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Abstract: A pyrimidine derivative, 6-phenyl-2-thiouracil (PT), was synthesized for developing a corrosion inhibitor
(CI) applied in the protection of the nickel-aluminum bronze (NAB) in seawater. The anti-corrosion effect of PT was
evaluated by the mass loss experiment, electrochemical tests and surface analysis. The results show that PT exhibits
excellent inhibition performance and the maximum inhibition efficiency of PT reaches 99.6%. The interaction
mechanism was investigated through X-ray photoelectron spectroscopy (XPS) and molecule dynamics simulation based
on the density functional theory (DFT). The S—Cu, Al—N and Cu—N bonds are formed by the chemical interactions,
leading to the adsorption of PT on the NAB surface. The diffusion of corrosive species is hindered considerably by the
protective PT film with composition of (PT—Cu).ss and (PT—Al)as on the PT/NAB interface. The degree of
suppression is increased with the addition of more PT molecules.
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1 Introduction

The nickel-aluminum bronze (NAB), a kind
of aluminum bronzes with some other alloying
elements (Fe, Mn, Ni, etc.), is the most extensively
exploited in marine systems, exhibiting a
range of beneficial properties in seawater [1—5].
Unfortunately, the problems of severe corrosion
phenomenon such as pitting and crevice are
inescapable under long exposure to the harming
medium [6—8]. The cost of the anti-corrosion
engineering of NAB such as heat treatment and
surface modifications every year is countless
[9—12]. Accordingly, a lower and easier method of
adding corrosion inhibitors (Cl) into the medium
can be applied in advancing the performance of the

corrosion shield [13].

Numerous studies denote that organic
molecules containing active groups or heteroatoms
are frequently used for the corrosion mitigation of
copper and copper alloys [14—16]. Nitrogenous
heterocyclic CIs can usually interact with copper
and its alloy by the adsorption behavior between
heteroatoms such as S, N, O, P atoms and the metal
substrate [17,18]. Heteroatom-based Cls exhibit
tremendous potential for anti-corrosion applications
of NAB [19].

Traditional organic Cls with poisonous and
costly properties are not consonant with vision of
eco-friendly society [20]. Meanwhile, the preserve
of ocean environment has become essential
problem [21]. Thus, in years, the
development of organic CIs with high performance
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and environmental friendliness displays a major
trend in the field of metal corrosion protection
[22,23]. Pyrimidine and its derivatives containing
N-heterocyclic have been proven to be a diverse
array of biological and pharmacological activities
including anticonvulsant, antibacterial, antifungal,
antiviral and anticancer properties, which suggests
their huge potential to be eco-friendly Cls [24,25].
Besides, pyrimidine derivatives, as pharmaceutical
intermediates, can be naturally degraded in
seawater and are harmless to organisms. In fact,
many studies have proven that pyrimidine
derivatives, as a nitrogenous organic compound,
can add some polar groups such as —SH, —OH,
— NH», benzene rings, etc. to the pyrimidine
ring to improve the adsorption capacity of the CI.
Consequently, the Cls pertain to organics with
2-mercaptopyrimidine rings as the main structure
are potential to become excellent and eco-friendly
seawater Cls [26,27]. However, many studies are
inclined to the exploitation of ClIs on carbon steel
and copper, and in addition to huge shortfall in the
investigation on the development of CIs on NAB,
the corresponding inhibition mechanism of Cls on
NAB is also not comprehensive. For the applied
environment, most pyrimidine inhibitors are usually
applied in acidic medium while seldom in neutral
seawater for copper material [28—30].

In this study, a pyrimidine inhibitor has been
used for the first time in the anti-corrosion of NAB
in seawater. 6-phenyl-2-thiouracil (PT) can be
obtained by a one-step synthesis method at room
temperature. The corrosion inhibition effect of PT

Table 1 Ingredient compositions of NAB samples (wt.%)

in seawater has also been evaluated by mass loss
experiment, electrochemical test and surface
analysis. The 30 d mass loss progression of NAB
has been elucidated through the application
of a first-order kinetic model. The calculated
diffusion coefficients (D;) of H,O with different
concentrations of PT can deepen the link between
theoretical calculation and experiment. Combined
with the results of XPS, energy dispersive
spectrometer (EDS) and theoretical calculations
based on DFT and molecular dynamics simulation,
the interaction mechanism and diffusion behavior of
corrosive species on the NAB/PT/solution interface
have been investigated in more in-depth level. The
synthesis method adopted in this study is simple to
operate, and the synthetic raw materials are
environmentally friendly, green and harmless,
which provides a new idea for the development of
green corrosion Cls.

2 Experimental

2.1 Materials

The ingredient compositions of the NAB
samples and the corrosive medium applied in the
experiments are given in Tables 1 and 2. The
chemical reagents including ethyl benzoylacetate
(Macklin, 98%) and thiourea (Macklin, 98%) are all
in analytical purity.

2.2 Synthesis of PT
As shown as Fig. 1, a similar synthesis method
reported in the literature was used in this work [31].

