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In this work, two new bis-Schiff bases, namely 2-bromoisophthalaldehyde-2-aminofluorene (M1) and

glutaraldehyde 2-aminofluorene (M2), were synthesized, and their structures were characterized and

confirmed by infrared spectroscopy, Fourier transform mass spectrometry and UV-visible spectroscopy.

Their corrosion inhibition performance on carbon steel in simulated circulating cooling water was

investigated by weight loss measurements and electrochemical measurements. The potentiodynamic

polarization curves confirmed that two bis-Schiff bases are anode-type inhibitors; electrochemical
impedance spectroscopy tests showed that M1 and M2 possess the best inhibition efficiencies of 96.25%
and 99.15% at the optimal concentration of 2.50 mmol L™, respectively. The weight loss results showed
that M1 and M2 exhibit maximum m,, values of 92.62% and 96.31%, respectively. Scanning electron
microscopy showed that the inhibitors inhibited carbon steel corrosion. The adsorption isotherm
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measurements indicated that the two inhibitors exhibited physicochemisorption mechanisms and followed

Langmuir adsorption isotherms. The relationships between the molecular structure and inhibition behavior
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1. Introduction

Metals are the most widely used engineering materials in
modern society; however, metals tend to react with surrounding
media, resulting in metal corrosion. In most cases, the metal
corrosion starts from the surface and gradually extends to the
interior and entirety of the metal. Metal corrosion not only
seriously affects the national economy but also causes serious
safety hazards and a series of environmental pollution prob-
lems."* Increasing numbers of diverse anticorrosive measures
are being studied for metal protection, such as alloy substitu-
tion, coating protection, electrochemical protection, and addi-
tion of inhibitors.*® Compared with other methods, addition of
inhibitors to the corrosive medium is an anti-corrosion method
with a simple process, low cost and remarkable effects.
Although many inhibitors have good inhibition properties, they
are unable to meet the needs of environmental protection and
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of the inhibitors were explored by density functional theory, frontier molecular orbital studies, and Fukui
index analysis, which affirmed that M2 possesses higher corrosion inhibition efficiency than M1.

sustainable development strategies for various reasons (such as
difficulty in degradation, toxicity or high temperature resis-
tance). Stable, efficient and environmentally friendly inhibitors
are the future direction of inhibitor development. There are
many kinds of inhibitors, such as imidazolines,” Mannich
bases,'™ quaternary ammonium salts,">** acetylene alcohols,
pyridines,** and Schiff bases.’>*® These inhibitors contain
heteroatoms (N, S, O) or electron-rich chemical bonds (7
bonds)."”*° The bis-Schiff base compounds contain N, O, and S
heteroatoms and unsaturated C=N bonds, which can form
strong and stable corrosion-inhibiting adsorption films on
metal surfaces, exhibiting excellent inhibition effects. At the
same time, Schiff base compounds have the characteristics of
low cost, facile synthesis and purification, good water solubility,
and non-toxicity, which are favored by researchers.”*->
Research on Schiff base inhibitors is prevalent; however,
there are few studies on the application of Schiff base inhibitors
in circulating cooling water. Circulating cooling water is a major
item in industrial water. In the petrochemical electric power,
steel, metallurgical and other industries, the amount of circu-
lating cooling water accounts for 50-90% of the total water
consumption of enterprises.>*? There are many corrosive
substances in circulating cooling water, such as chloride ions,
sulfate ions, and microorganisms. When the cooling water is
continuously circulated in the circulation system, the water
temperature will rise and the water will evaporate; this will

This journal is © The Royal Society of Chemistry 2020
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increase the concentration of the corrosive medium and erode
the cooling equipment, leading to equipment corrosion and
perforation and the formation of leaks, which create safety risks
during industrial production. For equipment corrosion, inhib-
itors such as mercaptobenzothiazole (MBT) and benzotriazole
(BTA) are usually added to the circulating cooling water.?**
Inhibitors can form a corrosion-inhibiting film on the metal
surface to inhibit the corrosion of metals by corrosive media.
Because the inhibitor does not need to be added in a large
amount, does not require special equipment, and does not need
to be pre-treated, it is an economical metal corrosion protection
technology. Therefore, the addition of an inhibitor to circu-
lating cooling water is the preferred method to prevent harmful
ions from corroding equipment.®*=* Currently, it is urgent to
design and synthesize corrosion inhibitor molecules with
higher corrosion inhibition efficiency.*>* Therefore, research in
the field of circulating cooling water inhibitors in industrial
production plants is increasingly valued and favored by
researchers. For different water quality and different test
conditions, the following problems should be considered when
synthesizing inhibitors: (a) increase in the concentration ratio
of circulating cooling water by the inhibitor; (b) effective alle-
viation of the corrosion of metal pipes; (c) less environmental
pollution.*

Herein, 2-bromoisophthalaldehyde-2-aminofluorene (M1) and
glutaraldehyde 2-aminofluorene (M2) inhibitors were studied by
electrochemical measurements, weight loss measurements, scan-
ning electron microscopy and energy dispersive spectrometry in
simulated circulating cooling water. Quantum chemical calcula-
tion studies were also used to study the corrosion inhibiting
properties of the inhibitor molecules. Afterwards, the structural
parameters of the inhibitors were also calculated by DFT, mainly
including the electronegativity, HOMO, LUMO, chemical softness,
chemical hardness, and maximum electron numbers transferred
in the chemical reactions of the inhibitors. We also aimed to study
the effects of the structural parameters of the inhibitors on their
inhibitory effects through quantum chemical calculations and to
study their adsorption mechanisms on the metal surface. We
hoped to identify the inhibitor with the best corrosion inhibition
performance between 2-bromoisohthalaldehyde-2-aminofluorene
(M1) and glutaraldehyde 2-aminofluorene (M2) through these
studies, which would be the most suitable for protecting circu-
lating cooling water systems.

