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Abstract. The theoretical and electrochemical performance of a novel organic corrosion inhibitor 3,4’-dihydro-3-[2'-
mercaptothiazolidine]indol-2-one (DMI), for API SL Grade B carbon steel in 3.5% NaCl, was evaluated by potentiodynamic
polarization (Tafel), electrochemical impedance spectroscopy (EIS) and density functional theory (DFT) for quantum chem-
ical studies. Potentiodynamic studies confirmed that DMI was a mixed organic corrosion inhibitor type which specially
affects the cathodic branch. The inhibition efficiencies of reactants, DMI and acetylcysteine followed the following order
at 25°C and 200 ppm: DMI (87%) > isatin (71%) > 2-thiazoline-2-thiol (62%) > acetylcysteine (54%). EIS measure-
ments illustrated the charge transfer controlled corrosion process. The Langmuir adsorption isotherm model of DMI was
adopted. Surface studies were performed using scanning electron microscopy. Activation and adsorption thermodynamic
parameters of DMI were computed. The magnitude of AG., and the sign of AH:dS concluded that the adsorption occurred

ads
through chemisorption. Quantum chemical calculations of four corrosion inhibitors were used for investigating the molecular

structure effect on inhibition efficiency.
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1. Introduction

Carbon steel is an economical and ordinary material under
alkaline, acidic and salty environments. Salty solutions are
used in industrial environments such as cooling water due to
both economic and ecological aspects. The corrosion in salt
solutions can be very aggressive in many cases [1]. A 3.5%
sodium chloride (NaCl) solution was utilized usually in order
to perform corrosion for laboratory testing purpose and was
recognized to be more corrosive than seawater [2].

The five ways of protecting materials from corrosion
include the selection of material, design change, cathodic pro-
tection, coatings and corrosion inhibitors. Corrosion inhibi-
tors were usually applied to decrease the degradation of
metals. These molecules were adsorbed on the surface of met-
als and diminished the corrosion process. It is well known that
organic compounds inhibit corrosion.

Organic corrosion inhibitors are generally used in indus-
trial systems because of their effectiveness under a wide range
of conditions, good solubility in water and oil, low cost and
low toxicity. These compounds act as cathodic, anodic or mix
inhibitors. Cathodic inhibitors move the corrosion potential
toward lower values and inhibit or delay the cathodic reac-
tions (hydrogen evolution and oxygen reduction). In contrast,
anodic inhibitors move the corrosion potential in the direction
of positive values, react with the metal cation to form an insol-
uble hydroxide and block the active sites on the metal surface,

API 5L Grade B carbon steel; organic corrosion inhibitor; electrochemical techniques; DFT.

which prevents anodic reactions (dissolution of the metal)
thus reducing the corrosion rate. Mixed inhibitors affect both
cathodic and anodic reactions and provide the highest corro-
sion protection. The action mechanism of organic corrosion
inhibitors is based on the adsorption on the surface to form a
protective film which displaces water from the metal surface
and protect it against corrosion [3].

Org + HyO44s — Orgyy + H2O (D)

