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1-Benzyl-3-phenyl-2-thiourea (BPTU) was studied as a steel corrosion inhibitor in 1.0 M HCI solution. Experimental methods
were conducted including potentiodynamic polarization measurement (PPM), electrochemical impedance spectroscopy (EIS),
and scanning electron microscopy (SEM) analysis. Quantum calculations were performed at B3LYP/6-311G(d,p). Hexameth-
ylenetetramine (URO) was selected for comparison with BPTU. The results showed that BPTU with the concentration of
2x107*M and at the temperature of 30°C could protect the steel surface with the highest inhibition efficiency of 94.99% and
94.30% according to EIS and PPM, respectively. High temperature decreased BPTU’s ability to inhibit the steel corrosion. The
adsorption of BPTU on the steel surface is followed by the modified Langmuir isotherm. Quantum chemical calculations showed
that the thiourea functional group is the main adsorption center of BPTU. The experimental results are completely consistent with

theoretical calculations.

1. Introduction

The molecular structure of a compound determines the
chemical properties of that compound. Substances con-
taining heteroatoms such as N, O, S and benzene rings in the
molecule are often used as metal corrosion inhibitors [1-4].
These heteroatoms possess high electron density, and they
tend to donate easily electrons to the metal surface.
Therefore, these compounds can adsorb on the metal sur-
face. Besides, the presence of benzene rings in the molecule
increases the electrostatic interaction between inhibitors and
metal surfaces [5], helping to enhance metal corrosion in-
hibition for a long time; thus, it is an important factor to
consider.

Metal corrosion has many serious consequences for the
economy. Therefore, the search for cheap and effective metal
corrosion inhibitors has attracted the attention of scientists.
Thiourea derivatives are particular examples of corrosion
inhibitors. In 2012, Li et al. researched the steel inhibition

effect of allyl thiourea in 1.0 M H;PO, solution. Its perfor-
mance was higher than 95% at 20 + 50°C [6]. In 2014, Torres
et al. investigated the corrosion inhibition ability of 1,3-
dibenzylurea, 1,3-dibenzylthiourea, and 1-benzyl-3-diiso-
propylthiourea [7]. The results showed that the sulfur atom
might play an important role in the inhibition process of the
thiourea derivatives for carbon steel corrosion in an acid
medium. In 2017, Guo et al. [8] found out the inhibition
mechanism of three thiourea derivatives, (1-(4-methox-
yphenyl)-3-(4-phenylthiazol-2-yl)thiourea, 1-benzyl-3-(4-
phenylthiazol-2-yl)thiourea, and 1-(2-hydroxyethyl)-3-(4-
phenylthiazol-2-yl)thiourea), by density functional theory
and molecular dynamics simulation. The factors such as
solvent, temperature, and coverage were investigated. These
results were accordant with the experimental results of
Fouda and Soliman [9]. In 2018, two newly -synthesized
thioureas were 1-N-(10-(10,20,40-triazole))acetyl-4-N-ben-
zoylthiosemicarbazide and 1-N-(10-(10,20,40-triazole))
methyl-4-N-(300,500- dimethyl)benzoylthiosemicarbazide
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[10]. The steric hindrance of the methyl group was suggested
as the main influencing factor on the inhibition efficiency of
these thioureas. In 2019, N-phenylthiourea was chosen as a
mild steel corrosion inhibitor in acid and salt solution [11].
The experimental and theoretical study showed that the
adsorption was the main mechanism of N-phenylthiourea to
protect the steel surface from the corrosive agents in
solution.

Undoubtedly, up to now, thiourea derivatives have been
considered as a class of potential inhibitors by many sci-
entists all over the world. The discovery of effective thiourea
derivatives is always a driving force for the research of
scientists. 1-Benzyl-3-phenyl-2-thiourea (BPTU) is a thio-
urea derivative which contains benzene rings and polar
groups. Its inhibition efficiency is related to the polar
functions, acting as active centers for the adsorption. In
addition, the presence of multiple benzene rings may in-
crease the molecular coverage density. Therefore, BPTU is
expected to become a potential corrosion inhibitor. Besides,
hexamethylenetetramine (URO), which is considered as a
reference corrosion inhibitor [12-15] was also investigated
in the same conditions in order to compare and evaluate the
corrosion inhibition ability of BPTU. Experimental methods
were used including electrochemical impedance spectros-
copy (EIS), potentiodynamic polarization measurement
(PPM), and scanning electrochemical microscopy (SEM).
Quantum chemical calculations and molecular dynamics
simulation were manipulated to provide a theoretical ex-
planation for the corrosion inhibition ability of the studied
compounds.

