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ABSTRACT
New compounds namely amino-N'-(3-(hydroxyimino)butan-2-ylidene)-4,5,6,7-

tetrahydrobenzol[b]thiophene-3-carbohydrazide (1), amino-N'-(thiophen-2-ylmethylene)-4,5,6,7-
tetrahydrobenzo[b]thiophene-3-carbohydrazide (2) and amino-N'-(1-(pyridin-2-yl)ethylidene)-4,5,6,7-
tetrahydrobenzo[blthiophene-3-carbohydrazide (3) were synthesized and used as corrosion
inhibitors for carbon steel in 1 M hydrochloric acid at 25°C using different monitoring techniques.
Potentiodynamic polarization studies showed that these derivatives were mixed type inhibitors. The
effect of temperature on the corrosion behavior of carbon steel in 1 M HCI in presence and absence
of these compounds at were studied. The adsorption of these inhibitors on carbon steel surface from
hydrochloric acid obeyed the Langmuir adsorption isotherm. Quantum chemical method is used to
explore the relationship between the inhibitors molecular properties and their inhibition efficiency.

Keywords: Corrosion inhibition; C- steel; HCI; thiophene 3-carbohydrazide derivatives EFM; EIS.
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1. INTRODUCTION

Corrosion of materials cause's big losses in the
economy of many countries due to the huge
amount of funds needed in order to reduce it.
Corrosion inhibition of metals, especially of steel,
has received a lot of attention because of its
widespread use in the industry such as the oil
and gas [1], beverage, metallurgy among others,
and thus, a lot of research in the field of
corrosion inhibition of steel is necessary.
Aqueous solutions of acids are among the most
corrosive media and are widely used in industries
for pickling, acid cleaning of boilers, descaling
and oil well [2,3]. The main problem concerning
C- steel applications is its relatively low corrosion
resistance in acidic solution. Several methods
used currently to reduce corrosion of C- steel.
One of such methods is the use of organic
inhibitors  [4-7].  Effective inhibitors are
heterocyclic compounds that have n bonds,
heteroatoms such as sulphur, oxygen and
nitrogen [8]. Compounds containing both
nitrogen, sulphur and oxygen atoms can provide
excellent inhibition, compared with compounds
containing only two atoms from the three atoms
[9]. Heterocyclic compounds such as thiophene
3-carbohydrazide derivatives can  provide
excellent inhibition. These molecules depend
mainly on certain physical properties of the
inhibitor molecules such as functional groups,
steric factors, electron density at the donor atom
and electronic structure of the molecules [10,11].
Many N-heterocyclic compounds have been
used for the corrosion inhibition of metals, such
as imidazoline [12], triazole [13-15], tetrazole
[16], pyrrole [17], pyridine [18], pyrazole and
bipyrazole [19,20], pyrimidine [21], pyridazine
[22] and some derivatives. Some heterocyclic
compounds containing a mercapto group have
been developed as copper corrosion inhibitors.
These compounds include: 2-
mercaptobenzothiazole [23], 2,4-dimercapto
pyrimidine [24], 2-amino-5-mercaptothiadzole, 2-
mercaptothiazoline  [25], potassium ethyl
xanthate [26], indole and derivatives [27] and
some thiophene derivatives [28-31]. Corrosion
inhibition occurs through adsorption of organic
compounds on the corroding metal surface
following some known adsorption isotherms. The
resulting adsorption film acts as a barrier that
isolates the metal from the corroding and the
efficiency of inhibition depends on the
mechanical, structural and chemical
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characteristics of the adsorption layer formed
under particular conditions [32-36].

The purpose of this paper is to compare the
corrosion inhibition data derived from EFM with
that obtained from Tafel extrapolation and EIS
techniques and to discuss the relationship
between quantum chemical calculations and
experimental protection efficiencies of the tested
compounds.

