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Abstract— Three 3-carbohydrazide derivatives have been investigated for the corrosion of different types of low C-steel in 2 M HCI
solution at different concentrations at 25+1-C using potentiodynamic polarization, electrochemical impedance spectroscopy (EIS) and
electrochemical frequency modulation (EFM) techniques. Generally, inhibition efficiency of the investigated compounds was found to
depend on the concentration and the nature of the inhibitors. These studies have shown that 3-carbohydrazide derivatives are very good
“green”, mixed-type inhibitors. Electrochemical frequency modulation (EFM) and electrochemical impedance spectroscopy (EIS) method of
analysis are also presented here for monitoring corrosion. Corrosion rates obtained from both EFM and EIS methods are comparable with
those recorded using Tafel extrapolation method, confirming validation of corrosion rates measured by the latter. The inhibitive action of
these 3-carbohydrazide derivatives was discussed in terms of blocking the electrode surface by adsorption of the molecules through the
active centers contained in their structures. Quantum chemical method was also employed to explore the relationship between the inhibitor
molecular properties and its protection efficiency. The density function theory (DFT) is used to study the structural properties of 3-
carbohydrazide derivatives. The protection efficiencies of these compounds showed a certain relationship to highest occupied molecular
orbital (HOMO) energy, Mulliken atomic charges and Fukui indices. The corrosion resistance of alloyed low C-steel surface layer with 1%

Cu type (B) was better than alloyed low C-steel surface layer with 0.5 % Cu type (A).

Index Terms— Low C-steel, HCI, EFM, EIS, Fukui Indices.

1 INTRODUCTION

Acid solutions are widely used in industry, such as
acid pickling of iron and steel, chemical cleaning and pro-
cessing, ore production and oil well acidification [1-3]. The
problems arising from acid corrosion required the develop-
ment of various corrosion control techniques among which the
application of chemical inhibitors has been acknowledged as
most economical method for preventing acid corrosion [4-9].
Many organics, such as quaternary ammonium salts, acetylen-
ic alcohol, and heterocyclic compounds are widely used as
inhibitors in various industries. The organic molecules adsorb
on the metal surface through heteroatom, such as nitrogen,
oxygen and sulfur, blocking the active sites and generating a
physical barrier to reduce the transport of corrosive species to

the metal surface [10-16]. Other researches revealed that the
adsorption is influenced not only by the nature and surface
charge of the metal, but also by the chemical structure of in-
hibitors. Among these organic compounds, heterocyclic sub-
stances containing nitrogen atoms, such as 4-aminoantipyrine
compounds are considered to be excellent corrosion inhibitors
in combating acidic corrosion due to high inhibition efficiency,
good thermal stability and lack of irritating odor for many
metals and alloys in various aggressive media [17-22]. There-
fore, the develop of novel modified inhibitors containing 4-
aminoantipyrine heterocyclic ring and the study of the rela-
tions between the chemical structure of inhibitors and their
inhibition performances are of great importance, both from the
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industrial and theoretical points of view.

This paper aims at investigating of the inhibition effect
and electrochemical behavior of 3-carbohydrazide derivatives
for different types of low C-steel in 2 M HCl solution by the
potentiodynamic polarization, electrochemical impedance
spectroscopy (EIS) and electrochemical frequency modulation
(EFM) techniques. Several quantum-chemistry calculations
have been performed in order to relate the inhibition efficiency
to the molecular properties of the different types of com-
pounds [23-25]. The aim of this study also was to obtain low
C-steel alloying with Cu by powder metallurgy (PM) cladding
and to investigate the corrosion performance of the alloy thus
obtained.

2. EXPERIMENTAL DETAIL
2.1. Composition of Material Samples

TABLE 1
CHEMICAL COMPOSITION (WT%) OF DIFFERENT TYPES OF C-STEEL

Type C Mn P Si | Cu| Fe
A 0.200 | 0.350 | 0.024 | 0.003 | 0.5 | rest
B 0.200 | 0.350 | 0.024 | 0.003 | 1.0 | rest

2.2. Chemicals and Solutions

Hydrochloric acid (37 %), ethyl alcohol and acetone
were purchased from Al-gomhoria Company.
Bidistilled water was used throughout all the exper-

iments.
TABLE 2

MOLECULAR STRUCTURES, FORMULAS AND MOLECULAR WEIGHTS
OF THE INVESTIGATED 3-CARBOHYDRAZIDE DERIVATIVES [26].

