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and adsorption behaviors of
thiadiazole derivatives on the aluminum surface

Huajie Tang,a Jianlin Sun, *a Xudong Yan a and Ping Wuab

The electrochemical and adsorption behaviors of BODTA were studied in a 3.0 wt% NaCl solution via

different electrochemical methods. Different concentrations of 2,5-bis(octyldithio)-1,3,4-thiadiazole

(BODTA) were dissolved in rolling oil, and then aluminum electrodes coated with rolling oil were applied

as the working electrode. The morphology and the elements of the electrode surface were studied via

SEM, EDS and XPS. Results showed that BODTA had a slight inhibition efficiency of 10.75% when its

concentration was 0.1 wt%; however, with the changes in the BODTA concentration from 0.3 wt%,

0.5 wt% to 0.7 wt%, BODTA had an antagonistic effect on the aluminum surface and accelerated the

corrosion. The corresponding inhibition efficiencies became negative, which were �21.53%, �30.34%,

and �18.82%. The analysis of elements and chemical states on the surface indicated that Al–N and Al–S

bonds were formed between aluminum and BODTA. Furthermore, quantum chemical calculations were

also performed, which manifested that N and S atoms were the main reactive sites. S atoms on side

chains had a stronger reactivity than those in the thiadiazole ring. Finally, the present study was helpful

to understand the electrochemical and adsorption behaviors of BODTA on aluminum, and made

contributions to the application of BODTA in rolling oil.
1. Introduction

The chemical and electrochemical corrosion of metal, which
will lead to pinholes and corrosion spots on the surface while
increasing the surface roughness of mill rolls, has seriously
hindered the improvement of the surface quality of aluminum
strips and foils in the rolling process. The corrosion problems
in the rolling process are more complex so that the corrosion of
many metals, such as iron, steel and copper, needs to be
considered comprehensively. However, unlike metals, such as
iron, steel and copper, the corrosion of aluminum in the rolling
process shows a signicant difference. In general, the passive
layer is easily formed on the surface due to its self-passivating
property, which will protect the metal matrix against corro-
sion.1,2 Unfortunately, the passive layer will be destroyed during
the rolling process, and large areas of unoxidized surface will be
produced. Once the passive layer is destroyed, large areas of
pinholes will be developed on aluminum owing to its high
chemical reactivity. Organic compounds dissolved in rolling oil
can get adsorbed on the aluminum surface and form a dense,
hydrophobic barrier. This barrier insulates the fresh surface
from air to some extent, and prevents the formation of the
passive layer.3,4 Currently, the high susceptibility of aluminum
ng, University of Science and Technology

ustb.edu.cn; Tel: +86 1062333768

ijing Union University, Beijing 100101,

hemistry 2019
foils to corrosion is an important issue, particularly for ultra-
thin aluminum foils that are thinner than 0.01 mm.5,6

Researchers have attached a great importance to the investiga-
tion of the electrochemical behavior of aluminum under a roll-
ing oil environment.7–11

The application of organic compounds in the rolling eld
has been extensively researched and reported.4,12,13 Organic
compounds consisting of heteroatoms, such as O, N, P, or S
and multiple bonds or aromatic rings, possess good
adsorption performance. Electron enrichment sites on
molecules promote the adsorption on the metal surface.14–16

The commonly used compounds include triazoles,17 2-mer-
captobenzothiazole,18–20 1-pyrrolidinedithiocarbamate21 and 8-
hydroxyquinoline. However, organic compounds mentioned
above mainly focus on iron, steel and copper. These metals do
not have a dense passive layer in the natural environment and
show a great difference to aluminum. Xiong et al.19 conrmed
that triazoles and their derivates are great inhibitors and they
have been successfully used for the protection of copper in the
rolling process. However, the electrochemical and adsorption
behaviors of thiadiazole and its derivates for aluminum is not
clear, but this is completely necessary and important when
these compounds are used for the aluminum or copper–
aluminum composite rolling process.

