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Most organic corrosion inhibitors have polar groups
through which the molecule can be adsorbed strongly or speci-
fically on the metal surface. In this investigation, terephthalo-
hydrazide and isophthalohydrazide were synthesized as corro-
sion inhibitors, and their corrosion-inhibiting properties on
mild steel were evaluated in a corrosive environment by wei-
ght loss measurements. The results of corrosion experiments
revealed that terephthalohydrazide and isophthalohydrazide as
inhibitors controlled or reduced corrosion through adsorption
mechanism and showed inhibitive efficiencies of 96.4 % and
97.2 %, respectively, at the optimum concentration of 0.5 mM.
The surface morphology of the metal was evaluated by scanning
electron microscopy. The terephthalohydrazide or isophthalo-
hydrazide molecules were adsorbed on the mild steel surface,
and the process of adsorption follows chemical adsorption.
Quantum chemical calculations of the tested corrosion inhibi-
tors were consistent with the experimental observations.

INTRODUCTION

Mild steel has attracted wide attention because of
its low price and remarkable mechanical characteristics.
It is one of the most considerable structural materials
exposed to external conditions, particularly in corrosive
environment [1], where corrosion on metal surfaces is
potent and severe. Acidic solutions can dissolve metals;
thus, corrosion inhibitors are utilized to decrease the
corrosive attack of acidic solutions on metals [2-4].
Suitable inhibitor derived from organic compounds [5-8]
is the common choice for a particular medium and mine-
ral of considerable importance. However, the inhibition
efficiencies of organic compounds are imputed by their
steric hindrance, functional sites, unshared electron pairs,
and the pi-bonds that determine the type of interaction
between organic molecules and metal surface [9,10].
Several studies showed that the inhibitor blocks the site

of corrosion and increases the adsorption process even
in small amounts; thus, it increases the life of metals.
A literature review showed that the usage of organic
molecules as corrosion inhibitors for mild steel in hydro-
chloric acid solution has been known for a long time.
A huge number of organic molecules, especially those
that contain heteroatoms, such as phosphorous, sulfur,
oxygen, and nitrogen, in addition to pi-bonds, have been
used as corrosion inhibitors to control the corrosion of
mild steel surface [11,12]. The inhibition process occurs
by inhibitor adsorption, and the inhibition efficiency is
highly dependent on the structure and chemical proper-
ties under certain methodological conditions [13-16].
A large number of organic compounds, such as thioureas
[17], thiophenes [18], oxazoles [19], sulfonamides [20],
trizinate [21], pyridines [22], quinolones [23], hydra-
zones [24], triazoles [25], and hydrazides [26], have
been used as corrosion inhibitors for mild steel in acidic
solutions. The present study complements our previous
researches on the synthesis of new corrosion inhibitors
[26-37]. Herein, we synthesized and fully characterized
new interface inhibitors, namely, terephthalohydrazide
and isophthalohydrazide, and studied the application of
these inhibitors for the corrosion inhibition of mild steel
specimens in 1 M hydrochloric acid solution through
weight loss techniques. Surface investigations of mild
steel specimens in the absence and presence of tereph-
thalohydrazide and isophthalohydrazide were achieved
to characterize the inhibitor film, which protects the mild
steel surface. Density functional theory (DFT) was also
performed to study the relationship between practical
results and calculate quantitative values. The chemical
structures of terephthalohydrazide and isophthalohydra-
zide are shown in Figure 1. We believe that this study
is the first to synthesize these chemical compounds,
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study the ability of the inhibitors to control corrosion,
and provide insight for further investigations within the
framework of this research topic to measure inhibition
efficiency.

o O NHNH,
NHNH,
H,NHN O (0] NHNH,
Isophthalohydrazideisophthalo- Terephthalohydrazide

hydrazide

Fig. 1. Structure schemes of terephthalohydrazide and iso-
phthalohydrazide

EXPERIMENTAL SECTION

Materials and methods

Mild steel specimens (4.5 cm) were used as primary
substrates for weight loss techniques. The specimens have
the following composition: carbon, 0.210; manganese,
0.050; silicon, 0.380; aluminum, 0.010; sulfur, 0.050;
phosphorus, 0.090; and iron, balance. The mild steel spe-
cimens were polished using various emery paper grades,
washed with water and then acetone, and dried. Hydro-
chloric acid (1 M) was prepared by diluting of 37 % HCl
(analytical grade) with double distilled water.

Corrosion inhibitors

The two corrosion inhibitors, terephthalohydrazide
and isophthalohydrazide, were synthesized by reacting
20 mmol hydrazine hydrate () with 5 mmol benzene-
1,4-diformylchloride (or benzene-1,3-diformylchloride)
in 200 mL of ethanol under reflux conditions for 10 h.
The product was filtered and recrystallized from etha-
nol. Figure 2 demonstrates the chemical synthesis of the
target compounds. The chemical structures of terephtha-
lohydrazide and isophthalohydrazide are shown in Figu-
re 1. The purity of the synthesized corrosion inhibitors
was confirmed by thin-layer chromatography. The pro-
ducts were characterized by Fourier transform infrared
(FT-IR) spectroscopy, proton nuclear magnetic resonan-
ce ("H NMR), carbon nuclear magnetic resonance
(*C NMR), and elemental analysis method (CHN).
Characterization of terephthalohydrazide: yield, 77 %;
melting point (M.P.), 300 °C; FT-IR (cm™): 3291.7
and 3201.8 (N-H, amine), 3056.1 (C-H, aromatic),
and 1709.4 (C=0); 'H NMR, DMSO_, & (ppm): 3.94
(2H, amine), 7.85 (2H, s, aromatic), and 8.98 (2H, s,
amine); C NMR, DMSO,°, &: 128.1 (H-C, aromatic),
134.7 (C-C, aromatic), and 167.2 (O=C, carbonyl); che-