Comp. Structure Name Chemical | MWt
formula
1] amino-N'-(3-(hydroxyimino)butan- | CiHuN.O:S | 29437
2-ylidene)-4.3,6,7-tetrahydrobenzo
CONH=N=G~CH, [b]thiophene-3-carbohydrazide
O, ol
5"~ NH, HON
(I 5/“*\\J amino-N'-(thiophen-2-yimethylene)- | CuHuN:QS: | 30542
= 45,6,7-tetrahydrobenzo
CONH-N=CH [b]thiophene-3-carbohydrazide
|
(Im) CHy amino-N'-(1-(pyridin-2-yl) CieHiNOS | 34141
CONH—N=C ethylidene)-4,5,6,7-tetrahydrobenzo
OI\_II NF [b]thiophene-3-carbohydrazide
s7NH \ ’
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mostated three electrode cell. Platinum foil was used as counter
electrode and a saturated calomel electrode (SCE) coupled to a fine
Luggin capillary as the reference electrode. The working electrode
was in the form of a square cut from different types of low C-steel
under investigation and was embedded in a Teflon rod with an
exposed area of 1 cm2. This electrode was immersed in 100 ml of a
test solution for 30 min until a steady state open-circuit potential
(Eocp) was attained. Potentiodynamic polarization was conducted
in an electrochemical system (Gamry framework instruments ver-
sion 3.20) which comprises a PCI/ 300 potentiostat, controlled by a
computer recorded and stored the data. The potentiodynamic
curves were recorded by changing the electrode potential from -1.0
t0 0.0 V versus SCE with scan rate of 5 mV/s. All experiments were
carried out in freshly prepared solution at constant temperature (25
11 °C) using a thermostat. IE% and the degree of surface coverage
(6) were defined as:

% TE= 0 x 100 = [(icorr ~ icorr(nt))/ icorr] X 100 )

Where icor and icorinny are the uninhibited and inhibited corrosion
current density values, respectively, determined by extrapolation
of Tafel lines.

The electrochemical impedance spectroscopy (EIS) spectra
were recorded at open circuit potential (OCP) after immersion the
electrode for 15 min in the test solution. The ac signal was 5 mV
peak to peak and the frequency range studied was between 100
kHz and 0.2 Hz. All Electrochemical impedance experiments were
carried out using Potentiostat/Galvanostat/ Zra analyzer (Gamry
PCI 300/4). A personal computer with EIS300 software and Echem
Analyst 5.21 was used for data fitting and calculating.

The inhibition efficiency (%IE) and the surface coverage (0) of
the used inhibitors obtained from the impedance measurements
were calculated by applying the following relations:

% IE =0 x100 = [1-(R°%/Re)] ()]
Where, Rotand R are the charge transfer resistance in the absence
and presence of inhibitor, respectively.

EFM experiments were performed with applying potential
perturbation signal with amplitude 10 mV with two sine waves of
2 and 5 Hz. The choice for the frequencies of 2 and 5Hz was based
on three arguments [27]. The larger peaks were used to calculate
the corrosion current density (icorr), the Tafel slopes (Bfc and Pa)
and the causality factors CF-2 and CF-3 [28]. All electrochemical
experiments were carried out using Gamry instrument PCI300/4
Potentiostat/ Galvanostat/Zra analyzer, DC105 Corrosion soft-
ware, EIS300 Electrochemical Impedance Spectroscopy software,
EFM140 Electrochemical Frequency Modulation software and
Echem Analyst 5.5 for results plotting, graphing, data fitting and
calculating.

2. 4. Theoretical Study

Accelrys (Material Studio Version 4.4) software for quantum chem-
ical calculations has been used.
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3. RESULTS AND DISCUSSION

3.1. Potentiodynamic Polarization Measurements

Figs (1, 2) show the potentiodynamic polarization curves for differ-
ent types of low C-steel without and with different concentrations
of compound (1). Similar curves for other compounds were ob-
tained and are not shown at 25 °C. The obtained electrochemical
parameters; cathodic (Bc) and anodic (Ba) Tafel slopes, corrosion
potential (Ecor), and corrosion current density (icor), Were obtained
and listed in Tables. (3,4). Tables (3,4) shows that icorr decreases by
adding the 3-carbohydrazide compounds and by increasing their
concentration. In addition, Ec.r does not change obviously. Also a
and Bc do not change markedly, which indicates that the mecha-
nism of the corrosion reaction of different types of low C-steel does
not change. Figs. (1,2) clearly shows that both anodic and cathodic
reactions are inhibited, which indicates that investigated com-
pounds act as mixed-type inhibitors [29-30]. The inhibition
achieved by these compounds decreases in the following order:
Compound(IIl) > Compound(Il) > Compound(l).