In addition, traditional test methods cannot explain the
adsorption mechanism of corrosion inhibition. Hence, the
quantum chemical calculations play a vital role in optimizing
the molecular structure and exploring the adsorption
RSC Adv., 2019, 9, 34617–34626 | 34617
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Fig. 1 Structure of BODTA and the corresponding atom number.
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mechanism of the inhibitor.22 The molecular structure of the
inhibitor attaches a great importance to the determination of its
adsorption mechanism on the metal surface.23 The adsorption
behavior of organic compounds on the surface mainly depend
on the electron donation ability as well as its acceptance
capacity. According to the Frontier molecular orbital theory,24

highest occupied molecular orbital energy (EHOMO) and lowest
unoccupied molecular orbital energy (ELUMO) are the main
determinants in understanding chemical reactions. Higher
EHOMO and lower ELUMO represent a higher molecular reactivity.
Hence, the molecules can more easily donate an electron to the
metal or accept an electron from the metal. Also, the smaller the
energy gap (DE ¼ ELUMO � EHOMO), the stronger the adsorption
ability.23,25 Furthermore, Fukui function offers a useful
approach to predict electron transfer reactivity, which helps
researchers to better understand the electronic properties of the
functional groups and conrm the main active sites of
a molecule.22,26,27

Therefore, due to the similar structure of thiadiazole and its
derivatives, this study focuses on 2,5-bis (octyldithio)-1,3,4-
thiadiazole (BODTA) and aims to present new insights into its
electrochemical and adsorption behaviors on aluminum via
experimental and theoretical methods. The morphology,
elements and compounds on the aluminum surface were
characterized. Finally, a quantum chemical method was
employed to further conrm the adsorption mechanism of the
optimized BODTA molecule.
2. Methods and computational details
2.1 Materials

The rolling oil was prepared by adding 4 wt% lauryl alcohol (AR,
Shanghai Macklin Biochemical Co. Ltd, China) and various
concentrations of BODTA (CP, Beijing Pacic Union Petro-
chemical Co. Ltd, China) into the rolling base oil. The specic
performance parameters of the base oil and the structure of
BODTA are given in Table 1 and Fig. 1, respectively. Taking the
annealing cleanliness of the rolling oil into account, the
concentrations of BODTA used in the rolling oil were set as 0,
0.1, 0.3, 0.5, 0.7 wt%, respectively. Moreover, the electrolyte
solution was prepared with 3.0 wt% NaCl in deionized water.
2.2 Electrochemical measurements

The specimens (10 mm � 10 mm � 1.5 mm) of pure aluminum
(99.9 wt%) were embedded in an epoxy resin, leaving a 1 cm2

cross-sectional area as the working electrode for
Table 1 Performance parameters for the base oil

Main characteristics Parameter

Kinematic viscosity (40 �C), mm2 s�1 1.60–1.75
Flash point (close cup), �C 80
Boiling range, �C 205–235
Pour point, �C �18
Annealing detergency, grade I

34618 | RSC Adv., 2019, 9, 34617–34626
electrochemical experiments. The aluminum specimens were
ground up to 2000 grade andmechanically polished to a mirror-
like surface using an anti-scuffing paste, followed by degreasing
using ethanol, and drying. Electrochemical measurements were
performed using an Autolab PGSTAT302 potentiostat/
galvanostat. A typical three-electrode system, consisting of an
Al working electrode, a saturated calomel electrode (SCE) as the
reference electrode, and a platinum electrode as the auxiliary
electrode, was applied to the experiment at 25 � 1 �C. The
potential for the potentiodynamic polarization was scanned
from �0.7 V to 1.2 V at 1 mV s�1 aer a steady open circuit
potential was reached in the electrolyte solution. The EIS
measurements were performed at an open circuit potential with
a 10mV ACmodulation amplitude in the frequency range of 100
kHz to 0.01 Hz. In addition, the open circuit potential (OCP) of
the samples were measured for 30min. Importantly, prior to the
electrochemical experiment, BODTA was dissolved in the roll-
ing oil, and then the aluminum electrode was evenly coated
with the rolling oil and held for 2 h. The content of rolling oil on
the electrode surface was found to be 0.5 g by the application of
a balance with an accuracy of 0.01 mg.
2.3 Surface characterization

A laser scanning confocal microscope (LSCM, OLS4100) was
used to characterize the 3D morphology and the surface
roughness of the corroded surface. For further analysis, the
microscopic morphology of the Al electrode was observed using
a scanning electron microscope (SEM), and its surface elements
were analysed via energy dispersive spectroscopy (EDS, EVO 18).
In addition, X-ray photoelectron spectroscopy (XPS, AXIS
ULTRADLD) was performed to investigate the composition of
the residues on the aluminum surface. XPS spectra of the
components C, O, N, Na, Al, S and Cl on the sample surface were
recorded with monochromatic Al Ka radiations (1486.6 eV). The
spectra tting was performed using the PeakFit v4.12 soware
and the binding energies were corrected using the binding
energy for C 1s at 284.8 eV.28
2.4 Quantum chemical calculations