2. Experimental

2.1. Electrodes. Low carbon steel electrode gave a percentage
weight content of 0.28% C, 0.40% Si, 1.11% Mn, 0.03% P,
0.012% S, 0.02% S, and 98.148% Fe. Its surface area was
0.196 cm?; the rest was covered with layers of epoxy to isolate
the environment. The electrode surface was smoothed with
metallographic emery increasing fineness from 120 to 2000
grits.

2.2. Chemicals. BPTU, HCI, and URO were purchased from
Adamas Reagent Co., Ltd. The prepared BPTU concentra-
tions were 107>, 5x107°, 107% 2x10"*M. Ethanol was
added into the solution to ensure the solubility of inhibitors.
The 1.0 M HCI blank solution was prepared by diluting the
analytical grade 37% with distilled water.

2.3. Electrochemical Impedance Spectroscopy (EIS). EIS tests
were measured in a frequency range of 0.01 to 100 kHz. The
experiments were conducted after the steel samples were
exposed to the medium at room temperature in one hour.
The EIS was measured by the Zahner Elektrik electro-
chemical meter of Germany. Afterwards, Thales 4.5 software
was used to simulate the impedance lines and analyze ex-
perimental results.

The corrosion inhibition efficiency obtained from the
EIS method is calculated according to equation (5) [16-18]:
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Rct (inh) — Rct

H% = - 100, (1)

ct(inh)

where R, (Qcm?) and Ret(inh) (Qcm?) represent charge-
transfer resistances without and with the inhibitor.

An equivalent circuit model is provided to describe
accurately the impedance lines, in which CPE is a constant
element instead of the double-layer capacitance (Cq) in
Randles circuit. The impedance of CPE can be calculated
using the following equation [19]:

ZCPE = Y;1 . (jw)_n, (2)

where w is the angular frequency (w = 27f, fis the frequency),
j is the virtual unit, Y, is the value of CPE, and # is the
compression ratio. # equals 1 when the electrode surface is
homogeneous and flat. The value of Cy can be estimated
according to the following equation [20]:

Ccll = Yo : (wmax)nil’ (3)
in which

2.4. Potentiodynamic Polarization Measurement (PPM).
PPM was conducted on CPAiocHHS5B meter of the Vietnam
Academy of Science and Technology with a three-electrode
system, in which low carbon steel was a working electrode
(WE), Ag/AgCl in saturated KCl (SCE) was a comparison
electrode, and stainless steel was a counter electrode (CE).
The potential of polarization curves was scanned from
-1.00 V to 0.20 V. The temperature of the studied system was
adjusted by Memmert Waterbath WNB 45 from 30 to 60°C.

The corrosion inhibition efficiency (H%) is calculated by
the following formula [21, 22]:

H% :M 100, (5)

ICOIT

where i, is uninhibited corrosion current density
(mA.cm ™) and iy, is inhibited corrosion current density
(mA.cm™).

From corrosion inhibition efficiency, surface coverage is
calculated as follows [23]:

0= M (6)

lcorr

The relationship between adsorption free energy (AGY,,)
and adsorption constant (K,qs) is described by equation (3)
[24]:

AGY, = -RTIn(55.5K,q4,), (7)

in which the value of 55.5 is the molar concentration of water
in the solution (M), T'is the temperature of the system (K),
and R is the gas constant.

Standard adsorption entropy (AS
thermodynamic equation (4) [25]:

0

ads) is calculated using
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0 0
Asgds — AH 4 — AGads’ (8)

0
where AH_,
process.

is the standard enthalpy of the adsorption

S

2.5. Scanning Electrochemical Microscopy (SEM). Steel
samples were dipped into 50 mL of 1.0 M HCI without and
with inhibitors at their optimum concentration (2 x 1074 M)
for 24 hours. Thereafter, they were washed, dried, and
conducted for surface morphological measurements with
the JSM-6010PLUS/LV SEM model.