2. Experimental
2.1 Materials and solutions

In this study, all the required chemicals and solvents were
analytical grade, such as 2-aminofluorene, 2-bromoisoph-
thalaldehyde, glutaraldehyde, methanol, and acetonitrile; these

Table 1 The composition of the simulated circulating cooling water
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were purchased from Aladdin and used without further purifi-
cation. The composition of the carbon steel specimens
(weight%) was 4.51% C, 0.37% Si, 26.37% O, 1.36% Cr and
remainder Fe. The specimens were sanded with 400, 800, and
1200 emery paper until smooth, then cleaned with distilled
water and ethanol®” and dried by cold air; then, the non-working
surfaces were sealed with molten paraffin, wrapped in filter
paper, and weighed three times before use to obtain the average
value. Simulated circulating cooling water was prepared in the
laboratory (according to the standards adopted by the American
Society for Testing and Materials)*® for all studies; its properties
are shown in Table 1.

2.2 Synthesis of bis-Schiff base inhibitors

2-bromoisophthalaldehyde-2-aminofluorene (M1) and glutaral-
dehyde 2-aminofluorene (M2) were synthesized by solution
methods.***" The raw materials were dissolved by ultrasonic
vibration and refrigerated until use. To prepare M1, 2-amino-
fluorene (2.2 mM) and 2-bromoisophthalaldehyde (1.0 mM)
were dissolved in 25 mL absolute ethanol and were placed in
a three-necked flask (50 mL); then, 1 mL acetic acid was added.
The three-necked flask was placed in a constant temperature
water bath and magnetically stirred at a constant speed; the
temperature was set to 45 °C, and nitrogen protection was
performed. The products were washed three times with ethanol
and dried in vacuum. Similarly, M2 was synthesized from 2-
aminofluorene (2.2 mM) and glutaraldehyde (1.0 mM). The
synthesis route and molecular structure of M1 and M2 are
shown in Scheme 1.

Next, M1 and M2 were characterized by elemental analysis,
FTIR spectroscopy, FTMS and UV-vis spectroscopy.

For M1, yield: 78.36%, elemental analysis: anal. caled: 75.55;
H, 4.63; N, 5.18; found: C, 75.50; H, 4.58; N, 5.12%; character-
istic IR peaks (KBr disk): » C-H (aromatic) = 2919, v C=0 =
1616, ¥ C=N = 1458 cm ™" (ref. 42) (in Fig. S1); FTMS M1 + H":
539.11 amu in Fig. S2;+ characteristic UV-vis peaks, C=0 (n-1t*
transition) = 280, 363 nm in Fig. S3.}

For M2, yield: 82.51%, elemental analysis: anal. calcd: 89.39;
H, 5.30; N, 5.31; found: C, 89.34; H, 5.27; N, 5.30%; character-
istic IR peaks (KBr disk): » C-H (aromatic) = 2933, » C=0 =
1592, ¥ C=N = 1454 cm~ " ** (in Fig. S11); FTMS M1 + H *:
527.22 amu in Fig. S2;1 characteristic UV-vis peaks, C=0 (n-1t*
transition) = 315 nm in Fig. S3.}

2.3 Weight loss (WL) measurements

Treated carbon steel specimens were immersed in simulated
circulating cooling water with and without addition of different
concentrations of M1 and M2 for 48 h at 25 °C, respectively.
Each concentration was tested three times in parallel, and the
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Scheme 1 The synthesis routes of (a) 2-bromoisophthalaldehyde-2-aminofluorene (M1), (b) glutaraldehyde-2-aminofluorene (M2).

best results were chosen. The following equations were used to
calculate the inhibition efficiency (7, %):***

AW = Wy — W, 1)

=& )

g — leomr = deorr 3)
Bore

N (%) = 0 x 100 (4)

where W, and W, are the average weight losses (g) of carbon
steel sheets in simulated circulating cooling water without and
with addition of M1 and M2, respectively.*** S is the total area
of the carbon steel immersed in the simulated circulating
cooling water (cm?), ¢ is the immersing time (h), ¢ is the surface
coverage, and %, and 7., are the corrosion rates (g cm > h™?)
of the carbon steel sheet in the simulated circulating cooling
water without and with addition of M1 and M2, respectively.
Furthermore, in order to study the effects of temperature on the
inhibition efficiency, the carbon steel sheet was immersed in
simulated circulating cooling water containing 2.5 mmol L™*
inhibitor at different temperatures for 48 h.