The structure of BODTA was optimized by the DMol3 module,
employing the GGA-PW91 basis set in the gas phase without any
symmetry and constraint. The structure was optimized to
ensure the true minima on the potential energy surface. Semi-
empirical molecular orbital calculations were used to calcu-
late the highest occupied molecule orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO) levels of BODTA at the
This journal is © The Royal Society of Chemistry 2019
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Table 2 Potentiodynamic polarization parameters for aluminum
coatedwith rolling oil containing different concentrations of BODTA in
a 3.0 wt% NaCl solution

Cinh (wt%)
Ecorr vs.
SCE/V jcorr/mA cm�2 bc/V ba/V

Etp vs.
SCE/V h (%)

0 �1.035 9.12 �0.133 0.340 �0.736 —
0.1 �1.020 8.14 �0.138 0.404 �0.699 10.75
0.3 �1.026 11.07 �0.151 0.450 �0.777 �21.53
0.5 �1.016 11.88 �0.159 0.467 �0.737 �30.34
0.7 �1.027 10.83 �0.151 0.442 �0.735 �18.82
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ground state.29–31 For further detailed analysis of reactivity and
adsorption mechanism, Fukui function, which is dened by the
following equations,32,33 was performed to precisely predict the
main active reaction sites:

f ðrÞ ¼ v2E

vvðrÞvN ¼
�

v

vvðrÞ
�
N

¼
�
vrðrÞ
vN

�
v

(1)

f�k ¼ qk(N) � qk(N � 1) (2)

f+k ¼ qk(N + 1) � qk(N) (3)

f0k ¼ qk(N + 1) � qk(N � 1) (4)

where qk(N � 1), qk(N) and qk(N + 1) are Mulliken charges at
atom k forN� 1,N andN + 1 electron systems in a frozen orbital
approximation, respectively. f�, f+ and f0 represent the ability for
electrophilic attack, nucleophilic attack and radical attack,
respectively.
3. Results and discussion
3.1 Electrochemical measurements

Potentiodynamic polarization curves for aluminum evenly
coated with rolling oil, containing different concentrations of
BODTA in a 3.0 wt% NaCl solution are shown in Fig. 2. The E–i
curves are extrapolated from the Tafel region of the linear
relationship to a point where the electrochemical parameters
are obtained. The relevant electrochemical kinetic parameters,
such as corrosion current density (jcorr), corrosion potential
(Ecorr), cathodic Tafel slope (bc) and anodic Tafel slope (ba),
breakdown potential (Etp), and corrosion inhibition efficiency
(h) which is dened by eqn (5), are listed in Table 2.

h ¼ jcorr � j0corr
jcorr

(5)

where jcorr and j0corr are corrosion current densities of aluminum
with different concentrations of BODTA, respectively.34

It can be observed that all the Tafel curves have similar
cathodic Tafel slopes, which manifests that the cathodic partial
Fig. 2 Potentiodynamic polarization curves for (a) aluminum coated wit
detailed analysis of curves in (a).

This journal is © The Royal Society of Chemistry 2019
reaction essentially remains unchanged with the addition of
BODTA. In a case study of a specimen with 0.7 wt% BODTA
(Fig. 2b), the anodic polarization curve can be divided into four
parts: activation stage, passivation stage, transpassivation
stage, andmass-transfer controlled stage. Due to the adsorption
of the BOTDA molecule on the surface, a visual shi can be
observed in the anodic polarization, particularly in the passiv-
ation stage (Fig. 2a). All anodic polarization curves show
passivation regions, which have a breakdown potential varying
from �0.777 V to �0.699 V. The curve for the aluminum elec-
trode with 0.1 wt% BOTDA has the highest breakdown poten-
tial. The shi that occurred in the passivation stage reveals that
BODTA mainly inuences the formation of the passive layer.
Besides, corrosion current density stays in a range from 8.14 mA
cm�2 to 11.88 mA cm�2. The specimen with 0.5 wt% BODTA
shows the highest corrosion current density, followed by the
specimen with 0.3 wt% BODTA. Except for the specimen with
0.1 wt% BOTDA, other specimens have no corrosion inhibition
efficiency, which can be clearly observed in Table 2. It can be
deduced that BODTA has a certain corrosion inhibition effect at
a concentration lower than 0.1 wt%. However, with the increase
in the concentration of BODTA, the value of h starts to decrease
and the minimum value is �30.34% at the concentration of
0.5 wt%. This indicates that BODTA has a corrosion accelera-
tion effect at concentrations higher than 0.1 wt% BODTA.

