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Abstract

This research includes synthesis of new 5-Nitro isatin derivatives starting from 5-
Nitro-3-(ethyl imino acetate)-2-oxo indole (1) namely 5-nitro-3-[(imino acetyl)
semicarbazide]-2-oxo indole (2); 5-nitro-3-[(imino acetyl) phenylsemicarbazide]-2-
oxo indole (3); 5-nitro-3-[(imino acetyl) thiosemicarbazide]-2-oxo indole (4); 5-
nitro-3-[(iminoacetyl) phenylthiosemi carbazide]-2-oxo indole (5); 5-nitro-3-
[(methyl imino)-4H-1, 2, 4-triazol-5-0l-3-yl]-2-0xo indole (6); 5-nitro-3-[(methyl
imino) 4-phenyl-1, 2, 4-triazol-5-0l-3-yl]-2-oxo indole (7); 5-nitro-3-[(methyl
imino) 4-phenyl-1, 2, 4-triazol-5-thiol-3-yl]-2-oxo indole (8) and 5-nitro-3-[(methyl
imino) 4H-1, 2, 4-triazol-5-thiol-3-yl]-2-oxo indole (9). The derivatives were
characterized using FTIR, HNMR, *CNMR and C.H.N.S analysis with the
measurement of some physical properties.
Quantum mechanical method of the Density Functional Theory (DFT) of B3LYP
with a level of 6-311++G (2d, 2p) were used to calculate the geometrical structure,
physical properties, and inhibition efficiency parameters, at the equilibrium
geometry in four media (vacuum, DMSO, ETOH and H,0). The theoretical results
showed that compound (7) was the best corrosion inhibitor among the others.
Finally, potentiodynamic polarization studies showed that the compound (7) was a
mixed type inhibitor. The adsorption of this compound on a carbon steel surface
from sea water obeyed the Langmuir adsorption isotherm. The decrease in the
inhibition efficiency with the increase in temperature and the low negative values of
AH°ads suggest predominant physisorption of the prepared compound (7) on the
carbon steel surface. The surface morphology of the carbon steel before and after
inhibition was studied using SEM (Scanning Electron Microscopy) and AFM
(Atomic Force Microscopy) techniques.

Keywords-5- nitro isatin, 1, 2, 4-triazolederivatives, corrosion inhibitors, quantum
chemical calculations, electrochemical measurements
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Introduction

Isatin is the reference compound of an important class of nitrogen-containing aromatic heterocyclic
compounds, which have been found in many plants and tissue [1].
1,2,4-triazoles derivatives have a broad spectrum of biological activity and this is applied especially
for heteryl condensing derivatives-1,2,4-triazoles substituted by benz-thiazole, benz-oxazole, thiazole
fragments which exhibit a pronounced anti-inflammatory, antibacterial, anti-tuberculosis, analgesic
and other properties [2].

Quantum chemical calculations had been used to study the reaction mechanism and to solve
chemical ambiguities. This is a useful approach to investigate the reaction mechanism of the inhibitor
molecule and the metal surface. The structural and electronic parameters of the inhibitor molecule can
be obtained by theoretical calculations using the computational methodologies of quantum chemistry
[3].

Corrosion inhibitors are chemicals that react with a metallic surface or the environments the metal
surface is exposed to an act to protect the metal against corrosion [4]. Most organic compounds having
hetero atoms (N,O,S) in their aromatic structure have been successfully used as corrosion inhibitors
[5]. The heterogeneous organic compounds having higher basicity and electron density on the hetero
atoms usually have the tendency to resist corrosion.

The aim of the present work is to prepare new 5-nitro isatin derivatives, and studying their corrosion
inhibition ability theoretically in four media (vacuum, DMSO, EtOH and water) for choosing the
expected best corrosion inhibitor by calculating parameters of the quantum mechanical inhibition
efficiency using DFT [6-311/ B3LYP++G (2d, 2p)] method. The best expected inhibitor was
compound (7). And to confirm the inhibition ability of a compound (7), it was studied experimentally
as a corrosion inhibitor of carbon steel in sea water by using the potentiodynamic polarization, SEM
and AFM measurements.

Experimental part

1. Synthesis of 5-nitro-3-[(iminoacetyl) phenylthiosemi carbazide]-2-oxo indole (2), 5-nitro-3-
[(iminoacetyl) phenylsemicarbazide]-2-oxo indole (3), 5-nitro-3-[(imino acetyl)semicarbazide]-2-oxo
indole (4) and 5-nitro-3-[(iminoacetyl)thiosemicarbazide]-2-oxo indole (5) [6].