Also, the results of 6 and % IE where calculated using icorr values.
The percentage inhibition efficiencies (%IE) calculated from icorr of
the investigated compounds is given in Tables (3, 4). An inspection
of the results obtained from this Table reveals that, the presence of
different concentrations of the additives reduces the anodic and
cathodic current densities and the polarization resistance. This in-
dicates that the inhibiting effects of the investigated compounds.
The order of decreasing inhibition efficiency from icorr is: Com-
pound(I1I) > Compound(II) > Compound(l).
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Fig. 1: Potentiodynamic Polarization Curves for the Corrosion of Low C-
Steel Type (A) in 2 M HCI in the Absence and Presence of Various Con-
centrations of Compound () at 25°C.
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TABLE 3

THE EFFECT OF CONCENTRATION OF THE INVESTIGATED COM-
POUNDS ON THE FREE CORROSION POTENTIAL (Ecorr), CORROSION
CURRENT DENSITY (lcorr), TAFEL SLOPES (BA& BC), INHIBITION EFFI-
CIENCY (% |E), AND DEGREE OF SURFACE COVERAGE FOR THE COR-

ROSION OF LOW C-STEEL TYPE (A) IN 2 M HCL AT 25°C.

~Ecor, MV fom, Ba, Be,
Compound | Conc,M. 3] %IE
(vsSCE) | pAcm?* | mVdec! | mV dec!
Blank 434 224 48 122 — —
5x10% 475 199 81 139 0.111 111
7x106 474 1.95 88 133 0129 | 129
14] 9x10¢ 448 184 60 159 0178 | 178
11x10¢ 455 180 64 135 0.19 | 196
13x10¢ 474 179 82 125 0.201 | 20.08
15x10¢ 443 178 59 155 0205 | 205
5x10% 491 156 127 181 0304 | 304
7x106 487 150 88 126 0330 | 330
I 9 x10¢ 482 148 85 135 0339 | 339
(
11x10¢ 487 146 86 124 0348 | 48
13x10¢ 460 141 63 138 0371 | 371
15x104 472 134 94 21, 0402 | 402
5x10¢ 482 131 79 125 0415 | 415
7x10% 460 130 59 131 0419 | 419
m 9x10¢ 491 129 105 156 0424 | 04
11x10% 476 117 87 163 0478 | 478
13x10¢ 487 112 102 155 0500 | 500
15x10¢ 494 106 113 152 0527 | 527
— « — Blank
O . —sx10M
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Fig. 2: Potentiodynamic Polarization Curves for the Corrosion of Low C-
steel Type (B) in 2M HCI in the Absence and Presence of Various Concen-
trations of Compound (l) at 25°C.
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TABLE 4

THE EFFECT OF CONCENTRATION OF THE INVESTIGATED COM-
POUNDS ON THE FREE CORROSION POTENTIAL (Ecorr), CORROSION
CURRENT DENSITY (lcorr), TAFEL SLOPES (BA & BC), INHIBITION
EFFICIENCY (% IE), AND DEGREE OF SURFACE COVERAGE FOR THE
CORROSION OF LOW C-STEEL TYPE (B) IN 2M HCL AT 25°C.

Feom, icom, Ba, [
Compound Conc, M a8 % IE
mVivs SCE) UA cm? mV dec! mV dec?
Blark 494 6.00 81 1268 - -
5x104 431 4380 78 1237 0.200 200
Tx104 489 448 77 109 0.253 253
i) 9 x 104 467 404 81 118 0326 326
11x10¢ 459 3.5 77 106 0.408 40.8
13x 10¢ 497 3.073 82 111 0487 487
15x 10¢ 477 304 95 114 0493 493
5x104 492 297 85 120 0.505 505
Tx10¢ 472 279 79 101 0.535 535
9x10¢ 492 200 85 120 0.636 63.6
(Im
11x10¢ 472 201 79 101 0.665 66.5
13x10¢ 48 187 70 114, 0.688 68.8
15x10¢ 483 182 69 107 0.696 69.6
Sx10¢ 472 1.80 41 66 0.700 70.0
Tx104 463 175 36 46 0.708 708
9x 104 486 175 65 96 0713 713
(m)
11x10¢ 487 Lel 81 97. 0.781 73.1
13x10¢ 491 157 82 106 0.738 738
15x 10 460 148 97 121 0.753 753

The corrosion of different types of low C-steel in2 M HCl in
the presence of the investigated compounds was investigated by
EIS method at 25 °C after 30 min immersion. Nyquist plots in the
absence and presence of investigated compound (1) is presented in
Figs (3, 4). Similar curves were obtained for other inhibitors. It is
apparent that all Nyquist plots show a single capacitive loop, both
in uninhibited and inhibited solutions. The impedance data of dif-
ferent types of low C-steel in 2M HCI are analyzed in terms of an
equivalent circuit model Fig. (5) which includes the solution re-
sistance Rs and the double layer capacitance Cq which is placed in
parallel to the charge transfer resistance Ry [31] due to the charge
transfer reaction. For the Nyquist plots it is obvious that low fre-
quency data are on the right side of the plot and higher frequency
data are on the left. This is true for EIS data where impedance usu-
ally falls as frequency rises (this is not true for all circuits). The ca-
pacity of double layer (Ca) can be calculated from the following
equation:

C:

di " £ D
2zt . R, o)

Where f is the maximum frequency at which the imaginary part
(Zimg) of the impedance is a maximum. The parameters obtained
from impedance measurements are given in Tables (5, 6). It can see
from Table (5, 6) that the values of charge transfer resistance Rct
increase with inhibitor concentration [32]. In the case of impedance
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studies, %IE increases with inhibitor concentration in the presence
of investigated inhibitors and the % IE of these investigated inhibi-
tors is as follows:

Compound (IIT) > Compound(Il) > Compound(l).

