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mance of halogen-substituted
benzaldehyde thiosemicarbazones as corrosion
inhibitors for mild steel in hydrochloric acid
solution†

Honghong Zhang, *ab Zhongnian Yang,abc Li Zhang,a Wu Yue,a Yanfeng Zhuabc

and Xian Zhangac

Halogen-substituted benzaldehyde thiosemicarbazone derivatives were synthesized and their inhibition

performance for mild steel in hydrochloric acid solution were investigated systematically using weight

loss measurements, electrochemical techniques, scanning electron microscopy and quantum chemical

calculations. Results of weight loss measurements indicated that all these compounds exhibited

excellent inhibition performance and the inhibition efficiency increased with increasing inhibitor

concentrations. Polarization results revealed that the synthesized benzaldehyde thiosemicarbazone

derivatives were mixed-type inhibitors. Adsorption of these compounds onto a mild steel surface was

mainly chemisorption and complied with the Langmuir adsorption isotherms. Both theoretical

calculations and experimental measurements suggested that the inhibition efficiency of these

compounds followed the order of Br-BT > Cl-BT > F-BT > H-BT.
1. Introduction

Corrosion of mild steel is inevitable and undesirable when
applied in acid solutions.1–3 Till now, great efforts have been
made to reduce the corrosion rate of mild steel in acid
environments.4–6 Generally, the degradation of mild steel may
be suppressed by surface engineering, organic coatings, elec-
trical control (anodic and cathodic protection), and the appli-
cation of passive alloys and corrosion inhibitors.7–10 Deo11 has
electrodeposited single-phase Ni–Cu alloy coatings on mild
steel surfaces. The corrosion potential for this coating moved
positively in comparison with mild steel substrate and the
corrosion rate was considerably reduced under the superior
electrodeposition current density and deposition time. Wen12

reported an intelligent alkyd coating containing BTA@PHVA/
PEI nanocontainers on mild steel, which presented good
thermal stability and high weight percentage of embedded
inhibitors. Both electrochemical measurements and acid salt
spray tests indicated excellent anti-corrosion ability of this
d Safety, Binzhou University, Binzhou,

mail: bzuzhanghong@163.com; Tel:

l Materials, Binzhou, Shandong 256600,

hemistry, Binzhou, Shandong 256600, PR
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the Royal Society of Chemistry
intelligent coating. Bouoidina13 investigated the protection
property of three anisole derivatives for mild steel in 1 M HCl
acid medium. Electrochemical studies suggested that these
compounds were all good inhibitors with inhibition efficiency
over 80%. Chaq14 found that hydrazone derivatives had a good
inhibitory effect for mild steel in HCl solution and acted as
mixed type inhibitors. The inhibition efficiency reaches 95% at
the concentration of 5 mM. The excellent inhibition perfor-
mance was further proved by the theoretical calculations. Loto15

systematically studied the protection performance of zinc
sacricial anode on the cathodic protection of mild steel in HCl
solution. Results indicated that the sacricial anode can be
efficiently applied both at low and high temperatures. Among
all the above mentioned preventive methods, the addition of
inhibitors has been considered to be one of the most popular
and efficient methods for prevention of mild steel from corro-
sion in aggressive acid medium.16–18

Organic compounds in which molecular structure contain-
ing heteroatoms constitute of N, O, P and S and functional
electronegative groups are thought to be excellent corrosion
inhibitors, because they can be chemisorbed onto mild steel
surface to form compact protective lm and cover the active
sites, thereby reduce the corrosion rate.19–22 Berrissoul23 studied
the inhibition behavior of origanum compactum extract for
mild steel in HCl solution. The ndings revealed a high inhi-
bition efficiency of 90% at 400 mg L−1 concentration. The
presence of aromatic rings in the origanum compactum extract
facilitated the adsorption behavior and consequently decreased
RSC Adv., 2022, 12, 30611–30625 | 30611
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the metal degradation process. Poly[3-butyl-1-vinylimidazolium
bromide] has been synthesized and served as a good corrosion
inhibitor for mild steel in hydrochloric solution.24 Polarization
results indicated that this polymeric ionic liquid was a mixed
type inhibitor and the inhibition efficiency exceeded 96%. The
nitrogen atoms in this inhibitor molecules played an important
role in the adsorption of poly[3-butyl-1-vinylimidazolium
bromide] on mild steel surface. El Aour25 prepared two tri-
azole derivatives and investigated their inhibition property for
mild steel in HCl solution. The triazole derivative with a longer
carbon chain showed higher inhibition efficiency of 92% at
concentration of 1 mM.