2. EXPERIMENTAL DETAILS
2.1 Materials and Solutions

Experiments were performed using carbon steel
specimens with composition (weight %): C 0.2,
Mn 0.35, P 0.024, Si 0.003 and Fe is the rest.
Hydrochloric acid (37%), ethyl alcohol and
acetone were purchased from Al-Gomhoria
Company, Egypt. Bidistilled water was used
throughout all the experiments. These derivatives
were synthesized as before [37] and their
chemical structures are shown in Table 1.

2.2 Electrochemical Measurements

The experiments were carried out
potentiodynamically in a thermostated 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 C- steel under
investigation and was embedded in a Teflon rod
with an exposed area of 1 cm?. This electrode
was immersed in 100 ml of a test solution for 30
min until a steady state open-circuit potential
(Eocp) Was attained. The potentiodynamic curves
were recorded by changing the electrode
potential from -1.0 to 0.0 V versus SCE with scan
rate of 1 mvs™. All experiments were carried out
in freshly prepared solution at constant
temperature (25°C) using a thermostat. %IE and
the degree of surface coverage (0) were defined
as:

% IE=6x100 = [(icorr_ icorr(inh)) / icorr] x 100 (1)

where i and icomnny are the uninhibited and

inhibited corrosion current density values,
respectively, determined by extrapolation of
Tafel lines.
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Table 1. Molecular structures, formulas and molecular weights of the investigated thiophene
3-carbohydrazide derivatives

Comp. Structures

Names

Molecular
weights

Chemical
formulas

1

NH, HON

amino-N'-(3-
(hydroxyimino)butan-2-
ylidene)-4,5,6,7-
tetrahydrobenzo[b]thioph

C13H4sN4O,S 294.37

ene-3-carbohydrazide

CONH—N=C-CHj,
X

S
CONH—N=CH

S

amino-N'-(thiophen-2-
ylmethylene)-4,5,6,7-
tetrahydrobenzo[b]thioph
ene-3-carbohydrazide

C14H15N308S, 305.42

S~ "NH;
cH,
CONH—N=C

|| | N=
S” "NH; |

AN

amino-N'-(1-(pyridin-2-
yl)ethylidene)-4,5,6,7-
tetrahydrobenzo[b]thioph
ene-3-carbohydrazide

C6H1sN4OS 341.41

The electrochemical impedance spectroscopy
(EIS) spectra were recorded at open circuit
potential (OCP) after immersion the electrode for
30 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.

The inhibition efficiency (% IE) and the surface
coverage (8) of the used inhibitors obtained from
the impedance measurements were calculated
by applying the following relations:

% IE =8 x 100 = [1-(R o/Re)] (2)
Where, R°; and 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 [38]. The larger peaks
were used to calculate the corrosion current
density (icorr), the Tafel slopes (B. and B,) and the
causality factors CF-2 and CF-3 [39].

All electrochemical experiments were carried out
using Gamry instrument PCI300/4 Potentiostat/
Galvanostat/Zra analyzer, DC105 Corrosion
software, EIS300 Electrochemical impedance
spectroscopy software, EFM140 electrochemical
frequency modulation software and Echem
Analyst 5.5 for results plotting, graphing, data
fitting and calculating.
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2.3 Theoretical Study

Accelrys (Material Studio Version 4.4) software
for quantum chemical calculations has been
used.

3. RESULTS AND DISCUSSION

3.1 Potentiodynamic Polarization

Measurements

Fig. 1 shows the potentiodynamic polarization
curves for C- steel without and with different
concentrations of compound (1) at 25°C. Similar
curves for other compounds were obtained
(not shown). The obtained electrochemical
parameters; cathodic (B.) and anodic (B,) Tafel
slopes, corrosion potential (Ec), and corrosion
current density (icor), Were obtained and are
listed in Table 2. Results of this Table show that
icor decreases by adding the thiophene 3-
carbohydrazide compounds and by increasing
their concentrations. In addition, E,, does not
change obviously. Also B, and B, do not change
markedly, which indicates that these compounds
are mixed type inhibitors [40,41]. The parallel
Tafel lines, indicate that there is no change in the
mechanism of the corrosion reaction of C- steel.
Fig. 1 clearly shows that both anodic and
cathodic reactions are inhibited. The inhibition
achieved by these compounds decreases in the
following order: 3> 2> 1.
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Fig. 1. Potentiodynamic polarization curves for the corrosion of C-steel in 2 M HCI in the