The impedance study confirms the inhibiting characters of
these compounds obtained from potentiodynamic polarization. It
is also noted that the (Cq) values tend to decrease when the concen-
tration of these compounds increases. This decrease in (Cq), which
can result from a decrease in local dielectric constant and/or an
increase in the thickness of the electrical double layer, suggests that
these compounds molecules function by adsorption at the met-
al/solution interface [33]. The inhibiting effect of these compounds
can be attributed to their parallel adsorption at the metal solution
interface. The parallel adsorption is owing to the presence of one or
more active center for adsorption.
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Fig. 3: The Nyquist (a) and Bode (b) Plots for Corrosion of Low C-steel
Type (A) in 2 M HCI in the Absence and Presence of Various Concentra-
tions of Compound (1) at 25°C.
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TABLE 5

ELECTROCHEMICAL KINETIC PARAMETERS OBTAINED BY EIS
TECHNIQUE FOR Low C-STEEL TYPE (A) IN 2 M HCL WITHOUT AND
“WITH VARIOUS CONCENTRATIONS OF COMPOUNDS (I -11I) AT 25 °C.

Rs, |Yeo x10° Ra, |Ca, x 107 8 oLIE
Compound | Conc., M Qem? | port e n Q am?| uFem o.
Blank | 11.81| 1341 | 8049 |1.013 | 99.32 |
Sxl10¢ | 11.08| 1s06 | 763.6 | 125 | 8017 | 0193 19.3
7x10+ | 1.115| 5224 | 849.7 | 1373 | 7320 | 0262 | 2.2
(] 9x10% | 9882 | 87.94 | 7596 | 1453 | .69.26 | 0303 303
11x10*¢ | 1412 | 1781 | 7373 | 1492 | 6753 | 0321 321
13x10¢ | 992 | 1348 | 7ed.7 | 1.581 | .63.70 0359 | 359
15x 10+ | 1035 | 8L57 | 796.5 | 1le36 | 6150 | 0381 [ 381
Sx10s | 2635| 8572 | 8044 | 1679 | 5992 | 0397 39.7
Tx10¢ | 9966 | 90.12 | 8027 | 1693 | 5943 | 0402 [ 40.2
9x10% | 9886 | 1636 | 767.2 | L.737 | 5799 |0415| 415
(I
11x10* | 1.361 | 39.83 | 858.2 | L.777 | 5655 | 0429 429
13x10¢ | 1016 | 110.2 | 8031 | L.776 | 56,63 | 0430 43.0
15x 10+ | 1.348 | 37.28 | 8450 | L.779 | 5649 |0431( 431
Sxl0s | 9449 | 1234 | 7948 | 1.824 | 5519 | 0445 (| #5
Fx10¢ | 9510 1487 |807.7|1.895| 5314 | 0465 | 465
9x10% | 1477 | 3322 | 8458 | 2068 | 4859 |0510| 51.1
(1)
11x10+¢ | 1.672 | 33.01 | 832.7 | 2256 | 4455 | 0551|551
13x10+ | 1.624 | 3059 | 8265 | 2808 | 3580 | 0639 639
15x10+ | 11.99 | 2898 | 1.580 | 6.872 | 17.6824 | 0.853 | 85.3
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Fig. 4: The Nyquist (a) and Bode (b) Plots for Corrosion of Low C-steel
Type (A) in 2 M HCI in the Absence and Presence of Various Concentra-
tions of Compound (1) at 25°C.

1008

TABLE 6

ELECTROCHEMICAL KINETIC PARAMETERS OBTAINED BY EIS TECH-
NIQUE FOR Low C-STEEL TYPE (B) 2 M HCL WITHOUT AND WITH
VARIOUS CONCENTRATIONS OF COMPOUNDS (1 - IIl) AT 25 °C.