Based on the above considerations, thiosemicarbazone
derivatives have been reported to be potential inhibitors for
metal materials as their molecular structure contains N, O and S
heteroatoms and aromatic rings.26–28 Abd-El-Nabey29 synthe-
sized three benzaldehyde thiosemicarbazone derivatives for
mild steel corrosion in 3.0 M H3PO4 solution. Electrochemical
measurements suggested that these compounds acted as
mixed-type inhibitors and the inhibition efficiencies were over
95% at proper concentrations. Zaidon30 synthesized four benz-
aldehyde thiosemicarbazone derivatives and investigated their
inhibition performance for mild steel in 1.0 HCl medium from
both experimental and thermotical aspects. The obtained 2-(4-
chlorobenzylidene)-N-phenylhydrazinecarbothioamide exhibi-
ted the greatest inhibition efficiency of 93.38%. Meanwhile, in
our previous work,31,32 different benzaldehyde thio-
semicarbazone derivatives were synthesized and these
compounds exhibited excellent corrosion protection perfor-
mance. However, litter work appears to have been done on the
inhibition behavior of mild steel in hydrochloric acid using
different halogen-substituted benzaldehyde thiosemicarbazone
derivatives. In the present work, halogen-substituted and non-
Table 1 Molecular structures, abbreviations and structure characterizati

No. Molecular structures Abbreviations Structure ch

1 H-BT
C8H9N3S (m
864

2 F-BT
C8H8N3SF (
1599, 862

3 Cl-BT
C8H8N3SCl
1601, 859

4 Br-BT
C8H8N3SBr
1600, 861

30612 | RSC Adv., 2022, 12, 30611–30625
halogen-substituted benzaldehyde thiosemicarbazone were
prepared (Table 1). The aim of this study is to systematically
investigate the effect of halogen element on the inhibition
properties of benzaldehyde thiosemicarbazone derivatives for
mild steel in hydrochloric solution using weight loss measure-
ment, electrochemical tests and quantum chemical
calculations.
2. Experimental
2.1 Materials

Fig. 1 shows the preparation scheme of the investigated benz-
aldehyde thiosemicarbazone derivatives that synthesized based
on our previous work.32 The molecular structure, abbreviations
and structure characterizations of these synthesized benzalde-
hyde thiosemicarbazone derivatives are presented in Table 1.
The obtained benzaldehyde thiosemicarbazone derivatives were
puried and structurally characterized. The melting point of
synthesized H-BT, F-BT, Cl-BT and Br-BT were found to be 163–
166, 202–204, 207–211 and 214–217 °C, respectively. The FT-IR
spectrum of these chemicals shows somemain absorption band
at 3380–3450 cm−1 (N–H), 1590–1610 cm−1 (C]N, C]C) and
860 cm−1 (C]S).

The aggressive electrolyte of 1.0 M HCl solution was
prepared from the dilution of an analytical grade 37 wt% HCl
with de-ionized water.
2.2 Weight loss experiments

Weight loss tests were performed by placing the mild steel
samples (dimension 5 × 2.5 × 0.5 cm) in the 500 mL of 1.0 M
HCl solution in the absence and presence of different concen-
trations of benzaldehyde thiosemicarbazone derivatives in
a thermostat water bath. The samples were accurately weighted
ons of the synthesized benzaldehyde thiosemicarbazone derivatives

aracterizations

ol. wt. 179), M.P. 163–166 °C, IR spectrum (KBr, cm−1) 3405, 3148, 1593,

mol. wt. 197), M.P. 202–204 °C, IR spectrum (KBr, cm−1), 3389, 3157,

(mol. wt. 213.5), M.P. 207–211 °C, IR spectrum (KBr, cm−1), 3431, 3166,

(mol. wt. 257.9), M.P. 214–217 °C, IR spectrum (KBr, cm−1), 3430, 3165,

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 2 The weight loss results for mild steel in 1.0 M HCl solution
without and with different concentrations of benzaldehyde thio-
semicarbazone derivatives at 303 K with an immersion time of 8 h

Inhibitor Cinhi (mM) CR (mg cm−2 h−1) h (%) q

Blank 0 6.85 � 0.28 — —
H-BT 50 3.08 � 0.12 55.0 0.550

100 2.01 � 0.07 70.7 0.707
200 1.24 � 0.04 81.9 0.819
300 0.87 � 0.05 87.3 0.873
400 0.59 � 0.03 91.4 0.914

F-BT 50 2.80 � 0.11 59.1 0.591
100 1.66 � 0.06 75.8 0.758
200 1.14 � 0.04 83.4 0.834
300 0.65 � 0.03 90.5 0.905
400 0.51 � 0.03 92.6 0.926

Cl-BT 50 2.67 � 0.09 61.0 0.610
100 1.42 � 0.06 79.3 0.793
200 0.96 � 0.04 86.0 0.860
300 0.56 � 0.03 91.8 0.918
400 0.40 � 0.02 94.2 0.942

Br-BT 50 2.47 � 0.11 63.9 0.639
100 1.34 � 0.04 80.4 0.804
200 0.78 � 0.03 88.6 0.886
300 0.48 � 0.02 93.0 0.930
400 0.32 � 0.01 95.3 0.953

Fig. 1 Preparation scheme of studied benzaldehyde thio-
semicarbazone derivatives.
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before and aer immersion of 8 h at various temperatures. Each
condition was replicated three times to calculate the average
value.

The corrosion rate (mg cm−2 h−1) was calculated via the
following equation:33

CR ¼ 87:6�W

A� t� r
(1)

whereW is the mass loss (mg), A is the exposed area of 32.5 cm2,
t is immersion time of 8 h and r is the mild steel density of 7.86
× 103 g cm−3.