2.4 Electrochemical measurements

The performance of the inhibitors was evaluated on a CHI860D
electrochemical workstation with a classical three-electrode
system.*® Before the experiment, the working electrode was
plugged into simulated circulating cooling water for 25 min to
obtain a stable open circuit potential (OCP); the scanning rate
was 1 mV s ' and the potential was +400 mV for the poten-
tiodynamic polarization (PDP) curves. The angular frequency
range was 10° Hz to 10> Hz, and the sensitivity was automati-
cally adjusted. Electrochemical impedance spectroscopy (EIS)
was performed by a sine wave with 5 mV signal amplitude; the
frequency range was 1 MHz to 100 kHz. Each concentration was
tested three times in parallel.

The corrosion inhibition efficiency 7ppp (%) (calculated by the
PDP parameters) and 7, (%) (calculated by the EIS parameters)*
were determined using the following equations, respectively:

17818 | RSC Adv, 2020, 10, 17816-17828
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O’Q NN O’Q
Nepp (%) = (11;1) x 100 (5)
, (%) = (R“‘R;HR% x 100 (6)

where R, and Rg, are the charge transfer resistances of carbon
steel with and without addition of M1 and M2 in simulated
circulating cooling water, respectively; L. and IS, are the
corrosion current densities (LA cm™?), respectively.

2.5 SEM and EDS studies

A scanning electron microscope (S4800) was used to observe the
surface morphologies of the carbon steel specimens after
immersion in simulated circulating cooling water with and
without inhibitor for 24 h, and we compared the polished
specimens to analyze the corrosion inhibition effects of the
inhibitors. The test magnification was 1000 times and the
acceleration voltage was 5.0 kV. A Bruker XFlash 6 | 10 energy
spectrometer was used to perform elemental analysis on the
surfaces of carbon steel samples immersed in simulated
circulating cooling water containing the corrosion inhibitors.

2.6 Quantum chemical calculation studies

Due to its combination of chemistry and computation, the
content of computational chemistry research is increasingly
rich. Quantum chemical calculations are gaining increasing
attention in the study of inhibition mechanisms.**** The
molecular structures and electronic parameters of the inhibi-
tors were studied to determine their adsorption behavior on
carbon steel. Density functional theory (DFT) is a quantum
chemical calculation method with high accuracy when calcu-
lating the molecular structure parameters of inhibitors,>
mainly including electronegativity, frontier orbitals (HOMO and
LUMO), chemical softness, chemical hardness, maximum
electron number transferred in the chemical reaction, etc.**
Through these structural parameters, the structure-activity
relationships of inhibitors can be explored from the perspective
of microscopic observation, the mechanisms of the inhibitors
can be revealed, and theoretical guidance can be provided for
the design and synthesis of new inhibitors. All the structural

This journal is © The Royal Society of Chemistry 2020
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parameter calculations were derived from the Gaussian 09
program;*** the optimized molecular structures were mapped
by the GaussView 05 program, the Fukui function was obtained
from the Multiwfn program,* and the Fukui function®** was
visualized by the GaussView 05 program. All geometric config-
uration optimization and quantum chemical calculations were
carried out in the gas phase using the B3LYP\6-311+G(d, p)
method.®

The electronegativity (x),**** chemical hardness (7),** chem-
ical softness (0),® and maximum electrons transferred were
calculated by eqn (7)-(10), respectively:

1
X = — 3 (Enomo + ELumo) 7)
1
n= =5 (Enomo — Erumo) (8)
o = —2/(Egomo — ELumo) ©)
_ X

The Fukui function can be used to predict the active site of
the inhibitor in an electrophilic substitution reaction. The
Fukui function provides information about the sites in the
molecule where atoms may be attacked by electrophiles and the
sites in the molecule where atoms may be attacked by
nucleophiles.

The Fukui functions of the inhibitor molecules were ob-
tained from the following equations:

View Article Online
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S =quvy + an (11)

S =4t - (12)
where g is the electronic density of the molecule. g1, gy and
gv—1) are the atomic charges in a system with N+ 1, Nand N — 1
electrons, respectively.®”

3. Results and discussion
3.1 Weight loss (WL) analysis

If a metal is corroded by corrosive media, it will lose weight.
Circulating cooling water has a relatively high salt content, and
it contains a large number of free chloride ions and corrosive
substances which can cause metal equipment to lose weight
due to corrosion. Therefore, the anti-corrosive behavior of the
inhibitor molecules on carbon steel in simulated circulating
cooling water was studied by WL measurements. Furthermore,
the results obtained from the WL measurements are often in
agreement with the results of electrochemical analysis.®® The
corrosion inhibition efficiency 7, (%) and WL parameters are
listed in Table 2. The weight loss of carbon steel decreased with
increasing inhibitor concentration. When the inhibitor
concentration was 2.50 mmol L™, M1 and M2 exhibited
maximum 17, (%) values of 92.62% and 96.31%, respectively.
The corrosion inhibition efficiencies of M1 and M2 at different
temperatures are listed in Table 3. If the adsorption mechanism
of the corrosion inhibitor on the metal surface is physical
adsorption, the inhibitor will gradually weaken or disappear as
the temperature increases. However, the results showed that