Rs, Yo, x 102 Ra, Cay,
Compound Conc. M n a %IE
Cem? ntsn Q2 om? uEem=
Blank 1570 3521 8782 4040 6968 | -
5x10% 154 2842 8925 1797 56.18 0194 194
7 x 10+ 138 262.0 895.0 19.29 52.336 0.249 249
s} 9 x 10+ 1346 266.5 878.0 19.72 51.207 0265 | 265
11 % 10% 1.830 3019 8721 2091 48 308 0.307 307
13 x10* 1.458 3031 8863 2334 43.28 0.379 379
15 x10* 1791 2110 875.7 2842 3591 0485 | 485
5x 10+ 1344 3898 8805 2848 3548 0491 | 491
7T x 10+ 1519 3570 8896 2891 3495 0.499 499
9 x 10+ 1.499 2463 9011 3242 3.117 0.553 553
(1)
11x10* 1474 2793 9006 4087 2472 0645 | 645
13 x 10* 1776 4000 8667 4232 2396 0.657 657
15 x10* 1543 208.0 888.0 50.45 20.029 0.713 713
5x10% 1275 3418 8875 51.36 19.689 0.718 718
7 x 10+ 1566 2195 8989 50.08 17.39 0751 | 751
9 x 10+ 1500 3031 8975 6033 1675 0.759 759
(OLy

11x10* 1817 398.1 8517 60.96 1e.59 0.762 76.2
13 x10* 2211 260.4 885.5 8573 1174 0.831 831
15 x 10 2452 112.0 8683 267 6 3781 0946 946

]

=
CFE
n
——
R.E wE.
[1E3
e
Aa |

Fig. 5: Equivalent Circuit Model Used to Fit the Impedance Spectra

3.3. Electrochemical Frequency Modulation Technique
(EFM)

EFM is a nondestructive corrosion measurement technique
that can directly and quickly determine the corrosion current value
without prior knowledge of Tafel slopes, and with only a small
polarizing signal. These advantages of EFM technique make it an
ideal candidate for online corrosion monitoring [34]. The great
strength of the EFM is the causality factors which serve as an inter-
nal check on the validity of EFM measurement. The causality fac-
tors CF-2 and CF-3 are calculated from the frequency spectrum of
the current responses. Figs (6, 7) shows the frequency spectrum of
the current response of different types of low C-steel in 2 M HC],
contains not only the input frequencies, but also contains frequency
components which are the sum, difference, and multiples of the
two input frequencies. The EFM intermodulation spectrums of
different types of low C-steel in 2 M HCI acid solution containing
(5X107 - 15X10°¢ M) of the studied inhibitors are shown in Figs (6,
7). Similar results were recorded for the other concentrations of the
investigated compound (not shown). The harmonic and intermod-
ulation peaks are clearly visible and are much larger than the back-
ground noise. The two large peaks, with amplitude of about 200
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1A, are the response to the 40 and 100 mHz (2 and 5 Hz) excitation
frequencies. It is important to note that between the peaks there is
nearly no current response (<100 nA). The experimental EFM data e —

were treated using two different models: complete diffusion con-
trol of the cathodic reaction and the “activation” model. For the
latter, a set of three non-linear equations had been solved, assum-
ing that the corrosion potential does not change due to the polari-
zation of the working electrode [35]. The larger peaks were used to
calculate the corrosion current density (icor), the Tafel slopes (Bc
and Pa) and the causality factors (CF-2 and CF-3). These electro-
chemical parameters were simultaneously determined by Gamry
EFM140 software, and listed in Tables (7, 8). The data presented in
Tables (7, 8) obviously show that, the addition of any one of tested o
compounds at a given concentration to the acidic solution decreas- _ , 9X10°M
es the corrosion current density, indicating that these compounds )

inhibit the corrosion of different types of low C-steel in 2 M HCl

through adsorption. The causality factors obtained under different

experimental conditions are approximately equal to the theoretical

values (2 and 3) indicating that the measured data are verified and

of good quality [36]. The inhibition efficiencies % IEgrv increase by

increasing the studied inhibitor concentrations and was calculated

as follows:
L 11X10 %M
% IE EFM = [(1-' lcorr/locon‘)] x 100 (4)
Where iuor and i are corrosion current densities in the
absence and presence of inhibitor, respectively. The inhibition suf-
ficiency obtained from this method is in the order: Compound(I)
> Compound(Il) > Compound(l).
Blank _ _ 13X 10 oM
5% 105M i i 15X 10°M