To further study the diffusion and charge transfer resistance
of the aluminum electrode coated with rolling oil,
h rolling oil containing different concentrations of BODTA, and (b) the

RSC Adv., 2019, 9, 34617–34626 | 34619
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Fig. 4 Bode plots of aluminum coated with rolling oil containing
different concentrations of BODTA: (a) phase angle, and (b) impedance
modulus.
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electrochemical impedance spectroscopy (EIS) measurements
were performed at an open circuit potential (OCP) in the
frequency range of 100 kHz to 0.01 Hz. The corresponding
Nyquist plots are shown in Fig. 3.

As can be seen in Fig. 3, in addition to the aluminum elec-
trode with 0.5 wt% BODTA, others show a similar pattern, where
a single depressed semicircle can be detected, corresponding to
the capacitive loop. The difference from a stand circular shape
reveals the frequency dispersion of interfacial impedance.35 The
diameter of the capacitive loop is related to the interfacial
impedance. The large semicircle represents a large interfacial
resistance, which impairs the movement of ions in the elec-
trolyte toward the electrode surface. The aluminum electrode
with 0.1 wt% BODTA shows the biggest impedance, followed by
the electrodes with 0.0 wt%, 0.7 wt%, and 0.3 wt% BODTA.
Particularly, the electrode with 0.5 wt% BODTA shows
a different frequency response and has a minimum impedance
value. The Nyquist plot shows a depressed semicircle at the high
frequency (HF) range, followed by a straight line at the low
frequency (LF) range. In general, the HF semicircle is ascribed
to the charge transfer resistance and the double layer capaci-
tance.36 LF straight line is induced by the Warburg impedance
due to the diffusion of ions to the aluminum surface. The
reason for this phenomenon could be ascribed to the antago-
nistic effect between BODTA and the passive layer, which
increases the corrosion and leads to the deposition of corrosion
products on the electrode surface. The presence of the Warburg
impedance in the electrode with 0.5 wt% BOTDA conrms that
the charge transfer is strongly retarded, and the diffusion
process is going to play a prominent role in the corrosion
process.

Fig. 4 shows the corresponding Bode plots of impedance
spectroscopy data in Fig. 3, which reect the changes occurring
either in the coating or at the interface. As can be seen in Fig. 4,
except for the electrode with 0.5 wt% BODTA, there is a linear
relationship between log Z vs. log f with a slope nearly close to
�1, and the phase angle ranges from 0� to 80�. This reveals
a typical capacitive behavior and also demonstrates the
Fig. 3 Nyquist plots of aluminum coated with rolling oil containing
different concentrations of BODTA.

34620 | RSC Adv., 2019, 9, 34617–34626
existence of the CPE exponent. Moreover, the broad phase angle
is attributed to the presence of three overlapped time constants.
Among them, the time constant at high frequency depends on
the composition of the rolling oil coating. The time constant at
the medium frequency is related to the interfacial aluminum
oxide layer, and the formation of the oxide layer is affected by
the content of BODTA in the rolling oil coating. The time
constant at the lowest frequency is induced by the charge
transfer resistance.

The Bode plot of aluminum with 0.5 wt% BOTDA shows
a signicantly different variation from others, where its
impedance is smaller, and the phase angle changes in a rela-
tively narrow range. It reveals that the antagonistic effect not
only weakens the formation of oxide adsorption, but also
inhibits the adsorption of BOTDA on the electrode surface. The
reduction in the phase angle at high and medium frequencies
conrms the antagonistic effect between the oxide layer and
BODTA.