absence and presence of various concentrations of compound (1) at 25°C

Table 2. Effect of concentrations of the investigated compounds on the free corrosion
potential (E..r.), corrosion current density (icorr.), Tafel slopes (B.& Bc),degree of surface

coverage (0) and inhibition efficiency (% IE) for C-steel in 2 M HCI at 25°C

Compounds Conc.,M -E.r., icorr ) Ba . Be, ) 0 % IE
mV(vs SCE) MAcm™® mVdec mV dec’
Blank 480 19.91 101.5 148.5 ———— e
5x 10'? 466 8.85 67.9 127.5 0.555 555
7 x 10'? 479 8.84 74.0 128.2 0.556 55.6
(1) 9x10° - 454 8.78 64.8 136.0 0.559 559
11 x 10'? 466 8.60 87.3 162.5 0.568 56.8
13 x 10'? 479 8.46 71.5 125.3 0.575 57.5
15x10° 466 8.38 82.9 186.3 0.579 579
5x10° 466 8.25 81.7 184.3 0.587 58.7
7x10° 466 8.15 87.7 196.0 0.591 59.1
2) 9x10° 466 8.00 87.3 162.5 0.598 59.8
11x10° 466 7.87 80.4 187.7 0.605 60.5
13 x 10'? 466 7.54 64.4 125.3 0.621 62.1
15x10° 477 6.70 84.2 132.5 0.663 66.3
5x 10'? 466 6.08 73.2 144.9 0.695 69.5
7 x 10'? 460 6.03 73.5 144.0 0.697 69.7
9x10° 439 5.90 70.9 183.9 0.704 704
(3) -
11 x 10'? 439 5.76 67.4 169.9 0712 71.2
13 x 10'? 467 4.95 87.9 157.3 0.751 75.1
15x10° 453 4.62 63.6 134.7 0.768 76.8
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3.2 Adsorption Isotherms

The adsorption isotherms are considered to
describe the interactions of the inhibitor molecule
with the active sites on the metal surface [42].
Attempts were made to fit © values to various
isotherms including Frumkin, Langmuir, Temkin,
and Freundlich. The results were best fitted by
far by the Langmuir adsorption isotherm (Fig.3)
which has the following equation [29-30]:

C/O = 1/Kyst C (3)
where C is the concentration of thiophene 3-
carbohydrazide; K,4s is the adsorptive equilibrium
constant; and © is the surface coverage of
thiophene 3-carbohydrazide on C- steel, which
can be calculated by the ratio of IE/100 for
different thiophene 3-carbohydrazide
concentration. Figs. 2 and 3 show the straight
lines of C/ © vs. C at T4 (25°C) and T, (45°C),
respectively.

Moreover, the adsorption heat can be calculated
according to the van’t Hoff equation [43]:

Ln Kags = AH%,qs/RT+ const (4)
where AH° is the adsorption heat, R is the gas
constant, T is the absolute temperature, K; and
K, are the adsorptive equilibrium constants at
Ty (25°C) and T, (45°C), respectively. In
consideration that the experiments proceed at
the standard pressure and the solution
concentrations are not very high, which are close
to the standard condition, the calculated
adsorption heat thus can be approximately
regarded as the standard adsorption heat AH® 4.
The negative values of AH° Table 3 reflect the
exothermic behavior of the adsorption of
thiophene 3-carbohydrazide derivatives on the C-
steel surface. The standard adsorption free
energy (AG°,4s) can be obtained according to the
following equation [44,45].

