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Four novel corrosion inhibitors (1, 2, 3 and 4) integrating different tetraphenylethylene (TPE) cations and
thiocyanate (SCN™) anions were developed. Weight-loss and electrochemical measurements were

employed to assess their protective properties toward carbon steel in 0.5 M H,SO,, revealing them as

effective corrosion inhibitors in the order of 3 > 4 > 2 > 1, with the inhibition efficiencies of 2, 3 and 4 all
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exceeding 97%. The inhibitory effect could be attributed to hard and soft acids and bases theory and the

synergistic effect of the charged ingredients. The efficiency trend of the corrosion inhibition, as well as
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1. Introduction

Metal corrosion is a ubiquitous and long-standing phenom-
enon in daily life and industrial operation. It can deteriorate the
functionality, shorten the life span and raise the maintenance
costs of a metal or alloy. Furthermore, corrosion poses a great
threat to engineering quality, public safety, and huge economic
loss."* Due to the favorable properties such as good mechanical
flexibility, high thermal and electrical conductivity, and cost-
effective performance, carbon steel is intensively utilized in
the petrochemical industry, pipeline transportation, power
plants, marine, military, and so on. Unfortunately, carbon steel
is susceptible to corrosion under various conditions including
acidic solution, microbiological environment, oxygen-rich
medium, and high conductivity medium.*** Corrosion cannot
be utterly prohibited, but corrosion rate can be alleviated via
adoption of effective protection methods. It's estimated that 20—
30% of corrosion losses could be avoided if adequate protective
measures are adopted.®’® Currently, the usage of corrosion
inhibitors is one of the most practical and cost-effective
methods in industry. Corrosion inhibitors can be adsorbed
onto metal surface, forming a protective layer that isolates
metal surface from corrosive species. Hence, the search and
development of novel inhibitors with high inhibitory capacity is
always in great demand.'*"” In general, conventional corrosion
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inhibition mechanism, was verified by multi-scaled theoretical simulations combined with grand
canonical Monte Carlo and molecular dynamic methods.

inhibitors are organic compounds containing hetero atoms
(O, N, S, or P) and aromatic rings or long alkyl chains, for
example, imidazole, pyrimidine, triazole, guanidine, acridine,
Schiff-bases, etc.>'®?* Particularly, inhibitor molecule with
a relatively larger hydrophobic and conjugated skeleton could
resist corrosion more effectively, in terms of surface coverage
and electron donor-acceptor interaction with metal atoms.**"

Tetraphenylethylene (TPE) bearing a central olefin and four
peripheral phenyl rings, is a well-known and widely studied
AlEgen - a luminogen possessing the unique character of
aggregation-induced emission (AIE).>” Since originally reported
by Tang's group in 2001,*® AlEens have been elaborately inves-
tigated and utilized in numerous ranges, for instance, chemical
sensing, biomedical fields, optoelectronic systems, and stimuli
responses.””**** AlEgens are almost non-emissive in monomer
state, e.g. in dilute solution, but become highly emissive in
aggregation state, e.g. in solid or gel state. The working mech-
anism is attributed to the restriction of intramolecular motions
(RIM).?”** TPE has been studied with metal ions or complexes,
including gelation, sensors, nanoparticles, metal-organic
frameworks.***® Nevertheless, TPE and other AlEgens have
been scarcely investigated on the surface of metal or alloy,** not
to mention being developed as corrosion inhibitors.

In this study, four novel corrosion inhibitors (1, 2, 3 and 4)
integrating different TPE cations and thiocyanate anions
(SCN ™) were developed. The TPE unit was taken advantage of its
large hydrophobic and conjugated skeleton, along with its AIE
effect. The counter anion SCN™, deemed as a soft Lewis base,
was used for its intense interaction with steel surface, which
acted as a soft acid in light of hard and soft acids and bases
(HSAB) theory. These four inhibitors exerted effective protective
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properties toward carbon steel in highly acidic medium.
Notably, the inhibition efficiencies of 2, 3 and 4 all exceeded
97%.