Table 2 Weight loss parameters of carbon steel corrosion in simulated circulating cooling water for 48 h without and with different concen-

trations of M1 and M2 at 25 °C

Inhibitor C (mmol L) AW (g) Algm?h™h 0 Nw (%)
Blank 0 0.514 £ 0.014 25.73 £ 0.43 — —
M1 0.05 0.189 £+ 0.013 7.35 £ 0.16 0.6322 63.22
0.10 0.128 £+ 0.010 6.40 £+ 0.08 0.7512 75.12
0.50 0.088 £ 0.009 4.40 £+ 0.10 0.8289 82.89
1.00 0.056 £+ 0.005 2.05 £+ 0.06 0.8912 89.12
2.50 0.038 £+ 0.005 1.90 + 0.04 0.9262 92.62
M2 0.05 0.195 £ 0.015 7.70 £ 0.19 0.6206 62.06
0.10 0.125 £ 0.012 6.25 + 0.11 0.7571 75.71
0.50 0.061 £+ 0.010 3.05 = 0.06 0.8815 88.15
1.00 0.045 £ 0.009 2.25 + 0.04 0.9125 91.25
2.50 0.019 £ 0.005 0.95 + 0.03 0.9631 96.31

Table 3 Corrosion inhibition behavior of carbon steel in simulated circulating cooling water for 48 h with 2.50 mmol L™t M1 and M2 at different

temperatures

Algm?h™ w (%)
Inhibitor 25 °C 35°C 45 °C 55 °C 25 °C 35°C 45 °C 55 °C
Blank 25.73 £ 0.13 28.67 + 0.19 44.67 + 0.38 63.62 £+ 0.51
M1 1.89 + 0.05 3.14 £+ 0.09 5.69 + 0.11 9.06 £ 0.22 92.62 89.04 87.26 85.75
M2 0.95 £ 0.04 2.10 £ 0.06 4.55 £ 0.12 7.87 £0.18 96.31 92.68 89.81 87.63

This journal is © The Royal Society of Chemistry 2020
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Fig. 1 Potentiodynamic polarization curves for carbon steel in simu-
lated circulating cooling water in the absence and presence of
different concentrations of M1 (a) and M2 (b).

with increasing temperature, the corrosion rates did not
decrease significantly; this indicates that the adsorption of the
corrosion inhibitors onto the metal surface may occur by
physicochemical adsorption (mainly chemical adsorption),
which can effectively inhibit the corrosion of low-carbon steel.
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The weight loss experiment results showed that M2
possesses better corrosion inhibition performance. This may be
because the M2 structure has good planarity and the structure
contains fewer hydrophobic benzene rings; thus, M2 is more
soluble and more easily adsorbed on the carbon steel surface.

3.2 Potentiodynamic polarization curve analysis

The corrosion process of carbon steel mainly involves anodic
dissolution and cathodic reduction.”” The PDP curves for
carbon steel without and with addition of M1 and M2 in
simulated circulating cooling water at 25 °C are displayed in
Fig. 1. The potentiodynamic polarization curves show that M1
and M2 have the same trend as the polarization curves of the
blank group (without inhibitor); this reveals that addition of the
inhibitors does not change the corrosion mechanism of carbon
steel.” Both inhibitors have the same corrosion inhibition
process. Compared with the blank group, the current densities
of the anode and the cathode of the specimens with the
inhibitors were low, showing the inhibitory effect. The dynamic
potential parameters obtained from the experiments, including
the Tafel slopes of the anode and cathode (8, and §.) and the
calculated corrosion inhibition rates (nppp, %), are shown in
Table 4. When the inhibitors were added, the nppp (%)
increased, and the highest nppp (%) values were 83.14% and
85.94% at the maximum concentration (2.50 mol L") for M1
and M2, respectively. It can be clearly seen from Table 4 that the
changes of §, and (. are not obvious when compared with the
blank group data; this indicates that the inhibitor molecules are
adsorbed on the surface of carbon steel to reduce the number of
active centers of the metal surface rather than by changing the
anode and cathode mechanism to inhibit corrosion.**”*

3.3 EIS analysis

EIS was used to explore the electrode process dynamics and
surface phenomena at the metal-solution interface.** The
Nyquist and Bode diagrams obtained from EIS studies of carbon
steel with different concentrations of M1 and M2 at 25 °C are
displayed in Fig. 2. The generation of the capacitive anti-arc is
the result of the formation of an adsorption film on the carbon
steel surface by the inhibitor and the resistance of the charge

Table 4 Potentiodynamic polarization curve (PDP) parameters for carbon steel in simulated circulating cooling water without and with different

concentrations of M1 and M2 at 25 °C

Inhibitor Conc. (mmol L) —Ecore (MV)/SCE Leorr (MA em™?) Ba (mV dec™) —Be (mV dec™) 1 (%) (PDP)
Blank 0 841 + 27 74.2 + 8.4 3.43 £ 0.50 9.09 + 0.52 —
M1 0.05 794 £ 22 349 £ 4.1 4.73 £0.51 7.59 £ 0.48 52.93
0.10 729 + 24 24.7 £ 2.1 6.71 + 0.82 10.18 + 0.59 66.72
0.50 738 £ 21 20.1 £ 2.2 6.46 + 0.91 8.77 £ 0.53 72.99
1.00 811 + 25 15.5 + 1.1 4.43 £ 0.63 9.40 + 0.59 79.09
2.50 708 £ 21 12.5 £ 1.0 8.59 £ 0.70 9.04 £+ 0.60 83.14
M2 0.05 747 + 23 28.2 + 2.3 6.82 + 0.62 8.14 £ 0.55 61.98
0.10 753 £ 19 21.5 + 1.7 6.78 = 0.84 10.66 + 0.64 71.05
0.50 717 + 24 16.8 £ 1.3 8.10 + 0.71 8.85 £ 0.58 77.38
1.00 667 £ 20 134 +1.3 6.80 = 0.57 9.47 £ 0.51 81.91
2.50 745 + 22 104 £ 1.1 5.65 + 0.51 9.07 + 0.59 85.94
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Fig.2 Nyquist (a and b), Bode (c and e) and phase angle diagrams (d and f) for carbon steel in simulated circulating cooling water in the absence
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transfer.* The Nyquist diagrams show that in the simulated
circulating cooling water, the diameters of the capacity arcs of
the specimens with the inhibitors were larger than that of the
carbon steel without inhibitor, which indicates that the corro-
sion reaction was inhibited. The corrosion inhibition efficiency
was affected by the corrosion inhibitor concentration. The
concentration of the inhibitor in the simulated circulating
cooling water can affect the formation rate of the adsorption
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Table 5 EIS parameters for carbon steel in simulated circulating cooling water without and with different concentrations of M1 and M2 at 25 °C