Kadgs=1/55.5 exp (-AG°44/RT) (5)
The negative values of AG ¢ (Table 3) suggest
that the adsorption of thiophene  3-
carbohydrazide derivatives on the C- steel
surface is spontaneous. Generally, the values of
AG°,4s around or less than -20 kJ mol” are
associated with the electrostatic interaction
between charged molecules and the charged
metal surface (physisorption); while those around
or higher than -40 kJ mol” mean charge sharing
or transfer from the inhibitor molecules to the
metal surface to form a coordinate type of metal
bond (chemisorption). The AG®,4s values listed in
Table 3 are around -20 kJ mol”, which means
that the absorption of thiophene  3-
carbohydrazide derivatives on the C-steel
surface belongs to the physisorption and the
adsorptive film has an electrostatic character
[46, 47]. Finally, the standard adsorption entropy
AS°,4s Can be calculated by the following Eq:

ASQads = (AHoads 'AGoads) m (6)
The (AS°.4s) values (Table 3) are positive, which
are opposite to the usual expectation that the
adsorption is an exothermic process and always
accompanied by a decrease of entropy. The
reason can be explained as follows: the
adsorption of thiophene 3-carbohydrazide
inhibitor molecules from the aqueous solution
can be regarded as a quasi-substitution process
between the thiophene 3-carbohydrazide
compound in the aqueous phase and water
molecules at the electrode surface [H20 (ags)] [48-
51]. In this situation, the adsorption of thiophene
3-carbohydrazide derivatives is accompanied by
the desorption of water molecules from the
electrode surface. Thus, while the adsorption
process for the inhibitor is believed to be
exothermic and associated with a decrease in
entropy of the solute, the opposite is true for the
solvent [52]. The thermodynamic values
obtained are the algebraic sum of the

Table 3. Some parameters from Langmuir isotherm model for C- steel in 2 M HCI for
thiophene 3-carbohydrazide derivatives

Compounds Temp., Kags -AG®,4s -AH34s AS ads
K M’ kJ mol’ kJ mol”’ J mol k!
(1) 298 0.327 7.182 5.87 4.39
318 0.396 7.657
(2) 298 0.447 7.957 5.04 9.76
318 0.473 8.097
(3) 298 0.567 8.546 1.75 22.78
318 0.570 8.559
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adsorption of thiophene 3-carbohydrazide
inhibitor molecules and the desorption of water
molecules. Therefore, the gain in entropy is
attributed to the increase in solvent entropy. The
positive values of (AS°gs) suggest that the
adsorption process is accompanied by an
increase in entropy, which is the driving force for
the adsorption of thiophene 3-carbohydrazide
derivatives on the C-steel surface. Table 3 lists
all the above calculated thermodynamic
parameters.

3.2 Effect of Temperature
The importance of temperature variation in

corrosion study involving the use of inhibitors is
to determine the mode of inhibitor adsorption on

the metal surface. Recently, the use of two
temperatures to establish the mode of inhibitor
adsorption on a metal surface has been reported
and has been found to be adequate [53,54].
Thus, the influence of temperature on the
corrosion behavior of C- steel in 2 M HCI in the
absence and presence of thiophene 3-
carbohydrazide derivatives were investigated by
polarization method at 25 and 45°C. Therefore,
in examining the effect of temperature on the
corrosion process, the apparent activation
energies (Ea) were calculated from the Arrhenius
equation [55]

Log (p2/p1) = (Ea/2.303R) (1/T1-1/T2)  (7)

12 -
10 4] 2 0G) =« R*= 0.978
(3) -
8 =
//-//
Yc 6_ /_/
P _ - — R ’=0.965
3 - . - -
© 4 -
2 4
= — : § i R ’=0.993
4 6 8 10 12 14 16
Cx10°M

Fig. 2. Langmuir adsorption isotherm plotted as (C/0) vs. C of thiophene 3-carbohydrazide
derivatives for the corrosion of C- steel in 2 M HCI at 25°C

7 ~“R’=0.966
- (1) - -
- (2) -
® ] 3)
-//
///
- 2 _
S P . — R 0.982
- / - -
® - -
o, .
- ~—R’=0.993
2 P
4 S’ 8 1'0 1'2 1'4 1'6
cCx10° M