Adsorption mechanisms of organic inhibitors could be
described by chemisorption interaction ability or physisorp-
tion [4]. Physisorption is related to electrostatic interac-
tions while chemisorption involves charge transfer from the
inhibitors to the surface of the metal. In the former, the adsorp-
tion heat is low and the adsorbed species can be detached from
the metal surface with increasing temperature, but in the lat-
ter, the enthalpy of adsorption is high and electrons transfer
from the corrosion inhibitor to the unoccupied d-orbit of tran-
sition metals and the bonds are stronger than physisorption
with increasing temperature. Inhibitor adsorption is related to
inhibitor molecule characteristics, such as electron density,
electronic structure and orbital character of the molecule. In
organic molecules, the inhibition efficiency of heteroatoms
was as follows: O < N < S < P, which will cause to decrease
the corrosion degradation on carbon steel [5]. The main
parameters which influence the inhibition efficiency are
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Table 1. Literature review of organic corrosion inhibitors on the carbon steel surface.
Organic corrosion inhibitor Environment Inhibitor efficiency (%) References
40 ppm N, N-bis(phosphonomethyl)glycine + 200 ppm NaCl 85.2 [11]
30 ppm Zn*t
20 ppm N, N-bis(phosphonomethyl)glycine + 200 ppm NaCl 92.8
30 ppm Zn*t + 100 ppm citrate
1 mM NaNO; + 1 mM NayMoOy4 10 mM NaCl 88
Sodium butanoate 10 mM NaCl 95
Sodium hexanoate 98
Sodium dodecanoate 27
Sodium stearate 11
6 mM hexanoate 0.01 M NaCl 92
3 mM sebacate 10 mM NaCl 94
100 ppm sodium tripolyphosphate 3% NaCl 85.4 [12]
20 fatty amides with 500 ppm sodium sulphite 3.5% NaCl 80 [13]
0.001 M 1-butyl-3-methylimidazolium chloride 3.5% NaCl 66.6 [14]
100 ppm pyrrole 3.5% NaCl 30.7 [15]
0.2 g 17! zinc gluconate 0.5% NaCl 72.9 [16]
25 ppm hydroxyethyl (HEI-12) 3% NaCl 21 [17]
10~3 M of guanine 200 ppm NaCl 91 [18]
103 M of adenine 82
1073 M of cytosine 71
1073 M of thymine 60
1073 M of glycine 38
80 mM sodium caprylate 3.5% NaCl 74 [19]

temperature, testing environment and the functional groups
of inhibitor molecules [6].

Organic corrosion inhibitors can be divided into some
chemical structures with specific elements; some of these
compounds containing nitrogen are: amines, pyridine deriva-
tives, triazole derivatives, Schiff base, amino acids and
indazole [7,8], nitrogen and sulphur: imidazole derivatives,
thiadiazole derivatives and thiazole derivatives [9], nitro-
gen and oxygen: oxazole derivatives, phthalimides and plant
extracts [10]. Table 1 shows the literature review of the anti-
corrosion performance of organic inhibitors on the carbon
steel surface in NaCl solutions.

The purpose of this research was to investigate the inhibit-
ing effect of a new organic corrosion inhibitor with chemical
functional groups containing nitrogen, sulphur and oxygen
on the corrosion of carbon steel in 3.5% NaCl solution using
electrochemical, thermodynamic and theoretical studies using
density functional theory (DFT).

2. Materials and methods

2.1 Materials

The weight percentage of API 5L Grade B carbon steel
elements is shown in table 2. The experimental specimens
were machined from steel pipe, soldered to copper wires
and mounted with epoxy resin. The working electrode with
a surface area of 0.785 cm? was abraded with waterproof

abrasive papers. Isatin, 2-thiazoline-2-thiol, acetylcysteine
and NaCl were provided by Merck Company. Blank solution
was 3.5% NaCl prepared with distilled water. The inhibitor
concentrations used were from 50 to 200 ppm.

2.2 Synthesis

A mixture of 2-thiazoline-2-thiol and isatin was used in
refluxing absolute alcohol (100 ml) for 8 h at 70°C until
3, 4'-dihydro-3-[2'-mercaptothiazolidine]indol-2-one (DMI)
was synthesized. After the completion of the reactionand 12 h
crystallization at 0°C, orange crystals of DMI were formed
and filtered.

The chemical synthesis of the inhibitor (DMI) and the struc-
ture of isatin and 2-thiazoline-2-thiol are shown in figure 1.
The synthetization of DMI occurred by the condensation reac-
tion of methylene and carbonyl groups of 2-thiazoline-2-thiol
and isatin, respectively [20]. The chemical bonds of the syn-
thesized organic corrosion inhibitor (DMI) were confirmed by
Fourier transform infrared (FTIR) spectroscopy and nuclear
magnetic resonance (NMR).

2.3 Potentiodynamic polarization measurement

Electrochemical measurements were obtained by using an
Autolab Microautolab type III. In this work, the API 5L
Grade B carbon steel samples were applied as working



Bull. Mater. Sci. (2019) 42:188

Page3of 15 188

Table 2. Chemical composition of carbon steel alloys in wt%.