2. Materials and methods
2.1 Materials and instruments

All reagent chemicals including tetraphenylethylene, RANEY®
nickel, hydrazine hydrate, sodium thiocyanate, HNO3, H,SO,
were commercially purchased from Alfa Aesar, Sinopharm
Chemical Reagent Co., Ltd., and Beijing Chemical Works in
analytical grade or chemically pure, and used as received. The
test solution, 0.5 M H,SO, (treated as blank), was diluted from
concentrated H,SO,.

Carbon steel coupons with the dimensions of 40 mm X
13 mm x 2 mm were purchased from Gaoyou City Xinyou
Instrument Plant. The element content of carbon steel coupon
is shown in Table 1.

Instrumental information and methodology of "H NMR, **C
NMR, high-resolution mass spectra (HRMS, ESI), UV-Vis
absorption spectra, fluorescence (FL) spectra, X-ray photoelec-
tron spectroscopy (XPS) spectra, scanning electron microscope
(SEM) images are provided in ESL}

2.2 Chemical structures of TPE-based inhibitors

The structures and synthetic routes of four TPE-based corrosion
inhibitors (1, 2, 3 and 4) are presented in Fig. 1. The synthesis of
the inhibitors started from tetraphenylethylene (TPE), and the
detailed procedures are provided in ESL

2.3 Weight-loss measurement

Weight-loss measurement is a traditional and intuitive method
to inspect the corrosion rate of metal or alloy, which is the basis
of other measurements. In this work, weight-loss measure-
ments were carried out with carbon steel coupons soaked in
0.5 M H,SO, solutions without or with various concentrations of
the TPE-based inhibitors at 60 °C, constantly agitated by
a magnetic stir bar. The detailed procedures are presented in

Table 1 Element content of carbon steel coupon

Element C Fe Si Mn P S A%

wt% 0.34 Balance 0.20 1.45 0.01

NH, NH, O O NH; N,
o T o LT
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Fig.1 Scheme for the synthesis of TPE-based corrosion inhibitors (1,
2, 3 and 4).
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ESLt The corrosion rate (v) and inhibition efficiency (n) are
calculated through subsequent equations:

v=(Wo — W)I(pSt) (1)
n = (vo — v)/vy x 100% (2)

where W, and W; represent the weights of coupon before and
after soak experiment; p denotes the density of carbon steel; S is
the superficial area of coupon; ¢ is the time of soak experiment;
Vo represents the corrosion rate in the blank solution without
any inhibitor; v, is the corrosion rate in an inhibitor containing
solution.

2.4 Electrochemical measurements

Electrochemical measurements were carried out in a traditional
three-electrode electrochemical system using CHI760 electro-
chemical workstation. Carbon steel was used as working elec-
trode with 1 cm?® exposed area. Platinum electrode and
saturated calomel electrode (SCE) were employed as counter
electrode and reference electrode, respectively. Aqueous 0.5 M
H,SO, solution was used as electrolyte with continuous stir
using magnetic stirring bar. The electrodes were immersed in
the electrolyte for 1 h before test. Electrochemical impedance
spectroscopy (EIS) measurements were performed with poten-
tial amplitude within £5 mV relative to OCP and test frequency
ranging from 0.01 Hz to 100 kHz. And the potentiodynamic
polarization (PDP) curves were measured at a constant sweep

rate of 0.5 mV s~ %

2.5 Theoretical calculations

To model the corrosion process, a periodic metal surface of Fe
was first built. Since Fe (110) surface is relatively compact and
stable plane over other Fe surfaces as well as its highest
proportion in Fe lattice,>*> the primitive cell of iron lattice was
cleaved alone (110) plane after optimization and then expanded
to a 6 layered supercell of (12 x 9) periodic box with a 25 A
vacuum slab. The dimension of the final surface model was
33.10 A x 35.10 A x 35.75 A with sufficient surface area to avoid
mutual interference among periodic structures. All Fe atoms’
cartesian positions were fixed for all simulations (Fig. 2).