Fig. 3. Langmuir adsorption isotherm plotted as (C/8) vs. C of thiophene 3-Carbohydrazide
derivatives for the corrosion of C- steel in 2 M HCI at 45°C
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where p, and p, are the corrosion rates at
temperature T4 and T, respectively. An estimate
of heat of adsorption was obtained from the trend
of surface coverage with temperature as follows
[45]:

Qags= 2.303R [log (82/1-6,) — log (8:1/1-84)] x
(T+xTo/T4-T,) kJ mol™ (8

where 6; and 6, are the degrees of surface
coverage at temperatures T, and T,. The
calculated values for both parameters are given
in Table 4. Increased activation energy (E,) in
inhibited solutions compared to the blank
suggests that the inhibitor is physically adsorbed
on the corroding metal surface. It is seen from
Table 4 that E, values were higher in the
presence of the additives compared to that in
their absence hence leading to reduction in the
corrosion rates. It has been suggested that
adsorption of an organic inhibitor can affect the
corrosion rate by either decreasing the available
reaction area (geometric blocking effect) or by
modifying the activation energy of the anodic or
cathodic reactions occurring in the inhibitor-free
surface in the course of the inhibited corrosion
process [56]. The E , values support the earlier
proposed physisorption mechanism. Hence,
corrosion inhibition is assumed to occur primarily
through physical adsorption on the C- steel
surface, giving rise to the deactivation of these
surfaces to hydrogen atom recombination.
Similar results have been reported in earlier

publications [57]. The negative Q.4 Vvalues
indicate that the degree of surface coverage
decreased with rise in temperature, supporting
the earlier proposed physisorption mechanism
[58].

3.2 Electrochemical Impedance Spectros-
copy (EIS) Measurements

The corrosion of C- steel in 2 M HCI 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 Fig. 4. Similar curves were obtained
for other inhibitors but not shown. It is apparent
that all Nyquist plots show a single capacitive
loop, both in uninhibited and inhibited solutions.
The impedance data of C- steel in 2 M HCI are
analyzed in terms of an equivalent circuit model
Fig. 5 which includes the solution resistance Rs
and the double layer capacitance Cg4 which is
placed in parallel to the charge transfer
resistance Ry [59] due to the charge transfer
reaction. For the Nyquist plots it is obvious that
low frequency 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
usually falls as frequency rises (this is not true
for all circuits). The capacity of double layer (Cq)
can be calculated from the following equation:

CdI = 1/21Tfmacht (9)

Table 4. Calculated values of activation energy (E*a) and heat of adsorption (Q ,4s) for C- steel
in 2 M HCI solutions containing various concentrations of thiophene 3-carbohydrazide
derivatives at 25 and 45°C obtained from potentiodynamic polarization measurements

Conc., M E , kJ mol” - Q Lgs, kJ mol”
Blank = —eeee- 1.8 s
(1) 5x10° 2.4 1.0
7x10° 29 1.6
9x10° 3.2 1.8
11x10° 3.5 24
13 x10°® 36 2.9
15 x 10°® 3.7 3.1
(2) 5x10° 3.1 2.0
7 x10° 3.2 2.1
9x10° 3.4 2.5
11x10° 3.6 2.6
13 x10°® 4.3 3.2
15x 10° 6.9 10.0
5x 10° 53 3.0
(3) 7x10° 5.8 3.7
9x10° 6.2 4.5
11x10°® 6.3 4.9
13 x10° 8.4 10.1
15 x10° 10.0 10.4
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where f.x IS maximum frequency. The
parameters obtained from impedance
measurements are given in Table 5. It can see
from Table 5 that the values of charge transfer
resistance Rt increase with inhibitor
concentration [60]. In the case of impedance
studies, % |IE increases with inhibitor
concentration in the presence of investigated
inhibitors and the % IE of these investigated
inhibitors is as follows: (3) > (2)> (1).