Element C Si Mn P
Percentage (%) 0.11 0.28 0.76 0.01

S Cr Mo Ni Cu \'% Fe
0.002 0.07 0.009 0.1

0.08 0.05 Base
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Figure 1. Chemical structures of (a) isatin, (b) 2-thiazoline-2-thiol, synthesized inhibitor, (¢) DMI and

(d) acetylcysteine.

electrodes. Furthermore, a silver—silver chloride (Ag/AgCl)
as the reference and platinum as the counter electrode were
used. The API 5L Grade B carbon steel specimens remained in
the prepared solution for 60 min until the open circuit poten-
tial was reached. The scan rate of Tafel tests was 1.0mV s~ in
an interval of —1000 to —400 mV. Calculations of potentiody-
namic polarization parameters including anodic and cathodic
Tafel slopes (B8, and B.), potential of corrosion (E.q), den-
sity of corrosion current (i.r) and the inhibitor efficiency
(IE%) were achieved using NOVA software. The inhibition
efficiency was obtained from the below equation [21]:

IE% = 100(1—-1/1y) (2)

I and [ are the density of corrosion current in the pres-
ence and absence of the inhibitors, respectively, which were
obtained from the polarization curves.

2.4 Electrochemical impedance spectroscopy (EIS)

EIS studies were employed using the 10 mV peak to peak
in the frequency interval from 100 kHz to 10 mHz. ZSim
software was used for the analysis of impedance data and the
system temperature was controlled in a water bath.

2.5 Surface characterization

The scanning electron microscopy (SEM) images were
obtained by using a QUANTA 200 instrument at a voltage
of 20 kV and a magnification of 5kx. The specimen was
immersed in 3.5% NaCl solution in blank and 200 ppm of
the DMI solutions for 7 days. Then, the carbon steel samples
were removed, washed and dried and then were observed by
SEM.

2.6 DFT calculations

Quantum chemical calculations were carried out in the aque-
ous phase using the DFT method. B3LYP combined with
6-31G+(d,p) basis in the Gaussian 09W program was used.
The important molecular parameters were calculated for the
comparison of the inhibition performance of four inhibitors.

3. Results and discussion

3.1 FTIR spectroscopy

The structural characteristics of the synthesized product were
confirmed by FTIR spectroscopy (Thermo AVATAR model)
in the range of 4000—400 cm™" (figure 2).

The characteristic band appeared for the out-of-plane bend-
ing C-H at 650 cm~!, vibration of C-O at 1050 cm™!,
wagging mode of CH, at 1295 cm~' [22] and the bending
mode of N-H at 1515 cm™!. The peak at about 1620 cm~! was
assigned to the bending vibrations of O—H water molecules,
the bands at 1730 cm~! were assigned to the stretching vibra-
tions of the C=0 band and the bands at 3140 and 3440 cm™!
were assigned to the vibrations of the N-H band [23].

NMR spectroscopy analysis of DMI was performed by
using a Bruker Avance 400 MHz. Figures 3 and 4 show var-
ious 'H and '*C NMR spectra of DMI. Secondary amine
(C-N-H) protons at the H15 position resonated at 9.60 ppm.
The spectrum value appeared within 4.05 ppm was advocated
in the presence of thiol (C—SH) in DMI (H23).

The '*C NMR spectrum of DMI showed the signal of
the amide group (O=C-N) at 176.45 ppm corresponding
to C8. 3C NMR spectra at 134.29 and 141.54 ppm corre-
sponds to C16 and C2 positions indicated the presence of the
(C-N) group in the DMI structure. Signals appeared at 130.54,
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Figure 3. '"H NMR spectra of DML
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Figure 4. '3C NMR spectra of DMI.

123.65 and 122.57 ppm were attributed to the presence of
(C=C) in C4, C6 and CS5 positions, respectively. The (C—C—
N) showed the signal at 112.56 ppm, a signal at 107.25 ppm
confirmed the presence of the (C—C—-0) group and a signal at
37.02 ppm was attributed to carbon attached to the (S—CH»)
group in the DMI structure. All proton and carbon spectra
were assigned and are shown in table 3, which matched with
the molecular structure of DMI (figure 5) [24].