CPE
Inhibitor € (mmolL™") R (Qcm?) R, (Q cm?) Y (x107°s"Q "em™?) n Ca(x107°s"Q "em™) 1, (%)
Blank 0 2.711 £ 0.071 199.6 + 3.8 1515.6 + 4.8 0.81 + 0.03 686 + 5 —
M1 0.05 3.057 £ 0.085 441.7 £ 4.7 5988.1 + 22.7 0.55 £ 0.02 12 365 + 17 54.81
0.10 3.212 £ 0.101 546.3 £ 5.2 5260.3 + 18.8 0.61 + 0.02 10 447 £ 19 63.46
0.50 4.643 £+ 0.109 735.5 + 8.8 1680.0 = 5.1 0.53 £ 0.02 1754 £ 9 72.86
1.00 5.016 + 0.106 927.7 £ 10.3 2647.6 + 4.9 0.53 + 0.03 6230 £ 10 78.48
2.50 5.329 £ 0.111 5329 £ 82.1 18 499.0 + 61.8 0.60 £ 0.02 55338 £43 96.25
M2 0.05 4.196 £ 0.100 484.0 £ 4.4 3991.2 + 11.7 0.60 + 0.04 3230 £ 11 58.76
0.10 3.925 £ 0.087 639.5 £ 7.1 1452.4 + 6.8 0.48 £ 0.02 1370 £ 7 68.79
0.50 3.640 £ 0.073 742.8 £ 10.7 3527.0 £9.2 0.53 + 0.02 8200 £ 17 73.13
1.00 5.657 £ 0.102 1046.0 + 13.8 21 994.0 £+ 68.8 0.63 £ 0.04 110 409 £ 85 80.92
2.50 5.430 + 0.108 23 552 £+ 111.3 12 988.0 £ 44.1 0.58 + 0.02 41534 £ 31 99.15

film layer; therefore, the corresponding capacitive loop and
radius increase with increasing concentration. The formation of
the time constant at the intermediate frequency can be
observed from the angular phase. According to Fig. 2(c)-(f), one
time constant for the curve without inhibitor was observed in
the Bode plots. However, the angle phase plot shows the
formation of two time constants when the inhibitor was added
to simulated circulating cooling water. This is due to the film
resistance (Rg) of the corrosion inhibitor formed on the surface
of the carbon steel. In Fig. 2(d), the phase angles for uninhibited
and inhibited solutions of M1 were 27.37° at 1.212 Hz, 24.20° at
0.026 Hz, 29.75° at 0.038 Hz, 30.04° at 0.121 Hz, 24.05° at
0.032 Hz, and 51.08° at 0.010 Hz, respectively. In Fig. 2(f), the
phase angles for uninhibited and inhibited solutions of M2
were 27.37° at 1.212 Hz, 27.22° at 0.056 Hz, 20.97° at 0.178 Hz,
23.78° at 0.026 Hz, 45.47° at 0.010 Hz, and 34.55° at 0.010 Hz,
respectively.

The electrochemical equivalent circuit that was used to fit
the interface electrochemical reaction is shown in Fig. 3, where
R. is the charge transfer resistance, Ry is the film resistance, Ry
is the diffuse layer resistance, CPE is the constant phase
element, and R is the solution resistance.*® Rj, is the polariza-
tion resistance (R, = R + R+ Rqy) of carbon steel in the absence
of inhibitor. It is worth noting that when the simulated circu-
lating cooling water contained no inhibitor, the values of Ry and
CPEF were approximately equal to 0. Typically, the R, value is
affected by the electron transfer between the metal and the
inhibitor; therefore, the R, value is associated with corrosion
inhibition efficiency.””® For better fitting, a CPE was introduced
instead of double-layer capacitors (Cq;). The CPE can be defined
as follows:"*7*

Zepe = [Yo(jw)'™! (13)

where Y, refers to the proportionality constant of the CPE, j is
the imaginary unit, w is the angular frequency and n is the

phase shift.>* Cq is equated as below:
n\n—1
Cdl = Y() (u)m) (14)

where w, represents the angular frequency of impedance.