2.3 Electrochemical measurements

Electrochemical experiments were conducted using CHI 660E
electrochemical workstation with a standard three electrode
system. A large platinum mesh and a saturated calomel elec-
trode (SCE) were used as a counter and reference electrode,
respectively. The mild steel retained an exposed surface of 0.50
cm2, and the rest was encapsulated with Teon. The working
surface was initially polished with SiC abrasive paper, then
cleaned using ethanol and de-ionized water before electro-
chemical tests. Electrochemical measurements were performed
in 1.0 M HCl solution at 303 K without and with different
concentrations of benzaldehyde thiosemicarbazone derivatives.
For all electrochemical measurements, the working electrode
should be immersed in the corrosive electrolyte for 1 h to obtain
a stable open circuit potential (OCP). Potentiodynamic polari-
zation plots were measured in the potential range from
−250 mV to 250 mV (vs. Eocp) with a scan rate of 0.5 mV s−1. EIS
data were recorded at Eocp in the frequency range from 105 to
10−2 Hz with a sinusoidal voltage amplitude of 5 mV. The EIS
data were analyzed using ZSimpWin soware.
© 2022 The Author(s). Published by the Royal Society of Chemistry
2.4 Surface investigation

The surface morphologies of mild steel aer immersion in
1.0 M HCl solution without and with 400 mM H-BT, F-BT, Cl-BT
and Br-BT inhibitors for 8 h at 303 K were observed by SEM
(Hitachi SU-8010) with an accelerating voltage of 30 kV at 2000×
magnication. The chemical compositions of corroded mild
steel surface in the absence and presence of benzaldehyde thi-
osemicarbazone derivatives were also detected using EDX
detector model coupled with SEM.
2.5 Theoretical calculations

Quantum chemical calculations were conducted using density
functional theory (DFT) with B3LYP/6-31G(d, p) according to
our previous study.32 Some useful quantum chemical parame-
ters, such as the energy of the highest occupied molecular
(EHOMO), energy of the lowest unoccupied molecular orbital
(ELUMO), dipole moment (m) and electronegativity (c) were
calculated to further analyze the correlation between the
inhibitor molecular structure and inhibition performance.
3. Results and discussion
3.1 Weight loss measurements

Table 2 shows the results of weight loss measurements for mild
steel in 1.0 M HCl solution without and with different concen-
trations of benzaldehyde thiosemicarbazone derivatives at 303
K. The inhibition efficiency (h%) and surface coverage (q) were
obtained from the following equation:34

h (%) = (1 − CRinhi/CRfree) × 100 (2)

q = 1 − CRinhi/CRfree (3)

where CRfree and CRinhi correspond to the obtained corrosion
rate for mild steel in 1.0 M HCl solution without and with
various concentrations of benzaldehyde thiosemicarbazone
derivatives, respectively. It is apparent that adding these benz-
aldehyde thiosemicarbazone derivatives effectively suppresses
the corrosion rate of mild steel in hydrochloric acid solution.
With increasing the inhibitor concentrations, the corrosion rate
becomes smaller and the inhibition efficiency gets larger, sug-
gesting the formation of stronger adsorption layer onto mild
steel surface at higher inhibitor concentrations for both the
halogen-substituted and non-halogen-substituted benzalde-
hyde thiosemicarbazone molecules. Meanwhile, the inhibition
efficiency of halogen-substituted benzaldehyde thio-
semicarbazone always presents larger values than that of the
RSC Adv., 2022, 12, 30611–30625 | 30613
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Fig. 2 Potentiodynamic polarization plots for mild steel in 1.0 M HCl solution without and with different concentrations of benzaldehyde thi-
osemicarbazone derivatives at 303 K.
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non-halogen-substituted benzaldehyde thiosemicarbazone at
the same concentration, revealing the positive effect of halogen
element in the molecular structure on the inhibition perfor-
mance. This phenomenon has also been reported previ-
ously.35,36 The inhibition efficiency was found to follow the
order: Br-BT > Cl-BT > F-BT > H-BT, and reaches the maximum
value of 95.3%, 94.2%, 92.6% and 91.4%, respectively at the
concentration of 400 mM, suggesting that the synthesized
halogen-substituted and non-halogen-substituted benzalde-
hyde thiosemicarbazone acts as efficient corrosion inhibitors
for mild steel in hydrochloric acid solution. Besides, Br atoms
play a more important role in anti-corrosion performance
compared with Cl and F atoms.
3.2 Potentiodynamic polarization curves

Potentiodynamic polarization plots for mild steel in 1.0 M HCl
solution without and with different concentrations of benzal-
dehyde thiosemicarbazone derivatives at 303 K are presented in
Fig. 2. The addition of these benzaldehyde thiosemicarbazone
derivatives causes an obvious movement of both the anodic and
cathodic Tafel branches toward lower current densities. This
phenomenon suggests that both the anodic dissolution
30614 | RSC Adv., 2022, 12, 30611–30625
reaction and cathodic hydrogen evolution process are inhibited
due to the adsorption of benzaldehyde thiosemicarbazone
derivatives on the mild steel surface.37 It also can be seen that
the current density shows smaller values at larger inhibitor
concentrations. Electrochemical parameters such as corrosion
potential (Ecorr), Tafel slopes (ba and bc) and corrosion current
density (icorr) were calculated by Tafel extrapolation method and
provided in Table 3. The inhibition efficiency (hT%) was ob-
tained via eqn (4) and also presented.38,39

hT% = (1 − iinhicorr/i
0
corr) × 100% (4)

where i0corr and iinhicorr represent the corrosion current densities for
the corrosion of mild steel in 1.0 M hydrochloric acid solution
without and with different concentrations of benzaldehyde
thiosemicarbazone derivatives, respectively.

