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Abstract The self-assembled monolayers (SAMs) derived
from 3-undecane-4-amino-5-mercapto-1,2,4-triazole (UAMT)
on copper surface have been characterized by contact angle
test, X-ray photoelectron spectroscopy, and electrochemical
techniques. It is found that the UAMT molecules can
spontaneously adsorb to copper surface to form compact and
oriented monolayers, which can prevent the corrosion of
copper in chloride-containing solution effectively. The elec-
trochemical measurements prove that the adsorption of UAMT
molecules on copper surface typically processes with a two-
step adsorption consisting of a fast initial adsorption and a
slowly following reorganization in 10~*-M UAMT solu-
tion, and the adsorption of UAMT obeys the Langmuir
model in the initial adsorption process. Furthermore, the
effects of the immersion time, ultrasonic irradiation, and
UAMT concentration on the anticorrosion property of
SAMs are studied, and the adsorption isotherm of UAMT
on copper is followed.
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Introduction

Because of excellent thermal and electrical conductivity,
copper has a wide range of industrial application; however, it
is an active metal which does not resist well to corrosion [1].
One effective approach which can be taken to solve the
problem is surface medication using self-assembled mono-
layers (SAMs) that have the potential to inhibit the corrosion.

SAMs are highly ordered molecular assemblies, formed
spontaneously by chemical adsorption through the molecule
head group. Once adsorbed to the surface, these molecules
organize themselves through Van der Waals interaction
between long aliphatic chains [2—4]. Recently, attention is
focused on the organic molecule alkanethiols; however, the
bad smell and toxicity of alkanethiols limit its application in
industry; so the discovery of new-type SAMs without
toxicity is attracting the interest of the researchers [5].

In this paper, we have synthesized a new-type no- toxic
inhibitor named 3-undecane-4-amino-5-mercapto-1,2,4-
triazole (UAMT) and characterized the UAMT SAMs
formed on copper surface by contact angle test, X-ray
photoelectron spectroscopy (XPS), and electrochemical
techniques. Furthermore, the protective ability of UAMT
SAMs against copper corrosion in chloride-containing
solution is studied, and the effects of immersion time,
ultrasonic irradiation (UI), and UAMT concentration on the
property of UAMT SAMSs are discussed.
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Experimental
Synthesis of UAMT

The route of synthesis of UAMT used in this experiment is
as follows:

2 NH,NH, + CS, —= NH,NH,SCSNH,NH,

NH,NH,SCSNH,NH, —= NH,NHCNHNH,

S
)\
NH,NHCNHNH, + R(CH,),COOH _—>'::20 R/LN)\SH
reflux
|
S NH

2

Where, the R stands for straight-chain alkyl of —C;;H,3;
the structure of UAMT is confirmed by '"HNMR spectrum,
IR spectra, and mass spectrum.

Pretreatment of copper

Copper (>99.9%) is cut as a rectangular specimen having a
1-cm” area. Successive grades of SiC-type emery papers
down to 600 # and up to 2000 # are employed followed
by electrochemical polishing in a solution of 68%
phosphoric acid to achieve a mirror finish. The working
electrodes are etched in 7 mol/L (M) HNOj5 solution for
30 s to provide a fresh and oxide-free surface; after rinsing
with distilled water, the electrodes are rinsed with absolute
ethanol [6].

The formation of SAMs
The method of immersion

After the pretreatment, copper is rapidly immersed into the
ethanol solution containing different concentration of
UAMT (2.5x107° ~ 5x107*M) for different periods
ranging from 15 s to 24 h, and then the sample is rinsed
with ethanol and double-distilled water.

The method of ultrasonic irradiation

After the pretreatment, copper is sealed in a glass bottle,
which contains ethanol solution of 10 *M UAMT. The
bottle is then partially immersed into the ultrasonic bath
(Sine Sonic 100, Japan), which contains water. And the
UAMT SAMs are prepared in ultrasonic bath at 65 W. For
the ultrasonic bath, 36-kHz transducers are annealed at the
bottom. After modification, the copper is rinsed with
absolute ethanol followed by double-distilled water.