Fig. 5 shows the equivalent circuit models for the corre-
sponding EIS spectroscopy data. The impedance spectroscopy
data containing the Warburg impedance has been depicted in
Fig. 5a. The other data can be described by Fig. 5b. Herein, Rs,
Rct, Ro and Rf are the resistances of the NaCl solution, rolling oil
This journal is © The Royal Society of Chemistry 2019
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Fig. 5 Equivalent circuits used for EIS data: the electrode coated with
rolling oil containing (a) 0.5 wt% BODTA, and (b) other concentrations
of BODTA.
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coating, oxide layer and adsorption lm, respectively. Similarly,
Cct and Cdl are the capacitances of the coating and the double
layer. The adsorption of BODTA on the surface impedes the
transportation of electrons and induces the presence of the Cf

capacitance. This further conrms the adsorption of BODTA on
the aluminum surface. Based on the previous description,
although the capacitance has a certain impedance under the
direct current condition, this adsorption also causes the
passivation layer to weaken. Besides, CPE results in deviations
from an ideal capacitive response.37
3.2 Surface morphology and elements

Based on previous research, it can be demonstrated that BODTA
would accelerate corrosion when its concentration is more than
0.1 wt%. Although the surface of the aluminum electrode with
0.5 wt% is severely deteriorated, it was observed that aluminum
electrodes with BODTA have similar corrosion morphologies
and characteristics. Hence, the aluminum electrodes without
and with 0.7 wt% BODTA were selected to explain the reason
and mechanism of accelerated corrosion.

Fig. 6 depicts the 3D surface morphology of aluminum
electrodes without and with BODTA before and aer potentio-
dynamic polarization experiments, respectively. The fresh pol-
ished electrode surface (Fig. 6a) with an average roughness of
0.011 mm shows a smoother and atter topography. There are
Fig. 6 3Dmorphology of (a) a fresh polished aluminum electrode before
and (c) 0.7 wt% BODTA in a 3.0 wt% NaCl solution after corrosion.

This journal is © The Royal Society of Chemistry 2019
some ne scratches and prominences distributed along the
same direction. The maximum height of the prominence is
below 0.434 mm. However, the surface of the aluminum elec-
trode aer corrosion in Fig. 6b and c was severely damaged due
to the aggressive attack by corrosive ions. The large areas of
peaks or valleys are present. The electrode surface without
BODTA in Fig. 6b shows a rough morphology with an average
roughness of 4.367 mm. The peaks on the aluminum surface are
relatively small, and the maximum height is below 48.076 mm.
In particular, in the presence of BOTDA in Fig. 6c, the surface
becomes rougher and shows a more evident deterioration. This
is in good agreement with the previous study. Unlike the
morphology in Fig. 6b, aluminum surface in the presence of
BOTDA has more valleys due to the more serious corrosion. The
average roughness of surface with a value of 5.235 mm is
signicantly larger than that in Fig. 6b. These observations
further conrm that 0.7 wt% BODTA in rolling oil is conducive
to the corrosion of the aluminum metal. For further analysis of
corrosion mechanism, SEM was performed to observe the
morphology at high magnication.

A fresh polished aluminum surface before corrosion
possesses ne scratches, as can be seen in Fig. 7a, which is in
good agreement with the previous observation. However, there
has been a serious deterioration of the aluminum surface aer
corrosion. Similarly, both of the aluminum surfaces without
and with BODTA in Fig. 7b and c show characteristics of pitting,
which is the main corrosion characteristic for aluminum in this
study and induced by Cl� in the electrolyte solution. The large
areas of the passive layer always exist on the surface and offer
a crucial protection to the aluminum matrix against Cl�

corrosion. Cl� permeates into the passive layer and leads to the
formation of pits in Fig. 7b and c, which is in line with reported
results.38–40 The further development of pitting forms a mesh-
like structure. However, there is also a signicant difference
in morphology between them. Fig. 7b shows uncorroded areas,
which are nally proved to be the passive layer. Moreover, slight
intergranular corrosion begins on the uncorroded surface.
However, the aluminum electrode with 0.7 wt% BODTA in
Fig. 7c shows more regions for intergranular corrosion, but the
uncorroded passive layer cannot be detected. These observa-
tions further dene the previous investigation on the 3D
corrosion and the electrode coatedwith rolling oil containing (b) 0 wt%,

RSC Adv., 2019, 9, 34617–34626 | 34621
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Fig. 7 SEM images of (a) fresh polished aluminum electrode before corrosion and the electrode coated with rolling oil containing (b) 0 wt%, (c)
0.7 wt% BODTA in a 3.0 wt% NaCl solution after corrosion.
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morphology. The great difference in morphology and corrosion
characteristics demonstrates that BODTA increases the
tendency of intergranular corrosion, and the specimen with
0.7 wt% BODTA is more likely to be corroded.