Sn Zn Pb P Al Fe Mn Si Others Cu
<0.1 <1.0 <0.01 <0.01 8.0-10.0 2.0-4.0 <0.5 <0.1 <1.7 Bal.
Table 2 Compositions of seawater used as corrosive medium (g/L)
NaCl MgCl, Na,SOq4 CaCl, KCl NaHCO; KBr H;BO;
24.5 5.20 4.09 1.16 0.201 0.101 0.101 0.0270
S
R )}\
S
o 4 J\ EtOH/KOH HN™ - N
—>
HN NH, 110°C,4h N oH

Fig. 1 Synthetic route of 6-phenyl-2-thiouracil (PT)
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A mixture of KOH (1.9 g), thiourea (2.6 g) and
3 mL of benzoylacetate were added into ethanol
(45 mL). The mixture was then heated and stirred
for 4-5h. The white solid product obtained by
the amination reaction was further purified with
hydrochloric acid. The lightly yellow crystal
product was obtained by cooling crystallization and
vacuum pressure filtration. Finally, the product was
dried in a vacuum oven and PT was obtained after
24 h (yield of 56%).

'"H NMR analysis was used to characterize the
structure of PT: 'H NMR (400 MHz, DMSO-d6)
0 10.66 (s, 1H, NH), 8.20-7.67 (m, 2H, HAr),
7.61-7.06 (m, 3H, HAr), 6.06 (d, /=1.8 Hz, 1H,
CH) (Fig.S1 in Supporting Information). Mass
spectrometry as an extremely precise analysis
method was performed using ESI-TOF mass
spectrometer to obtain the relative molecular mass
of PT [32]. Figure 2 shows the mass spectrum of
PT. The fragment ions play an important role in the
definition of the relative molecular mass of organic
compounds. [PT+K]" was formed resulting from
the pollution of analytical instrument [32]. The
extremely low difference of the two value
(0.0007 g/mol) indicated the successful synthesis
of PT.

242.9983 [PT+K]"

Theoretical exact mass: 242.999

I S

242 243 244 245 246
miz

Fig. 2 Mass spectrum of 6-phenyl-2-thiouracil (PT)

2.3 Mass loss experiment

The NAB alloys for the mass loss experiment
were cut into cubic of 5.0cm X 1.0 cm x 0.3 cm
following the abrasion with 6007, 800%, 1000* and
1200" sandpapers. The abrased NAB samples were
successively washed with ethanol and deionized
water. The immersion time was set as 6, 12, 18, 24
and 30 d. The mass loss (Am) is the average of the

three NAB specimens. The average corrosion rate
(Veorr) and the IE (nw, %) can be calculated on
account of Egs. (1)—(3) [33,34]:

WM —Ww,

Am = S (D
w, —W.

o = o S, : )

n, =2 4 100% 3)
M

where S is the total area of NAB samples, ¢ is the
immersion corrosion time, w; is the initial mass, w»
is the residual mass, and v; and v, are the corrosion
rates of the blank and with PT.

2.4 Electrochemical measurements

The traditional three-electrode test systems,
including working electrodes, a saturated calomel
electrode (SCE) and Pt electrode, were investigated
by electrochemical testing. The NAB electrode was
embedded in an epoxy adhesive. NAB specimens
were exposed to the corrosive medium in an area of
1 cm x 1 cm. When the OCP approached a constant,
EIS tests with frequencies set from 10° to 1072 Hz
performed. Corrosion potential  (@corr),
corrosion current density (Jeorr), Tafel slope
including anode (f.,) and Cathodic (f.) were
obtained from the Tafel curve. The scanning rate
was 1 mV/s with potential regions of OCP—200 mV
to OCP + 200 mV. Three parallel experiments were
conducted.

were

2.5 Surface analysis

For SEM (Quanta 200), XPS (AXIS-ULTRA
DLD-600W) and water contact angle (WCA) test
(Datapphysics), NAB samples were abraded with
sandpaper of different roughness (600%—1200%).
Subsequently, the samples were placed in corrosive
media without and with 1.36 mmol/L PT. The
immersion time for SEM, XPS and water contact
angle (WCA) tests was 48, 48 and 6 h, respectively.
After immersion, the sample was dried with
nitrogen. For AFM, NAB metal needed to be
polished with a polishing cloth accompanied by a
polishing agent.

2.6 Calculation method

Some quantum chemistry parameters of PT
structure including the highest occupied orbital
energy (Enomo), the lowest unoccupied molecular
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orbital energy (Erumo), dipole moment (u),
electronegativity (y) and global hardness () were
taken into account by gaussian 16 W based on
density functional theory (DFT) method at
RB3LYP-6-311G(d) level. Molecular electrostatic
potential (MEP) of geometrically optimized PT was
visualized through VMD [35] and Multiwfn [36].

The molecular dynamics (MD) simulation was
carried out to theoretically probe the adsorption of
PT through Material Studio 2020. Since the energy
of CuAls (110) surface was the lowest, a CuAls
(110) slab was cleaved to conduct a 3D periodic
model with a 5x5 super cell. The solution box
simulating seawater environment contained 1000
water molecules, 10 Na* atoms, 10 ClI” atoms and
one molecular of PT. The NAB-solution interface
was composed of a periodic multislab, the solution
box and a vacuum spacing of 10 A to account for
spurious interactions between slabs. Before the
simulation calculation, the atoms of remaining 9
layers except for the top layer were frozen in fixed
cartesian positions. The MD simulation was
conducted via Forcite module in COMPASS 1I
force field, set at 303 K, 1fs time step and a
simulation time of 500ps in a NVT canonical
ensemble.