The impedance study confirms the inhibiting
characters of these compounds obtained from

potentiodynamic polarization. It is also noted that
the Cg4 values tend to decrease when the
concentration of these compounds increases.
This decrease in Cy, 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 metal/solution
interface [61]. 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.

— = — B lank
500 — —®—5x10 ‘M
7x10 M -
N —w—9x10 ‘M - .
11x10°°M - :
400 — —-—13x10"'M _—
15x10°°M = = [ p—
- - <//‘ e -
9 ~ /-/ o
g 300 — </"/. _/-/-’”-
/-/
£ . -
©
"% 200 —
£
N
100 —f
0o —
T T T T T T
0 100 200 300 400 500 600 700
, 0 h m cem
real
- 10
1.6 o
—40
1.4 o
1.2 A - -10
g 1.0 -4-20 o
o %
% 0.8 =
5 4-30 N
N- 0.6
&0
=} . - -40
= 044 11x10°M
—<—13x10°M " 5
0.2 15x10°M S |
0.0 T T T T T T T -60
1 0 1 3 4 5

Fig. 4. The Nyquist (a) and Bode (b) plots for corrosion of C-steel in 2 M HCI in
the absence and presence of different concentrations of compound (1) at 25°C
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Fsz

e

CPE
n

Hct

Fig. 5. Equivalent circuit model used to fit the impedance spectra

3.3 Electrochemical Frequency Modula-
tion (EFM) Measurements

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 [62]. The great strength of
the EFM is the causality factors which serve as
an internal check on the validity of EFM
measurement. The causality factors CF-2 and
CF-3 are calculated from the frequency spectrum
of the current responses. Figs 6 shows the
frequency spectrum of the current response of C-
steel in 2 M HCI, 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 C- steel in 2 M HCI
acid solution containing (15 x 10° M) of the
studied compound (1) are shown in Fig 6. Similar
results were recorded for the other
concentrations of the investigated compounds
(not shown). The harmonic and intermodulation
peaks are clearly visible and are much larger
than the background noise. The two large peaks,
with amplitude of about 200 pA, 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 were
treated using two different models: complete
diffusion control of the cathodic reaction and the
“activation” model. For the latter, a set of three
non-linear equations had been solved, assuming
that the corrosion potential does not change due
to the polarization of the working electrode [63].
The larger peaks were used to calculate the
corrosion current density (icorr), the Tafel slopes
(Bc and B,) and the causality factors (CF-2 and
CF-3).These electrochemical parameters were
simultaneously determined by Gamry EFM140
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software, and listed in Table 6. The data
presented in Table 6 obviously show that, the
addition of any one of tested compounds at a
given concentration to the acidic solution
decreases the corrosion current density,
indicating that these compounds inhibit the
corrosion of C- steel in 2 M HCI 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 [64]. The inhibition
efficiencies % |Eggyw increase by increasing the
studied inhibitors concentrations was calculated
as follows:

oAl‘lEEFM = [(1' icorr/ iOcorr )] x 100 (10)
Where i%.,; and iwr are corrosion current
densities in the absence and presence of
inhibitor, respectively. The inhibition sufficiency
obtained from this method is in the order: (3) >

(2)>(1).
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 E_uymo), the formation heat
AH; and energy gap AE, are calculated by semi-
empirical PM3 methods has been given in Table
7. The reactive ability of the inhibitor is related to
Eromo, ELumo [65]. Higher Epomo of the adsorbent
leads to higher electron donating ability [66]. Low

ELumo indicates that the acceptor accepts
electrons easily. The calculated quantum
chemical indices (Epomo, Eiumo, M) oOf

investigated compounds are shown in Table 7.
The difference AE= E,mo-Enomo is the energy
required to move an electron from HOMO to
LUMO. Low AE facilities adsorption of the
molecule and thus will cause higher inhibition
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efficiency. The energy gap AE decreases as
follows: (3 > 2 > 1). This fact explains the
decreasing inhibition efficiency in this order (3 >
2 > 1, as shown in Table 7. Fig. 7 shows the
optimized structures of the three investigated
compounds. So, the calculated energy gaps

show reasonably good correlation with the
efficiency of corrosion inhibition. Table (7) also
indicates that compound (3) possesses the
lowest total energy and higher dipole moment
that means that compound (3) adsorption occurs
easily and is favored by the highest softness.