Fig. 6: EFM Spectra for Low C-steel Type (A) in 2M HCI in the Absence
and Presence of Different Concentrations of Compound (1) at 25°C.
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) 9X 10 °M
TABLE 7
ELECTROCHEMICAL KINETIC PARAMETERS OBTAINED BY EFM H .
TECHNIQUE FOR LOW C-STEEL TYPE (A) IN THE ABSENCE AND ' .
PRESENCE OF VARIOUS CONCENTRATIONS OF INHIBITORS IN 2 HCL
AT 25°C.
1 eorr B. B CR ) ==
Compound | Conc. M pAm? | mvdect | mvdecs CF-2 | CF-3 mpy ] oIE ]_1 X ]0 -6 M
Blank | 4938 | 80.64 1947 | 1907 | 2163 | 2256 | - -
5x10% 3l.o4 58.90 180.7 1895 | 3405 | 1446 | 0359 | 359
7x10% | 305 68.4 219 193 | 2810 | 1407 | 0382 | 382
9x10¢ | 2546 76.7 135 1937 | 2905 | 11.63 | 0484 | 48.4
(o] - -
11 x 10+ 24.01 1155 24972 1.558 | 2.880 | 1097 | 0514 | 514 -
-6
13x10¢ | 2248 | 87.63 1676 | 188 |2.040 | 1018 | 0545 | 545 13X10°M
15x104 | 2192 1382 2117 | 1994 | 2226 | 10.02 | 0556 | 556
5x10¢ | 1972 | 9063 1912 | 1898 | 2.007 | 9.012 | 0.600 | 60.0
7x104 | 1845 1127 1891 | 1966 | 1.891 | 8432 | 0.626 | 626 . -
9x10* 18.27 80.63 133 1.853 | 2.291 | 8346 | 0.630 | 63.0
(m) -
1x10¢ | 18 109.7 1807 | 2003 | 2.404 | 8225 | 0635 | 635
- - 15X 10 M
13x10% | 17.74 1123 2125 | 1894 | 3.907 | 8.108 | 0.640 | 64.0
15 x 10¢ le.11 1722 2726 1507 | 2.802 | 7.363 | 0.674 | 674 [
5x10¢ | 1578 1165 2366 | 1920 | 9.921 | 7.209 | 0.680 | 68.0 U
7x10¢ | 1483 | 93.07 1314 | 219 | 1501 | 6775 | 0.699 | 69.9 .
9x10+ | 1453 | 9094 1343 | 4993 | 1984 | 664 | 0706 | 70.6 - -
(II) =
11x10¢ | 1382 | 8548 1318 | 1620 | 2544 | 622 | 0720 | 72.1
- - Fig. 7. EFM Spectra for Low C-steel Type (B) in 2M HCI in the Absence
13x10¢ | 1350 | 9068 1491 | 1699 | 2529 | 6.168 | 0.727 | 727 h -
* 7 o > ’ and Presence of Different Concentrations of Compound (1) at 25°C.
15x10¢ | 1262 | 9956 1505 | 1975 | 2.637 | 5767 | 0744 | 744
TABLE 8
ELECTROCHEMICAL KINETIC PARAMETERS OBTAINED BY EFM
TECHNIQUE FOR Low C-STEEL TYPE (B) IN THE ABSENCE AND
Blank PRESENCE OF VARIOUS CONCENTRATIONS OF INHIBITORS IN 2 HCL
) AT 25 °C.
. . . . i corr [ P 5 R p
Compound | Conc., M .“Afmg mVdec? | mVdec? CFE CF mpy i} oIE
- Blank | 0003 | 1218 1611 | 197 | 300 | 41411 - -
- sx10f 5480 974 1154 1.93 227 2065 | 0397 | 397
. 5310 5 M 710 | 5376 | 044 1142 | 188 | 285 | 2457 | 0408 | 408
0 0x 109 440 654 70.11 206 3.03 2170 | 0511 | 511
1x10° | 4011 853 1074 1.93 292 1833 | 03538 | 338
i i 13x10° | 4004 844 56.8 195 | 293 183 | 0550 | 550
15x10° | 3505 418 433 1.89 301 1343 | 0.604 | 604
~ 5x10° | 2040 788 80.9 204 | 280 | 1333 | 0676 | 676
7x10° 2017 331 338 1.86 3.02 1205 | 0679 | 679
) 7X 10 ©M o 0x10% | 2833 269 281 192 | 307 | 1136 | 0688 | 688
) 1x10% | 2822 329 337 202 301 1289 | 0.680 | 6890
, 13x10° | 2733 309 326 201 289 1249 | 0.6990 | 600
b 15x10° | 2486 545 60.4 1.80 205 1059 | 0726 | 726
) Sx10° 318 383 392 206 297 818 0745 | 745
7xl0f | 1700 515 533 18 | 293 80.0 | 0803 | 803
- m 0x10° 1753 483 516 1.38 289 718 0807 | 807
- 1x10f | 1703 457 484 203 | 300 526 | 0812 | 812
13x10° | 1152 436 50.7 201 307 40 0873 | 8§73
15x10° | 5049 74.1 772 195 | 299 230 | 0944 | 944
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3.4. Quantum Chemical Calculations