A mixture of 5-Nitro-3-(Ethyl imino acetate)-2-oxo indole (1)[7](3 g, 0.0106 mol) with (0.0106
mol) semicarbazide, phenylsemicarbazide, thiosemicarbazide, or phenylthiosemicarbazide
respectively and (0.93 g, 0.0106 mol) of sodium acetate in 30 ml absolute ethanol were refluxed for

(14-16) hours. The mixture was poured on ice water filtered, dried and recrystallized from absolute
ethanol to give crystals. The physical properties of products are listed in Table 1.
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2. Synthesis of 5-nitro-3-[(methylimino)-4H-1,2 4-triazol-5-0l-3-yl]-2-oxo indole(6), 5-nitro-3-
[(methylimino) 4-phenyl-1,2,4-triazol-5-0l-3-yl]-2-0xo indole(7), 5-nitro-3-[(methylimino) 4-phenyl-
1,2,4-triazol-5-thiol-3-yl]-2-oxo indole (8) and 5-nitro-3-[(methylimino) 4H-1,2,4-triazol-5-thiol-3-
yl]-2-oxo indole (9) [6].

In round bottom flask (0.0032 mol) of compounds (2, 3, 4 or 5) was refluxed with (4N) aqueous
sodium hydroxide solution for (10-12) hours. After cooling, poured on ice water, and neutralized by
gradual addition of (1:1) hydrochloric acid. The precipitate was filtered, dried and recrystallized from
ethanol. The physical properties and FTIR of compounds (6-9) are listed in Table 1.

Preparation of solutions

Blank solution

35 g of NaCl was dissolved in distilled water, transferred to 1L volumetric flask, and 2ml of DMSO
was added, then the volume completed to 1L with distal water.

5-nitro-3-[(methylimino) 4-phenyl-1,2,4-triazol-5-0l-3-yl]-2-oxo indole (7)solutions

Three concentrations of (5, 10 and 20) ppm were prepared by dissolving (0.005, 0.01 and 0.02) g,
of compound (7) respectively, in 2ml DMSO, transferred to a volumetric flask of 1L. Then 35g of
NaCl was added to each concentration after dissolving in distilled water before completing the volume
to 1L.

Electrochemical measurements
Potentiostatic polarization study

The potentiostat set up includes a Host computer, thermostat, magnetic stirrer, Mat lab (Germany,
2000), potentiostat, and galvanostat. The corrosion cell is (1L) capacity made of Pyrex consist of two
bowls internal and external. The electrochemical corrosion cell is a three electrodes cell containing a
working electrode carbon steel with 1cm? surface area used to determine the potential of working
electrode according to the reference electrode, a platinum auxiliary electrode with length (10cm) and a
silver-silver chloride (Ag/AgCl, 3.0M KCI) reference electrode. The working electrode was immersed
in the test solution for 30 min. to establish state open circuit potential (E,), then electrochemical
measurements were performed in potential range of (x200) mV. All tests were carried out at
temperature of (298-318) K by controlling the cell temperature using a cooling heating circulating
water bath.

Results and discussion
Synthesis of 5-Nitro isatin derivatives

Ester derivative (1) was converted to semicarbazide (4), phenylsemicarbazide (3),
thiosemicarbazide (5) and phenylthiosemicarbazide (2) derivatives by reaction with semicarbazide,
phenylsemicarbazide, thiosemicarbazide and phenylthiosemicarbazide respectively in absolute ethanol
as a solvent, Equation 1.

O,N
0 ON
] 0
N_ .C. _Et _NH)NH-R I
7 °C" 0 - N._..C—NHNH—R
H2 7 C
N H,
H 0 N 0
H
1) (2,3,4and 5)
//O /,O ,/S //S
. _C\NH, TN TE —<
2 HN—Ph NH, HN—Ph

Equation (1).
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The mechanism of this reaction [8] is shown in Scheme 1.
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Scheme (1)

The physical properties of compounds (2, 3, 4 and 5) are listed in Table 1. FTIR spectrum of
compound (4) showed the appearance of the absorption band for v(NH,) group asymmetric at (3434)
cm™ and symmetric at (3294) cm™, and v(N-H) group stretching band at (3247) cm™. Also showed
v(C=0) bands at (1713, 1706) cm™ of amide. FTIR spectrum of compound (3) showed an appearance
of absorption band at (3244) cm™ for v(N-H) and (1695, 1666) cm™v(C=0) of amide [9]. While in
compound (5) showed absorption band at (3473) cm™ asym. (3373) cm™ sym. for v(NH,), absorption
band at (3249) cm™ for v(N-H) and (1697, 1654)cm™v(C=0) of amide also showed absorption band at
(1259) for v(C=S) group. Finally FTIR spectrum of compound (2) showed absorption band at (3244)
cm™ for v(N-H), v(C=0)of amide at (1695, 1666) cm™ and (1292) cm™ for v(C=S). FTIR spectral data
are listed in Table-1.

'H-NMR (DMSO-dg) spectrum of compound (4) showed signal at = 3.82 ppm due to (s, 2H, =N-
CH,) protons, showed multiple signal at 6= (7.19-8.19) ppm due (C-H) protons of benzene ring also
absorption band at &= (8.52) for (s, 2H, NH,), signal at 9.72 for (s, 2H, O=C-NH) and singlet signal at
8= (10.71) ppm due to (N-H indole) proton. Results of 'HNMR Spectra for compound (4) are listed in
Table 2."*C-NMR spectral data of compound (4) are listed in Table 3.