3.2 Potentiodynamic polarization

The potentiodynamic measurements in blank and the pres-
ence of DMI in solutions were studied by the curves of
cathodic and anodic polarization as shown in figure 6. For
more investigations three temperatures were tested (25, 45 and
65°C). The results were achieved in the 3.5% NaCl solution in
various concentrations of DMI. As seen in figure 6, DMI was
influenced on the cathodic and anodic polarization slopes.
It means that DMI affected both the anodic dissolution of
carbon steel electrodes and cathodic reduction in hydrogen

]
100 80 60 40 20 ppm

evolution reactions, indicating that the type of the DMI
corrosion inhibitor was mixed [25].

As the inhibitor concentration increased, a good inhibitor
barrier layer was formed and corrosion current densities
(icorr) Were decreased. The maximum inhibition efficiency
(87%) was achieved at a concentration of 200 ppm DML
With increasing inhibitor concentrations and temperatures,
the E.or values shifted to the cathodic regions. Also, the
decrease of cathodic slopes was more than that of anodic ones.
So, DMI decreased the cathodic corrosion reaction more than
the anodic one [26].

Electrochemical corrosion parameters obtained by Tafel
curves are listed in table 4. Changing the polarization slopes
in the inhibited solution indicated that the inhibitor blocked
the cathodic and anodic sites of the metal.

A comparison of the DMI corrosion inhibition perfor-
mance with two reactants and acetylcysteine was performed.
Tafel tests for 200 ppm of isatin, 2-thiazoline-2-thiol and
acetylcysteine at 25°C were used (figure 6d). According to
table 4, the efficiency of four inhibitors for 200 ppm at 25°C
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Table 3. 'H and '3C NMR spectra of DML

'H position H20,24 H23  HIO HI2  HIl  HI3  HI5
'HNMR/ppm  3.78 405 692 7.9 724 776 9.60
13C position C17 C7 C5 C6 C4 Cl
BCNMR/ppm  37.02  107.25 11256 12257 123.65 130.54 130.98
13C position Cl6 Cc2 C21 C8

BCNMR/ppm 13429 141.54 162.78 176.45

Figure 5. Numbering the atoms of DMI.

followed the following order: DMI (87%) > isatin (71%) >
2-thiazoline-2-thiol (62%) > acetylcysteine (54%).

Corrosion of carbon steel under a NaCl environment [27]
obeyed the following reactions:

Fe — Fe’* 4 2e~ 3)
Fe’* 4+ 2C1~ — FeCl, 4)
FeCl, + 2H,0 — Fe(OH), 4+ 2H* + 2C1~ (5)
Fe’t — Fe¥* 4+ e (6)

The reduction reaction is:
0O, +2H,0 + 4e~ — 40H™ @)

The corrosion reaction products (Fe(OH),) precipitated and
yield complex compounds with oxygen, which include:
FeOOH, FeO and Fe,O5. Cathodic Tafel branches in neutral

solutions can be due to the formation of hydroxide reaction
under diffusion control [28].

33 EIS

EIS studies were applied after 60 min immersion of API
5L Grade B carbon steel in the presence and absence of
DMI in 3.5% NaCl solutions. Figure 7 demonstrates the
plots of Nyquist in inhibited and uninhibited 3.5% NaCl
solutions at 25°C with different concentrations of DMI. In
order to investigate the electrochemical impedance with fre-
quency an equivalent circuit was used which is shown in
figure 7 [29].

In this circuit, Ry and R are the solution resistance and
the charge transfer resistance, respectively. Due to the charge
transfer reaction, a constant phase element (CPE) in parallel
to R was required [30].
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Figure 7. Nyquist plots and equivalent circuit for steel in 1 M HCI containing different concentrations of DMI at 25°C.

Figure 7 illustrates that as the inhibitor concentration
increased the charge transfer resistance (R) increased. Sin-
gle semicircles in these plots showed the single time constant
and indicated the corrosion reaction controlled by the charge
transfer process. The cause of deviation in semicircles of the
plots was due to the inhomogeneity of the steel surface [31].