The susceptibility of aluminum to pitting and other localized
corrosions is associated with the electrochemical nature of the
aluminummatrix.41,42 The preferential adsorption of BOTDA on
the surface will lead to the changes in the passive layer and
would then affect the priority of corrosion. The SEM images at
higher magnications and the corresponding EDS analyses are
used to clearly observe the morphology and elements of the
surface. Fig. 8a shows the regions of intergranular corrosion
and pitting. Corrosion occurring at grain boundaries causes
cracks and the dissolution of grain. It demonstrates that the
molecular lm can change the corrosion mechanism by pref-
erential adsorption and the further inhibition of ionic diffusion.
The regions in Fig. 8b and c contain high numbers of Al, O and
Cl, according to the EDS analysis. It shows that the region
marked by 1 in Fig. 8a is consisted of corrosion products and
Al2O3, and the region marked by 2 in Fig. 8a is the aluminum
Fig. 8 SEM images and corresponding EDS analysis of (a) electrode coate
after corrosion, (b and c) high-resolution SEM images of regions 1–2 in

34622 | RSC Adv., 2019, 9, 34617–34626
matrix. Moreover, there is no trace of S and N originated from
BODTA molecules due to the dissolution of the molecular lm
with the increase in the corrosion current. By SEM and EDS
analyses, conclusions mentioned previously in potentiody-
namic polarization are conrmed.
3.3 XPS analysis

For aluminum, the adsorption of organic compounds can cause
the formation of an insoluble layer of corrosion products
composed of nonstoichiometric aluminum compounds.38 To
further clarify the surface composition of the electrode before
and aer corrosion, XPS analysis was performed. The XPS
survey spectra of the aluminum surface coated with rolling oil
containing 0.7 wt% BODTA before and aer corrosion are
shown in Fig. 9. The peaks with the energies of 72.9 eV and
73.0 eV are assignable to the Al matrix.43,44 Moreover, the peaks,
which have the energies of 71.8 eV and 75.3 eV, are attributed to
Al 2p1/2 and Al 2p3/2.45,46 The Al 2p signal of the sample before
corrosion occurring at 69.7 eV is in an energy range typical for
d with rolling oil containing 0.7 wt% BODTA in a 3.0 wt% NaCl solution
(a), and (d and e) corresponding EDS data in (b and c).

This journal is © The Royal Society of Chemistry 2019
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Fig. 9 XPS spectra of the aluminum surface coated with rolling oil containing 0.7 wt% BODTA before and after corrosion: (a) wide spectra, (b) Al
2p and Na 2p, (c) N 1s, (d) O 1s, and (e) S 2p.
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AlN, and the corresponding N 1s signal is observed at 397.7 eV,
which well corresponds to the previous report.47–49 The peak
for N 1s can also be found at wide spectra in Fig. 9a. The S 2p
spectra can be deconvoluted into two pairs of peaks, as shown
in Fig. 9e. The two peaks at 161.6 eV and 163.6 eV are attributed
to BODTA and Al2S3, respectively.1 The shis of AlN and Al2S3 to
lower binding energies are caused by a charging effect of
BODTA molecules, which proves the existence of strong elec-
tronic interactions between BODTA and the aluminum surface.
Moreover, the corresponding peak for Al2S3 can also be detected
at 74.6 eV for Al 2p (Fig. 9b), which is in good agreement with
the reported data. The analysis performed for investigating the
surface chemical composition and chemical state further
illustrates that BODTA molecules form a chemisorption lm on
the aluminum surface. By comparing the chemical composi-
tions and states of specimens before and aer corrosion, the
chemisorption lm on the surface of aluminum is supported by
the presence of AlN and Al2S3 photoemission peaks on the
surface. However, the chemisorption lm on the aluminum
surface is seriously corroded by the electrolyte solution, and the
characteristic peaks for AlN and Al2S3 cannot be detected again
aer corrosion. However, the states for Na+ and Cl� can be
clearly observed in Fig. 9a and b.
3.4 Quantum chemical calculations and inhibition
mechanism