Treatment of compounds (2-5) with alkaline medium (4N) NaOH solution affords intramolecular
cyclization to give the hydroxytriazole (6), phenylhydroxy triazole (7), thiotriazole (8) and phenylthio
triazole (9) respectively, Equation 2.

O,N

0 O,N
H H
N_. .C. _N_ _N. N—N
= >¢c” N7 >c” R N /N
5 0N G 1 4N-NaOH N /\XH
N X H, ’T‘
/ (o) N R
H H/ O 1
(2-5) (6-9)

whenX=S ; R;=HorPh
whenX=0 ; R;=HorPh

Equation (2)
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The mechanism of reaction involved nucleophilic attack lead to cyclization [10] as shown in Scheme
2.

H H
H H \ /
AN / N—N
HN —— NH N—N pT. R/ \
/ \ OH R\ / \ —_— C\ /CQX
R—C C=X C® _C= j N
L\\/\./ %/ \N\ X HO |
O  HN_ | "H R,
Rl Rl
Comp. (2-5) l ~H20
N—N H
/1 \\ N—NQ
—~ // \
R™ Ny XH el =,
| R &
Rl |
(6-9) "
when X=S R;=H or Ph
R= /N\C/ ; when X=0 , R,=H or Ph
H;
NS0
H

Scheme (2)

The physical properties of compounds (6-9) are listed in Table-1. These compounds were identified
from FTIR spectra, all spectral data showed the presence of absorption band of v(C=N) group at about
(1620-1629) cm™ with appearance of v(O-H) for compound (6 and 7) at (3352, 3454) cm™
respectively, also show v(S-H) at (2550-2700) cm™ for compounds (8 and 9) the results are listed in
Table 1.

"HNMR spectrum for compound (7) showed signals at 4.33 due to(=N-CH,-) protons, absorption
band at 6.89 due to proton of (-OH), multiple signal at 6.97-7.84 due to aromatic ring protons, also
signal at 10.29 for N-H tautomeric form and signal at 11.64 due to (-NH indole) proton. Results of
'HNMR Spectra for compound (7) are listed in Table-2.

The C-NMR spectral data of compound (7) are listed in Table-3. The C.H.N analysis for
compound (7) is listed in Table -4.

Table 1-Physical properties and FTIR spectral data of the synthesized compounds (2-9)

Physical Properties Major FTIR Absorption (cm™)
Com : v(C-H)
No. M.P. | Yield ) v(C-H) : { | v(C=0)
Structure °c % Color | v(N-H) aromatic aliphatic amide
NO,
N ?C.) kll NHP
X
= °C"7°NT C 117- 2920 1695
2 . H, H 's', 118 75 Brown 3244 3068 2850 1666
H o
O,N
N. G N R
Z"°CT7°NT TCT UPh 114- 2920 1695
3 " H, H & 115 85 Brown 3244 3068 2850 1666
H 0}
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O,N
N g N NH
Z°¢TTNT CT T P 108- 2914 1713
4 N Ho H 8 110 84 Brown | 3247 3074 2884 1706
0
H
? H
_N_C. .N___NH, | 119- 2997 1697
5 ﬁz H g 120 80 Brown 3249 3080 2937 1654
N
H (6]
O,N
6 Ne 0 191- | g5 | DAk [ghg 3076 2923 | 1699
- "CT SN OH 193 brown 2883
N M2 H
H (0]
NN 208 Dark 2966
N /N -
7 _ E‘/(NAOH 210 80 brown | 3224 3081 5078 1693
N T
H O
O,N
N 197- 1720
8 ' ﬁz N SH | 00 71 Black | 3282 3068 2898 1697
H o)
O,N
Ne )N
9 - \g*N*SH 22‘?; 85 Black | 3336 3066 2880 1681
N 2 pn
H o
Table 2- '"H-NMR spectral data for compounds (4 and 7)
Com.
No Structure 'HNMR spectral data (8, ppm)

3.82 (s, 2H, =N-CH,); 7.19-8.19 (m, 3H,Ar-H);

(0]
¢ 8.52 (5, 2H, NH,); 9.72 (s, 2H, O=C-NH); 10.71

~~-NH
(I? 2

0 (N-H indole).

7.84 (m, 8H, Ar-H); 10.29 (s, 1H, N-H

H

. N
N
H

N_

'F?,' tautomeric form); 11.64 (s, 1H, N-H indole).

2

O,N
20
2
N
H' (0]
O,N
N 4.33 (s, 2H, =N-CH,-); 6.89 (s, 1H, O-H); 6.97-
7 /N\c/4 >\OH
H
N h
H o)
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Table 3-"*C-NMR spectral data for compounds (4 and 7)

C,\?(T' Structure BCNMR spectral data (8, ppm)
4 64 (C9); 126-135 (C2, 3,4, 5, 6, 7); 156 (C8);
161 (C1, 10); 169 (C11).
- 70 (C9); 111-121 (C2, 3,4,5,6, 7,11, 12, 13,
14, 15, 16); 155 (C8, 10, 17); 163 (C1).