2.6. Quantum Chemical Calculations. Gaussian 09 suit of the
program has been applied to carry out quantum chemical
calculations through the density functional theory (DFT)
method [26]. On the basis of the fundamental laws of
quantum mechanics, Gaussian software can be used to
calculate the energy, molecular structure, vibrational fre-
quency of molecular systems, and many other molecular
properties. In this work, inhibitor molecule structures were
optimized at B3LYP functional with a 6-311G(d,p) basis set.
Besides, quantum chemical parameters were calculated in
this same method [27-31].

2.7. Molecular Dynamics Simulation. Materials Studio 8.0
software was used to carry out molecular dynamic simu-
lation when the inhibitor molecules approach the Fe (110)
surface [32]. The DMol; geometry optimizations of inhib-
itors were performed by B3LYP functional with DNP basis
set and basis file of 3.5. The dimensions of a simulation box
were 41.15 x 36.58 x 29.97 A®. A simulation time was 500 ps
with a time step of 0.1 fs.

In simulated corrosion solution, the molar ratio between
H,0 and HCI was 500:9 [33]. Thus, the proportion of
additional components included 1 inhibitor molecule/491
water molecule/9 hydronium ions/9 chloride ions in the
system. However, in the case of the protonated inhibitor
molecule, this proportion varied slightly, including 1 pro-
tonated inhibitor/492 water/8 hydronium ions/9 chloride
ions. The simulation conditions were set up at 303K under
canonical ensemble (NVT).

The binding energy (Ey;,q) and interaction energy (Ej,)
between the inhibitor and the Fe (110) surface could be
calculated as follows [34]:

Einter = Etot - (Esurf+sol + Einh)’ (9)

Ebind = —E ( 10)

int>
in which E, was the total energy of the entire system,
Eurfisol Was the total energy of the Fe (110) surface and the
solution without inhibitors, and E;,, was the energy of the
inhibitor.

3. Results and Discussion
3.1. Effect of Concentration on Inhibition Efficiencies of BPTU

3.1.1. Electrochemical Impedance Spectroscopy (EIS). EIS
spectra were applied to study the corrosion inhibition
ability of BPTU (Figure 1). As can be seen, all curves show
a typical Nyquist diagram with single semicircles shifted
along the real impedance of the x-axis. This indicates that
double-layer behavior and the charge-transfer of the
corrosion process primarily control the corrosion of low
carbon steel [28].

As the concentration increases, the radius of the semi-
circular lines increases. In general, the shape of the semi-
circular lines in the presence of inhibitor does not change
from that of the blank (1.0 M HCl solution). This proves that
the mechanism of the corrosion process does not change in
the presence of BPTU.

For better visualization of the inflection points of the
impedance module as well as the phase angle variation, Bode
and phase angle plots are also analyzed and depicted in
Figure 2 [18]. The value of the phase angle increases sig-
nificantly as the inhibitor concentration increases. It is worth
noting that the phase angle values of the blank and the
inhibitor samples are always lower than —90°, which proves
that the capacitor is nonideal [35].

Figure 3 is a representative of example simulation of
Nyquist and Bode plots recorded for low carbon steel in
1.0 M HCl without and with 2.10~* M BPTU. In general, the
experimental lines and the simulated lines are quite similar.
This is demonstrated by the low chi-square values (x°)
(Table 1) using Thales 4.5 software. It means that this
simulation is consistent with experimental data.

An equivalent circuit is shown in Figure 4 to analyze the
impedance curves. Based on this circuit, the impedance
parameters are calculated. Charge resistance (R.), solution
resistance (R;), and double-layer capacitance (Cy) values are
listed in Table 1.

As can be seen, n values change with the different
concentrations of BPTU; this indicates that the surface
inhomogeneity mutates as a result of the inhibitor’s ad-
sorption [36]. Besides, an increase of R, values and a de-
crease of Cq4 values prove that BPTU molecules form a
protective layer on the electrode surface to prevent the mass
and charge-transfer [23]. According to the EIS method, the
inhibition efficiencies of BPTU are 94.99%, 92.43%, 90.90%,
and 87.72% at the concentrations of 2x10™*M, 10™*M,
5x107°M, and 10~ M, respectively.