By adding DMI into the solution, the shape of the semi-
circles remained fixed indicating that no change in the
mechanism of the adsorbed inhibitor film occurred. The value
of the CPE impedance is determined by following relation-
ship [32]:

Zcpe = 1/Q(iw)". (8)

In this formula Q is a parameter of capacitive and n is
related to the constant phase angle. Nyquist plots were fit-
ted with an equivalent circuit using ZSim software and EIS
parameters such as double layer capacitance (Cq), Re, Rs,
0, n and T were calculated and are shown in table 5.

According to table 5, the O values were lower in the
presence of DMI with respect to the uninhibited solution. It
indicates the substitution of the inhibitor for H,O molecules
and the formation of the barrier layer. The double layer capac-
itance (Cq;) values decreased in the presence of DMI due to
the increase in the thickness of the electrical double layer
protective film. This behaviour is described by the Helmholtz
equation [33]:

Cdl = 8805/6. (9)

In this equation ¢ is the medium dielectric constant, & is the
vacuum permittivity, S is the exposed surface area and e is
the thickness of the protective film.

The value of n for 3.5% NaCl medium was low indicating
that the inhomogeneity of the surface was a result from cor-
rosion. With the addition of DMI concentrations the n value
increased from 0.85 to 0.97 indicating that the increase in
surface homogeneity was because of the inhibitor adsorption
film. Moreover, as DMI concentration increased the value of
the relaxation time constant (t = RC) increased and illus-
trated the slow adsorption process [34].

3.4 Adsorption isotherm and thermodynamic parameters

Adsorption isotherms provided information of adsorption
mechanisms such as the adsorption equilibrium constant, cov-
erage of surface and metal surface and inhibitor molecule
interactions [35]. Adsorption isotherms were used for study-
ing the corrosion inhibitors and metal surface interactions
more accurately.

In this work three important isotherms (Langmuir, Frumkin
and Temkin) were used to fit according to below equa-
tions [36]:

Langmuir: /1 — 0 = Ku4C, (10)
Temkin: log 6/C = log K —gb, 1
Frumkin: log 6/(1-0)C = log Kaqs + g6. (12)

The correlation coefficients (R?) of isotherm diagrams were
evaluated to select the best fit one.
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Table 5. Impedance data for steel in 3.5% NaCl solution without and with different concentrations of DMI at
25°C.
DMI Conc. (ppm) Ry (2cm?) Ry (Rem?)  Cq x 10°(F)  QaorYo"Q 'em™2)  n 1(5)
Blank 7.45 190.67 10.1327 0.000225 0.85 0.024
50 8.90 389.12 9.22518 0.000165 0.89 0.045
10 8.28 697.94 5.83426 0.000097 091 0.051
150 10.51 1097.43 3.33059 0.000051 094 0.04
200 11.53 1528.39 0.90402 0.000013 097 0.017
14 4
RY = 0985
11 1
10 4
— 7 = 08918
o 8
] e 1
::" R =09955 —eis
T 6 1 =d=B5¢
4
2 4
] T T T T T T T . .
] 00001 00002 00008 0004 00005 00006 00007 00008 0.000
C [mol 1]

Figure 8. Langmuir adsorption plots of steel in 3.5% NaCl and containing various concentrations of DMI

at 25, 45 and 65°C.

The best fit of DMI experimental data in 3.5% NaCl
solution was observed in Langmuir adsorption isotherms with
R? = 0.98 which describes that the adsorption inhibitors have
no interaction with the steel surface [37]. The plots of 6/1—6
vs. C in different concentrations of inhibitors and three tem-
peratures are shown in figure 8.

The values of K,q4 at different temperatures were calcu-
lated using Langmuir adsorption equations (table 6). The
high values of K45 implicated a strong chemisorption adsorp-
tion bond. Activation parameters including standard entropy
(AS®) and standard enthalpy (A H®) can be achieved by this
equation:

Ieorr = (RT/Nh) exp(—AH°/RT) exp(AS°/R). (13)

In this equation N is the Avogadro’s number and / is the
Planck constant. Log(/.or/T) against 1/2.303RT (figure 9)

lines were used for computed activation thermodynamic
parameters (A H° and A S°) as shown in table 7.