The MD also used to
theoretically explore the anti-corrosion effect of PT
on the diffusion behavior of water molecules and
the aggressive species (Cl-, Cu**, Cu”, O and OH").
All diffusion models contained the NAB substrate
(CuAlz) and solution layer with a 15 A vacuum
for the purpose of simulating more authentic
NAB/PT/solution interface. Different solution
simulation boxes were created, named A, B, C, D
and E. All of them included 500 H,O, 3 Cu?*', 3 Cu’,
3 O, 3 OH and 6 ClI" molecules enabling the
simulation boxes to maintain an electrically neutral
state. The numbers of PT molecules for A, B, C, D,
E were 0, 15, 30, 45 and 60, respectively. The
diffusion coefficients (D;) are determined by the
mean squared displacement (MSD) analysis, which
is expressed as follows [37,38]:

simulation was

1 .. d& 2
D, =—1lim—) |r(¢t)—r (0 4
= oy im0 - O] (4)
where N the number of molecules, and 7(¢) and 7:(0)
are the position vectors at time ¢ and the initial
moment.

3 Results and discussion

3.1 Mass loss experiment results

Mass loss experiments have been conducted
to evaluate the anti-corrosion performance of PT
under long-term exposure to seawater, from the
perspectives of two crucial factors affecting the
corrosion of NAB: corrosion time and PT
concentration. Figure 3(a) illustrates Am vs ¢
curves in the presence and absence of different
concentrations of PT. Table 3 presents the fitting
results of mass loss variation with time based on a
pseudo-first-order kinetic equation. In contrast to
the blank, Am of NAB in PT-containing solution
slumps distinctly. Specifically, in the presence of
0.34 mmol/L PT, Am decreases by 78.4% after 30 d
of immersion. Moreover, the mass loss curves
display a consistent download trend with increasing
PT concentrations. As PT concentration escalates,
Am declines by 82.0%, 88.9%, 91.5% and 92.8%,
respectively. Additionally, the degree of drop can be
quantified using the IE (7w) of PT, with all #, data

5 L (a) = Blank L
* 0.34 mmol/L
4 (.51 mmol/L L

4r v 0.68 mmol/L
> 1.02 mmol/L ™

3k 1.36 mmol/L .+~
AAAAAAAAAAA Fittin g .

Am/(mg-cm™)
[\

0 L
0 5 10 15 20 25 30
t/d
0.30
(b)
025
9 \.\
S 020 —
D —=— Blank —
g —e— 0.34 mmol/L .
& 0.15F  —a—0.51 mmol/L
g —v— 0.68 mmol/L
: 010k 1.02 mmol/L
N 1.36 mmol/L
0051 :‘,:Si’Ql\x
0 1 I I 77 _ 7|7 77:|

t/d

Fig. 3 Mass loss (a) and corrosion rate (b) of NAB in
seawater without and with different concentrations of PT
after different days immersion
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from the mass loss experiment summarized in
Table 4. As indicated in Table 4, the #w of each
group remains relatively constant after varying
immersion time, and the maximum value reaches
92.8%. The stability of 7w suggests that the
anti-corrosion effect of PT is highly dependable
and exhibits excellent inhibitory properties.
Additionally, corrosion rate curves (in Fig. 3(b))
show the similar regularity.

Table 3 Fitting parameters of mass loss curves

C/(mmol-L™) a b R?
Blank 7.63 0.0355 0.9998
0.34 1.447 0.0454 0.9979
0.51 1.204 0.0465 0.996
0.68 0.6466 0.0618 0.9988
1.02 0.5057 0.0632 0.997
1.36 0.4204 0.0666 0.9993

a—Mass loss of NAB at equilibrium; b—Pseudo-first order rate
constant

Table 4 IE from mass loss measurement with different
concentrations of PT (%)

C/(mmol-L™)
0.34 0.51 0.68 1.02 1.36
6 77.3 81.4 86.6 89.2 90.7
12 75.8 80.2 87.2 89.4 91.1
18 78.3 80.5 87.9 90.9 92.0
24 78.1 81.6 88.4 90.7 92.2
30 78.4 82.0 88.9 91.5 92.8

t/d

The change of the mass loss over time
demonstrates a characteristic consistent with
pseudo-first order kinetics, indicating a non-linear
relationship between Am and ¢. For instance, at a
concentration of 0.34 mmol/L, the values of Am
after 6, 12 and 30d are 0.3235, 0.6397 and
1.0801 mg/cm?, respectively. This observation
highlights that Am after 12 d is 1.98 times greater
than that after 6 d, while that after 30d is 3.34
times larger than that after 6 d, in contrast to the
theoretical expectation of a 5-fold increase. The
results reveal that PT is qualified of excellent effect
of anti-corrosion, and a stable barrier can be
established on the PT/NAB interface.

3.2 Electrochemical impedance spectroscopy
(EIS) analysis
To understand the intricate interfacial

dynamics occurring on the surface of NAB with
systems (NAB/PT/seawater) containing different
concentrations of PT, the EIS was carried out at a
stable state of the OCP. The Nyquist diagrams for
NAB in seawater without and with different
concentrations of PT at 303 K (2 h of immersion)
are demonstrated in Fig. 4(ai, a2). Remarkably, the
Nyquist plots with concentrations ranging from
0.34 to 1.36 mmol/L show a flat arc consisting of a
depressed semi-circle in the high-frequency region
(HF) and a significantly elongated loop in the low-
frequency region (LF). This intriguing pattern
is attributed to the presence of double-layer
capacitance and charge transfer impedance on the
NAB/seawater interface. The HF semicircle reflects
the electrochemical double-layer capacitance, while
the LF semicircle signifies the transfer of PT
molecules across the NAB/seawater interface. The
straight line appearing in LF of the blank results
from the diffusive process of a series of active
species (CI-, CuCl complexes, dissolved oxygen,
etc). Compared with the blank, the straight line
with an inclination angle of about 45° in LF not
only disappears in the Nyquist diagrams of each
experimental group but also is replaced by an arc
with a radius at least 20 times larger than that of the
blank. To quantify the corrosion inhibition effect of
PT on NAB, the EIS results can be fitted using the
equivalent circuit of Fig. 4.