Table 4-The C.H.N analysis for compound (7)

Com. Molecular Calculated (%) Found (%)
No. Formula C H N C H N
7 C17H12N604 56.05 3.32 23.07 55.00 3.31 22.89

Quantum chemical calculations

The structural nature of the organic inhibitors and their inhibition mechanism were described by
density functional theory (DFT). The inhibition efficiencies of compounds (6-9)were investigated by
the theoretical corrosion inhibition parameters such as energy of the highest occupied molecular
orbital (Epomo) and energy of the lowest unoccupied molecular orbital(E umo), energy gap (AE)
between Enomo and E umo, dipole moment (u), electronegativity (), electron affinity (A), global
hardness (1), softness (o), ionization energy (IE), global electrophilicity (o), the fraction of electrons
transferred (AN) and the total energy (E.) [11].
Molecular geometry

The compound was built using Chem Draw of MOPAC program. Gaussian 09 packages were used
for calculating the equilibrium geometry [12]. The corresponding geometry in the vacuum phase was
fully optimized using DFT (Density Functional Theory) which was carried out using a basis set of
(B3LYP) with a 6-311++G (2d, 2p) level of the theory [13,14]. Also, the equilibrium geometry was
calculated in three solvent media (ETOH, DMSO, and H,0O). Figure-1 shows the numbering of atoms
of compound (7).

17 18
N———N
11 \ 19
O N—C 20

\\ @ N

12 9 2 @)
1 13
N
|
H

Figure 1-The numbering of atoms for compound (7).

The computational of the structural parameters such as bond angles, bond distances, and dihedral
angles were assayed. The longest bond length was observed for C2-C3 (1.536 A®). The shortest bond
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length was observed for N1-H (1.009 A°). The bond angles were getting between (27.920 A°) for
O11N10012 and (131.268 A°) for C3C8C4. The values of the dihedral angles (trans & cis) indicated
non-planar compound with asymmetry of C; [all cis dihedral angles are higher or lower than 0.0
degree and the all trans dihedral angles are higher or lower than 180.0], Table-5, Figure-2a.

The functionalize adsorption part is located at the planer part of the molecule, Figure-2b.

Table 5-Geometrical structure for compound (7) in the media of (vacuum, ETOH, DMSO, and H,0)

as calculated by using DFT method.

Description Bond length Description Angle (deg) I_Description Dihedral angle
Bond length A) angle Dihedral angle (deg)
N1-C2 1.390 C2N1H 120.886 N1C2C3C8 2.259
N1-C9 1.397 N1C2C3 105.479 N1C2C3N14 -178.046
N1-H 1.009 N1C2013 125.281 HN1C2013 16.128
C2-C3 1.536 C2C3C8 105.076 C2C3C8c4 179.063
C2=013 1.211 C2C3N14 129.559 C2C3C8C9 0.109
C3-C8 1.469 C8C4C5 117.296 C3C8cacy 178.977
C3-N14 1.268 C4C5C6 122.256 C3C8CIN1 -2.481
C4-C5 1.396 C6C5N10 118.688 C8C4C5C6 0.206
C4-C8 1.382 C5C6C7 120.290 C8C4C5N10 -179.801
C5-C6 1.396 C6C7C9 117.698 C4C5C6C7 -0.506
C5-N10 1.458 C3C8C9 107.952 N10C5C6C7 179.501
C6-C7 1.392 C3C8C4 131.268 C2C3N14C15 -1.343
C7-C9 1.389 C7CON1 128.712 C3N14C15C16 -79.177
C8-C9 1.407 C5N10011 117.817 N14C15C16N17 -11.093
N10-O11 1.230 0O11N10012 27.920 C15C16N17N18 -175.759
N10-012 1.231 C3N14C15 120.491 C16N17N18C19 0.575
N14-C15 1.463 N14C15C16 111.119 N17N18C19N20 -0.462
C15-H2 1.090 N14C15H2 111.716 N18C19N20C21 -175.637
C15-C16 1.504 C15C16N17 125414 | - -
C16-N17 1.300 C16N17N18 107782 | - |
N17-N18 1.400 N17N18C19 106.169 | = - | -
N18-C19 1.297 N18C19N20 112559 | - e
C19-N20 1.371 C19N20C21 127126 | - | -
N20-C21 1.429 N20C19022 120646 | = - | e
C19-021 1.342 N18C19022 126.785 | = - | e

Global molecular reactivity:

Frontier orbital theory is used in predicting adsorption centers of the inhibitor responsible for the
reaction metal surface/molecule [15]. The calculated quantum chemical parameters related to the
inhibition efficiency of the studied molecule are collected in Tables-(6a, 6b). They are calculated
according to the following equations:

IP (lonization potential) = -Enomo 3
EA (Electron affinity) = -E, ymo...- (@)
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H (Hardness) = (IE - EA)/ 2... (5)
X (Electro negativity) = (IE + EA)/ 2 .. (6)
The Global softness (S) is the inverse of the global hardness.