In the presence of benzaldehyde thiosemicarbazone deriva-
tives, the corrosion potential moves negatively, but the shis are
all less than 55 mV (vs. SCE) in comparison with that of the
blank sample, demonstrating that the synthesized benzalde-
hyde thiosemicarbazone derivatives acted as mixed-type inhib-
itors. Inspection of Fig. 2 and Table 3, the shape of cathodic
Tafel branch in the presence of benzaldehyde
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Electrochemical parameters obtained from potentiodynamic polarization tests for mild steel in 1.0 M HCl solution without and with
different concentrations of benzaldehyde thiosemicarbazone derivatives at 303 K

Inhibitor Cinh (mmol L−1) Ecorr (mV) ba (mV dec−1) −bc (mV dec−1) icorr (mA cm−2) hT (%)

Blank 0 −486 � 6 125 � 2.24 105 � 1.89 501 � 0.56
H-BT 50 −509 � 8 135 � 1.57 114 � 1.57 258 � 0.27 48.5

100 −514 � 5 123 � 1.31 137 � 1.62 193 � 0.13 61.5
200 −535 � 6 127 � 2.63 154 � 1.31 114 � 0.17 77.2
300 −523 � 4 124 � 1.80 139 � 1.19 79.8 � 0.2 84.1
400 −530 � 4 138 � 1.92 147 � 1.24 62.1 � 0.12 87.6

F-BT 50 −506 � 6 134 � 2.35 115 � 1.56 229 � 0.33 54.3
100 −516 � 5 115 � 1.82 128 � 1.35 158 � 0.15 68.5
200 −524 � 8 118 � 1.59 151 � 1.47 105 � 0.21 79.0
300 −539 � 6 129 � 1.47 137 � 1.28 66.6 � 0.17 86.7
400 −521 � 9 120 � 1.26 161 � 1.42 45.6 � 0.13 90.9

Cl-BT 50 −513 � 4 124 � 2.04 131 � 1.67 213 � 0.26 57.5
100 −504 � 7 133 � 1.73 128 � 1.25 132 � 0.14 73.7
200 −515 � 8 140 � 1.67 147 � 1.41 86.2 � 0.16 82.8
300 −529 � 6 126 � 1.26 134 � 1.36 54.6 � 0.12 89.1
400 −531 � 8 121 � 1.32 145 � 1.32 42.0 � 0.10 91.6

Br-BT 50 −513 � 5 129 � 2.13 119 � 1.54 197 � 0.34 60.7
100 −498 � 8 122 � 1.62 144 � 1.29 118 � 0.18 76.4
200 −512 � 6 126 � 1.74 151 � 1.62 74.1 � 0.12 85.2
300 −541 � 5 130 � 1.41 157 � 1.24 44.6 � 0.14 91.1
400 −539 � 8 132 � 1.27 145 � 1.31 31.1 � 0.11 93.8

Fig. 3 Nyquist diagrams of mild steel in 1.0 M HCl solution without and with different concentrations of benzaldehyde thiosemicarbazone
derivatives at 303 K.

© 2022 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2022, 12, 30611–30625 | 30615
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Fig. 4 Two models used for fitting the EIS data. Rs is solution resis-
tance, CPEdl and Rct represent the double layer capacitance and
charge transfer resistance, respectively. CPEf and Rf correspond to the
inhibitor film capacitance and film resistance, respectively.
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thiosemicarbazone derivatives is almost the same to that of the
blank case, meaning that the cathodic reaction is activation-
controlled and the added benzaldehyde thiosemicarbazone
derivatives did not change the hydrogen evolution mecha-
nism.40 The suppression of cathodic hydrogen evolution
process was mainly ascribed to the fact the active sites of mild
steel were covered by adsorbed benzaldehyde thio-
semicarbazone derivatives molecules. However, the shape of
anodic Tafel branch is much more pronounced affected, indi-
cating that the anodic dissolution mechanism was considerably
inuenced by the adsorption of benzaldehyde thio-
semicarbazone derivatives on mild steel surface to form Fe(II)-
BT complex compound.32 In addition, the corrosion current
density was remarkably reduced with addition of benzaldehyde
thiosemicarbazone derivatives and decreased gradually with
increasing inhibitor concentrations. The tted result also
reveals that the inhibition efficiency complies with the order of
Br-BT > Cl-BT > F-BT > H-BT, which is in good accordance with
the gravimetric tests. The better inhibition performance of Br-
substituted benzaldehyde thiosemicarbazone derivative in
comparison with that of Cl and F may be due to the weaker
induction effect of Br-substituted group.35
3.3 EIS measurements

Nyquist diagrams of mild steel in 1.0 M HCl solution without
and with different concentrations of benzaldehyde thio-
semicarbazone derivatives at 303 K are depicted in Fig. 3. The
diameter of semicircles dramatically increases with addition
of benzaldehyde thiosemicarbazone derivatives and continu-
ously increases with enlarging inhibitor concentrations,
revealing that the existence of benzaldehyde thio-
semicarbazone derivatives can effectively hinder the degrada-
tion rate of mild steel in hydrochloric acid solution. As
Table 4 Electrochemical parameters obtained from EIS tests for mild st
benzaldehyde thiosemicarbazone derivatives at 303 K