The slopes and intercepts of these lines were (—AH?®)
and (log R/Nh+ AS°/2.303R), respectively [38]. The neg-
ative sign of activation entropy (AS°) values indicated the
reduction in disorder [39].

Kgs values could be used for the calculation of AG
values according to the Gibbs—Helmholtz equation as fol-
lows:

o

AG.y = —RTIn(55.5K y4,). (14)

o

From table 6, the large negative values of AG,, ver-
ified the spontaneous phenomenon and the stability of
the adsorption film formation. The value of AG,y up to
—20 kJmol~! illustrated the physisorption according to
Van der Waals forces between the inhibitor and the sur-

face of the metal, while the values more negative than
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Figure 9. Transition state plots for steel corrosion in 3.5% NaCl in the absence and presence of different

concentrations of DMI.

Table 6. Adsorption equilibrium constants and standard free
energies of adsorption.

Table 7. Activation parameters of steel in 3.5% NaCl solution in
the presence of DMI.

Kads AGst
Temperature (°C) (M (kJmol~1)
25 9198.7 —32.58
45 11,389 —35.33
65 18,812 —38.96

—40kJ mol™" shows chemisorption [40]. The AGZdS values
obtained in this study were around —40kJmol~' revealing
that the DMI adsorption on steel was mostly chemisorption
[41].

The Van’t Hoff equation could be used for more thermo-
dynamic studies of DMI adsorption. Enthalpy (AH:dS) and
entropy of adsorption (A S:ds) were calculated from this equa-
tion [42]:

o

In Kogs=—AH,, JRT+AS., /R+1In(1/55.5).  (15)

A graph of In K4 vs. 1/T straight lines with the AS;dS /R +
In(1/55.5) intercept and the —AH:dS /R slope was used for
calculating the adsorption parameters. The Gibbs—Helmholtz

AGyt.

DMI conc. A Hyg. ASact. (kJmol 'K
(ppm) (kJmol~!)  (kImol~1) Temperature (K)

298.15 318.15 338.15
Blank 245.67 —0.16  296.03 299.40 302.78
50 87.17 —0.20 147.59 151.65 155.70
100 85.14 —0.20 147.07 15122 155.38
150 1.41 —0.22 68.90 7343  77.96
200 1.64 —0.22 69.79 7436  78.93

formula is another way to calculate the adsorption enthalpy
as follows:

AG,/T = Ay /T + K. (16)

Furthermore, heat of adsorption (AH,,) and adsorption

entropy (AS,,,) could be found according to the common

equation of thermodynamics [43]:

AG.y = AH,, — TAS.,, (17)

o

—AAS';ds is the slope of AG 4 vs. T straight line and AH:dS is
the intercept of this plot. For this inhibitor, AH,, and AS.,
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Table 8. Thermodynamic and equilibrium adsorption parameters.

Different thermodynamic equations

AHags (K mol™)

ASags (KImol™! K1)

Basic thermodynamic equation
Van’t Hoff equation
Gibbs—Helmbholtz equation

15.14 0.15
14.84 0.15
14.84 —
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Figure 10. SEM surface topography images immersed for 7 days in 3.5% NaCl: (a) uninhibited and (b) inhibited solution with 200 ppm

DMI at 25°C.

values are shown in table 8. The values of AH:dS and AS:dS
obtained from the three thermodynamic equations were in
good agreement.

The positive sign of AH,, inferred the endothermic
adsorption process and had been attributed to chemical
adsorption. The value of AH, gained in this work
(14.84 kJmol ') suggests the chemisorption mode for DMI
[44].