17822 | RSC Adv, 2020, 10, 17816-17828

The electrochemical impedance spectroscopy parameters
and the calculated inhibition rate 7, (%) are shown in Table 5.
The data analysis shows that the value of R, increased with
increasing inhibitor concentration. This is because increasing
the concentration of inhibitor can increase the coverage of the
inhibitor on the metal surface. However, as the concentration of
inhibitor increases, the CPE value decreases, which indicates
that the thickness of Cq4 increased and the dielectric constant
decreased; this indicates that the inhibitor was successfully
adsorbed on the carbon steel surface and improved the prop-
erties of the electric double layer. The 7, (%) value of M2 is
greater than that of M1; therefore, the anti-corrosive effect of
M2 on carbon steel is better than that of M1, which is consistent
with the potentiodynamic polarization curve and the weight
loss measurement results. This may be because the planar
structure of the M2 molecule is smoother, and M2 is thus more
easily adsorbed on the surface of the carbon steel than M1. In
addition to the difference in raw materials, the solubility of M2
in the simulated circulating cooling water is stronger than that

3.0
251

P M1

=20 R’=0.99936

° Slope=1.03993

£

15 M2

g R’=0.99829

-§1_o Slope=1.00581

S
0.5
0.0 1 " 1 n 1 " 1

0.0 0.5 1.0 1.5 2.0 25
Cipp(mmol L)

Fig. 4 Langmuir adsorption plots for carbon steel in simulated
circulating cooling water containing different concentrations of M1
and M2.
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Table 6 Thermodynamic parameters and adsorption parameters of carbon steel in simulated circulating cooling water with M1 and M2 at 298 K.

Inhibitor Temperature (K) ? Slope Kags (k] mol ™) AG24s (k] mol ™) AHY4, (kJ mol™ ") AS4s (J mol ' KY)
M1 298 0.99955 1.067 937.21 —26.90 —16.95 33.39
M2 298 0.99958 1.026 974.66 —27.02 —17.05 33.46

of M1, and a denser protective film is formed on the surface of
the carbon steel; this can disrupt electrons and form a closed
loop between the metal and the corrosive medium, effectively
protecting the metal from corrosion.

3.4 Adsorption isotherm and thermodynamics analysis

Electrochemical studies have confirmed that inhibitor mole-
cules can effectively inhibit the corrosion of carbon steel in
simulated circulating cooling water.** Through fitting to deter-
mine the adsorption isotherm, then choosing the closest r*
value, the mechanism of the adsorption process of an inhibitor
on metal can also be determined. The surface coverage (¢) and
concentration (C) of inhibitor molecules on the surface of
carbon steel are used to calculate the adsorption constant (K,qs),
and small changes in coverage can affect the inhibition effi-
ciency. The Langmuir adsorption isotherm is expressed as
below:”%77

(15)

The Langmuir adsorption isotherms of M1 and M2 on the
surface of carbon steel at various concentrations are shown in

Fig. 4. The correlation coefficient (+*),”® adsorption constant
(Kaas), and thermodynamic parameters
(AG34s, AH3gs, ASaqs)”*® of the adsorption isotherms are shown
in Table 6. The following equation correlates K,qs and AGaqs as
follows (16)-(18):

1 A gds
K= 553 exp( ~RT ) (16)
HD
In Ky = ——24s 17
n d RT +c ( )
Angs = AI—Igds - TAS(a)ds (18)

where R, ¢, and T are the ideal gas constant, integral constant,
and absolute temperature (K), respectively. 55.5 is the molar
concentration of water (mol L™).

From Table 6, the r* and slope values of inhibitors M1 and
M2 are very close to 1; this indicates that the adsorption of M1
and M2 on the carbon steel surface follows the Langmuir
isotherm, and the adsorption type is single-layer.*>** If the
absolute value of AG24s = 20 kJ mol™*, the inhibitor molecule
experiences electrostatic interactions with the metal surface
through physisorption. If the absolute value of AGgas =

Fig. 5 SEM images of carbon steel surfaces: polished (a) and after 24 h immersion in simulated circulating cooling water without inhibitor (b),

with 2.50 mmol L™ M1 (c) and with 2.50 mmol L™ M2 (d).

This journal is © The Royal Society of Chemistry 2020
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Table 7 The EDS data of mild steel immersed in simulated circulating cooling water in the presence of M1 and M2

Elemental Atomic Net value Quality Normalized Atomic percentage
Inhibitor analysis number (%) (%) quality (%) (%)
M1 Oxygen 8 191 120 26.37 27.44 49.67
Iron 6 224 270 57.93 60.28 31.26
Carbon 6 11 230 4.51 4.69 11.31
Sodium 9 9689 3.15 3.28 4.13
Chromium 24 10 048 1.36 1.42 0.79
Chlorine 17 14 128 0.88 0.91 0.75
Magnesium 12 6075 0.59 0.61 0.73
Sulfur 16 8697 0.52 0.54 0.49
Silicon 14 5671 0.37 0.38 0.40
Nitrogen 7 556 0.18 0.19 0.39
Bromine 35 2084 0.25 0.26 0.09
Manganese 25 2572 0.80 0.79 0.35
M2 Oxygen 8 117 555 29.02 29.78 51.42
Iron 26 120 001 54.90 56.34 27.87
Carbon 6 8570 5.90 6.05 13.93
Sodium 8 9784 2.34 2.40 2.88
Chromium 24 6284 1.48 1.52 0.81
Chlorine 17 9037 0.98 1.01 0.79
Magnesium 12 3373 0.53 0.55 0.62
Sulfur 16 5830 0.61 0.62 0.54
Manganese 25 2731 0.91 0.93 0.47
Nitrogen 7 265 0.15 0.16 0.31
Silicon 14 2150 0.23 0.24 0.23
Bromine 35 1975 0.39 0.40 0.14