S (global softness) = 1/1. @)

The Global electrophilicity index (w) introduced by Parr [16], using for calculating the
electronegativity and chemical hardness parameters, Equation 8:
Global electrophilicity index (w) = (- ) 221 = p%/2n... (8)

The fraction of electrons transferred (AN) from an inhibitor to carbon steel surface was also calculated
using theoretical yr. and ne. Values for mild steel of 7.0 eV mol™ and 0.0 eV mol™, respectively. The
number of transferred electrons (AN) was also calculated [17] by using Equation (9).
AN (Electron transferred) = (¥ re = % innib.)/ [2 (M re +M innib.)] C))

The calculated quantum chemical parameters in the vacuum, ETOH, DMSO and H,O had shown a
good effect for increasing the efficiency inhibition for compound (7), Tables (6a, 6b). Figure-2
showed the geometry optimization of the studied compound in the vacuum including HOMO and
LUMO density distributions. The HOMO mainly located on the 1, 2, 4-tiazole moiety, this would
indicate that the preferred actives sites for an electrophilic attack are located within the region around
the nitrogen atoms. Moreover, the electronic density of LUMO was distributed at the aromatic ring
and ring of isatin moiety.

&

3

(b) (b)
HOMO LUMO
Figure 2(a)-The Frontier Molecular Orbital density distributions of the studying 5-Nitro isatin
derivative, (b) The most planar region in the molecule. [Red color: negatively charged lobe; blue
color: positive charge lobe].

Table 6(a)-DFT calculations for some physical properties of the inhibitor molecules (6-9) at their
equilibrium geometries.

P .G, | M. formula E(ggy)o E(;gy)o Hiﬁgu(“eﬂg) (DeLtlJye) Ereta (V)
(6)

Vacuum C, -6.568 -3.471 3.096 4,990 -28670.0

ETOH C; C11HsNgO, -6.738 -3.141 3.597 6.701 -28670.7

DMSO C; -6.744 -3.132 3.612 6.760 -28670.7
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HO | C | | 6747 | -3.128 3.619 6.787 | -28670.7
(7

Vacuum | G, 6.740 | -3.170 3.570 7.806 | -34958.7
ETOH Ci | CuHuNO, = 6963 | -3147 3.815 10.402 | -34959.4
DMSO C, 6.964 | -3.149 3.814 10501 | -34959.5

H,0 C, 6.984 | -3.151 3.833 10.546 | -34959.5
(8)
Vacuum | C; -6.608 | -3.773 2.835 7.309 | -37458.0
ETOH | C 6.780 | -3.425 3.354 90.458 | -37458.8
C11HgNGO5S
DMSO | C, 6.786 | -3.418 3.367 9.528 | -37458.8
H,0 C, 6.788 | -3.414 3.374 9.561 | -37458.8
)

Vacuum | G 6.328 | -3.207 3.120 7.468 | -43746.7
ETOH | C 6477 | -3172 3.305 90.873 | -43747.4
DMSO | C, CotNsO:S o6 -3.174 3.311 9.963 | -43747.4

H,0 C, 6489 | -3.175 3.314 10.006 | -43747.4

Table 6(b)-Quantum chemical parameters for inhibitor molecules (6-9) as calculated by using DFT
method.

,'\zh”?' IP@eV) | EA(V) | 0@V) | 0@V) | SEV) | (V) 0o
edia
(6)

Vacuum | 6568 | 3471 | 1548 | 5019 0.645 8.139 0.639
ETOH | 6738 | 3141 | 1798 | 4939 0.556 6.783 0.572
DMSO | 6744 | 3132 | 1806 | 4938 0.553 6.751 0.570

H,0 6.747 | 3128 | 1809 | 4938 0.552 6.737 0.569
(7)

Vacuum | 6740 | 3470 | 1785 | 4.955 0.560 6.878 0572
ETOH | 6963 | 3147 | 1907 | 5055 0.524 6.698 0.509
DMSO | 6964 | 3149 | 1907 | 5057 0.524 6.704 0.509

H,0 6.984 | 3151 | 1916 | 5067 0.521 6.699 0.503
(8)

Vacuum | 0637 | 3773 | 1417 | 5491 0.705 9.504 0.637
ETOH | 0565 | 3425 | 1677 | 5103 0.596 7.763 0.565
DMSO | 0563 | 3418 | 1683 | 5102 0.593 7.729 0.563

H,0 0562 | 3414 | 1687 | 5101 0.592 7.713 0.562
(9)

Vacuum | 6328 | 3207 | 1560 | 4.767 0.640 7.284 0.715
ETOH | 6477 | 3172 | 1652 | 4825 0.605 7.044 0.657
DMSO | 648 | 3174 | 1655 | 4830 0.603 7.044 0.655

H,0 6489 | 3175 | 1657 | 4832 0.603 7.044 0.653

Active sites of the compound (7)

The inhibition of the investigated inhibitor was done through its reactive centers (nucleophilic and
electrophilic centers) using Mulliken charges population analysis. Table 8 shows that the oxygen,
nitrogen and some carbon atoms have the higher negative charge, whereas C4 atom has high electron
density (-0.540). Destinations for nucleophilic reactive sites of compound (7) were O13, N17, N18,
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022 and the carbon atoms which have negative charge could be considered as an active adsorption
center towards the metal surface.