3.1.2. Open Circuit Potential (OCP). The alteration of OCP
over time for low carbon steel in 1.0 M HCI at different
concentrations of BPTU at 30°C is shown in Figure 5. In the
presence of BPTU, the OCP tends to shift towards negative
potentials. The drop of OCP during the first 3000 seconds
may be due to the dissolution of the oxide layer that formed
previously when the low carbon steel contacted with the



4
3250 -
2600 -
& 1950
o
c
£
~F 1300 34.7Hz
|
| 1031z 11.7Hz
/ 3.95Hz
. v Ve
650 >.VD. ® A. X’AVQ

o, AI’,Q.
YooV ¢

1
1950 2600 3250

I

650 1300
~Z,. (Q cm?)
m 1.0 MHCI v 104 M BPTU

® 10° MBPTU ¢ 210*MBPTU

A 510 MBPTU

F1GURE 1: Nyquist plots for low carbon steel in 1.0 M HCI without
and with different concentrations of BPTU.

80
- 70
- 60
- 50
- 40

logZ (Q cm?)
—Phase (°)

L 20
I 10

log f (Hz)

—a— 1.0 M HCI —m— 100*M BPTU

—s— 10°MBPTU —m— 2.10*M BPTU

—m— 510~ M BPTU

FIGURE 2: Bode and phase angle diagram for low carbon steel in
1.0 M HCI without and with different concentrations of BPTU.

atmosphere [37]. Therefore, the immersion time of one hour
is chosen to reach a certain state for potentiodynamic po-
larization measurements.

3.1.3. Potentiodynamic Polarization Measurements (PPM).
The steel corrosion inhibition ability of BPTU was also
investigated by PPM. Figure 6 shows that the cathode
branches lie parallel, while the anode branches are nearly
overlapping. This proves that BPTU does not change the
mechanism of hydrogen reduction and the hydrogen evo-
lution is still controlled by the active site [38]. Some other
findings from Table 2 are that the values of §, change slightly
while B, values change significantly. This indicates that the
inhibitor prominently inhibits the cathodic reactions.
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Figure 6 shows that the polarization curves of low carbon
steel are influenced by the concentration of inhibitor. The
higher the inhibitor concentration, the lower the polariza-
tion curves. The data in Table 2 show that when the con-
centration of BPTU varies from 107°M to 2x107*M, its
corrosion inhibition efficiencies also increase from 88.15%
up to 94.30%. These results are quite similar to the effi-
ciencies obtained from the measurements of EIS.

3.2. Comparing Low Carbon Steel Corrosion Inhibition Ability
of BPTU with URO. URO has been considered as a tradi-
tional inhibitor, so it is selected as an object for comparison
and evaluation of steel corrosion inhibition ability of BPTU
in 1.0 M HCI solution. Figure 7 shows that the polarization
curve of steel in the presence of BPTU is lower than in the
presence of URO, which proves that BPTU has better
corrosion inhibition than URO. The inhibition performance
of URO at 2.10~* M is only 46.57% at 30°C (Table 2). The cage
structure of URO impedes its adsorption onto the metal
surface [12]. That is the reason that its inhibition efficiency is
lower than BPTU.

3.3. Effect of Temperature on Inhibition Efficiencies of BPTU.
Low carbon steel corrosion inhibition ability of BPTU is
investigated at the temperature of 30, 40, 50, and 60°C. The
results in Figure 8 show that, at the same concentration, as
the temperature increases, the corrosion inhibition perfor-
mances of BPTU decrease. Specifically, at 30°C, its inhibition
efficiency reaches the highest value of 94.30% at 2 x10™* M
(Table 2). However, these inhibition efficiencies are only
88.02% at 40°C, 66.15% at 50°C, and 54.01% at 60°C (Table 3).
This can be explained that, as the temperature increases,
BPTU molecules are desorbed from the steel surface,
resulting in the reduction of inhibition performances.

3.4. Adsorption Isotherms. Adsorption isotherm models are
used to study the behavior of inhibitors on the metal surface
[39, 40]. In the present study, the Temkin, Freundlich, and
Langmuir adsorption isotherms were chosen to appraise the
nature of the interaction between BPTU molecules and low
carbon steel surface in acidic solution.

The equation for the Temkin adsorption model is [41, 42]

In K, -C=a-0. (11)

The Freundlich model is shown as follows [43]:

log 6 =log K4, + 1 log C. (12)

The Langmuir model is represented in the following
form [44]:

C 1

—=—+C, 1
0 Kads ( 3)

where K,4s is the equilibrium constant of the adsorption
process, “a” is the lateral interaction term, and 8 is surface
coverage values. The value of # is used to describe the ease of
adsorption.
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TaBLE 1: EIS parameters of low carbon steel in 1.0 M HCI with different concentrations of BPTU.