@ Springer

One thing that should be mentioned here is that, in order
to simplify the process of the preparation, the temperature
of all the ethanol solution is set as 17°C during the
formation of SAMs.

Electrochemical measurements

After accomplishing the above steps, the electrodes are put
into a conventional three-electrode cell, and the solution of
0.5 M NaCl is used as the aggressive environment. Before
each electrochemical measurement, the electrode was
immersed in test solution at open-circuit potential for
0.5 h until a steady state was reached. For the three-
electrode cell, a platinum wire is used as the counter
electrode and a saturated calomel electrode as a reference.
Measurements are performed at room temperature with
Princeton Applied Research equipment (PAR 2273). Elec-
trochemical impedance spectroscopy (EIS) measurement is
carried out on open-circuit potential (OCP) in the frequency
range between 10 mHz and 200 kHz under excitation of a
sinusoidal wave of 10-mV amplitude. The impedance data
are analyzed with Zsimpwin impedance analysis software
and fitted to the appropriate equivalent circuits. The
polarization curves are obtained from —200 to +500 mV
versus OCP with a scan rate of 0.5 mV/s.

Contact angle test

The contact angles on the bare copper and the Cu/SAM
electrodes are measured using a Dataphysics OCA-20
contact angle analyzer. The drop size of ultrapure water is
1 uL to avoid the weight effect.

XPS analysis

In this study, XPS is used to reveal the surface chemical
interactions that occur between UAMT and the copper
surface. Spectra are collected on Thermo ESCALAB 250
photoelectron spectrometer equipped with an Al anode at a
total power dissipation of 150 W (15 kV, 10 mA). The
binding energies of the peaks obtained are made with
reference to the binding energy of the Cls line, set at
284.6 eV.

Results and discussion

Contact angle measurements

The contact angle formed between the copper sample and
water droplet provides a simple way to determine the

presence of SAMs [7]. The contact angles of both the bare
copper and modified copper are tested. It is found that the
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Fig. 1 The survey spectra of the UAMT SAMs-covered copper

bare copper presents a hydrophilic surface for the contact
angle is 21+£5° In contrast, the surface of the copper
immersed in ethanol solution containing 10*M UAMT for
24 h is hydrophobic, and the contact angle is 100.6+3°.
The wetting measurements suggest that the SAMs formed
on copper surface is oriented and compact [8—10].

XPS analysis

Figure 1 presents the survey spectra of the copper immersed
in ethanol solution containing 10™*M UAMT for 24 h. A
takeoff angle of 35° from the surface is employed. The
peaks give the evidence that C, S, and N exist on the copper
surface, which proves that UAMT has adsorbed to the
copper surface. Figure 2 focuses on the XPS S2p core level
corresponding to the copper modified. In this case, only one
peak is necessary to obtain a suitable fit. This single
component, with the S2p3/2 component centered at
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Fig. 2 S2p spectra of UAMT SAMs formed on the copper surface
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Fig. 3 Nyquist plots of bare copper electrodes (these plots are
obtained at OCP)

162.5 eV and an intensity ratio between the S2p3/2 and
S2p1/2 components close to the theoretical value of 2,
corresponds to the thiolate bonds, Cu-S [11, 12]. It
confirms the chemical grafting of the UAMT molecules
on the copper surface via the thiolate bonds.

Effect of the immersion time on the properties of UAMT
SAMs

EIS measurements

Figure 3 shows the EIS results of bare copper measured at
OCP. It can be observed that the bare copper electrode shows
a low-frequency straight line (Warburg impedance) with a
small semicircle at the high-frequency region, indicating that
corrosion reaction in the chloride-containing solution is
controlled by reactant diffusion to the surface of copper
[13]. Generally, the EIS data of bare copper in NaCl solution
can be fitted with the circuit in Fig. 4, in which Ry is the
solution resistance between the working electrode and
reference electrode; R, is the charge transfer resistance
corresponding to the corrosion reaction at the metal
substrate/solution interface; W is the Warburg impedance
attributed to mass transport in the process of corrosion
reactions. One thing that should be mentioned is that Qg4 in
Fig. 4 is constant-phase elements (CPEs) modeling the
double-layer capacitance (Cg); it is used to substitute the
capacitors in order to fit more exactly the depressed

Fig. 4 Equivalent circuit for bare copper
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Fig. 5 Nyquist plots of copper 9.0x10*
electrodes modified in UAMT
solution for different time (these
plots are obtained at OCP) I
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semicircle. Admittance and impedance of a CPE are,
respectively, defined as

YQ = Yo(ja))" (1)
and
zo=Y4 @)

where subscript Q represents a CPE, Y, the modulus, w the
angular frequency, and »n the phase [14, 15].