Both Grand Canonical Monte Carlo (GCMC) and Molecular
Dynamic (MD) simulations were performed by modules in
BIOVIA Material Studio 2017 software package. The adsorption

(b)
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Fig. 2 Illustration of carbon steel model. Blue dot: Fe atom.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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module was used for GCMC simulations and Forcite module
was used for MD simulations. A UFF forcefield was employed for
both modules in order to cover all elements involved in the
modelling system, which has proved its reliability and wide
application scope.*»** The charge setting of modelling systems
for both modules were set with ESP charge obtained from DFT
optimizations. The probability of conformer, rotate, translate,
regrow were set to 0.32, 0.32, 0.32, 0.03, respectively for GCMC
simulations, with 1000 cycles and 500 steps per cycle. For MD
simulations the initial adsorption configurations were based on
GCMC results, the temperature was set to 298 K in accordance
with actual application condition, and the total dynamic
simulation time was set to 5000 ps with time step of 1.0 fs. A
pearl script was used to process obtained trajectories for energy
of interaction (Ej,,) calculation.

3. Results and discussions
3.1 Weight-loss measurement

Weight-loss measurements for carbon steel have been con-
ducted in 0.5 M H,SO, with varying concentrations of the TPE-
based inhibitors, and the results are shown in Fig. 3. The
photographs of coupons after measurements are presented in
Fig. 4. It is found carbon steel corroded heavily in 0.5 M H,SO,
in the absence of any inhibitor (blank sample), with the
corrosion rate exceeding 150 mm a ‘. However, the four
inhibitors (1, 2, 3 and 4) exerted effective protection for carbon
steel, with apparent mitigation of corrosion rate and elevation
of inhibition efficiency as the increment of concentration. In
particular, 2, 3 and 4 showed highly effective protection
properties. Specifically, the inhibition efficiencies for 2, 3 and
4 exceeded 95% when the concentration reached 40 mg L™,
and finally got to approximately 98% at 200 mg L™ with 3 as
the best one. Thus the coupons in the presence of high
concentrations of 2, 3 and 4 were well protected, with bright
appearance highly similar to the new coupon (Fig. 4(a) and
(b)). In addition, these four inhibitors contain various TPE
cations and SCN™ anions, thus they exhibit different solubility
in aqueous. 1 and 2 are monovalent and divalent, respectively.
So they were less soluble in aqueous and a mixed solvent of
H,O/ethanol was used to prepare each dense solution, which
was added to 0.5 M H,SO, reaching a final state of well-
distributed suspension. 3 and 4 are trivalent and tetravalent,
respectively, giving rise to higher solubility in aqueous. When

v/ (mm/a)

40 -1
——2
—3

4

0 50 100 150 200 0 50 100 150 200
¢/ (mg/L) ¢/ (mg/L)

Fig. 3 Results of weight-loss measurements involving TPE-based
inhibitors (1, 2, 3 and 4) for carbon steel coupons: (a) corrosion rate; (b)
inhibition efficiency.
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Fig. 4 Photographs of carbon steel coupons after weight-loss
measurements under natural light, top view (a) and side view (b).
Photograph of the coupons after weight-loss measurements under
365 nm UV light excitation (c). The sequences of the coupons in the
photos are identical as follows, the coupons in the left side are blank
sample and new coupon, respectively; from upper row to lower row
are those respectively in the presence of 1, 2, 3 and 4 with concen-
tration of 5, 10, 20, 40, 70, 100, and 200 mg L™* from left to right.

they were added to the aggressive mediums, the solutions
appeared almost homogeneous, especially for 4 even with its
concentration as high as 200 mg L™".

In consideration of low concentration and high inhibiting
efficiency, 2, 3 and 4 exert excellent inhibiting effect, compared
with corrosion inhibitors for carbon steel in 0.5 M H,SO, (Table
S1t) or analogous acidic medium reported in literature.>®*%234

In contrast, the raw materials including NaSCN and amino-
substituted tetraphenylethylene (TPE-NH,, TPE-2NH,, TPE-
3NH,, and TPE-4NH,), exhibited negligible protecting effect for
carbon steel, with inhibition efficiencies being less than 30% at
any concentration (Fig. 5). Such huge contrast behaviors