40 kJ mol™ %, the inhibitor transfers electrons to the metal
surface through chemisorption.®® The AGgqs values of M1 and
M2 are —26.90 k] mol " and —27.02 k] mol ", respectively. This
indicates that the inhibitor adsorbs on the steel surface in
simulated circulating cooling water by a spontaneous phys-
icochemisorption process.**® Moreover, the negative values for
AHgys of M1 and M2 indicated that the adsorption is
exothermic; therefore, increasing the temperature can reduce
the adsorption capacity of the inhibitor molecules on carbon
steel.’” The ASgys values are positive for M1 and M2, which
indicates that the inhibitors replace the water molecules
adsorbed on the carbon steel surface, increase the chaos of the
system, and improve the stability of the protective film.

3.5 SEM and EDS investigations

The morphological information of the carbon steel surface was
obtained by SEM analysis. The SEM of carbon steel after 24 h
immersion in the simulated circulating cooling water is shown
in Fig. 5. The surface of the polished carbon steel was smooth,
and the entire surface had some negligible roughness and
scratches which were caused by sanding the prepared test piece,
as shown in Fig. 5(a). It can be observed that the carbon steel
surface (without inhibitor) was severely corroded and oxidized
and that corrosion pits appeared, as shown in Fig. 5(b).
However, as shown in Fig. 5(c) and (d), when the inhibitor
(2.50 mmol L") was added to the simulated circulating cooling
water, the carbon steel surface become smoother and cleaner
because a protective film formed on the carbon steel surface;
this can effectively inhibit the corrosion of carbon steel by

17824 | RSC Adv, 2020, 10, 17816-17828

simulated circulating cooling water. Moreover, the carbon steel
in Fig. 5(d) is smoother and flatter than that in Fig. 5(c), which
indicates that M2 possesses better corrosion inhibition ability.

The EDS data of mild steel immersed in simulated circulating
cooling water in the presence of M1 and M2 are listed in Table 7.
The presence of nitrogen on the surface of the carbon steel
indicates that the corrosion inhibitor was adsorbed on the
surface of the carbon steel. A large number of Cl™ ions are
present in the simulated circulating cooling water, but only
a small amount exists on the surface of the carbon steel; this can
be explained by the existence of the etching film layer, which
effectively blocks erosion of the carbon steel surface by C1™ ions.

3.6 Quantum chemical calculation analysis

3.6.1 Optimal geometrical structures. The optimal geome-
tries and planar structures of M1 and M2 are shown in Fig. 6.
The two anthracene rings of the M2 molecule are coplanar with
the glutaraldehyde skeleton, which is related to the fact that the
skeleton contains a free-rotating fluorene single bond. The two
fluorene rings of the M1 molecule are in the meta position on
the benzene ring; there is large steric hindrance, resulting in
non-coplanarity with the benzene ring. In organic chemistry,
especially for aromatic compounds, determining the relative
activity of each atomic position in an electrophilic or nucleo-
philic substitution reaction according to front-line orbital
theory is an important issue.

In organic chemistry, especially for aromatic compounds,
frontier orbital theory (FMO) can be used to determine the relative
activity of each atomic position in electrophilic or nucleophilic

This journal is © The Royal Society of Chemistry 2020
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HOMO

LUMO
Fig. 6 The optimal geometry structures and HOMO and LUMO orbitals of M1 and M2.

Table 8 Molecular structure parameters of M1 and M2

Quantum chemical parameter

Inhibitor Enomo (eV) Erumo (eV) AE (eV) X 1 (eV) o (eV) ANpax (€V)
M1 —6.12 —4.97 1.15 5.55 0.575 1.74 4.81
M2 —6.63 —5.86 0.77 6.25 0.385 2.60 8.12

substitution reactions.*> The HOMO and LUMO distributions of
M1 and M2 are shown in Fig. 6. The HOMO of M1 is mainly
distributed on one side of the annulus and the other side of the
anthracene ring and is less distributed the intermediate benzene
rings; the HOMO of M2 is mainly distributed on the anthracene
rings on both sides and is less distributed the intermediate
benzene ring and glutaraldehyde skeleton. HOMOs with high
density distributions may become sites for electrophilic attack,
which can provide electrons to interact with metallic iron. The
LUMO of M1 is mainly distributed in the middle benzene ring;
however, that of M2 is mainly distributed on the ankle rings on
both sides. Regions with large LUMO distributions are likely to be

This journal is © The Royal Society of Chemistry 2020

sites for nucleophilic attack, which can enable electrons to interact
with metallic iron. However, the electronic donation capacity of M2
is greater than that of M1.

The better corrosion inhibition performance of M2 than of
M1 may be due to the flatter molecular structure, better
symmetry, and higher density distribution of the HOMO and
LUMO of M2, which enable it to more readily form a protective
film on the surface of carbon steel.