Computer simulation of experimental data with this
circuit is also shown in Fig. 3. It is clear that the
experimental data coincide essentially with the simulation
ones, which demonstrates the correctness of selecting the
equivalent circuit in Fig. 4.

Figure 5 shows the EIS results of bare copper and
modified copper in 10 *M UAMT solution for different
time ranging from 15 s to 24 h measured at OCP, and the
inset (Fig. 5, b) in figure is the locally enlarged view. It can
be observed that the impedance spectra of copper modified
are quite different from that of bare copper, which
demonstrates that the presence of UAMT SAMs have
greatly changed the corrosion kinetics on the surface [16].
Furthermore, it is obvious that the diameters of Nyquist

—~
t.""}.ﬂ&

Fig. 6 Equivalent circuit for modified copper
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semicircles continuously increase with the increase of
immersion time, which indicates a trend that the complete
charge transfer control for the redox reaction has been
taking place [6]. It is interesting that Warburg impedance
can still be found from the Nyquist plots of the copper
modified for short time (#<3 h). It is revealed that the
SAMs formed on copper surface are relatively loose, the
corrosion reaction is still controlled by reactants diffusion
to the surface of copper. In the cases of long immersion
time (#>3 h), the Warburg impedance observed previously
in spectra of bare copper disappears from the Nyquist plots,
which reflects that the SAMs formed at this condition have
better inhibition effect, and they can prevent the diffusion
processes of reactants to some extent [17]. Furthermore, it
is clear that the inductive loop appears at this condition; it
can be attributed to the pinhole or defects of SAMs.

For all the copper electrodes modified, the capacitive
loops represent depressed semicircles at the high-frequency
region; they are related to the phenomenon called “disper-
sion effect,” which is brought by surface roughness and is
also attributed to the relaxation time constant of the charge
transfer resistance (R,) and the double-layer capacitance
(Cq) at the interface of copper electrodes and electrolyte

R

Fig. 7 Equivalent circuit for modified copper
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Table 1 Values for the circuit parameters and coverage of copper
modified for different time

Duration Yom (7" ngm  Ram Yg (0! na R 0 (%)
of assembly cm 2s™10°) kQ em?)  cm 2s™107%) kQ cm?)

Blank - - - 542.9 0.66 1.3 -
15s 47.7 0.81 3.2 27.5 0.89 24 45.8
30s 13.8 0.88 5.0 20.9 0.87 33 60.6
45 s 14.2 0.88 5.7 17.6 0.90 4.5 71.1
1 min 9.1 090 7.7 11.2 0.92 7.3 82.2
5 min 6.3 0.85 9.7 8.3 0.91 12.1 89.3
0.5h 34 0.88 11.6 6.0 0.92 15.7 91.7
3h 0.86 093 343 1.4 0.95 25.6 94.9
24 h 0.38 095 44.0 0.68 0.98 35.8 96.4

[18, 19]. Thus, during the process of simulation, constant-
phase eclements should also be used to substitute the
capacitors in equivalent circuits.

According to the analysis above and reference [19], the
general circuits in Figs. 6 and 7 are proposed to fit the
copper modified for a short time (#<3 h) and for a long time
(=3 h), respectively. In both equivalent circuits, Ry is the
solution resistance between the working electrode and
reference electrode, R, the charge transfer resistance
corresponding to the corrosion reaction at metal substrate/
solution interface, W the Warburg impedance attributed to
mass transport in the process of corrosion reactions, and
Rgam the transfer resistance of electrons through the
monolayers, which reflects the protective properties of the
SAMs, and Qg4 and Qg are, respectively, CPEs modeling
the double-layer capacitance (Cgj) and the capacitance of
the SAMs (Cganm); they are used to substitute the capacitors
in order to fit more exactly the depressed semicircle.