Table 5. Electrochemical kinetic parameters obtained from EIS technique for the corrosion of
C-steel in 2 M HCI at different concentrations of investigated inhibitors at 25°C

Comp. Conc.,M. Rs, Yo, X n R, Ca, X 0 %IE
Qcm? 10° Q cm’? 10
Q™' s” puFem™
Blank 13.30 169.9 746.7 1.047 80.79 -——  emeeee
) 5x10° 13.28 169.5 743.8 1.256 80.19  0.625 62.5
7x10° 13.29 169.4 743.6 1.258 80.06 0.626 62.6
9x10° 10.92 157.1 777.2 1.328 75.82 0.646 64.6
11 x 10°® 10.65 171.5 769.8 1.330 75.22 0.647 64.7
13x 10° 10.65 171.4 769.6 1.331 75.66 0.647 64.7
15 x 10°° 10.92 123.1 742.7 1.367 73.65 0.656 65.6
(2) 5x10° 10.39 122.9 742.9 1.369 73.60 0.657 65.7
7x10° 5.992 1576 769.4 1.375 73.23  0.658 65.8
9x10° 9.183 136.3  760.0 1.465 68.73 0.679 67.9
11 x 10° 9.175 136.5 759.9 1.466 68.69 0.679 67.9
13x 10° 10.11 126.7 764.2 1.476 68.21 0.682 68.2
15x 10°° 10.10 126.7 764.2 147.7 68.16  0.682 68.2
(3) 5x10° 10.51 166.8  758.3 1.542 65.32 0.695 69.5
7x10° 11.35 157.3 769.7 1.556 64.72 0.698 69.8
9x10° 11.35 157.4  769.6 1.558 64.64 0.698 69.8
11 x 10°® 9.876 163.7 767.1 1.736 58.02 0.729 72.9
13 x 10° 15.16 152.9 772.0 1.879 53.61 0.749 74.9
15x 10°° 15.17 153.0 773.0 1.880 53,58 0.750 75
Blank
15X 10:5 M

Fig. 6. EFM spectra C- steel in 2M HCI in the absence and presence of different
concentrations of compound (1) at 25°C
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Table 6. Electrochemical kinetic parameters obtained from EFM technique for the corrosion of
C- steel in 2 M HCI at different concentrations of investigated inhibitors at 25°C

Comp. Conc.,  icorr, Ba, B, CR

M pAcm? mVdec' mvVdec™ CF-2  CF-3 mpy 8 %IE
Blank 52.24 96 127 1.97 3.45 26.16 - -
(1) 5x 10ib 40.10 85 108 1.93 2.92 22.30 0.232 23.2
7x 10_(? 38.66 11 198 1.89 2.38 17.71 0.259 25.9
9x10° ~ 36.68 106 190 1.93 3.27 16.76 0.294 294
11 x 10'(? 35.36 92 189 2.07 3.06 16.16 0.323 323
13 x 10'(? 33.62 104 126 1.77 3.74 15.36 0.356 35.6
15x10° 32.86 76 147 1.95 2.50 15.02 0.379 37.9
(2) 5x 10° 32.44 90 191 2.02 2.95 14.83 0.371 73.1
7x10° 31.77 11 198 1.89 2.89 1347 0.391 39.1
9x10° 29.10 79 90 2.41 2.89 13.33 0.442 44.2
11x10° 27.71 91 195 1.93 2.41 12.66 0.469 46.9
13x10° 26.73 84 160 1.82 3.60 12.21 0.488 48.8
15x 10°  26.65 92 165 1.92 2.76 12.31 0.489 48.9
(3) 5x 10ib 22.05 87 152 1.92 3.18 10.50 0.577 57.7
7 X 10_(? 19.22 83 129 1.87 2.81 8.78 0.632 63.2
9x10° - 17.23 87 146 1.83 2.95 6.95 0.670 67.0
11 x 10'(? 17.20 46 148 1.89 3.19 5.36 0.671 67.1
13 x 10'(? 16.89 73 145 1.85 3.17 6.80 0.676 67.6
15x10° 15.53 53 168 2.17 2.62 4.35 0.702 70.2
Comp. HOMO LUMO