Solution resistance (R;), charge transfer
resistance (R.), the resistance of protective film
formed on the copper surface from PT or corrosion
products (Rf), warburg impedance (W) and the
constant phase elements (CPE) (Q: and (») are
collected in Table 5. O; and O, are used to calculate
film capacitance (Cr) and double-layer capacitance
(Ca1), which is expressed as follows [39]:

Cl' :(YOiRil—n,)l/ni (5)

The polarization resistance  (Ry=Rt+Rc)
representing corrosion resistance of NAB increases
with the rising concentration of PT: R, of
0.36 mmol/L increases by 28.6 times in comparison
to the blank and R, of 1.36 mmol/L increases by
285.5 times, which indicates that increasing the
concentration of PT is significantly conductive to
greater resistance on NAB/solution interface.
Additionally, the IE (#,) of PT follows a parallel
ascending trajectory in tandem with R, with varying
PT concentrations. The highest 7, of PT reaches
99.6% at a concentration of 1.36 mmol/L.
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e < 1.36 mmol/L e
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Fig. 4 EIS diagrams for NAB in seawater without and with different concentrations of PT: (ai, a2) Nyquist diagrams;
(b) Bode diagrams; (c) Bode phase angle plots

Table 5 Impedance parameters obtained by fitting Nyquist plots with equivalent circuit

c/ Ry R o Ci R i Cal W/ %
(mmol-L™") (Q-cm?) (Q-cm?) (Q*l-gcmﬂ) o (WFem?) (Q-cm?) (Qfl.:iz'i wy (WF-cm2) (Q-cm?) T
blank 8282 66.41 3.812x10% 0.7643 123 1149 8203x10* 0.546 781  0.6717
034  7.297 13606 3.049x10° 0.7496 22.7 21151 1.077x10* 0.6711 161 96.5
051  7.744 5086 1.454x10° 0.818 8.14  8.425x10* 2.872x10° 0.4547 82.9 98.6
068  7.815 9060 1.048x10° 0.8712 7.4  1.229x10° 3.182x10° 04611 157 99.1
1.02 79 2235 5.832x10° 0.9059 3.71  1.739x105 2.146x10° 0.4787 90 99.3

136 7.951 2425 1.985x10°° 0.9411 142  3.446x10° 1.525x10°5 0.4405 125 99.6

From the perspective of the effect of the where d is the thickness of the PT film, &° is the
protective PT film on NAB, Cr and Cy are permittivity in the vacuum, e is the local dielectric

considered [40]: constant, F is the Faraday’s constant, R is the
gOgSe molar gas constant, and 7" is the thermodynamic
Cdl:T (6) temperature. The addition of PT contributes to a
Fs significant reduction in Cr and Cg, indicating
Cr= : (7) the considerable growth of the film on the

4RT
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NAB/seawater interface. The more structured and
denser barrier results from the firm adsorption of
PT on the NAB surface.

Figures 4(b, c) illustrate relationship between
lgf and lg|z|] and between lgf and the phase
angle within the NAB/PT/seawater systems. In
Fig. 4(b), the curve of the blank shows a valley
related to a relaxation time constant in LF,
indicating the presence of finite layer diffusion in
LF. A peak appearing in HF suggests the presence
of another time constant in the blank, correlated
with charge transfer on the NAB surface. In
contrast, the phase diagrams of the experimental
systems reveal the presence of only one relaxation
time constant. Remarkably, the peak value of
phase angle in HF reaches approximately 80° at a
concentration of 1.36 mmol/L, which reveals that
the protective film on account of the successful
adsorption of PT onto the NAB surface can
effectively suppress the dissolution of metal ions
(Cu’, AICI,) on the NAB surface. Consequently,
it blocks the formation of a diffusion layer for
corrosive species, and this time relaxation constant
is only related to the transfer of PT to NAB surface
formation. Furthermore, the maximal phase angle
of the experimental systems increases with the
elevation of PT concentration, which further
confirms the results obtained from the Nyquist plot.
The EIS results demonstrate the excellent corrosion
inhibition effect of PT on NAB in seawater.

3.3 Tafel curve analysis

The Tafel curves of the NAB specimen in
PT-free and PT-containing seawater are shown in
Fig. 5. The cathode curve in the blank is related to
the dissolved oxygen in solution, while the anode
curve fluctuates at —0.231 and 0.186 V. These
fluctuations are attributed to the dissolution of
metals on the NAB surface [41]. Upon the addition
of PT at concentrations ranging from 0.34 to
0.68 mmol/L, the corrosion potential (@corr) shifts
significantly in the direction of the anode.
Concurrently, the corrosion current (Jeorr) of the
cathode and anode decreases. The trend indicates
that the addition of PT at low concentrations can
partially lead to the repression of the activation of
Cu and Al dissolution and the reaction of dissolved
oxygen. Therefore, PT is regarded as a mixed-type
inhibitor. However, there are corners at about —60.7,
—47.9, and —45.8 mV, in the anode branches of the

Tafel curves. These features signify the continued
presence of a diffusion process associated with the
metal dissolution region at the metal/solution
interface, despite the suppression of PT on Jeor. In
contrast, the anode branches of Tafel curves of 1.02
and 1.36 mmol/L. PT-containing systems express a
smooth trend, suggesting that with an increase in
PT concentration, the protective film formed by PT
becomes denser. Thus, the performance of anti-
dissolution of copper and aluminum is pronounced.