Furthermore, the simulation data are also shown in
Fig. 5. It can be observed that experimental data coincide
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Fig. 8 The time dependence of the surface coverage of UAMT
obtained at the total adsorption step
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Fig. 9 plots of —In(1—0) versus ¢ in the initial adsorption process
ranging from 0 to 60 s

essentially with the simulation ones, which demonstrates
the correctness of both equivalent circuits in Figs. 6
and 7.

Table 1 shows values of the circuit parameters. Accord-
ing to the values of charge transfer resistance of bare (R?)
and SAMs-covered copper electrode (R;), the surface
coverage () listed in Table 1 can be calculated with the
following formula:

R

1—-9=
Ry

(3)

According to the results obtained from Table 1, the time
dependence of the surface coverage of UAMT obtained at
the total adsorption step is obtained (Fig. 8). It is observed
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Fig. 10 The polarization curves of bare and SAMs-covered copper in
0.5-M NaCl solution
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Fig. 11 Nyquist plots of copper modified with different methods
(these plots are obtained at OCP)

that the adsorption of UAMT molecules typically processes
with a two-step adsorption consisting of a fast initial
adsorption (<300 s) and a slowly following reorganization
(>3 h).

Until now, several models were proposed to fit the
kinetics of self-assembly; they are Langmuir model,
diffusion-controlled Langmuir model, purely diffusion-
controlled model, and so on. Here, we suppose that the
adsorption of UAMT obeys the Langmuir model, in which,
the surface coverage dependence on time of adsorption is
expressed by the relation:

0(¢) = 1 — exp(—kaqct) (4)

Where, 6 () is the coverage at any instant of time #; ¢ is
the concentration of UAMT, and £,4 is the rate constant of

adsorption.
Equation 4 can be written as
—1In(1 — 0) = kygct (5)

which indicates the relationship between —In(1—6) and ¢.

As shown in Fig. 9, plots of —In(1—6) versus ¢ show
good linearity in the initial adsorption process ranging from
0 to 60 s, which means the adsorption kinetics of UAMT
obeys the Langmuir model. Furthermore, the rate constant
of adsorption (243.4 M 's™") can be obtained from the
fitting result.

Polarization curves

Figure 10 shows the polarization curves of bare copper and
copper immersed in 10 *-M UAMT solution for different
time. Generally, the anodic dissolution process of copper in
the active dissolution region has two steps as follows [20]:

Cu+ Cl ' =ZCuCl + ¢~

CuCl + CI" =CuCl,

where CuCl is an insoluble adsorbed species.

From Fig. 10, it is clear that both anodic and cathodic
current densities of copper electrodes modified are reduced
significantly; especially, hindering of cathodic process is
much greater than that of the anodic process, and
suppression of cathodic process increases with an extension
in immersion time. After a self-assembly of 24 h, the
cathodic current density is reduced by more than one order
of magnitude. These results can be understood as follows:
with the increasing of immersion time, more and more
UAMT molecules adsorb on copper surface and form a
denser film gradually [18]. Furthermore, the good inhibition
effect of UAMT SAMs to copper can be attributed to
nonconducting property and hydrophobicity of the alkane
in the densely packed monolayers on copper surface [18].
The former retards electron transfer across the electrode
interface, and the latter provides an effective barrier against
the intimate contact of water to the underlying copper
surface [21].

The effect of the ultrasonic irradiation on the property
of SAMs

To investigate the formation of SAMs under different
environment, the Ul is applied to the preparation of UAMT
SAMs. Here, the properties of SAMs prepared with two
methods (immersion and UI) are compared.