Theoretical calculations were performed for only the neutral
forms, in order to give further insight into the experimental results.
Values of quantum chemical indices such as energies of LUMO
and HOMO (Enomo and Erumo), the formation heat AHf and energy
gap AE, are calculated by semi-empirical AM1, MNDO and PM3
methods has been given in Table (9). The reactive ability of the in-
hibitor is related to Exomo, ELumo [37]. Higher Enomo of the adsor-
bent leads to higher electron donating ability [38]. Low Erumo indi-
cates that the acceptor accepts electrons easily. The calculated quan-
tum chemical indices (Enomo, Erumo, 1) of investigated compounds
are shown in Table (9). The difference AE= Erumo-Erowmo is the en-
ergy required to move an electron from HOMO to LUMO. Low AE
facilities adsorption of the molecule and thus will cause higher in-
hibition efficiency. The bond gap energy AE increases from (III to I).
This fact explains the decreasing inhibition efficiency in this order
(IIT > I > I), as shown in Table (9) and Fig. (8) show the optimized
structures of the three investigated compounds. So, the calculated
energy gaps show reasonably good correlation with the efficiency
of corrosion inhibition. Table (9) also indicates that compound (III)
possesses the lowest total energy that means that compound (III)
adsorption occurs easily and is favored by the highest softness. The
HOMO and LUMO electronic density distributions of these mole-
cules were plotted in Fig. (8). For the HOMO of the studied com-
pounds that the benzene ring, N-atoms and O-atom have a large
electron density. The data presented in Table (9) show that the cal-
culated dipole moment decrease from (III > I > I).

TABLE 9

THE CALCULATED QUANTUM CHEMICAL PROPERTIES FOR 3-
CARBOHYDRAZIDE DERIVATIVES.

Compound (I) | Compound (II) | Compound (III)
-E nowo (eV) 8.538 8.501 8.248
-Eunio (V) 0.192 0.868 0.898
AE (eV) 8.6 7.633 7.350
I] (V) 4.173 3.817 3675
o (eV7) 0.240 0.262 0.272
-P1(eV) 4.365 4685 4573
eV) ¥ 4.365 4.685 4.573
Dipole moment 344 3.794 5.670
(Debye)
Compounds HOMO LUMO

(I)
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(II)

(1)

Fig 8.: Molecular Orbital Plots of 3-Carbohydrazide Derivatives.

3.5. Effect of Copper Addition on Corrosion Behavior of
Low C-Steel

The use of low C-steel obtained by powder metallurgy
(PM) has grown considerably in recent years [39]. A justification for
the use of powder metallurgy low C-steel as a corrosion resistant
material was presented as well as the potential advantages of pre-
paring the alloy by surface cladding. This technique could over-
come the problem of the high cost of the material and reduce the
consumption of strategic rare elements. Moreover, PM techniques
provide raw materials savings, dimensional accuracy and a good
finishing that make machining unnecessary. PM cladding offers a
cladding method with simple technological process. However,
sintered low C-steel do have lower corrosion resistance than their
corresponding cast or wrought equivalents [40, 41]. Interconnected
porosity affects electrochemical behavior, increases reaction surface
area, and promotes the formation of cells with local pH variation,
hindering passivity. Consequently, the continued successful appli-
cation of PM low C-steel will depend on process improvements to
increase their corrosion resistance in aggressive media [42].
These improvements will include better control of sintering pa-
rameters, and some alloy modification through the addition of el-
ements such as Cu. The aim of this study was to obtain low C-steel
alloying with Cu by PM cladding and to investigate the corrosion
performance of the alloy thus obtained. The distribution of Cu is
more uniform. This is because the diffusion of Cu is easy at sinter-
ing temperature due to its low melting point. In addition, the densi-
ty of Cu is greater than that of the low C-steel, which obviously
becomes more important as increases. Cu alloying increased the
passivation tendency of low C-steel cladded specimen when using
4% concentration, while for higher concentrations the passivation
extent became lower, although all materials were still passive.
When the added Cu content was lower than 4%, they existed in the
austenitic matrix in the solid solution. The solutioned Cu can en-
hance the cathodic reaction (hydrogen evolution) depolarization
process, increasing the tendency to passivation [4345]. When the
addition of Cu content is over 4%, some free Cu would exist in the
matrix. Because the free Cu intrinsically has lower corrosion re-
sistance than that of the low C-steel, therefore, more than 4% Cu

IJSER © 2016
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addition decreased the corrosion resistance in the 2M HCl solution.
The corrosion resistance of alloyed low C-steel surface layer with

Cu was better than that of C-steel surface layer in the 2M HCl solu-
tion [46].

3.6. Chemical Structure of the Inhibitors and Corrosion

Inhibition

Inhibition of the corrosion of different types of low C-steel
in 2 M HCI solution by some 3-carbohydrazide derivatives is de-
termined by potentiodynamic anodic polarization measurements
and other methods, it was found that the inhibition efficiency de-
pends on concentration, nature of metal, the mode of adsorption of
the inhibitors and surface conditions. The observed corrosion data
in presence of these inhibitors, namely:

o  The decrease of corrosion rate and corrosion current with
increase in concentration of the inhibitor.

o  The shift in Tafel lines to higher and lowers potential re-
gions.

o The inhibition efficiency was shown to depend on the
number of adsorption active centers in the molecule and
their charge density.