3.6.2 Correlation analysis between the structural parame-
ters and corrosion inhibition efficiency. The quantum chemical
parameters of the M1 and M2 molecules are listed in Table 8.
Previous studies have shown that structural parameters such as

RSC Adv, 2020, 10, 17816-17828 | 17825
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Fig. 7 Fukui function density distribution maps.

the Exomo, Frumo, and dipole moment (u) can be used to explain
the adsorption ability of inhibitors on a metal surface.®®* As
shown in Table 8, the Epumo value of M1 is larger than that of M2.
The greater the E;umo value, the weaker the ability of the inhibitor
to provide an empty orbital to accept d orbital electrons from
metallic iron. Therefore, M2 has higher electron accepting ability
and more readily adsorbs on metal surfaces. The gap energy of M1
is larger than that of M2, which indicates that M2 with a higher
inhibition rate can better provide electrons to the empty orbitals
of metallic iron. The dipole moment is related to the covalent
bond polarity and electron distribution. An inhibitor with a larger
u value is more easily adsorbed on a metal surface. The trend of
the dipole moment u is M2 > M1, which indicates that M2 has
relatively high inhibition efficiency. An inhibitor molecule with
greater chemical hardness (n) has greater resistance to charge
transfer; the smaller the chemical softness (¢) of the inhibitor
molecule, the stronger its ability to accept electrons. The order of
the o values is M2 > M1, and the trend of 7 is opposite to that of ¢.
This shows that electron transfer occurs more readily between M2
and metallic iron than between M1 and iron. The higher the
chemical transfer maximum electron transfer number (AN,ax) of
an inhibitor molecule, the higher its tendency to bind to a metal
surface. The order of the AN, value is M2 > M1; therefore, M2
has stronger ability to bind to the metal surface than M1. Through
the analysis of the above structural parameters, it is confirmed
that M2 has greater corrosion inhibition efficiency.

3.6.3 Fukui function analysis. The Fukui function distri-
butions of M1 and M2 are shown in Fig. 7. The orange area is the
electronic distribution area; the darker the orange, the greater the
density of the electron distribution, and the lighter the orange, the
smaller the density of the electron distribution. In the molecular
structure of M1, the f function is mostly distributed on the
benzene ring and the surrounding N atom. In the molecular
structure of M2, most of the f~ functions are distributed on the
ankle rings on both sides. The f~ function distribution is basically
consistent with the molecular orbital distribution of the front
lines, as shown in Fig. 7. From the above analysis, it was found that
the preferred active sites of M1 and M2 interacting with the metal
surface are the aromatic heterocyclic 7w system and the C=N
functional group, respectively.

3.7 Anticorrosion mechanism analysis

Both these bis-Schiff bases contain two unsaturated -C=N-
bonds and heterocyclic functional groups, which provide more

17826 | RSC Adv, 2020, 10, 17816-17828

adsorption sites and stronger coordination capabilities. The
above research shows that the inhibitors M1 and M2 have good
corrosion inhibition performance for carbon steel in simulated
circulating cooling water, which may be due to the physical and
chemical adsorption between the inhibitor molecules and the
carbon steel surface. The adsorption of corrosion inhibitors on
metal surfaces can be summarized as follows: firstly, the
corrosion inhibition efficiencies of M1 and M2 can be attributed
to the existence of electron-rich N atoms and heterocyclic rings
in their structures.®® The unsaturated -C=N- bond in the
neutral M1 and M2 molecular structures contains a lone pair of
electrons, which can form a stable covalent bond with the empty
orbital of the Fe atom in the carbon steel; thus, the inhibitors
can be absorbed on the surface of the carbon steel. The
heterocyclic rings in the compounds have abundant shared w
electrons and can interact with the metal surface through
polycentric adsorption to form a dense protective film on the
carbon steel surface.” The simulated circulating cooling water
has high salt content, and unsaturated -C=N- bonds can
chemically react with metal ions, reducing the substitution
reaction between the carbon steel surface and other active metal
ions. Secondly, because the simulated circulating cooling water
contains a certain amount of H", H' is adsorbed on the carbon
steel surface and is positively charged; under the action of
Coulomb forces, anions such as Cl™ are preferentially adsorbed
on the carbon steel surface. Hence, the adsorption of the carbon
steel surface is selectively converted from negative charge to
positive charge,*® and the adsorption of protonated M1, M2
molecules on the carbon steel surface is promoted by electro-
static action. In summary, M1 and M2 molecules are adsorbed
on the carbon steel surface by physical and chemical interac-
tions to form a dense protective film in the simulated circu-
lating cooling water, thereby effectively preventing the
corrosion of the carbon steel by the corrosive medium.

4. Conclusions

In this paper, two new 2-aminofluorene bis-Schiff base
compounds, M1 and M2, were designed, successfully synthe-
sized, and characterized.

The weight loss and electrochemical measurement results
showed that M1 and M2 exhibit maximum inhibition efficiency
at concentrations of 2.50 mmol L " at 25 °C.

The SEM studies confirmed that M1 and M2 successfully
formed films on the surface of carbon steel.

This journal is © The Royal Society of Chemistry 2020
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The negative values of AGays confirmed that the adsorption
processes for M1 and M2 are spontaneous physicochemisorption
processes that obey Langmuir adsorption isotherms.

All experimental and theoretical results supported that the
bis-Schiff base inhibitor M2 possesses higher corrosion inhi-
bition efficiency than M1.
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