EIS measurements

Figure 11 shows the Nyquist plots of the copper modified
with the two methods mentioned above; the treating

Table 2 Values for the circuit parameters and coverage of SAMs prepared with different methods

Methods Treating time Y, Heam  Ream (kQem?) Yy na R, (kQem?) 0 (%)
Q@ 'em 21079 Q@ 'em2s™107%)

Immersing 0.5h 3.37 0.88 11.6 6.0 0.92 15.7 91.7

3h 0.86 0.93 343 1.4 0.95 25.6 949

Ultrasonic irradiation 05h 2.27 0.91 13.7 2.25 1 22.6 94.2

3h 0.58 0.94 35.0 1.1 0.96 65.7 98.0
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Fig. 12 The polarization curves of copper modified with different
methods

durations are 0.5 and 3 h. It is clear that both the Nyquist
plots of copper modified with two different methods for the
same duration are similar in shape, but the copper electro-
des modified under Ul show larger capacitive loops.
According to the features of Nyquist plots, equivalent
circuits in Fig. 6 can be used to fit the EIS data of copper
modified for 0.5 h because Warburg impedance can still be
found, and equivalent circuits in Fig. 7 can be used to fit the
EIS data of copper modified for 3 h. The values of the
elements of equivalent circuits and the surface coverage of
the SAMs are presented in Table 2. It is observed that the
surface coverage of the SAMs prepared with the conven-
tional immersion method is only 91.7% (0.5 h) and 94.9%
(3 h), respectively. Whereas the surface coverage of SAMs

formed under Ul for 0.5 and 3 h can reach 94.2% and
98.0%, respectively. These results suggest that the use of Ul
can result in denser UAMT SAMs with fewer defects on
copper surface, the reasons of which might be: (1) high-
speed micro-jet stream generated by ultrasonic cavitations
can substantially accelerate the heterogeneous chemical
processes on copper surface by promoting mass transport in
the solid—liquid interface; (2) localized heating and high-
pressure fields caused by ultrasound can reorientate UAMT
SAMs to an energetically more favorable structure; (3)
activation energy for the interaction between UAMT and
copper might be decreased by ultrasound [22].

Polarization curves

Figure 12 presents the polarization curves of the copper
modified with the two methods. For the treating duration of
both 0.5 and 3 h, the hindering of cathodic process of
copper modified under Ul is greater than that of the copper
modified with the conventional immersion method. It is
suggested that the use of Ul can improve the anticorrosion
property of copper modified, which agrees with the results
obtained from EIS.

Effect of the UAMT concentration on the SAMs properties
EIS measurements

Figure 13 shows the Nyquist plots of copper electrodes
immersed in the solution of different UAMT concen-

trations for 24 h because coatings self-assembling during
this time have shown excellent protection properties; all

Fig. 13 Nyquist plots of copper 1.0x10°
electrodes modified in UAMT
solution of various concentra- L
tions (these plots are obtained
at OCP) 8.0x10* |
__ 6.0x10* -
o
IS
S
g
'\.‘E 4.0x10*
2.0x10*

0.0

1.0x10°

((b)
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Table 3 Values for the circuit parameters and coverage of copper modified in the UAMT solution of various concentrations

Concentration (mol/L, M) Yeam (0 Tem 2s"1076) Hsam Ream (kQem?) Y (Q 'em2s™10°) g R, (kQcm?) 0 (%)
Blank - - - 542.9 0.66 1.3 -
2.5%107° 21.0 0.81 45 19.9 0.91 6.1 78.7
5x107° 10.3 085 9.1 12.4 0.93 8.9 85.4
1x107* 0.38 095  44.0 0.68 0.98 35.8 96.4
2.5%107* 0.69 089 939 0.85 0.98 40.2 96.8
5x1074 0.80 093 519 0.77 0.96 41.1 97.1

the Nyquist plots shown in this figure are measured at
OCP. In order to get more information about the Nyquist
plots, the locally enlarged view is shown in Fig. 13 (b;
the inset in Fig. 13).

From the Nyquist plots, two features can be obtained.
Firstly, when the concentration of UAMT is low (below 1 x
107*M), Warburg impedance can still be found, though the
capacitive loops in high frequency get larger with the
increase of concentration. In this case, circuit in Fig. 6 can
be used to fit the EIS data. Secondly, in the case of high
concentration of UAMT (more than 1x10 *M), Warburg
impedance disappears from the Nyquist plots. In this case,
circuit in Fig. 7 can be used to fit the EIS plots. The
simulation data are also shown in Fig. 13. It can be
observed that experimental data coincide essentially with
the simulation ones, which demonstrates the correctness of
the selection of equivalent circuits.