Cy (M) R (Q em?) R, (Q cm?) CPE (uQ s" cm™?) n Ca (uF cm™?) X2 H (%)
Blank 125+1.21 3.52+0.05 64.62 £1.54 0.80+0.03 29.14+2.12 0,0009
2x107* 2495 +8.23 2.077 £0.07 13.19+0.26 0.63 £0.02 4.20£0.08 0,0008 94.99
107 1652 +4.11 1.501 +0.04 14.03£0.12 0.61+£0.02 5.07£0.07 0,0002 92.43
5x107° 1374 +2.46 2.438 £0.06 22.4+0.27 0.55+0.01 5.24+0.05 0,0008 90.90
107 1018 +3.82 2.34+0.05 24.51+0.36 0.6+0.03 6.11+0.06 0,0009 87.72
CPE -0.3
=2
-0.4
R; g
Ry s
. - 5 -05 1
FiGURe 4: Equivalent circuit model of EIS. )
S
S 06
Observing Figures 9 and 10, the correlation coeflicients o
of the plot (R2) between InC vs 8 and log C versus log 0 are
much different from the unit at 30°C. They prove that ad- -0.7 -
sorptions of BPTU on low carbon steel surface do not
conform Temkin and Freundlich isotherms. Langmuir ad-

. . . . . _0'8 T T T T T 1
sorption is applied for the next evaluation (Figure 11). The 0 1000 2000 3000 4000 5000
plots exhibit the linearity with R2 values close to 1 for Time (sec)

Langmuir. However, the slopes of these lines are different »
. . . s —— 1.0MHCI —— 10" M BPTU
from the unit. To explain this phenomenon, Langmuir’s
S . . —— 10° M BPTU —— 2107 MBPTU
adsorption isotherm is modified as follows [45, 46]: s
— 5.107° M BPTU

cC M
—=—1+mC.

0 B Kads (14)

The factor “m” can be assumed to an inherent factor in
the surface coverage values.

3.5. Adsorption Thermodynamic Parameters. The values of
the adsorption constant (K,q) are calculated from the slopes
of the modified Langmuir adsorption isotherms (Table 4).

FIGURe 5: Open circuit potential for mild steel with different
concentrations of BPTU.

Based on the relationship between K, 4, and the free energy of
adsorption (AGY;,) expressed in equation (7), AGY, is
calculated in Table 4.

The van’t Hoff equation is used to calculate the standard
enthalpy of the adsorption process AHY,.:
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TaBLE 2: Polarization curve parameters of low carbon steel in 1.0 M HCI with different concentrations of BPTU and URO at 30°C.

Inhibitors Concentration (M) icore (i) (MA.cm™) B, (mV.dec™) By (mV.dec™) H (%)
Blank 0.9000 36.4 24.8 —
2x107* 0.0513 32.8 32.5 94.30 (1.30)
BPTU 107 0.0688 325 35.7 92.35 (1.25)
5%x107° 0.0885 329 394 90.16 (1.30)
107 0.1067 31.3 40.1 88.15 (1.40)
URO 2x107* 0.4809 33.9 35.5 46.57 (1.15)

*Values in parenthesis in the last column of this table are the mean absolute deviation.

dln K4  AHoy

. (15)
dr RT
The equation can be changed [47]:
~AHoy,
In Kads = ?d + A, (16)

where A is integral constant.

The relationship between InK,4s and 1/T is established
and shown in Figure 12. The value of AHY, is calculated
from the slope of these straight lines given in Table 4. The
standard adsorption entropy (ASY;) is figured out via
equation (4).

The results in Table 4 reveal that AH?; values are
negative which implies that the adsorption of BPTU on steel
surface is an exothermic process. It is agreed that the value of
AH?, is less negative than —40 k] mol ™" (physisorption) and
more negative than —100k]J mol™! (for chemisorption) [38].
AHgdsof BPTU has a value of —39.68 k] mol™’; this indicates
that BPTU molecules take part in the physisorption process
on the steel surface. It is an electrostatic interaction between
the charged inhibitors and charged steel. Therefore, they are
easily separated from the metal surface when the temper-
ature rises.