(a)100 —— TPE-NH, (b)l ”
5 ——TPE-2NH,
—— TPE-3NH,
60 —— TPE-4NH, F
X —+—NaSCN £ —=—TPE-NH,
=4 E g —— TPE-2NH,
» N —— TPE-3NH,
» —+— TPE-4NH,
0 —+—NaSCN
—— Blank
20
0 50 100 150 200 0 50 100 150 200
¢/ (mg/L) ¢/ (mg/L)

Fig. 5 Results of weight-loss measurements involving raw materials
for carbon steel coupons: (a) corrosion rate; (b) inhibition efficiency.
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between the TPE-based inhibitors and raw materials could be
understood from two aspects: (1) hard and soft acids and bases
(HSAB) theory;***” (2) synergistic effect of the charged ingredi-
ents of the inhibitors.>***

According to HSAB theory, Fe atom is classified as a soft
Lewis acid with vacant electron orbitals, while thiocyanate
anion (SCN™) is categorized as a soft Lewis base which is
abundant with 7 electrons and lone pair electrons. Hence,
SCN™ could form strong interaction with carbon steel surface,
generating an electronegative surface. Due to the small spatial
structure and low surface coverage on carbon steel surface,
SCN™ alone could not effectively resist the aggressive attack of
the highly corrosive medium. Therefore, NaSCN exhibited
limited protection. While for the TPE-based inhibitors, after the
adsorption of SCN™ and generation of an electronegative
surface, the positive TPE cations would move forward to the
surface driven by electrostatic attraction. Possessing larger
hydrophobic skeletons, the TPE units would cover the surface
more efficiently. And this would favor electron transfer from
TPE units which is rich of w electrons to the metal surface.
Hence, both the positive and negative ingredients of the TPE-
based inhibitors would be adsorbed firmly to the surface,
forming a protective film. Namely, there is adequate synergistic
effect between the opposite charged ingredients. Nevertheless,
as to amino-substituted tetraphenylethylene (TPE-NH,, TPE-
2NH,, TPE-3NH,, or TPE-ANH,) alone, they could be easily
protonated in the acidic medium, and hard to move toward the
carbon steel surface which is also positively charged due to the
corrosion and oxidation of Fe atoms.

As introduced above, TPE is a widely studied AIE agent. In
aggregation state, the intramolecular motions will be
restricted, including intramolecular rotations of the four
peripheral phenyl rings around the central olefin, as well as
molecular vibrations. In this study, the targeted TPE-based
inhibitors (1, 2, 3 and 4) can protect carbon steel effectively
in corrosive medium, as the form of adsorption film onto
carbon steel surface.”»** Therefore, adsorption of the TPE-
based inhibitors on metal surface would restrict the intra-
molecular rotations and molecular vibrations, thus should
probably give rise to fluorescence emission under UV excita-
tion, which has been reported on some other surfaces such as
glass, polymer matrix, ice crystal and biointerfaces.?”**>°
However, herein when the TPE-based inhibitors got adsorbed
onto carbon steel surface, the coupons after weight-loss
measurements were non-emissive under 365 nm UV light
excitation, including those well protected coupons (Fig. 4(c)).
In consideration of the intrinsic difference between metallic
material and nonmetallic material, and fluorescence quench-
ing of traditional fluorescent agents by heavy metal
atoms,*»*>** it is understandable that the adsorption or
aggregation of TPE-based inhibitors did not bring about
fluorescence emission. To the best of our knowledge, aggre-
gation of AIEgens always leads to fluorescence emission, while
quenching of AIE fluorescence has not been reported up to
date. The quenching process probably belongs to dynamic
quenching, which takes place between the excited state of the
inhibitors and Fe atoms. The excited state energy of the

8320 | RSC Adv, 2023, 13, 8317-8326
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inhibitors transfers to Fe atoms, and dissipates in a non-
radiative relaxation manner, namely excited state energy
transfer (EET).>*>*