The fitted values of circuit parameters and surface
coverage are listed in Table 3. It can be found that with
the rise in the UAMT concentration, the surface coverage
increases from 78.7% (2.5x107°M) to 97.1% (5% 10 *M),
which suggests that higher UAMT concentration results in
the formation of denser SAMs.

0.3
—=—25x10°
02} —e—5x10°
—a—1x10*
01 —y—25410"
—e—5x10*
0.0 —o—Blank
w
O 01}
%)
>
w 02|
03}
04}
05 PR RPN PR U RS RPN I SR R
-8 -7 -6 -5 -4 -3 -2 -1 0 1

logi(iimA cm’)

Fig. 14 The polarization curves of bare copper and copper modified
with UAMT solution of various concentrations
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Polarization curves

Figure 14 shows the polarization curves of copper electro-
des immersed in UAMT solution of different concentrations
for 24 h. It is clear that both anodic and cathodic current
densities of copper electrodes modified are reduced
significantly within testing concentration range. Though
the concentration of UAMT presents slight influence to the
anodic process of SAMs-covered copper, suppression of
cathodic process increases with concentration. When the
concentration is 5x 10~*M, the cathodic current density can
be reduced by more than one order of magnitude.

The study of adsorption isotherm

We suppose that the adsorption of UAMT follows the
Langmuir adsorption:

c 1
where K is the equilibrium constant of the inhibitor
adsorption process; C is the inhibitor concentration, and 6
is the surface coverage.

Surface coverage (6) for the inhibitor is obtained from
the EIS measurements for various concentrations at 290 K

6.0x10

4.0x10™

Cclo

2.0x10™

00 1 1 ]
4.0x10™ 6.0x10™

CIM

Fig. 15 Langmuir isotherm adsorption model of UAMT on the
copper surface at 290 K
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(Table 3). The best-fitted straight line is obtained for the
plot of C/@ versus C with a slope very close to 1 (Fig. 15),
the equation of which is as follows:

%: 1.0174C +5 x 107° (7)

The strong correlation (R*>0.999) suggests that the
adsorption of inhibitor on the copper surface obeys the
Langmuir adsorption isotherm, and the film exhibits single-
layer adsorption characteristic; thus, the film form on
copper surface can be regarded as monolayers. From the
intercepts of the straight lines on the C/f axis, the value of
K can be obtained; furthermore, the value of the adsorption
free energy AG can be calculated with the following
equation:

- 29) ®

Where R is the universal gas constant, and T is the
absolute temperature.

By combining Egs. 7 and 8, a AG of —29.43 kJ/mol can
be obtained . The negative values of AG indicate that the
adsorption of UAMT is a spontaneous process.

Conclusions

1. UAMT molecules can strongly adsorb to copper
surface to form compact and oriented monolayers via
thiolate bonds, Cu-S. The resulting UAMT SAMs
present excellent anticorrosion performance, which
may be attributed to nonconducting property and
hydrophobicity of the alkane in the densely packed
monolayers on copper surface.

2. The adsorption of UAMT molecules on copper surface
typically processes with a two-step adsorption consist-
ing of a fast initial adsorption and a slowly following
reorganization in 10 *-M UAMT solution. The adsorp-
tion kinetics of UAMT during the initial adsorption
process obeys the Langmuir model, and the rate
constant of adsorption is 243.4 M 's™".

3. Compared with the conventional immersion method,
the application of Ul during the process of self-
assembly can result in denser film with fewer defects

and further improve the anticorrosion property of
copper modified.

4. With the increase of UAMT concentration, the inhibi-
tion efficiency of copper modified represents a trend of
increase. Furthermore, it is found that the adsorption of
UAMT on copper follows the Langmuir adsorption
isotherm. The adsorption free energy AG is —29.43 kJ/
mol, which indicates that the adsorption of UAMT is a
spontaneous process.
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