Inhibitor Cinh (mM) Rs (U cm2) Rf (U cm2) CPEf (U
−1 sn cm−2)

Blank 0 1.17 — —
H-BT 50 1.12 3.67 216

100 1.24 7.82 193
200 1.05 14.8 172
300 1.07 21.3 135
400 1.11 28.4 127

F-BT 50 0.99 8.39 208
100 1.17 13.6 182
200 1.06 19.8 157
300 1.28 25.1 131
400 1.21 34.3 119

Cl-BT 50 1.17 12.7 189
100 1.12 18.1 178
200 1.08 22.6 145
300 1.16 28.9 127
400 1.12 35.4 111

Br-BT 50 1.22 13.2 175
100 1.28 20.5 157
200 1.06 23.6 143
300 1.15 31.3 124
400 1.23 37.8 112

30616 | RSC Adv., 2022, 12, 30611–30625
deduced through both the Nyquist diagrams (Fig. 3) and Bode
plots features (Fig. S2†), the impedance spectra suggest one
time constant for blank sample and two time constants in the
presence of benzaldehyde thiosemicarbazone derivatives. The
depressed semicircles in Nyquist plots reveal a non-ideal
electrochemical behavior at the metal/electrolyte interface
due to the surface roughness and inhomogeneity.41 Thus, in
the equivalent electrochemical circuit model, as shown in
Fig. 4, a constant phase element CPE was employed to t the
EIS data. The impedance of CPE can be calculated via the
following equation:42,43

ZCPE ¼ 1

Y0ð juÞn (5)
eel in 1.0 M HCl solution without and with different concentrations of

nf Rct (U cm2) CPEdl (U
−1 sn cm−2) ndl c2 10−3 hEIS (%)

— 32.1 193 0.92 0.86 —
0.81 65.8 73.2 0.96 3.25 53.8
0.83 125.4 38.6 0.95 2.64 75.9
0.86 278.3 28.4 0.97 2.49 89.0
0.85 386.4 21.7 0.98 2.72 92.1
0.87 398.5 20.2 0.98 2.36 92.5
0.82 122.6 47.2 0.95 0.73 75.5
0.85 235.7 31.5 0.97 0.89 87.1
0.84 342.2 22.8 0.98 0.92 91.1
0.86 441.9 17.3 0.97 0.84 93.1
0.87 472.3 16.6 0.98 0.80 93.7
0.82 188.2 43.5 0.95 1.07 84.0
0.84 265.3 30.2 0.97 0.82 88.7
0.87 372.9 21.1 0.97 0.91 91.9
0.86 467.5 15.4 0.98 1.53 93.5
0.89 512.4 13.6 0.98 0.86 94.1
0.83 202.4 43.2 0.96 1.05 85.1
0.85 267.9 31.4 0.97 0.93 88.9
0.87 387.2 20.8 0.98 0.86 92.2
0.87 478.8 15.3 0.98 0.92 93.7
0.89 527.1 13.2 0.98 0.84 94.3

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Langmuir adsorption isotherm for benzaldehyde thiosemicarbazone derivatives on mild steel surface in 1.0 M HCl solution at 303 K.

Table 5 Thermodynamic parameters obtained from Langmuir
adsorption isotherm

Inhibitor Kads (×104 M−1) DG0
ads (kJ mol−1) Slope R2

H-BT 2.27 −35.4 0.993 0.999
F-BT 2.76 −35.9 0.993 0.999
Cl-BT 3.09 −36.2 0.985 0.999
Br-BT 3.43 −36.4 0.979 0.999

Table 6 Gravimetric results of mild steel in 1.0 M HCl solution without
temperature range from 303 K to 333 K

Inhibitor Temperature (K) Blank CR (m

H-BT 303 6.85 � 0.28
313 8.13 � 0.25
323 9.71 � 0.31
333 12.14 � 0.35

F-BT 303 6.85 � 0.28
313 8.13 � 0.25
323 9.71 � 0.31
333 12.14 � 0.35

Cl-BT 303 6.85 � 0.28
313 8.13 � 0.25
323 9.71 � 0.31
333 12.14 � 0.35

Br-BT 303 6.85 � 0.28
313 8.13 � 0.25
323 9.71 � 0.31
333 12.14 � 0.35

© 2022 The Author(s). Published by the Royal Society of Chemistry
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where u is the angular frequency, and n is a deviation
parameter that related to the surface inhomogeneity. The
tted electrochemical impedance parameters are summa-
rized in Table 4. The polarization resistance RP and inhibition
efficiency hEIS from EIS measurements are calculated as
follows:44
and with 400 mM benzaldehyde thiosemicarbazone derivatives in the

g cm−2 h−1)
400 mM
CR (mg cm−2 h−1) h (%)

0.59 � 0.03 91.4
0.64 � 0.03 92.1
0.69 � 0.02 92.9
0.74 � 0.02 93.9
0.51 � 0.03 92.6
0.57 � 0.02 93.0
0.63 � 0.03 93.5
0.69 � 0.02 94.3
0.40 � 0.02 94.2
0.42 � 0.02 94.8
0.44 � 0.01 95.5
0.47 � 0.02 96.1
0.32 � 0.01 95.3
0.34 � 0.02 95.8
0.37 � 0.02 96.2
0.40 � 0.01 96.7
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Fig. 6 Arrhenius plots of log CR vs. 1/T without and with 400 mM H-BT, F-BT, Cl-BT and Br-BT inhibitors.