All the thiadiazole derivatives have analogous structures, and C
chains show a negligible relationship with the Fukui function
condensed to atoms in and around the thiadiazole ring,
particularly when the C chains are long. The optimized struc-
ture of BODTA makes C chains and the thiadiazole ring
This journal is © The Royal Society of Chemistry 2019
perpendicular to each other based on the steric effect theory.50

Fig. 10 depicts the optimized structure of BODTA used in the
calculation and its highest occupied molecular orbital (HOMO)
and lowest unoccupied molecular orbital (LUMO), which
provide important clues in terms of the evaluation of chemical
reactivity. There is a signicant relationship between the
adsorption activity and the HOMO level. The higher value of
HOMO reveals that BODTA has a stronger ability of donating
electrons. The lower value of LUMO indicates that BODTA can
easily accept electrons from the metal surface. As can be seen in
Fig. 10, S and N atoms in the BOTDA molecule make great
contributions to the HOMO and LUMO. S atoms in side chains
have a lower positive Mulliken charge, and N atoms in the
thiadiazole ring have a negative Mulliken charge. This is
conducive to electrophilic and nucleophilic attacks. Besides,
referring to the reported theoretical data,11 the BODTAmolecule
has a higher value of HOMO and a lower value of LOMO. Lower
energy gap (DE ¼ ELUMO � EHOMO) with a value of 3.147 eV
allows for easier electron transfer. The energy gap (DE) is widely
dened as the stability key for the adsorption of organic
compounds. The higher value of DE will lead to an increase in
the ionization potential and the energy needed for removing an
electron form the occupied outer orbital and will then reduce
the capacity of adsorption.51 The observation makes it easier for
the BODTA molecule to interact with electrons on the metal
surface. This is why the BODTA molecule has an excellent
corrosion inhibition efficiency on copper.19 Finally, it can be
demonstrated that BODTA molecule possesses a distinguished
adsorption ability. Furthermore, the HOMO and LUMO located
in and around the thiadiazole ring reveal that N and S atoms are
the main reactive sites, respectively. Hence, the BODTA mole-
cule will easily react with the Al atoms on the surface to form
RSC Adv., 2019, 9, 34617–34626 | 34623
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Fig. 10 Quantum chemical model of (a) the optimized structure and the corresponding Mulliken charge distributions, (b) HOMO, and (c) LUMO
with an isosurface value of 0.03 a.u. for the BODTA molecule.
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chemical bonds via N and S atoms, which has been demon-
strated via the XPS analysis in the previous description.

The Fukui indices of BODTA are listed in Table 3. The thia-
diazole ring is themain reactivity group of the BODTAmolecule,
and two N atoms and ve S atoms in and around the thiadiazole
ring have the highest values of f�and f+, which are on behalf of
strong reactivity. S atoms in side chains have a higher reactivity
than those in the thiadiazole ring, but the C atoms show the
opposite. Finally, it can be strongly believed that the thiadiazole
ring is the reactivity group. N and S atoms are the main reactive
sites. Quantum chemical computation shows that the thiadia-
zole derivatives make an excellent adsorption reactivity and
proves the existence of the antagonistic effect from the theo-
retical perspective.

3.5 General discussion

Partial electrochemical reactions occurring in the NaCl elec-
trolyte solution can be shown as follows:

Al / Al3+ + 3e� (6)

2H2O + 2e� / H2 + 2OH� (7)
Table 3 Fukui indices of BODTA for electrophilic, nucleophilic and
radical attacks

Atoms f� f+ Radical Atoms f� f+ Radical

C (1) 0.007 0.028 0.017 C (14) �0.003 �0.003 �0.003
N (2) 0.047 0.036 0.041 C (15) �0.003 �0.003 �0.003
N (3) 0.047 0.035 0.041 C (16) �0.003 �0.003 �0.003
C (4) 0.007 0.027 0.017 C (17) �0.002 �0.002 �0.002
S (5) 0.098 0.124 0.111 C (18) �0.010 �0.014 �0.012
S (6) 0.159 0.130 0.144 C (19) �0.009 �0.009 �0.009
S (7) 0.157 0.129 0.143 C (20) �0.004 �0.004 �0.004
S (8) 0.130 0.146 0.138 C (21) �0.005 �0.004 �0.004
S (9) 0.128 0.146 0.137 C (22) �0.003 �0.003 �0.003
C (10) �0.010 �0.014 �0.012 C (23) �0.003 �0.003 �0.003
C (11) �0.009 �0.008 �0.009 C (24) �0.003 �0.003 �0.003
C (12) �0.005 �0.005 �0.005 C (25) �0.002 �0.002 �0.002
C (13) �0.004 �0.004 �0.004

34624 | RSC Adv., 2019, 9, 34617–34626
Al3+ + 3OH� / Al(OH)3 (8)

2Al(OH)3 / Al2O3 + 3H2O (9)

where reactions are closely related to the adsorption lm of
BODTA. As shown in Fig. 11, a microscopic corrosionmodel was
established to further elaborate the electrochemical and
adsorption behavior of BODTA.

