for the ABT and ABBT

EHomo(eV) ELumo(eV) AE(eV) 1(Debye)
ABT -6.10 -0.78 5.32 1.94
ABBT —6.15 -1.05 5.10 3.58

It is generally accepted that low ELumo demonstrates the ability of the molecule as an electrons-
accepter, whereas a tendency of the organic molecule to donate electrons to the suitable acceptor can
be inferred by the high value of Exomo [45]. Therefore, the energy gap reflects the chemical stability of
inhibitor molecule, and a lower value of AE shows that investigated inhibitor can be absorbed easily on
metal surface [57]. The low values of energy gap in Table 4 obey the order: ABBT < ABT, indicating
the high inhibition efficiencies of both inhibitors obtained by electrochemical techniques and weight
loss measurements are extremely reasonable and the order of inhibition efficiency obtained above are
theoretically confirmed.

Besides, the dipole moment is also an important index to investigate inhibition mechanism of
metal corrosion. In present work, high values of x in Table 4 lead to strong adsorption due to electronic
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force [48]. The dipole moment for ABBT is higher than that for ABT, which is in accordance with
inhibition ability of investigated inhibitors for copper in 3% NaCl solution.

3.7. Molecular dynamic simulation

In order to get further information about the interaction between these inhibitors and copper
surface, molecular dynamic simulation were performed to model the adsorption mechanism of both
ABT and ABBT on Cu (111) surface in 3% NaCl solution. The optimized equilibrium configuration of
these inhibitors are shown in Fig. 9, it can be observed that ABBT molecule tends to be absorbed on
the copper surface with a parallel mode, while there is a small contact angle between ABT molecule
and copper substrate. As known, the parallel orientation of ABBT can maximize contact area between
inhibitor molecule and copper to minimize copper surface area attacked by aggressive particles, so
ABBT may be a more effective corrosion inhibitor than ABT. Moreover, the adsorption energy
between Cu (111) surface and inhibitor molecule calculated from molecular dynamic simulation are —
258.90 kJ/mol (ABT) and —286.57 kJ/mol (ABBT). The high absolute value of the adsorption energy
of these inhibitors shows that strong adsorption of ABT and ABBT occurs on the metal surface [16,
39, 48, 58]. These results further confirm that more efficient inhibition ability can be obtained by
ABBT compared with ABT for copper corrosion in 3% NaCl solution.
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Figure 9. Equilibrium configuration for adsorption of (a) ABT and (b) ABBT on Cu (111) surface in
3% NaCl solution after optimization
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4. CONCLUSIONS

The performance of ABT and ABBT as two corrosion inhibitors for copper in 3% NaCl
solution was investigated by corrosion experiments and theoretical simulations. Both of these
compounds are effective cathodic-type inhibitors and inhibition efficiencies obtained from weight loss,
polarization curves and EIS measurements are in good agreement. The adsorption of these inhibitors
on the copper surface in 3.0% NaCl solution obeys Langmuir adsorption isotherm. Besides, superior
inhibitive performance of ABBT than ABT can be obtained. These results can further be explained as
follows: 1) the values of AG?, demonstrate that chemisorption occurred between ABBT molecules

ads
and copper surface, while mixed adsorption mechanism (physisorption and chemisorption) were
exhibited by ABT molecules. 2) Compared with ABT, ABBT can be easily and strongly adsorbed on
copper surface inferred by some computed parameters, including AE, u, and adsorption energy. 3) It
can be seen from molecular dynamic simulations that the parallel adsorption orientation of ABBT can
minimize copper surface area attacked by aggressive media, while there is a small contact angle
between ABT molecule and copper substrate.
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