Table 7 The apparent activation energy for mild steel in 1.0 M HCl
solution without and with 400 mM H-BT, F-BT, Cl-BT and Br-BT
inhibitors

Inhibitor Ea (kJ mol−1)

Blank 14.2
H-BT 8.83
F-BT 8.57
Cl-BT 8.38
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RP = Rct + Rf (6)

hEIS% ¼ Rinhi
P � R0

P

Rinhi
P

(7)

where R0
P and RinhiP are the polarization resistance in the absence

and presence of different concentrations of benzaldehyde thi-
osemicarbazone derivatives, respectively. The results in Table 4
indicate that both Rf and Rct values increase with increasing
inhibitor concentrations and the values of CPEdl show the
opposite variation trend, suggesting the successful adsorption
of benzaldehyde thiosemicarbazone derivatives on mild steel
surface and the previously adsorbed water molecules were
substituted by the inhibitor molecules. The value of n supplies
30618 | RSC Adv., 2022, 12, 30611–30625
information about the surface roughness of mild steel that
a small value of n always reects a relatively rough surface. It is
worth noting that the value of n is larger in the presence of
Br-BT 8.12

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 8 Comparison of the inhibition efficiencies of different benzaldehyde thiosemicarbazone inhibitors for different temperatures

Inhibitor Electrolyte
Temperature
(K)

Inhibition efficiency
(%) Ref. No.

4-(N,N-Diethylamino)benzaldehyde thiosemicarbazone 0.67 M H3PO4 303 90.18 28
308 88.75
313 86.71
318 85.69
323 80.49

Benzaldehyde thiosemicarbazone 3 M H3PO4 303 97 29
para-Chlorobenzaldehyde thiosemicarbazone 96
4-(Dimethylamino)benzaldehyde thiosemicarbazone 93
2-Benzylidene-N-phenylhydrazine carbothioamide 1.0 M HCl — 87.94 30
2-(4-Hydroxybenzylidene)-N-phenylhydrazinecarbothioamide 92.41
2-(4-Chlorobenzylidene)-N-phenylhydrazinecarbothioamide 93.38
2-(4-Methylbenzylidene)-N-phenylhydrazinecarbothioamide 90.08
Benzaldehyde thiosemicarbazone 0.2 M Na2SO4 303 86.29 51
4-Methoxy benzaldehyde thiosemicarbazone 91.30
4-Ethyl benzaldehyde thiosemicarbazone 95.39
4-Bromo benzaldehyde thiosemicarbazone 90.04
4-(N,N-Diethylamino)benzaldehyde thiosemicarbazone 1.0 M HCl 298 95.7 52

1 M H2SO4 298 97.8
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benzaldehyde thiosemicarbazone derivatives than that of the
blank, suggesting the less corroded surface of mild steel in
hydrochloric acid solution. When the concentration was 400
mM, the inhibition efficiencies hEIS for H-BT, F-BT, Cl-BT and Br-
BT inhibitors were 92.5%, 93.7%, 94.1% and 94.3%, respec-
tively. The halogen element in the molecular structure
enhanced the inhibition performance as we analyzed from
weight loss and polarization measurements. Meanwhile, the
low values of the goodness of t (c2) in Table 4 demonstrates
that the tted date agree well with the experimental data,
indicating the validity of the proposed two equivalent circuit
models.
3.4 Adsorption isotherm

Adsorption isotherm provides important information on the
adsorption mechanism of organic inhibitors on mild steel
surface. In the present work, the Langmuir adsorption
isotherm45,46 calculated via eqn (8) presents the best tting
result of weight loss measurements.

c

q
¼ 1

Kads

þ c (8)

Herein, q is surface coverage which was obtained from
weight loss tests in Table 2, Kads is the equilibrium constant.
According to eqn (8), the values of Kads can be calculated by the
intercept of Fig. 5. Then, the related thermodynamic parameter,
the standard adsorption free energy DG0

ads was derived from the
following equation:47

Kads ¼ 1

55:5
exp

��DG0
ads

RT

�
(9)

where R and T are the ideal gas constant of 8.314 J mol−1 K−1

and thermodynamic temperature of 303 K, respectively. The
values of Kads and DG0

ads are all listed in Table 5. The DG0
ads of H-
© 2022 The Author(s). Published by the Royal Society of Chemistry
BT, F-BT, Cl-BT, Br-BT inhibitors were found to be−35.4,−35.9,
−36.2 and −36.4 kJ mol−1, respectively. The large negative
DG0

ads values reveal the spontaneous adsorption of benzalde-
hyde thiosemicarbazone derivatives on mild steel surface.
Generally, the value of DG0

ads lower than −40 kJ mol−1 indicates
chemisorption that related to the charge transfer or sharing
between the inhibitor molecules and metal atoms. Whereas the
value of DG0