DMl is a heterocyclic compound and is adsorbed on the sur-
face of carbon steel. The adsorption on anodic sites occurred
through long m-electrons of aromatic rings and lone pairs
of electrons of nitrogen, sulphur and oxygen atoms, which
decreased the anodic dissolution of mild steel. The functional
groups of DMI molecules were more efficient than those in
isatin, 2-thiazoline-2-thiol and acetylcysteine. Ketone C=0
and secondary amine R1R2-NH functional groups in isatin
and thiol S-H and sulphide and nitrogen in 2-thiazoline-2-
thiol structures were combined for synthetization of DMI.
So, DMI had more and stronger heteroatoms for donating
electrons. Coordinate covalent bonds were formed by donor—
acceptor interactions between electron pairs of unprotonated
N, O and S atoms in ketone, mercaptothiazoline and indole
ring functional groups of DMI with the vacant and low energy
d-orbitals of iron [45]. In the cationic form with the positively
charged part of the molecule oriented toward the nega-
tively charged carbon steel surface, the protonated species
of the inhibitor adsorb on the cathodic sites of the mild steel

and retard the evolution of hydrogen. Furthermore, the long
hydrocarbon chain length in the molecular structure of DMI
when compared to that of other inhibitors attributed to
the increase in the adsorption ability of the compound on
the metal surface because of the increase in the molecular
size [46].

3.5 Surface study

SEM is a helpful and practical surface method to observe
the morphological features of metal and alloy surfaces [47].
As shown in figure 10a, the steel surface in uninhibited
solution is highly damaged because of the high iron dis-
solution rate in corrosive media and attack of 3.5% NaCl
solution. However, the SEM image of the inhibited steel sur-
face appeared to be smooth (figure 10b). The smooth area
of the steel surface with DMI molecules has shown excel-
lent inhibition of the surface due to the protective and barrier
film.

3.6 DFT calculations

Quantum chemical calculations of reactants, DMI and acetyl-
cysteine have been performed by the DFT/B3LYP comple-
mented with the basis set 6-31G+(d,p).

The inhibitory effect of corrosion inhibitor molecular func-
tional group and the structure of the synthesis corrosion
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Table 9. Quantum chemical parameters derived from the B3LYP/6-31+G(d,p) method.

Inhibitors Euomo (eV)  Erumo (eV) AE (V) n(eV) Sevh AN n (D)
DMI —5.88 —2.47 3.40 1.70 029 082 4.83
2-Thiazoline-2-thiol —6.67 —0.78 5.88 2.94 0.17 055 323
Isatin —6.55 —2.65 3.89 1.95 025 061 593
Acetylcysteine —6.91 —0.90 6.01 3.00 0.16 051 5.46
Inhibitors Optimized molecular structure HOMO LUMO
DM
Isatin
2-Thiazoline-
2-thiol

Acetylcysieine

Figure 11. Optimized molecular structures, HOMO and LUMO electron density isosurfaces of four inhibitors obtained

at the B3LYP/6-31G + (d,p) level of theory.

inhibitor (DMI), reactants (isatin and 2-thiazoline-2-thiol)
and acetylcysteine were discussed by a quantum chemistry
study. To explain the potentiodynamic experimental results
and to achieve a dominant mechanism for the inhibition of
DMI against corrosion, quantum chemical calculations were
used.

The important molecular parameters such as the energy of
the lowest unoccupied molecular orbital (ELymo), energy of
the highest occupied molecular orbital (Egomo), difference
between Epuymo and Epomo which is the energy gap (AE),
chemical hardness (n), dipole moment (), softness (S) and
the fraction of electrons transferred (A N') were calculated and

are listed in table 9 [48]. The equations of these parameters
are shown as below [49]:

n=(1/2)ON/di) v = D*E/IN) 0, (18)
S=1/2n= N/ () (19)
AN = (xm — Xinh)/[2(0M + Dinn) 1 (20)

where x is electronegativity and N is the electron
number [50]. The Eyomo value shows the ability of the
inhibitor compound to give electrons to a receiver one,
while the Epuymo indicates the ability of the compound to



188 Page 14 of 15

receive electrons. High Eyomo values illustrated the high
tendency of a molecule to give electrons and a low value
of the Erymo demonstrated that the molecule received
electrons easily. The energy gap (A E) shows the tendency of
species to transfer electrons to the metal. When A E increases,
the inhibitor efficiency decreases due to the decrease in
adsorption [51].