The nucleophilic and electrophilic electronic charge values of compound (7) show that they are
stronger in ETOH, DMSO and H,O solution than that in the vacuum making among adsorption by
donating electrons.

Table-7 shows that the nucleophilic reactive sites are N18< N17< C15< C7< O13< C4< C9 and the
electrophilic reactive sites are C2< C16< C19< C3< C8.

Table 7-DFT Mulliken charges population analysis for the calculated inhibitor molecule compound
(7) in media (vacuum, ETOH, DMSO, and H,0).

Electronic Electronic Electronic charge
A0 Charge (ecu) AU Charge (ecu) 4101 (ecu)
-0.178V -0.535V 20,295V
-0.166E -0.594W -0.343W
s -0.166D = -0.591E i -0.341E
-0.165W -0.593D -0.343D
0.194V 0.023V 20.194V
0.248E 0.076E -0.298E
e 0.250D L 0.078D i -0.303D
0.251W 0.079W -0.303W
0.559V -0.135V 0.396V
0.617E -0.195E 0.439E
C3 0.619D O11 -0.198D C19 0.441D
0.620W -0.199W 0.442W
20540V 20.158V 20124V
-0.513E -0.208E -0.081E
c4 0.512D O12 -0.210D N20 -0.080D
-0.512W -0.211W -0.079W
20,021V 20.456V 0111V
-0.049E -0.493E 0.101E
= -0.049D ols -0.494D oL 0.100D
-0.049W -0.495W 0.100W
0.190V 20,077V 20,401V
0.218E -0.153E -0.418E
Cc6 0.219D e -0.156D 022 -0.419D
0.219W -0.158W -0.419W
20.434V 20317V
-0.453E -0.339E
c7 -0.453D C15 034D | T |
-0.454W -0.341W
0.001V 0.281V
0.805E 0.330E
C8 0.805D C16 0320 | T |\ T
0.804W 0.333W

V: vacuum phase, D: dimethyl sulfoxide (DMSQ), W: water, blue color: increase in electronic charge

to more positive, red color: increase in electronic charge to more negative, ecu = electron control unit.

Corrosion inhibition measurement

Potentiodynamic polarization curves and Corrosion kinetic

The electrochemical corrosion parameters are presented in Table 9 such as corrosion potential (E.r),

Tafel slopes (bc, ba) and corrosion current density (l..) obtained by of cathodic and anodic regions of

the Tafel lines. Figure-3 presents potentiodynamic polarization curves for C.S in sea water containing

different conditions of compound (7). IE%, ©, can be measured using the following Equations:

%IE = (Icorr (uninh) — Icorr (inh)/ Icorr (uninh)) x 100 (10)

©= (Icorr (uninh) — Icorr (inh) / Icorr (uninh)) (11)
Where I nny IS the inhibited corrosion current densities, leor wninny 1S the uninhibited current

densities.

Table-8 showing the decreasing in IE% with the increase in temperature which may be indicating a

physisorption inhibition process [18]
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Table 8-Electrochemical data of the C.S corrosion in sea water at different concentrations for
compound (7).

Inhibitor E I b b
corr corr C] a 0,
(nC1(;?CL) K mv) | (uaem? | (mVdec))  (mvdec?) 'E¥® | ©
298 -621.0 121.69 -146.9 82.1 - -
Blank 308 -785.7 164.53 -26.3 73.8 - -
318 -608.0 191.16 -102.0 315.2 - -
298 623.5 20.35 - 44.0 83.277 | 0.833
5 308 -547.3 29.44 -256.3 75.7 82.107 | 0.821
318 579.4 37.95 -146.6 78.7 80.148 | 0.801
298 623.0 18.96 -275.0 73.9 84.419 | 0.844
10 308 588.3 26.02 -131.9 75.4 84.185 | 0.841
318 595.1 36.64 -171.2 92.0 80.832 | 0.808
298 -537.2 15.69 -110.1 725 87.106 | 0.871
20 308 -484.2 23.84 -391.8 69.0 85.510 | 0.855
318 -528.2 31.26 -263.5 88.2 83.647 | 0.836
3009 200 —
_m =
=) —~ 00
z “
.y 2 600 —
_600 — .
E E
= =
700 — = 800 —
-800 T | I I 1 1000
00001 0001 001 0.1 1 10 | T 1 T '
. _2 0.0l (1K1 il 1 10 10y
log i/ mA.cm log if mA.cm-2