ads larger than −20 kJ mol−1 suggests physisorption
that owing to the electrostatic interaction between the inhibitor
molecules and metal surface.48 Therefore, the derived
DG0

ads values demonstrate that the benzaldehyde thio-
semicarbazone derivatives adsorbed onto mild steel surface
through both chemical and physical adsorption interaction.
The heteroatoms of N, S and halogen, and aromatic rings in the
molecular structure of benzaldehyde thiosemicarbazone deriv-
atives which possess a number of lone pair of electrons, are
considered to be active centers for adsorption process and
facilitate the chemisorption on the mild steel surface. In addi-
tion, Br-BT inhibitor shows the largest value of Kads and lowest
value of DG0

ads, suggesting the strongest adsorption capability
on mild steel surface and presents the best anti corrosion
performance.
3.5 Effect of temperature

Table 6 lists the gravimetric results of mild steel in 1.0 M HCl
solution without and with 400 mM benzaldehyde thio-
semicarbazone derivatives in the temperature range from 303 K
to 333 K. As the testing temperature raised from 303 K to 333 K,
the values of CR all increased, which was due to the accelerated
dissolution of mild steel in hydrochloric acid solution at higher
temperatures. It can be noticed that the dissolution rate of mild
steel is slowed down mostly by the Br-BT inhibitor compared
with other inhibitors. The apparent activation energy (Ea) can be
calculated by the CR values according to the Arrhenius
equation:49,50
RSC Adv., 2022, 12, 30611–30625 | 30619
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Fig. 7 SEM photos of mild steel surface immersed in 1.0 M HCl solution for 8 h at 303 K (a) without, with (b) 400 mM H-BT, (c) 400 mM F-BT, (d)
400 mM Cl-BT, (e) 400 mM Br-BT.
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logðCRÞ ¼ �Ea

2:303RT
þ l (10)

Herein, T is temperature, l is the pre-exponential factor. The
linear relationship can be observed from the straight lines of
log(CR) vs. 1/T as shown in Fig. 6. The values of calculated Ea
without and with 400 mM benzaldehyde thiosemicarbazone
30620 | RSC Adv., 2022, 12, 30611–30625
derivatives are summarized in Table 7 and are calculated to be
14.2, 8.83, 8.57, 8.38 and 8.12 kJ mol−1 for the blank case, H-BT,
F-BT, Cl-BT and Br-BT inhibitor, respectively. The smaller values
of Ea in the presence of benzaldehyde thiosemicarbazone
derivatives with respect to the blank sample indicates that the
synthesized benzaldehyde thiosemicarbazone derivatives
mainly chemisorbed onto mild steel surface.32 This result
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Optimized structure of synthesized H-BT, F-BT, Cl-BT and Br-BT inhibitors.
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matches well with Langmuir isotherm investigation. Table 8
lists the corrosion inhibition efficiencies of different benzal-
dehyde thiosemicarbazone derivatives at different testing
temperatures. The synthesized halogen-substituted benzalde-
hyde thiosemicarbazone derivatives exhibited excellent corro-
sion protection property at high temperatures.
3.6 Surface investigation

The surface morphology of mild steel aer immersion in 1.0 M
HCl solution without and with 400 mM H-BT, F-BT, Cl-BT and
Br-BT inhibitors for 8 h at 303 K are shown in Fig. 7. In the blank
acid solution, the mild steel sample was severely damaged with
obvious cavities and pits by the aggressive acid solution.
However, with addition of 400 mM benzaldehyde thio-
semicarbazone derivatives, the mild steel surface became
smooth and the abrading scratches can be clearly observed,
which was attributed to the protective performance of adsorbed
benzaldehyde thiosemicarbazone derivatives molecules. It is
noticeable that the mild steel surface with Br-BT inhibitor
exhibited the least corroded cavities. The surface analysis
implied that the synthesized benzaldehyde thiosemicarbazone
derivatives are excellent corrosion inhibitors for mild steel in
hydrochloric acid solution and Br-BT inhibitor presents the best
anti corrosion behavior. EDX spectra were further performed to
prove the successful adsorption of these benzaldehyde thio-
semicarbazone derivatives molecules on mild steel surface,
which results were shown in Fig. S3 and Table S1.† It is
noticeable that no characteristic peaks for nitrogen (N) and
sulfur (S) can be observed in the blank solution, while both of
them were detected on Q235 mild steel surface in 1.0 M HCl
solution containing 400 mM benzaldehyde thiosemicarbazone
derivatives. The presence of these characteristic elements
including halogen elements suggested the successful formation
of a protective adsorption lm of benzaldehyde
© 2022 The Author(s). Published by the Royal Society of Chemistry
thiosemicarbazone derivatives molecules on mild steel surface.
Inspection of Table S1,† the percentage atomic content of Fe
element was decreased in the presence of 400 mM benzaldehyde
thiosemicarbazone derivatives in comparison with that of the
absence, which was related to the surface coverage of these
benzaldehyde thiosemicarbazone derivatives on mild steel
surface.
3.7 Quantum chemical calculations