The corrosion inhibition is due to adsorption of the inhibitors
at the electrode/solution interface, the extent of adsorption of an
inhibitor depends on the nature of the metal, the mode of adsorp-
tion of the inhibitor and the surface conditions. Adsorption on dif-
ferent types of low C-steel surface is assumed to take place mainly
through the active centers attached to the inhibitor and would de-
pend on their charge density. Transfer of lone pairs of electrons on
the nitrogen atoms to the different types of low C-steel surface to
form a coordinate type of linkage is favored by the presence of a
vacant orbital in iron atom of low energy. Polar character of sub-
stituents in the changing part of the inhibitor molecule seems to
have a prominent effect on the electron charge density of the mole-
cule. It was concluded that the mode of adsorption depends on the
affinity of the metal towards the m-electron clouds of the ring sys-
tem. Metals such as Cu and Fe, which have a greater affinity to-
wards aromatic moieties, were found to adsorb benzene rings in a
flat orientation. The order of decreasing the inhibition efficiency of
the investigated compounds in the corrosive solution was as fol-
low: Compound(Ill) > Compound(Il) > Compound(]).

The adsorption of inhibitor depends on its concentration. As
shown in Fig. (9), at adsorption density less than a monolayer (Fig.
9a), most of the nucleation sites are still possibly exposed to HCI,
since inhibitor adsorbs less likely on them. When the adsorption
density reaches monolayer adsorption (Fig. 9b), some of the nuclea-
tion sites begin to be covered by inhibitor molecules. At maximum
adsorption density (Fig. 9c), the inhibitor molecules cover the
whole surface, including the nucleation sites, and then complete
inhibition occurs.

Nucleation sites

(a) (b) (c)

Fig. 9: Adsorption Schemes for 3-Carbohydrazide Derivatives as Inhibitors
at: a) Low Concentration, on Low C-steel Surface, (b) Intermediate Con-
centration, on Low C-steel Surface, (c) High Concentration on Low C-steel
Surface.
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In general, two modes of adsorption are considered on the met-
al surface in acid media .In the first mode, the natural molecules
may be adsorbed on the surface of low carbon steel through the
chemisorption mechanism, involving the displacement of water
molecules from the low C-steel surface and the sharing electrons
between the hetero-atoms and iron the inhibitor molecules can also
adsorb on the low carbon steel surface on the basis of donor- accep-
tor interactions between n-electrons of the aromatic ring and va-
cant d-orbitals of surface iron atoms in the second mode, since it is
well know that the steel surface bears positive charge in acid solu-
tion [47, 48], so it is difficult for the protonated molecules to ap-
proach the positively charged low C-steel surface due to the elec-
trostatic repulsion .Since chloride ions have a smaller degree of
hydration, thus they could bring excess negative charges in the
vicinity of the interface and favor more adsorption of the positively
could bring excess negative charges in the vicinity of the interface
and favor more adsorption of the positively charged inhibitor mol-
ecules, the protonated 3-carbohydrazide derivatives adsorb
through electrostatic interactions between the positively charged
molecule and the negatively charged metal surface.

Compound (3) exhibits excellent inhibition power due to:
(i) its larger molecular size (341.41) that may facilitate better surface
coverage, and (ii) the presence electron releasing groups (4N, 10
and 1S atoms) which enhance the delocalized m-electrons on the
active centers of the compound. Compound (2) comes after com-
pound (3) in inhibition efficiency because it has lesser molecular
size (305.42) and 10, 2S and 3N atoms as active centers. Compound
(1) has the lowest inhibition efficiency, this is due to it has the low-
est molecular size (294.37).

4. CONCLUSIONS

The tested 3-carbohydrazide derivatives establish a very
good inhibition for different types of low C-steel corrosion in
HClI solution.
3-carbohydrazide derivatives inhibit different types of low C-
steel corrosion by adsorption on its surface and act better than
the passive oxide film.

The inhibition efficiency is in accordance to the order: (III) >
(1D > (D).

Double layer capacitances decrease with respect to blank solu-
tion when the inhibitor added. This fact may explain by ad-
sorption of the inhibitor molecule on the different types of low
C-steel surface.

The values of inhibition efficiencies obtained from the differ-
ent independent techniques showed the validity of the ob-
tained results.

Quantum chemistry calculation results showed that the het-
eroatoms of N and S are the active sites of the 3-
carbohydrazide derivatives. It can adsorb on Fe surface firmly
by donating electrons to Fe atoms and accepting electrons
from 3d orbitals of Fe atoms.

The corrosion resistance of alloyed low C-steel surface layer
with 1% Cu was better than alloyed low C-steel surface layer
with 0.5 % Cu.
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