Fig. 7. Molecular orbital plots of organic compounds
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Table 7. The calculated quantum chemical
properties for investigated compounds

Parameters (1) (2) (3)
-E howmo (eV) 8.538 8.501 8.248
-ELumo (eV) 0.192 0.868 0.898
AE (eV) 8.346 7.633 7.350
Dipole moment 3.424 3.794 5.670
(Debye)

3.5 Chemical Structure of the Inhibitors
and Corrosion Inhibition

Inhibition of the corrosion of C-steel in 2 M HCI
solution by some thiophene 3-carbohydrazide
derivatives is determined by potentiodynamic
polarization and other methods, it was found that
the inhibition efficiency  depends 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: i) The
decrease of corrosion rate and corrosion current
with increase in concentration of the inhibitor ii)
The linear variation of weight loss with time iii)
The shift in Tafel lines to higher and lower
potential regions iv) The decrease in corrosion
inhibition with increasing temperature indicates
that desorption of the adsorbed inhibitor
molecules takes place and v) The inhibition
efficiency was shown to depend on the number
of adsorption active centers in the molecule and
their charge densities. Polar character of
substituents in the changing part of the inhibitor
molecule seems to have a prominent effect on
the electron charge density of the molecule.
Metals such as Cu and Fe, which have a greater
affinity towards 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 follows: (3) > (2) > (1).

It is well known that the steel surface bears
positive charge in acid solution [67], so it is
difficult for the protonated molecules to approach
the positively charged carbon steel surface due
to the electrostatic 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 charged inhibitor molecules, the
protonated thiophene 3-carbohydrazide
derivatives  adsorb  through electrostatic
interactions between the positively charged
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molecules and the negatively charged metal
surface. Thus there is a synergism between
adsorbed CI ions and protonated thiophene 3-
carbohydrazide derivatives. Thus we can
conclude that inhibition of carbon steel corrosion
in 2 M HCI is mainly due to electrostatic
interaction. The decrease in inhibition efficiency
with rise in temperature supports electrostatic
interaction. In the second mode, since it is well
known that the steel surface bears positive
charge in acid solution [53, 54], so it is difficult for
the protonated molecules to approach the
positively charged carbon steel surface due to
the electrostatic 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 charged inhibitor molecules, the
protonated thiophene azodyes adsorb through
electrostatic interactions between the positively
charged molecules and the negatively charged
metal surface. Thus there is a synergism
between adsorbed CI' ions and protonated
thiophene azodyes. Thus we can conclude that
inhibition of carbon steel corrosion in 2 M HCI is
mainly due to electrostatic interaction. The
decrease in inhibition efficiency with rise in
temperature supports electrostatic interaction.

4. CONCLUSION

The tested thiophene  3-carbohydrazide
derivatives establish a very good inhibition for C-
steel corrosion in HCI solution. Thiophene 3-
carbohydrazide derivatives inhibit 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: (3) > (2)
> (1). The inhibition efficiencies of the tested
compounds increase with increasing of their
concentrations. Double layer capacitances
decrease with respect to blank solution when the
inhibitor added. This fact may explained by
adsorption of the inhibitor molecule on the C-
steel surface. The adsorption of these
compounds on carbon steel surface in HCI
solution follows Langmuir adsorption isotherm.
The values of inhibition efficiencies obtained from
the different independent techniques showed the
validity of the obtained results.
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