Quantum chemical calculations were performed to give deep
insights into the correlation between the inhibitor molecular
structure and inhibition property. Fig. 8 and 9 show the opti-
mized structure and frontier molecule orbital density distribu-
tions of synthesized H-BT, F-BT, Cl-BT and Br-BT inhibitors,
respectively. The classical quantum chemical parameters, such
as EHOMO, ELUMO, energy gap DE (ELUMO − EHOMO), m, c, global
hardness (r) and soness (s) were calculated and summarized
in Table 9. In general, the values of EHOMO and ELUMO are related
to the electron donating ability and electron accepting capa-
bility, respectively, based on the frontier molecular orbital
theory.53 It is well accepted that the higher value of EHOMO

generally results in higher inhibition efficiency.54 As seen from
Table 9, the values of EHOMO present the order of Br-BT > Cl-BT >
F-BT > H-BT, indicating the best corrosion inhibition perfor-
mance of Br-BT inhibitor, which is identical with our experi-
mental measurements. According to the previous studies,55,56

the smaller value of energy gap DE suggests a stronger chemical
reactivity and thereby causes higher inhibition efficiency. The
calculated DE values shows the variation trend of H-BT > F-BT >
Cl-BT > Br-BT, revealing that the synthesized Br-BT inhibitor
presents the strongest chemical reactivity and can be intensely
adsorbed onto mild steel surface to form protective lms.

The dipole moment m also supplies some useful information
to investigate the correlation between the inhibitor molecular
RSC Adv., 2022, 12, 30611–30625 | 30621
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Fig. 9 Frontier molecule orbital density distributions of synthesized H-BT, F-BT, Cl-BT and Br-BT inhibitors.
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structure and inhibition behavior. However, there still exists
some controversy in the relationship between the dipole
moment m and inhibition efficiency. Some works suggested that
a higher value of m implies stronger adsorption of inhibitor
molecules and thereby causes larger inhibition efficiency.57,58

While some studies revealed the opposite conclusion that
a higher value of m represented smaller inhibition efficiency.59,60

In this study, the dipole moment m shows the order of H-BT > F-
BT > Cl-BT > Br-BT, which is opposite to the inhibition efficiency
from experimental tests. In addition, the electronegativity c is
another important parameter that is related to the freedom of
electrons in the inhibitors. The Br-BT inhibitor possesses the
largest value of electronegativity c, revealing the best inhibition
property.61 The global hardness r also reects the inhibition
effect to some extent that a smaller value of r suggests a higher
inhibition efficiency.62 As shown in Table 9, the Br-BT inhibitor
presents the smallest value of the global hardness r among all
these inhibitors. The above results of EHOMO, DE, m and c
30622 | RSC Adv., 2022, 12, 30611–30625
conrm the inference that Br atoms impact the charge distri-
bution of benzaldehyde thiosemicarbazone derivatives and thus
improve the inhibition effect. The interaction between adsor-
bed halogen-substituted benzaldehyde thiosemicarbazone
derivatives and mild steel surface in the hydrochloric acid
solution was through both electron-sharing and electrostatic
interaction. The hydrated chloride ions are specically adsor-
bed onto the electropositive mild steel surface to bring excess
negative charges from the acid solution, enhancing the
adsorption of cations. As a result of electrostatic interaction, the
protonated benzaldehyde thiosemicarbazone derivatives are
attracted toward the metal/electrolyte interface to form
a protective lm, preventing the metal from touching the acidic
medium. Moreover, the benzaldehyde thiosemicarbazone
derivatives may cover the mild steel surface by chemisorption
mechanism at the same time, further retards the contact of mild
steel surface with aggressive electrolyte. From the above
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 9 Quantum chemical calculation results of synthesized H-BT,
F-BT, Cl-BT and Br-BT inhibitors

Parameters H-BT F-BT Cl-BT Br-BT

EHOMO (eV) −5.9767 −6.0451 −6.0782 −6.0839
ELUMO (eV) −2.1467 −2.2243 −2.3364 −2.3565
DE (eV) 3.8300 3.8208 3.7418 3.7274
m (D) 5.4560 3.7018 3.5031 3.5006
I (eV) 5.9767 6.0451 6.0782 6.0839
A (eV) 2.1467 2.2243 2.3364 2.3565
c (eV) 4.0617 4.1346 4.2073 4.2202
r (eV) −0.5734 −0.6121 −0.6682 −0.6783
s (eV)−1 −1.7441 −1.6336 −1.4966 −1.4744
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analysis, the result of quantum chemical calculations conrms
our experimental measurements.
4. Conclusions

Halogen-substituted benzaldehyde thiosemicarbazone deriva-
tives were synthesized and their inhibition performance for
mild steel in hydrochloric acid solution were investigated from
both experimental and theoretical aspects. Results indicated
that all these compounds are excellent corrosion inhibitors and
the inhibition efficiency follows the order of Br-BT > Cl-BT > F-
BT > H-BT. The inhibition efficiencies are over 90% for all these
compounds at a concentration of 400 mM. Potentiodynamic
polarization results suggested that the synthesized benzalde-
hyde thiosemicarbazone derivatives were mixed-type inhibitors
and the inhibition efficiency increased with increasing inhibitor
concentrations. Adsorption of these compounds onto mild steel
surface was mainly chemisorption and conformed to the
Langmuir adsorption isotherms. The results of quantum
chemical calculations matched well with the experimental
measurements.
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