_2 L
_4 L

=

-6

<

X —=— Blank !

= gl 0.34 mmol/L

- ——0.51 mmol/L - %%

v 0.68 mmol/L N
—+— 1.02 mmol/L ’

“10F < 1.36 mmol/L

-05 -04 -03 -02 -0.1 0 0.1
o(vs SCE)/V
Fig. 5 Tafel polarization curves for NAB alloy in
seawater without and with different concentrations of PT

The fitted parameters of the Tafel curve,
including @cor, anode and cathodic Tafel slope (fa
and f.), are summarized in Table 6. An analysis
of these parameters shows that Je.or decreases
dramatically compared to the blank and Jeor also
decreases with the rise of PT concentration after
adding PT to the corrosive medium. When the
PT concentration is 1.36 mmol/L, J.or decreases.
Correspondingly, #; increases from 93.8% to 99.5%
with increasing the PT concentration. Besides,
p. and f. show an increasing gradually but a
downward trend, which indicates the slow decline
of Jeorr and the deepening anti-corrosion effect of
PT on NAB. In details, owing to the protective
compound formed by the chemical interaction
between PT and NAB, the shape of anode branch
related to NAB dissolution in inhibited medium is
changed. On the cathodic curve, although the value
of fB. decreases, its shape remains comparable to
that of the blank, which suggests that the active site
of the reaction process of O? to OH7is reduced.
Through the Tafel curve analysis, it is proven that
PT is an organic molecule that is extremely helpful
to NAB corrosion resistance.
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Table 6 Tafel polarization parameters for NAB alloy in seawater without and with different concentrations of PMT
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C/(mmol-L™") ¢eon(vs SCE)/V  Jeon/(A-cm™?)  Bo/(mV-dec™)

B/(mV-dec™)

Corrosion rate/(mm-a™")  #i/%

Blank —0.2605 1.255%107° 56.72
0.34 —0.2161 7.735x1077 113.2
0.51 —0.1961 4.122x1077 83.13
0.68 —0.191 2.632x1077 87.22
1.02 —0.1831 2.479x1077 110.3
1.36 —0.1749 5.691x10°8 129.1

—232.44 12.25x1072

—215.03 7.55%107° 93.8
—153.8 4.02x1073 96.7
—148.5 2.57x1072 97.9
—128.2 2.42x1073 98
—-118.8 5.55x107* 99.5

3.4 Adsorption isotherm

On account of the adsorption process of PT
towards the NAB substrate, the NAB/seawater/PT
system is characterized by the adsorption isotherm.
The data of IE from electrochemical test are applied
to estimating the surface coverage values (6). The
Langmuir adsorption isotherm as the optimal
1sotherm i1s utilized to fit the function of C/0 vs C,
which can be expressed with the subsequent
equation [42]:

C/6=1/Kuas+C (8)

where C is the concentration of PT, and K is the
adsorption equilibrium constant.

The linearity of C/0 vs C from EIS is sketched
in Fig. 6. The correlation (7?) of the straight-
line relationship is significantly above 0.999.
Moreover, the adsorption free energy (AGLy) can
be determined by Kiqs as follows [43]:

AGY =—RTIn(55.5K ;) )

r?=0.99997

=) — —_
oo (=] \]
T T

(C/O)(mmol-L™")
o
N

K, 4=8.78x10* L/mol

ads

AGE=-38.793 kJ/mol

ads

=
S
T

=
S}
T

02 04 06 08 10 12 14
C/(mmol-L™")
Fig. 6 Langmuir adsorption plot of NAB alloy based on
data from EIS

The values of AGY,, obtained from the EIS is

S

—38.793 kJ/mol. These results demonstrate that the
adsorption of PT on the NAB/solution interface is a

spontaneous process. Besides, it is worth noting
that AGL,, value is between —20 and —40 kJ/mol,
which manifests that PT is adsorbed on NAB
substrate through both chem-adsorption and

physical adsorption [44].

3.5 Surface morphology and characterization
3.5.1 SEM-EDS analysis

SEM-EDS analysis emerges as an effective
method for confirming the excellent corrosion
inhibition performance of organic molecules.
SEM-EDS can analyze the morphology of NAB
samples and the corresponding elemental content
without and with the addition of 1.36 mmol/L PT.
Figures 7(ai, a2, bi, b2) show the morphologies of
NAB after 48 h immersion in uninhibited and
inhibitive medium at 303 K. From the analysis of
Fig. 7(a1), a crack appears in the SEM image of the
blank due to the attack from corrosive species such
as Cl- and OH". Conversely, under the protection of
PT, there is little pitting or crack on the surface of
NAB (Figs. 7(b1, b2)), suggesting explicit decrease
of the corrosion degree. In the blank, some
corrosion products accumulate on the NAB surface.
Through EDS analysis, these corrosion products
contain 14.6 wt.% O, and some trace elements
(1.15 wt.% CI). And the elemental contents of Cu
and Al decline by about 32% and 7.4% compared
to freshly abraded NAB. Meanwhile, only scratches
abraded by 1200" sandpaper are found on the
surface of the NAB specimen with PT. The EDS
results show that the contents of Cu and Al
elements are nearly the same as those of the
untreated NAB sample. However, the content of
oxygen element is greatly reduced, indicating that
the corrosion products on the NAB surface are
greatly reduced after adding PT. Trace amounts of S
(0.76 wt.%) are also detected, which is related to
the presence of sulthydryl groups (—SH) in the PT
structure.
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Element wt% at.% Element wt% at.%
C 33.04 60.35 C 727 264
(6] 14.6  20.02 O 0.76  2.08
Al 2.65 2.16 Al 8.78 14.19
Cl 1.15  0.71 S 0.38 0.51
Cu 48.56 16.76 Cu 82.8 56.82
M A L . Jl e A A
0 2 4 6 8 10 12 0 2 4 6 8 10 12
Energy/keV Energy/keV