It is observed that ASY; values are positive with the
presence of inhibitors. It is explained that entropy of the gas

molecules adsorption on the steel surface has a negative
value, but the adsorption of the inhibitor molecules in the
solution is accompanied with the adsorption of cations and
anions attached to the steel surface. The result leads to an
increase in untidiness of the molecules on the steel surface.
This is also an important driving force for inhibitor mole-
cules adsorption [48].

3.6. Scanning Electron Microscopy (SEM) Analysis.
Figure 13(a) is a SEM image of a low carbon steel surface
without corrosion. In the absence of the inhibitor, the steel
surface is strongly destroyed in 1.0M HCI solution
(Figure 13(b)). However, this surface is significantly pro-
tected with the presence of BPTU (Figure 13(c)). The pitting
or crevice corrosion has been reduced. These prove that
BPTU can inhibit the metal corrosion process in acidic
solution by forming a molecular film on the low carbon steel
surface, preventing the steel from the corrosive agents. This
is in concordance with the high inhibition efficiency of
BPTU obtaining from the mentioned electrochemical
methods.

3.7. Quantum Chemical Calculations. Quantum chemical
method based DFT calculations are carried out to determine
the relationship between the structure and behavior of
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corrosion inhibitors [49]. The optimized structures of BPTU
and URO are conducted with B3LYP/6-311G(d,p) mode and
atom numbered as Figure 14.

The adsorption centers of inhibitors are predicted
through the Miilliken population analysis [50]. Sulfur and
nitrogen atoms are more negative charges (Table 5); thus
they are the easiest electron donation positions of BPTU,
forming the donor-acceptor bond between BPTU and the
iron surface. Besides, two benzene rings in BPTU contribute
to the formation of the adsorbate-surface complex [51].

The highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO) can reveal the electron

donating and accepting position of the molecule under favorable
conditions [27, 28]. The HOMO electron density (in Figure 15)
shows that BPTU can donate electron mainly in the positions of
S, N atoms. In contrast, LUMO electron density indicates that
receiving positions of BPTU are at the entire molecule.

Electronic parameters of BPTU including the energy of
the highest occupied molecular orbital (Egonmo), lowest
unoccupied molecular orbital energy (Eruymo), energy gap
(AEL_Hz ELUMO - EHOMO)’ chemical hardness (77), and
chemical softness (S) are calculated and compared with
quantum chemical parameters of URO (Table 6).

The high value of Eyomo often relates to the strong
electron giving ability of a molecule [27]. Egomo of BPTU
(=5.61 eV) is higher than Egopmo of URU (—6.04 €V); thus,
the order of inhibition efficiency of BPTU and URO is
arranged to be the same trend as Eyonmo.

Erumo is consistent with the electron accepting ability of
the inhibitor molecules. The low value of Ej 0 is associated
with strong metal-inhibitor bonding and thereby high
protection ability. Based on the E;ymo value, the inhibition
efficiency of BPTU is higher than that of URO.

The energy gap is an important parameter that depicts
the connection of molecules and the metal surface. The value
of AE; g is small, and the molecule is much polar metal [52].
Thus, it can adsorb easily on the metal surface. In this work,
BPTU has an energy gap value of 4.68 ¢V} it is smaller than
this value of URO. Thus, BPTU is predictable to be a more
excellent inhibitor than URO.

Chemical softness and chemical hardness are used to
describe the stability and reactivity of the molecule. Hard-
ness (1) characterizes the change of the chemical potential
on the total number of atoms [30]. The low hardness value
proves that it can take part in the reaction easily. In contrast,
the chemical softness (S) represents the quantitative char-
acteristic of electron cloud polarization in compounds [53].
Transfer of electron in easy way needs great softness value.
The values of # and S show that BPTU is better than URO in
terms of inhibiting the metal corrosion process.

In acid solution, inhibitors can undergo a protonation at
the positions of heteroatoms (i.e., N, S). Therefore, their
cationic forms should be investigated to determine the most
stable configuration of inhibitor molecules in aggressive
acidic solution. BPTU can be protonated at S1, N2, and N3
while this site is N for URO (pURO-N) (Figure 16). All
protonated structures of both BPTU and URO are optimized
at the theory level of B3LYP/6-311G(d,p). Their relative
energy values comparing to pBPTU-S1 are demonstrated in
parentheses. pBPTU-S1 has the lowest energy in protonated
BPTU forms, so it is selected to compare with pURO-N.