The adsorption of BODTA on the aluminum surface slows
down the diffusion of oxidizing ions (OH�) to the interface and
inhibits the oxidization of Al atoms through eqn (6) and (7),
thus nally preventing the formation of the Al2O3 passive layer
by controlling the reaction through eqn (8) and (9). A thin Al2O3

layer causes a rapid increase in the corrosion current at the
activation stage (Fig. 11a). However, at the passivation stage
(Fig. 11b), a dense Al2O3 layer is formed because of the accu-
mulation of oxygen-containing ions and groups on the surface,
such as OH�, –OH and O2. The corrosion current remains
constant with the increasing potential until the Al2O3 layer is
broken and dissolved by the breakdown potential. Moreover,
a porous alumina layer is formed, and then the pitting begins.
In addition to leaving the electrode surface as a result of
thermal motion, BODTA also leaves the metal surface due to the
anodic dissolution of the metal surface atoms covered by it at
the transpassivation stage. When the adsorption–desorption
equilibrium is broken and the rate of adsorption cannot catch
up with the rate of desorption, the coverage of BODTA mole-
cules on themetal surface decreases rapidly, resulting in a rapid
increase in the anodic dissolution of the metal. However, the
accumulation of occulent corrosion products (Al(OH)3)
successfully blocks the transfer of Al3+, Cl� and OH�, which
prevents the rapid increase of corrosion current, as shown in
Fig. 11d. Therefore, it can be ensured that BODTA shows
a corrosion inhibition effect by a physical barrier and a chem-
ical repulsion, but the competitive adsorption between BODTA
and the oxidizing ions leads to the antagonistic effect.

At a low concentration of BODTA, the molecular lm on the
surface with a small coverage cannot obviously prevent the
formation of the Al2O3 passive layer; to some extent, both of
them can slow down the Cl� attack. Under this particular
This journal is © The Royal Society of Chemistry 2019
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Fig. 11 Microscopic corrosion model for the specimen with BODTA at the (a) activation stage, (b) passivation stage, (c) transpassivation stage,
and (d) mass-transfer controlled stage.
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condition, the applied concentration of the corrosion inhibitor
is insufficient to fully cover the metallic surface. However, the
antagonistic effect becomes apparent when the concentration
of BODTA rises to a certain level. The BODTA lm on the
aluminum surface blocks the transfer of O2, OH

� and –OH from
solution to surface. Although the Al2O3 passive layer has
a greater inhibition efficiency,52 it has no chance of forming
owing to the prevention of the BODTA lm. Finally, it can be
conrmed that the BODTA molecule has a negligible antago-
nistic effect on aluminum owing to the competitive adsorption
behavior with the Al2O3 passive layer.

4. Conclusions

Taking 2,5-bis (octyldithio)-1,3,4-thiadiazole (BODTA) as an
example, the present study performed a systematic experi-
mental and theoretical investigation on the electrochemical and
adsorption behavior of thiadiazole derivatives. The conclusions
are summarized as follows:

(1) BODTA molecule has a negligible antagonistic effect on
aluminum. When its concentration is 0.1 wt%, the inhibition
efficiency is 10.75%. However, BOTDA will cause an accelerated
corrosion with the continuous increase in its concentration,
and 0.5 wt% BODTA has the strongest corrosion effect.

(2) Al–N and Al–S bonds are formed on the aluminum
surface owing to the adsorption of BODTA. The competitive
adsorption between BODTA and the passive layer leads to the
antagonistic effect and makes an accelerated corrosion.

(3) The most likely reactive sites for both the nucleophilic
attack and the electrophilic attack in thiadiazole derivatives
are N and S atoms located in and around the thiadiazole ring. S
atoms on side chains have a higher reactivity than those in the
ring.
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