Fig. 7 SEM images and EDS results of NAB alloy after 48 h immersion in seawater at 303 K: (a;—a3) Blank;

(b1—bs) With 1.36 mmol/L PT

3.5.2 Hydrophobicity of NAB surface

To offer additional verification of the film-
forming property of PT on the NAB/PT interface,
the WCA test was carried out. Figure 8 illustrates
the morphologies of water droplets on the NAB
surface with and without PT. The WCAs of three
different positions on the surface of each NAB
sample was measured for the assurance of
experimental reliability. The WCA values for the
untreated surface range from 31.3° to 35.1°, with
a maximum value of 34.8°. In contrast, the
PT-induced chemisorbed film exhibits remarkable

(@) i (b)

Fig. 8 Water contact angle (WCA) of NAB specimens
after 6 h immersion in seawater at 303 K: (a) Blank;
(b) With 1.36 mmol/L PT

hydrophobicity, with the highest WCA reaching
116.2°.
3.5.3 AFM analysis

Figure 9 presents the 2D and 3D topographs
of the NAB obtained by the AFM testing after 48 h
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Fig. 9 AFM images of NAB specimens after 48 h immersion in seawater at 303 K: (a) Blank; (b) With 1.36 mmol/L PT

immersion in seawater with 1.36 mmol/L PT and
without PT, with a selected area size of 10 pm x
10 um. From Fig. 9, it is evident that the 2D and 3D
maps of untreated NAB show uneven morphology.
In the blank, corrosion products accumulate on the
surface of NAB, forming various-sized particles
attached to the surface of NAB and generating
some cracks, which contribute to surface roughness.
Conversely, the 2D and 3D maps of the NAB
specimen with addition of 1.36 mmol/L PT appear
predominantly blue, indicating relative smoothness.
The arithmetic mean deviation (R,) of the blank is
114.915 nm, the maximum profile peak height (R)
reaches 697.76 nm, and the maximum profile valley
depth (Ry) plunges to 916.248 nm. These values
digitally prove the existence of cracks and the
accumulation of surface corrosion products of NAB
in the blank solution. In PT-containing solution, R,,
R, and R, are 4.905 nm, 64.378 nm and 20.493 nm,
respectively, indicating the absence of obvious
corrosion behavior on the NAB surface after the
addition of PT to seawater.
3.5.4 XPS results of immersed NAB specimens
XPS analysis was performed to further explore

the properties of the “film” formed on the PT/NAB
interface and the chemical composition of NAB
corrosion product. Figure 10 shows survey spectra
and high-resolution spectra of NAB specimens after
48 h immersion at 303 K in seawater without and
with the addition of 1.36 mmol/L PT. The high-
resolution spectra of Cu 2p in different media are
shown in Figs. 10(b, ¢). The peaks of Cu 2pi» and
Cu 2p3» appear near the positions of (953.5+0.2)
and 933.9 eV in both groups. In blank solution,
however, there appears a satellite peak related to
Cu(Il) between Cu2pi» and Cu 2ps3» peaks [45].
The Cux(OH):Cl, and Cu(OH)CI are detected
in the Cl2p spectra of the blank (Fig. 10(d)).
Simultaneously, the peak of Cu,O is located at
531.7 ¢V in O 1s spectra (Fig. 10(e)) [46]. The XPS
analysis reveals that the corrosion products formed
on NAB immersed in seawater for 48 h primarily
consist of Cu(I) and Cu(Il) compounds, including
Cu0, and Cu(OH)CI. Conversely, the peak related
to corrosive product is not detected via XPS in the
PT-containing solution. Some chemical bonds of
PT appear in the O 1s spectrum (Figs. 10(f)): the
positions of C—O0, C=0 and O—C=0 peaks are
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Fig. 10 XPS survey (a) and XPS high-resolution (b—1) spectra of NAB specimens after 48 h immersion in seawater with
and without addition of 1.36 mmol/L PT at 303 K

at the binding energies of 531.2, 532.6, and can be ascribed to carbon pollution during the test
535.6 eV, respectively, where C—O is related to the (similar to the blank) [47]. The above results
chemical bond between C and O atoms on the demonstrate a significant reduction in the corrosion
pyrimidine ring of PT, while C=0 and O—C=0 products present on the NAB surface with the
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addition of PT.

Figures 10(f, g, h) can provide experimental
evidence for the adsorption of PT on the NAB
surface. Figure 10(h) shows the S 2p peak of NAB
in PT-containing solution, where the peaks of C=S
and S—Cu are detected at 164.4 and 162.8 eV,
respectively. C=S is the chemical bond between
the sulthydryl group and the 6th carbon atom in
PT, which indicates that PT can form a chemical
adsorption with copper metal. Similarly, in blank
solution, only SOi' peak emerges from S 2p
spectra, which is related to the presence of SOi_
in seawater. Figure 10(i) shows the N 1s peak of the
experimental system. The surface of NAB exhibits
the chemical bonds involving the metals Cu, Al and
N atoms derived from the C—N and C=N bonds
on the pyrimidine ring. In the C 1s (Fig. 10())
spectra, the C—C, C=N, C—N and C—O bonds
from PT structure also appear on the surface of
NAB in the PT-contained solution, which explains
successful adsorption of PT on NAB surface [48].
The corrosion products of NAB contain Al,Os, and
Al(OH); in the blank [49] which can be seen from
the Al 2p spectra (Figs. 10(k, 1)). The AlI—N bond
at 76.3 eV in the experimental system indicates
that the aluminum metal on the NAB surface can
form chemical bonds with N atoms of PT molecule.
In summary, the XPS analysis reveals that PT
can form chemical complexes ((PT—Cu).s and
(PT — Al)ags) with the metals of Cu and Al
respectively. These complexes can effectively
protect NAB.