3.2 Adsorption isotherms

Basic information on the interaction between an organic
inhibitor and metal surface could be obtained from various
adsorption isotherms. Several typical types of adsorption
isotherms are frequently used, such as Langmuir, Frumkin,
Tembkin, Freundlich, etc.?*** In this study, Langmuir adsorption
isotherm was the better model for characterizing the inhibition
process of these TPE-based inhibitors:

clf = ¢ + 1/K, 45 (3)

where ¢ represents the molar concentration of inhibitor; 6 is the
surface coverage for the coupon (f# = 7). K.qs denotes the
adsorption-desorption equilibrium constant, obtained from the
intercept of the c/6 vs. ¢ plots (Fig. 6). Next, the standard Gibbs
free energy of adsorption (AngS) can be acquired by K,qs, the
universal gas constant (R) and thermodynamic temperature (7):

AGs = — RTIn(55.5 Kyas) (4)

In general, negative AGYy, implies the adsorption process is
thermodynamically spontaneous. When AG4s = —20 k] mol
the electrostatic interaction between the inhibitor and metal
surface is categorized as physisorption. While AGoy =
—40 kJ mol ™, it is characterized as chemisorption, referring to
the interaction involving charge sharing or transfer between the
inhibitor molecules and metal surface. When AGS lies
between —20 kJ mol™* and —40 kJ mol !, it indicates a mix of
physisorption and chemisorption.*¢>*#°

The calculated results are illustrated in Table 2. The high K,qs
value and low AGogs value prove 2, 3 and 4 can be spontaneously
and firmly adsorbed on carbon steel surface, and the adsorptions
belong to chemisorption. While for 1, the adsorption is much
more weaker, containing both physisorption and chemisorption.
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Fig. 6 Langmuir adsorption isotherms of (a) 1, (b) 2, (c) 3 and (d) 4 on
carbon steel surface at 60 °C.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Calculated results of the TPE-based inhibitors on carbon steel surface for Langmiur isotherm
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Inhibitor Langmiur isotherm equation Kaas/(L mol ™) AG34s/(K] mol ™)
1 c/f = 0.73132 ¢ + 2.18992 x 10~ * 4.60233 x 10° —34.49
2 /6 = 1.00749 ¢ + 5.17476 x 10 ° 1.93246 x 10° —44.84
3 c/6 = 1.01405 ¢ + 1.90426 x 10~ ° 5.25138 x 10° —47.61
4 /6 = 1.00797 ¢ + 3.17387 x 10 ° 3.15073 x 10° —46.20

Fig. 7 SEM images of carbon steel coupons: (a) and (b) new coupon;
(c) and (d) blank sample after weight-loss measurement; in the pres-
ence of 200 mg L™ 1 (e) and (f), 2 (g) and (h), 3 (i) and (), 4 (k) and (1)
after weight-loss measurements. Scale: 100 um for (a, c, e, g, i and k)
and 10 um for (b, d, f, h, jand |).

© 2023 The Author(s). Published by the Royal Society of Chemistry

3.3 Corrosion morphology

Surface morphological research on carbon steel coupons was
carried out after weight-loss measurements. Fig. 7(a) and (b)
display the scanning electron microscope (SEM) images of new
coupon surface before corrosion, with clear and regular
stripes. While the stripes were utterly demolished for the
blank sample due to the severe corrosion by the aggressive
medium, leaving a rough and bumpy surface (Fig. 7(c) and (d)).
Nevertheless, for the samples in the presence of 200 mg L™*
TPE-based inhibitors, the destroy of coupon surface was
greatly inhibited and the regular stripes were retained to
a large extent, especially for 3 (Fig. 7(i) and (j)), then 4 (Fig. 7(k)
and (1)) and 2 (Fig. 7(g) and (f)). The SEM images of the
coupons in the presence of other concentrations of TPE-based
inhibitors are provided in ESI (Fig. S1-S47). With the incre-
ment of inhibitor concentration, the corrosion was gradually
mitigated for each inhibitor.