(@) (b)

T T T I 1
LMY ] LURLLL] ] il LU | 1 1

log i/ mA.cm-2
. — . © .
Figure 3-olarization curve of C.S in sea water for different concentrations of compound (7) at
temperature (a) 293K, (b) 308K, (c) 318 K.
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Thermodynamic and activation parameters

The Arrhenius law presented as a straight line of the logarithm of the corrosion rate. The linear
regression plots between log Il and 1/ T are presented in Figure-4.The activation energy of the
corrosion process (Ea), and the pre-exponential factor (A), are calculating from Equations 12 and 13.
Log (l.or) = Log A — Ea /2.303RT (12)
Log (leor/T) = Log (R/Nh) + AS*/2.303R - AH*/2.303RT (13)

Where (l..rr) is the corrosion current density, (R) is the universal gas constant (8.314 J mol™ K™,
(T) is temperature in K, (h) is the Plank’s constant (6.626 x 10" J s), (N) is the Avogadro’s number
(6.022 x 10% mol™), AH is the enthalpy of activation and AS is the entropy of activation.

A plot of log (leor/ T) against (1/ T) gave linear relationship with a slope of (—AH*/ 2.303R) and an
intercept of [log(R/ Nh)+ (AS*/ 2.303R)] as shown in Figure-5, from which the activation
thermodynamic parameters (AH* and AS*) were calculated, Table-9.

The enthalpy changes (AH*) of the corrosion reaction in 3.5% NaCl at a temperature range of (298-
318) K have positive values indicating an endothermic nature for this reaction [19]. The lower
negative values of entropy (AS*) obtained for corrosion processes meaning a decrease in the degree of
freedom and a consequent restriction of the corrosion process [20].

The values of AG of corrosion processes were calculated from the following relation:

AG* = AH*-T AS* (14)
Table 9-Corrosion kinetic parameters for carbon steel in sea water (3.5% NaCl) for blank within
various concentrations of the inhibitor.

Conc. AG/ kJ mol™ AH* AS* Ea A o
(mg/ kJ_l kI mol K kJ mol™ Moleculizs cm=S
L) 298K | 308K 318K | mol
Blank | 61.037 62.572 64.107 | 15.293 -0.154 17.853 1.006E+29
5 65.469 | 66.927 68.385 | 22.019 -0.146 24.585 2.53861E+29
10 65.722 67.143 68.564 | 23.379 -0.142 25.925 3.97737E+29
20 66.107 67.498 68.890 | 24.642 -0.139 27.208 5.65713E+29
== Dblank
25 T
=i=5ppm
>— —
20 T ¢ 10ppm
=>¢=20ppm
=15 T 5\
2 y =-932.4x +5.223
2104 y = -1284.x + 5.625
y =-1354.x + 5.820
05 T y =-1421.x + 5.973
0.0 : : |
3.10E-03 3.20E-03 3.30E-03 3.40E-03
UT (K

Figure 4-Plot of log I, vs (L/T) for the corrosion for carbon steel in sea water (3.5% NaCl)
containing different concentrations of the inhibitor

700




Kubba et al. Iragi Journal of Science, 2019, Vol. 60, No.4, pp: 688-705

'0.6 '1.2 T 5 m
- Blank 11 PP
=-0.4 -
§ / = -1 -
=-0.2 y = -798.76x + 2.3011 =
k=) R2 = 0.9596 g8-0.9 1 y =-1150.9x + 2.703
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kel 1.2 - :
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Figure 5-Plot log (le./ T) vs (L/T) of carbon steel in sea water for blank and in presence different
concentrations of the inhibitor.

Adsorption isotherm
The adsorption isotherms are useful to describe the reaction between the inhibitor molecules with
carbon steel surface.
Langmuir adsorption isotherm can be represented by the following equation [21].
C/O=(1/Kys) +C (15)
Whereas C is the inhibitor concentration, K, is the adsorption/ desorption equilibrium constant.A
plot of C/0 versus C, could be used to determine the equilibrium adsorption constant K4, then the
thermodynamic functions, Figure-6. For the adsorption process, these functions are (AHggs, ASagsand
AG,gs) represent in Table 10. AG,ys was calculated using Equation 16 [22].
AGygs = -2.303 RT Log (55.55K ,g5) (16)
Whereas R: is the gas constant (J K* mol™), T: is the absolute temperature (K), and 55.5: is the
molar concentration (mol L™) of water in the solution. By plotting K, versus (1/T) the AG®.s Was
extracted from the slope entropy and enthalpy adsorption values by using Equations 17, 18, Figure-7.
AG® 5= —RT In Kogs. (17)
AG® a95= AH® 445~ TAS®445 (18)
Negative values of the AG®, reflect the spontaneous adsorption. In general, values of AG®us
around or below (-40 kJ mol™) are compatible with physisorpti on and those around or more negative
than (-40 kJ mol™) involve chemisorptions [23]. The calculated values for AG°,4 have been found in
the range of (-11.815 to -12.672 kJ mol™) at different temperatures (298-318 K). These values fall
between the threshold values for the physisorption.
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The entropy AS°ygs value was positive confirming that the corrosion process is entropically
favorable [24]. The negative value of AH®, indicates the adsorption of inhibitory molecules on the

Iragi Journal of Science, 2019, Vol. 60, No.4, pp: 688-705

C.S surface is an exothermic process. For compound (7) AH is equal to (-13.717 kJ mol™) [25].