3.6 Distributions of HOMO and LOMO

Since the characteristics of the organic
molecular structure are tightly related to the
adsorption behavior of Cls on the metal surface,
quantum chemical calculations have been
utilized. Figure 11 presents the HOMO and LOMO
distributions of PT. The HOMO electron clouds
are primarily distributed on benzene ring in the
presence of conjugated large m bond and LOMO is
located on the N and S atoms within the pyrimidine
ring. The HOMO and LOMO in organic structure
represent the regions of the molecule providing
electrons and accepting electrons, respectively.

Table 7 Calculated quantum chemical parameters for PT

4.238 eV

Fig. 11 Calculated molecular orbitals (LUMO and
HOMO) and distribution of HOMO and LUMO of PT
molecule

Besides, owing to the corrosion reaction in seawater,
the Cu and Al are susceptible to generate
unoccupied orbitals. Thus, the regions around N or
S atoms show a greater tendency to be adsorbed on
the surface of NAB. The calculated parameters
including AE, electronegativity, global hardness and
fractional electron tranfer (AN) are listed in Table 7.

3.7 Distributions of electrostatic potential (ESP)

The molecular electrostatic potential (MEP)
mapping is able to distinguish nucleophilic and
electrophilic sites in the iso-surface of ESP.
Figure 12 clearly shows the distribution of
electronic potential of PT. The red parts represent
nucleophilic reaction sites while the blue are
electrophilic attack sites. The locations and
magnitudes of the extreme points are also presented
in Fig. 12. The results of MEP mapping illustrate
that the locations with high electronic density are
predominantly centered around N and S atoms of
pyrimidine ring, thereby facilitating the transfer
with the NAB sheet. In combination to HOMO and
LOMO distributions, S and N atoms are deemed as
active adsorbed sites.

EHOMo/eV ELOMo/eV AE/eV

Electronegativity/eV

Global hardness/eV AN/eV

—6.269 —2.207 4.062

4.238

2.031 0.146
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Fig. 12 Molecular electrostatic potential (MEP) mapping
of PT molecular

3.8 Adsorption of PT on NAB surface by MD

simulation

From the perspective of the adsorption
behavior of PT, the MD simulation has been
conducted to comprehensively investigate the
interaction mechanism between NAB and PT.
Figure 13 provides the top and side views of the
adsorption configurations for PT on NAB matrix. It
is evident that PT molecules are adsorbed on the
NAB substate in the orientation of an approximate
plane. Notably, S atom and N charge coordination
bonds are closer to NAB surface. The interaction
energy (Eineracion) and binding energy (Ebinding)
between PT and NAB can be summarized as

(10)

The binding energy is 59.73 kJ/mol, which
induces the PT/NAB surface hard to supply a better
corrosion resistance. The theoretical methods based
on the MD simulation also indicate that the
electronegativity around S or N atoms is closely
correlated with high IE. This relationship is further
confirmed by XPS test.

E interactionz_Ebinding

i

219

4 Discussion

4.1 Suppression of water molecules at different
concentrations of PT

The H,O phase is pivotal in the diffusion
process on the PT/NAB interface. In order to
estimate and simulate the suppression of PT
on the diffusion of water molecules with different
concentrations of PT, D; has been applied to the
explanation of the migration rate of corrosive ions.
Figure 14 illustrates the variations of the diffusion
models without and with PT molecules. As Fig. 14
indicates, PT molecules are more inclined to
distribute around the NAB substrate, which is
closer to real conditions. This distribution
configuration of PT molecules can be considered as
“PT film” on the NAB/seawater interface.

Figure 15 illustrates the variations of the MSD
plots of H,O particles at different concentrations
of PT. In the blank, the calculated D; of H,O
particles is 2.9906x10~° m*s which is close to the
experimental data (2.34x10°m?s) [37]. This
exhibits the reliability of the diffusion calculation
in this study. The addition of PT results in
smaller slope of the HO MSD plots. When the
number of PT molecules reaches 60, D; (H2O) is
1.1983x10° m?/s (drop by 60%), which shows that
the “PT film” formed on the NAB surface can
inhibit the migration of H,O molecules. Moreover,
the D; of H,O is diminished with the rising number
of PT molecules, which theoretically elucidates
that the corrosion effect of PT increases with
the increase of the concentration of PT. More
PT molecules concentrate to be absorbed on NAB

..

Al

Y N <,

Fig. 13 Adsorption model of PT molecule on surface of NAB (110) after optimization: (a) Side view; (b) Top view
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Model E

Fig. 14 Variations of diffusion models without and with
PT molecules
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Fig. 15 MSD plots of H,O particles in solution with
different concentrations of PT at 303 K

matrix spontaneously, and they create a denser PT
barrier. Consequently, the inhibition of the transfer
of water phase particles such as H,O between
the H,O phase and NAB matrix is enhanced. This
result corroborates well with the regularity of
experimental results.