3.4 Electrochemical study

Potentiodynamic polarization (PDP) curves were collected for
carbon steel electrodes after 1 h immersion in both blank
solution and the solutions with different concentrations of
TPE-based inhibitors (Fig. 8(a) and S57). The corresponding
electrochemical data including corrosion current density
(Zcorr), corrosion potential (E.o), cathodic (8.) and anodic
(8.) Tafel slop, and corrosion inhibition efficiency (np), are
listed in Table 3. The np was calculated by the following
equation:

— Loor/100r) % 100% (5)
where I2,,. and I ., are the corrosion current densities obtained
in blank solution and solution with inhibitor, respectively.
Generally, E ., of carbon steel electrodes display positive shift
after adding inhibitors, indicating that these TPE-based

np = (1

b = Blank
(a) ( )400 o1
A2
v 3
22 < 300{ * ¢
: :
< 4 S0
=" = .0
5 R . . LR
= T100] g T, e,
% Sptesee :v'w LR
) “\ s 4;; )
-1.0 -0.8 -0.6 -0.4 -0.2 0.0 0 100 200 300 400
E/(V vs. SCE) 7'/ (Q-em?)
Fig.8 (a) PDP curves and (b) EIS curves for carbon steelin the absence

or presence of 100 mg L~ TPE-based inhibitors.
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Table 3 Electrochemical parameters of carbon steel in the absence or presence of 100 mg L™ different TPE-based inhibitors by PDP and EIS
measurements in 0.5 M H,SO4

Inhibitor Teorr/(MA cm™2) Eeord/V Bc/(mV dec™) Ba/(mV dec™) 1p/% Ry/(Q cm™?) Re/(Q em™?) Nel%
Blank 1701.0 —0.503 146.3 113.2 — 2.7 11.8 —

1 57.5 —0.502 141.7 48.1 96.6 2.8 162.3 92.7
2 55.1 —0.427 203.2 51.5 96.8 1.9 287.9 95.9
3 32.2 —0.481 140.7 44.5 98.1 3.8 331.5 96.4
4 35.6 —0.493 99.1 118.4 97.9 3.0 383.0 96.9

inhibitors tend to suppress corrosion process preferentially by
affecting anodic reactions. Among the four inhibitors, 1 shows
relatively weaker inhibition effect, especially when concentra-
tion is lower than 70 mg L' (Table S2f). In contrast, the
calculated inhibition efficiencies of 2, 3 and 4 exceed 90% even
with dosage as low as 20 mg L~'. When dosage reaching
100 mg L™, 2, 3 and 4 effectively suppress corrosion current
from 1701.0 pA cm ™2 to 55.1, 32.2 and 35.6 pA cm ™2, and the
inhibition efficiencies increase to 96.8%, 98.1% and 97.9%,
respectively.

Electrochemical impedance spectroscopy (EIS) tests were
carried out to provide supplementary inhibition evidence of the
TPE-based inhibitors. Nyquist plots of carbon steel electrodes
were collected at open-circuit potential (OCP) in 0.5 M H,SO,
and the solutions containing inhibitors (Fig. 8(b) and S6+). The
as obtained EIS data are fitted to equivalent electric circuits as
illustrated in Fig. 9, where Ry, Rf, R, Cr, and Cq represent
solution resistance, film resistance, charge transfer resistance,
film capacitance and double layer capacitance, respectively. The
corresponding extracted impedance profiles are listed in Tables
3 and S3.f Specifically, Ry implies the resistance between
reference electrode and working electrode, and the difference
between impedance obtained at low frequency and high
frequency indicate the R of the system. The R values exhibit
dramatic increase from 11.8 Q cm 2 to over hundred after
addition of TPE-based inhibitors. Meanwhile, the loop
increases along with inhibition concentration, which confirms
the inhibition effect of these compounds by forming protective
film on carbon steel surface (Fig. S6). Inhibition efficiency (7g)
was calculated using R, based on the following equation:

e = (1 = RY/Ry) x 100% (6)

where R, and R, are charge transfer resistances in blank
solution and solution with inhibitor. In contrast with the