Table 10-Thermodynamic parameters for adsorption of compound (7) on C.S surface in 3.5% NaCl at

various temperatures

AG 2 AHads ASads
K Kags kJ mol* = kJ mol* kJ molt K*
298 2.99401 -12.672 0.999 137170 0.0038
308 2.24719 -11.961 1.000 e '
318 2.11864 -11.815 0.999
30 30 -
=@=29... A 30.
20 20 -
210 =1.1278x+0.445 | =10
O Y o0 © y = 1.1529x +0.3349
0 T T — 0 : : R2 — 1I
0 10 20 30 0 10 20 30
C C
30 - 30 - ® 298K
¢ 318K
i 25
25 A 308K
20 - 20 1
= y =1.127x + 0.445
<15 1 o 5 y =1.152x + 0.334
510 4 o - y = 1.1744x + 0.4728
c y = 1.1744x + 0.4728 5 |
R2 = 0.9998
O T T 1 0 T T 1
0 10 20 30 0 10 20 30
C (ppm) C

Figure 6- angmuir isotherms plots for the adsorption of
temperature range of (298, 308 and 318) K.

compound (7) on carbon steel at the

0.6 -
<
S 0.4
€ °
4
(7]
E y = 716.48x - 1.9432
w 02 7 R? = 0.8856
—
0 T 1
3.10E-03 3.20E-03 3.30E-03
U T (K

3.40E-03

Figure 7-Plot of log K, vs (1/T) for compound (7)
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Scanning Electron Microscopy (SEM)

In Figure-8a, the badly damaged surface obtained when the metal was remained immersed in saline
water. However, Figure-8b shown C.S surface in the presence of inhibitor(7) has respected
smoothness as compared to Figure-8a, indicating reduction of the corrosion rate. This improvement in
surface morphology is due to the formation of a protective film of compound (7) inhibitor on the C.S
surface which is represent for inhibition of corrosion [26].

e ' - A 3 e

(a) (b)
Figure 8-SEM images of carbon steel in a 3.5% NaCl solution immersion at 298 K (a) without
inhibitor (b) in presence of compound (7) inhibitor.

Atomic force microscopy

Surface morphology of carbon steel sample in a 3.5% NaCl solution in the absence and presence of
inhibitor (7) was investigated by atomic force microscopy (AFM). The results are shown in Figure
9(a—f). The average roughness is clearly shown in Figure-9 (a, b and c) that carbon steel sample is
badly damaged due to the 3.5% NaCl salt attack on the surface. The average roughness value (Sa),
root mean square value; Sa (mean roughness value (Sq), peak valley height (Sy) for the carbon steel
surface 2.79 nm, 4.11 nm, and 42.8 nm, respectively. However, in the presence of an optimum
concentration (20 ppm) of compound (3) as shown in Figure-9(d, e and f), the average roughness was
reduced that display the steel surface after immersion in 3.5% NaCl solution presence of inhibitor. The
(Sa)’ (Sn\ QN far tha rarhnn ctaal ciirfann ~es A oo SO0 O e sod 215 s respective'y [27]

40 OO e

3S.00nm

20 .00

S. 00 mm
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=]

Mililal.:y

"

S.00mm

1000

S.00mmy

Om e

300.00nm

250.00nm

200.00nm

150.00nm

100.00nm

S0.00nm

Omnm

(d) © 0
Figure 9-AFM of C.S surface (a, b, ¢) in a 3.5% NaCl solution, (d, e, f) in presence of 20 ppm
compound (7).
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Conclusions

1. The new synthesized isatin semicarbazides and 1, 2, 4-triazole derivatives (2-9), were theoretically
to be as an organic corrosion inhibitors for carbon steel. The best one was compound (7).

2. The inhibition efficiency obtained for compound (7) using potentiodynamic polarization
measurements reflected that the studied inhibitor could be classified as a mixed inhibitor in 3.5%
NaCl.

3. The inhibition efficiency increased with increasing inhibitor concentration and decreased with
increasing temperature.

4. The adsorptions of the studied compound on C-steel follow the Langmuir adsorption isotherm
model. The low K,y values indicate a physical reaction between the inhibitor and the metal surface,
and the (AG°®,qs) values suggest also that this interaction may occur by physical adsorption.
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