4.2 Variations of corrosive species migration
rates
The suppression of corrosive species presents
a significant improvement with 60 PT molecules.
Consequently, the diffusion process of other
aggressive species including O,, OH™, CI', Cu*,

and Cu’ is studied. Due to the conversion of the
dissolved oxygen into OH™ during the corrosion
process of NAB, both O, and OH™ particles are
considered. With addition of 60 PT molecules, D; of
O, and OH™ shows a decrease of 95.9% and 79.8%
compared with the blank, suggesting the significant
decline of migration rate of O, and OH". This also
theoretically implies the occurrence of cathodic
electrochemical reaction related to dissolved
oxygen on the NAB surface under the effect
of PT. During the dissolution process of copper,
Cu” and Cu®" ions diffuse towards solution from
the NAB substrate, which can also be repressed
by PT molecules. The D;j of Cu' decreases from
0.123x107 to 0.0366x10°m?*/s and that of Cu?*'
is from 0.1603x107 to 0.0583x10°m?s. The PT
barrier on the PT/NAB interface can extremely
forbid the anodic reaction related to mental
dissolution. The attack of Cl- towards the NAB
matrix is not to be neglected. The corresponding D;
decreases by 71.9%, which suggests that PT barrier
prevents NAB from corrosion of Cl™. The D; values
of corresponding species are listed in Table 8.
The D; values of O,, OH , Cu*, Cu*" and CI" in
PT-containing simulation model are markedly
lower than those of the blank, which reveals that PT
molecules can efficiently prevent the attack of
corrosive ions on the NAB substrate.

Table 8 Diffusion coefficients (D;) of various aggressive
species in blank solution (Model A) and PT-containing
solution (Model E)

Di/(107°m?-s7")

Species
Model A Model E
HxO 2.9906 1.1983
02 28.0642 1.1420
OH 0.1379 0.0279
Cu? 0.1230 0.0366
Cu' 0.1603 0.0583
Crr 0.2817 0.0752

4.3 Mechanism of NAB corrosion and adsorption
mechanism of PT
The mechanism of the NAB corrosion and the
adsorption mechanism of PT on the NAB surface
are sketched in Fig. 16. In seawater, the dissolution
of the copper and aluminum always occurs
originating from the attack of CI” ions (Fig. 16(Db)).
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Dissolved oxygen

H,0 molecule

© OH Cathodic: O,+2H,0+4e—OH"~
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Anode: Cut2CI'—CuCly+e
AlH4CI—AICI +e

CuCl;
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Fig. 16 Schematic of corrosion mechanism of NAB and adsorption mechanism of PT for NAB: (a) Blank; (b) Anodic

reaction; (c¢) Cathodic reaction; (d) PT

The island-shaped corrosion products on the surface
of NAB (Fig. 7(a)) are generated by the chemical
interaction between the soluble CuCl,, AICI,
ions and OH", which can be expressed as follows:

2CuCl, +20H —Cu,O+H,0+4CI” (11)
AICI, +30H — Al(OH)5+4CI~ (12)

The chemical composition of Cu,O and
AI(OH); has also been confirmed by the results
of XPS. The ultimate anti-corrosion effect is to
eliminate the occurrence of above process. In
theoretical calculation, these aggressive ions with
high migration rate result in the corrosion on the
NAB surface. With the addition of PT into the
medium, the diffusion process of these species with
lower D is significantly repressed. The degree of
the NAB corrosion is greatly reduced and there is
almost no corrosion phenomenon on the surface of
NAB (Fig. 7(b)).

In the synthesis method, Position 6 of the
2-mercaptopyrimidine ring is modified by a
benzene ring, so that the two six-membered rings
form a bicyclic conjugated structure. The hydroxyl
group modified at Position 4 of the pyrimidine ring
greatly improves the solubility of PT in seawater.

The protective film on the PT/NAB interface
originates from the adsorption of PT, which is
proven by near-flat orientation in MD calculation.
Moreover, the S and N atoms in the pyrimidine ring
are the active interaction sites. It is confirmed in
XPS test. The denser PT film formed by the
chemical reaction between PT and NAB is able to
obtain batter suppression of the H,O diffusion
(Fig. 15), and the hydrophilicity on the NAB
surface then decreases, which is consistent with
experimental results (Fig. 8).

5 Conclusions

(1) PT exhibits higher inhibition performance
than the most of pyrimidine inhibitors: the
maximum IEs of PT reach 92.8% (#w), 99.6% (.)
and 99.5% (#:) at a concentration of 1.36 mmol/L.
The results of the 30d mass loss experiment
demonstrate that the IE of PT shows no decline
trend, which suggests the high stability of PT film
on the PT/NAB interface.

(2) Tafel curve analysis reveals that PT is a
mixed inhibitor and the anode reaction is mainly
affected in the inhibition of electrochemical
reaction.
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(3) The fitting result of the Langmuir isotherm
model suggests that the adsorption belongs to
physical and chemical adsorption. XPS, DFT and
MD simulation reveal that PT molecules can be
adsorbed on the NAB substrate with the active sites
of N and S heteroatoms. S—Cu, Al—N and Cu—N
bonds are formed by the chemical interaction
between PT and NAB, which is proven through
XPS. Thus, the adsorption of PT is mainly
chemisorption.

(4) The diffusion of corrosive species is
hindered considerably by the PT film with
composition of (PT—Cu)ass and (PT—Al).q¢s on the
PT/NAB interface. The degree of suppression is
increased with the addition of more PT molecules.
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