H,SO, solution Adébrpfioni'ﬁlm' = Carbon steel

:'-l

Fig.9 Proposed equivalent electrical circuit model used to fit EIS data
for carbon steel in 0.5 M H,SO, in presence of TPE-based inhibitors.
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rapid corrosion reaction occurred in blank solution, carbon
steel in solution with TPE-based inhibitors undergo a much
slower corrosion process. Relatively, 1 is more concentration-
dependent that only exhibits high inhibition efficiency under
high concentration, while inhibition efficiencies of 2, 3 and 4
rapidly soar to over 90% with dosage as low as 20 mg L™".
Nevertheless, these four inhibitors all display high
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Fig. 10 Equilibrium adsorption configurations for the TPE-based
inhibitors on carbon steel in solution. Side view (a) and top view (b) for
1. Side view (c) and top view (d) for 2. Side view (e) and top view (f) for 3.
Side view (g) and top view (h) for 4. O atom: red; H atom: white; S
atom: yellow; N atom: blue; C atom: gray.
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inhibition efficiencies of over 90% with concentration of
100 mg L', reaching 92.7%, 95.9%, 96.4% and 96.9%,
respectively. This is in consistent with the high inhibition
efficiencies evidenced by weight-loss measurements and PDP
analyses.

3.5 Theoretical calculations

In order to understand the adsorption behavior of the TPE-
based inhibitors on carbon steel surface, Grand Canonical
Monte Carlo (GCMC) was first carried out to investigate the
stable adsorption configuration of the inhibitor molecules on
a model surface in solution. The solution was presented with 1
neutral inhibitor molecule, 10H,SO, molecules and 100H,O
molecules. Fig. 10 illustrates the side and top views of the
inhibitor molecules adsorbed on Fe (110) surface based on
initial optimization and final adsorption, respectively. The
results indicate that all the TPE-based inhibitors tend to move
towards the Fe surface during the adsorption process, and
eventually interact with the surface in forms of nearly flat
stretched configuration. The inhibitor molecules and Fe atoms
were displayed in ball and stick style, other molecules were
displayed in line style.

In addition to the static adsorption configurations of four
model inhibitors obtained from GCMC simulations, it is also
necessary to investigate their anti-corrosion performance
under actual flowing condition, a series of MD simulations
were performed to model the dynamic adsorption capability of
the TPE-based inhibitors on carbon steel surface. The model
results of interaction energy (Eij,) and binding energy
(Evinding)*® are illustrated in Table 4 and Fig. 11. The curve of
SCN™ is lower than that of SO,>~ which comes from the
corrosive acid. And the curves of TPE cations (TPE', TPE*",
TPE*", and TPE*") are lower than H;0" as well. Hence, SCN™~
and TPE cations have more negative Ej,, or more positive
Ebinding (Ebinding = —Find), indicating more intensive interac-
tions of the ingredients of TPE-based inhibitors with carbon
steel surface than the competing species from the corrosive
medium. As for the neutral molecules, Ej,. follows the
sequence 3 <4 <2 <1 < H,0, in agreement with the corrosion
protection performance as discussed above.

Table 4 Interaction energy and binding energy values for species
adsorbed on carbon steel surface

Species Eind/(kJ mol ™) Epinding/ (k] mol ™)
SCN™ —2.179 2.179
S0,2~ —0.677 0.677
H;0" —0.346 0.346
TPE® —8.316 8.316
TPE** —9.662 9.662
TPE** —6.970 6.970
TPE*" —7.885 7.885
H,0 —0.501 0.501
1 —11.177 11.177
2 —16.813 16.813
3 —23.445 23.445
4 —22.243 22.243

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 £ of (a) charged ions and (b) neutral molecules with carbon
steel surface, respectively.

4. Conclusion

In summary, four novel corrosion inhibitors (1, 2, 3 and 4) in
combination of TPE cations and SCN~ were designed and
synthesized. Weight-loss and electrochemical measurements
manifested these inhibitors were effective corrosion inhibitors
for carbon steel, particularly for 2, 3 and 4 with inhibition effi-
ciency exceeding 97%. In terms of HSAB theory and synergy
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effect, both negatively charged SCN™ and positively charged TPE
cations would get firmly adsorbed onto carbon steel surface,
forming a protective film. GCMC and MD simulations were
applied to explore the mechanism of the corrosion inhibition
behaviors.
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