In the case of protonation, the quantum chemical pa-
rameters of pBPTU-S1 and pURO-N are also calculated in
Table 6. The obtained results show that pBPTU-S1 is better at
inhibiting steel corrosion than pURO-N. This entirely
supported the experimental results.

3.8. Molecular Dynamics Simulation. Adsorption of the
inhibitor molecule on steel surface is simulated by
modeling the interaction between the inhibitor molecules
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TaBLE 3: Polarization curve parameters of low carbon steel in 1.0 M HCI with different concentrations of BPTU at 40, 50, and 60°C***.

Temperatures ("C) Concentration (M) icorr (linh) (mA.cm™) H%
Blank 1.0070
2x1074 0.1207 88.02 (1.30)
40 1074 0.1405 86.05 (1.40)
5%107° 0.1551 84.59 (1.32)
107° 0.1940 80.73 (1.50)
Blank 41032
2x107* 1.3889 66.15 (1.40)
50 1074 1.5051 63.32 (1.29)
5%x107° 1.5570 62.05 (1.25)
107 1.7039 58.48 (1.20)
Blank 7.3500
2x107* 3.3803 54.01 (1.28)
60 107 3.6177 50.78 (1.13)
5%x107° 3.8414 47.74 (1.32)
107° 4.3766 40.45 (1.41)

**Values in parenthesis in the last column of this table are the mean absolute deviation.
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FIGURE 9: Temkin’s adsorption isotherm of BPTU on the steel
surface in 1.0 M HCIL.

and Fe (110) crystal surface in 1.0 M HCI solution. Fig-
ure 17 shows the side and top views of BPTU and URO
adsorption in protonated and neutral forms. In general,
the inhibitor molecules are close to the surface of Fe (110),
so that they can cover the iron surface, preventing the
contact of iron and corrosive agents in the solution.
However, when comparing the adsorption configurations
of neutral and protonated molecules, there is a difference
between BPTU and URO. In the neutral form of BPTU, S
atom is directed towards the surface of Fe (110) and it may
donate its unpaired electron pairs to iron to form a co-
ordination bond (Figure 17(a)). On the contrary, the SH
group turns upwards against the iron surface in the ad-
sorption configuration of protonated BPTU form
(Figure 17(b)). In this case, benzene rings increase the
electrostatic interaction between the inhibitor molecule
and Fe (110) and N atoms give their undivided electron
pairs into the vacant Fe orbitals to create coordination
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FIGURE 10: Freundlich’s adsorption isotherm of BPTU on the steel
surface in 1.0 M HCI.

bonds. For URO, the adsorption configurations in neutral
and protonated forms do not seem to change
(Figures 17(c) and 17(d)).

Analysis of obtained results from molecular dynamics
simulation in Table 7 shows that the binding energies of
protonated inhibitors are higher than those of neutral
molecules. This demonstrates that protonated inhibitors
strongly bind to the Fe (110) surface. Besides, the more
negative interaction energy of BPTU indicates the stronger
interaction between BPTU and the iron surface when
comparing to that of URO [54]. This is entirely consistent
with the obtained experimental values.

3.9. Mechanism of Corrosion Inhibition. In the molecule of
BPTU, there are two nitrogen atoms and one sulfur atom.
They are positions which have high electron density due to
flexible electron pairs, so BPTU is susceptibly protonated
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FI1GURE 11: Langmuir’s adsorption isotherm of BPTU on the steel surface in 1.0 M HCIL.

TaBLE 4: Adsorption parameters of BPTU in HCI solution.
Temperature (°C) Kags M) AGY,. (k] mol ™) AHY, (k] mol™) AS%,. (J mol 'K ™)
30 10>% -43.86 -39.68 13.77
40 10°72 —44.74 -39.68 16.16
50 10°°° -44.80 -39.68 15.84
60 10°2° -44.27 -39.68 13.79
13.50
| ]
13.05
%‘2 y = 4772.946x - 2.225
£ 12.60 - R?=0.910
12.15
|}
0.002992  0.003080  0.003168  0.003256
T
FIGURE 12: Relationship between In K4, and 1/T in 1.0 M HCI solution.
in acidic solution [55]. Meanwhile, Cl™ ions tend to move  the thiourea group can donate electrons into