The Enomo, Erumo and AE values in table 9 show that,
in comparison with isatin, 2-thiazoline-2-thiol and acetylcys-
teine, DMI had the smallest value of energy gap (3.40 eV)
and the highest corrosion inhibition performance.

The dipole moment (1) is an important parameter for the
evaluation of inhibitor molecules. The high value of dipole
moment is a sign of good corrosion inhibition of a molecule.
In this study, the dipole moment value of DMI was the
biggest value (4.83 eV) and showed excellent inhibition action
[52].

Absolute softness (S) and hardness (1) are important
parameters to evaluate the ability of the molecular reac-
tion. Hard molecules are less reactive and more stable than
soft ones [53]. In this work DMI has the highest softness
(0.29eV~") and the lowest hardness (1.70 eV) values, there-
fore it has the best inhibition performance. The inhibitor
molecule fraction of electrons (A N) that moved to the metal
surface was determined by equation (20).

Increasing the fraction of electrons (AN) leads to an
increase in the inhibition efficiency and stronger adsorption
[54]. Lukovits illustrated that if AN < 3.6, the corrosion
inhibitor molecule tends to give the electron and the corro-
sion inhibitor efficiency increased as the electrophilicity of the
molecule increased [55]. The number of electrons transferred
(A N) from four corrosion inhibitors are shown in table 9. It is
clear that the AN values in all four inhibitors are less than 3.6
and this value for DMI is greatest that illustrated the high ten-
dency of DMI molecule adsorption in comparison with other
inhibitors.

In figure 11, HOMO, LUMO electron density isosurfaces
and optimized molecular structures of four inhibitors are
shown. The red (negative) regions of the HOMO and LUMO
orbitals were demonstrated to be nucleophilic and the blue
(positive) areas are related to electrophilic reactivity. These
figures show that the nucleophilic regions of the inhibitor
molecules are mainly localized near the conjugated double
bonds and heteroatoms, which easily shared electrons with
metallic atoms and formed chemisorption [56].

For estimation of local interactions of donor and acceptor
electrons and the charge distribution over the molecule struc-
ture, the electrophilic Fukui function during loss of electrons
data was utilized to investigate the reaction ability of each
atom in the DMI molecule as follows [57]:

fx =ax(N) —gx(N = 1) 21

gk 1s the charge of the atom (K), N denotes the electron
number and N—1 is applied for the cation of the molecule [58].

Bull. Mater. Sci. (2019) 42:188

Table 10. Calculated atomic charge distribution and Fukui indi-
ces for DML

Atom no. Atom gN gN-—1 fx

14 o —0.631 —0.403 —0.228
17 N —0.07 0.035 —0.105
20 S 0.156 0.324 —0.168
22 S 0.154 0.320 —0.166

As heteroatoms are more negatively charged, the more
ability of molecules to absorb on the metal surface was
observed [59]. Numbering the atoms of DMI is shown in
figure 5.

From table 10 it can be observed that the atoms of O (14) in
the indole group, N (17), S (20) and S (22) in thiazole and thiol
groups are the most negative and active regions, respectively.
These results showed the essential effect of heteroatoms in
corrosion inhibitor adsorption.

4. Conclusions

The synthesized DMI performed as a good corrosion inhibitor
for carbon steel in 3.5% NaCl and showed 87% inhibition effi-
ciency in 200 ppm at 25°C. This compound was characterized
by FTIR.

The polarization curves showed an increasing efficiency
with an increase in the concentration of DMI and tempera-
ture and indicated that the inhibitor molecules inhibit both
anodic and cathodic reactions and are classified as mixed
type inhibitors. EIS studies showed the increase in the charge
transfer resistance of carbon steel at interfaces of metal and
solution. The Langmuir adsorption isotherm model of DMI
was adopted.

It could be concluded that the magnitude of AG:dS, the
sign of AH:ds and a decrease in double layer capacitances
are evidence that the adsorption of DMI occurred through
chemisorption. The SEM images revealed an excellent pro-
tective film present on the surface. The theoretical DFT
parameters and experimental results obtained for DMI, reac-
tants and acetylcysteine confirmed each other as well.
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