and adsorb onto the iron surface, making it charged
negatively. Therefore, protonated BPTU physically ad-
sorbs on the steel surface through electrostatic interaction
[56]. Afterwards, H" ions receive electrons, H, gas is
released, and BPTU is converted to the neutral state. The
main adsorption center of BPTU which locates mainly in

empty d orbitals of iron atoms to form a coordinate-
covalent bond through nucleophilic interaction. Two
benzene rings in the BPTU molecule have a large coverage;
they prevent the iron surface from corrosive agents in the
acid solution. These characteristics make BPTU become a
perfect corrosion inhibitor in acid.
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FIGURE 13: SEM images of low carbon steel surfaces (a) before corrosion, (b) in 1.0 M HCI, and (c) in 2.10*M BPTU.
QC

FIGURE 14: Optimized structures of BPTU and URO.

TaBLE 5: Miilliken population of BPTU in gas phase.
Elements S1 N2 N3 C4 C5 C6 C7 C8 C9
Charges -0.276 -0.395 —-0.456 -0.040 -0.165 -0.050 -0.059 0.182 0.187
Elements C10 Cl11 Cl12 C13 Cl4 C15 Cl6 C17
Charges -0.087 -0.090 —-0.084 -0.112 —-0.045 -0.099 -0.108 -0.088

FIGURE 15: HOMO and LUMO of BPTU.
TaBLE 6: Electronic parameters derived for neutral as well as protonated inhibitors.

Inhibitors Enomo (eV) Erumo (€V) AE( 1y (eV) 1 (eV) S (evh
BPTU -5.61 -0.93 4.68 -3.27 2.34
URO —-6.04 0.88 6.92 3.46 0.29
pBPTU-S1 -10.04 -4.84 5.21 2.60 0.38
pURO-N -11.05 -4.26 6.78 3.39 0.29
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FIGURE 16: Optimized structures of protonated BPTU (pBPTU) and URO (pURO) (relative energies of protonated inhibitors comparing to
the energy of pBPTU-S1 are shown in parentheses in kcal.mol™).

Ficure 17: Continued.
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(d)

Ficure 17: Configurations of (a) BPTU, (b) pBPTU-S1, (c) URO, and (d) pURO-N on Fe (110) surface in acidic solution.

TaBLE 7: Energy values (kcal.mol™) of inhibitor molecule ad-
sorption on the Fe (110) surface in acidic solution.

Etot Esurf+sol Einh Eint Ebind
Fe (110) + BPTU 2114.98 2038.88 635.58 —559.48 559.48
Fe (110) + URO 2104.42 2038.88 617.55 —552.01 552.01

Fe (110) + pBPTU-S1 2116.06
Fe (110)+ pURO-N  2105.64

2038.88 640.60 —563.42 563.42
2038.88 620.08 —553.32 553.32

4. Conclusions

Researching low carbon steel corrosion inhibition ability of
BPTU in 1.0 M HCI solution by experimental methods and
quantum chemical calculations, the results can be given as
follows:

(1) BPTU can protect the steel in acid solution with the
highest efficiency of 94.99% from EIS and 94.30%
from PPM at 2x10*M and 30°C.

(2) BPTU can inhibit the steel corrosion better than
URO—a traditional inhibitor.

(3) The higher the temperature, the lower the steel
corrosion inhibition ability of BPTU.

(4) The adsorption of BPTU on steel surface does not
follow the Temkin and Freudlich isotherm

adsorption models, obeying the modified Langmuir
isotherm adsorption model.

(5) SEM analysis results reveal that BPTU protects the

steel surface quite effectively by forming a protective
film.

(6) Theoretical calculations demonstrate that the reac-
tive sites of BPTU are S, N with unpaired electrons
and these results are completely in accordance with
the experimental findings.
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Supplementary Materials

Here are some additional data about the electric structures of
BPTU and URO in stable neutral and protonated forms
(Tables S1, S2, S3). These data are provided to help readers
better understand the configurations of compounds opti-
mized at the B3LYP/6-311G(d,p) level of theory. Table S1:
optimized structure of BPTU in the gas phase using B3LYP/
6-311G(d,p). Table S2: optimized structure of URO in the gas
phase using B3LYP/6-311G(d,p). Table S3: optimized
structures of protonated BPTU (pBPTU) and URO (pURO)
in the gas phase using B3LYP/6-311G(d,p). (Supplementary
Materials)
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