mical formula: C¢H,,N,O,; CHN (found/calculated):
49.48/49.73 (C), 5.19/5.11 (H), and 28.85/29.01 (N).
Characterization of isophthalohydrazide (2b): yield, 74%;
M.P,, 233 °C; FT-IR (cm™): 3276.8 and 3199.1 (N-H,
amine), 3046.0 (C—H, aromatic), and 1688.5 (C=0); 'H
NMR, DMSO¢, 6 (ppm): 7.67-7.71 (1H, t, aromatic),
8.26 (2H, d, aromatic), and 9.03 (1H, d, amine).; *C
NMR, DMSO¢, 8: 128.3 (H-C, aromatic), 130.1 (H-C,
aromatic), 131.6 (C—C, aromatic), 132.9 (H-C, aromatic),
and 168.6 (O=C, carbonyl); CHN (found/calculated):
49.48/49.26 (C), 5.19/5.12 (H), and 28.85/28.35 (N).

Gravimetric measurements

Weight loss techniques were performed using mild
steel coupons in 1 M hydrochloric acid environment in
the absence and the presence of terephthalohydrazide or
isophthalohydrazide at the concentrations of 0.1, 0.2, 0.3,
0.4, and 0.5 mM. The mild steel coupons were initially
ground, cleaned, and weighed.

The mild steel coupons were immersed in corrosive
solution and allowed to react for 1, 5, 10, and 24 h at
various temperatures (303, 313, 323, and 333 K). The
mild steel coupons were removed after the specified
immersion time, cleaned with distilled water and then
acetone, and dried. Each experiment was performed in
triplicate, and the mean was calculated. Weight loss was
determined by the difference in the weight of mild steel
coupons before and after exposure to HC1 with or without
inhibitor. Corrosion rate (Cy), inhibition efficiency (IE%),
and surface coverage (0) were determined according to
Equations 1-3:

2 -l :K 1
C,(mgem? ) == (D
CR 7CR
9:;, (2)
C,,
CR _CR-
IE (%) = — = x100, 3)

Ry

where W is the weight loss of mild steel coupon (mg),
a is the exposed coupon area (cm?), ¢ is the immersion
time (h), and Cy, and Cy;, are the corrosion rates without
and with terephthalohydrazide (or isophthalohydrazide),
respectively.

Surface characterization

The surface of the mild steel coupons was charac-
terized by scanning electron microscopy (SEM; Hitachi
TM1000 tabletop microscope). The mild steel coupons
were immersed for 5 h in HCI with or without tereph-
thalohydrazide or isophthalohydrazide. The coupons
were removed, rinsed with acetone, dried, and used for
measurements.
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DFT Calculations

Quantum calculations for terephthalohydrazide and
isophthalohydrazide molecules were performed in neutral
mode using DFT with B3LYP function [38—39]. All
computations were carried out through the Gaussian 03
software using the 6-31G(d,p) basis set [40]. The highest
occupied molecular orbital (HOMO) and lowest un-
occupied molecular orbital (LUMO) as frontier molecular
orbitals were used to estimate important parameters, such
as energy gap (AE), global hardness (7), softness (o),
absolute electronegativity (y), and number of transferred
electrons (AN) according to Equations 4-8, [41,42]:

AE = Eyomo — Evomos 4)
_ EHOMO_EHOMO , %)
2
1
-, (6)
77
EHOMO + EHOMO (7)
X=— 2 ’
X e _Xin
AN = —— ®)

- 2(’7Fe + nin) '

where yg, and 7, were 7 and 0 eV mol ™, respectively.

e
HN (0]
N2H4
—
(0) l\llH
NH,
(0] (0]
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cl NH, N
NH,
(0] (0]
Terephthalohydrazide
(0] (0] (@) (0]
HN NH
Cl cl 2N N7
N,H, H H
—_—>
Isophthalohydrazide

Fig. 2. Synthetic route for the terephthalohydrazide and
isophthalohydrazide

RESULTS AND DISCUSSION

Chemistry

The synthesis of the corrosion inhibitors tereph-
thalohydrazide and isophthalohydrazide was achieved
through the reaction of acid chloride with hydrazine.
The schematic reactions for the preparation of the corro-
sion inhibitors are shown in Figure 2. The chemical
structures of the isolated compounds were confirmed
through spectroscopic techniques as described in the
experimental section.

Weight loss measurements

The results of the weight loss experiment for mild
steel specimens in corrosive environment with and
without terephthalohydrazide or isophthalohydrazide are
demonstrated in Figures 3 and 4. Weight loss experiment
is a dependable technique used to optimize the effect of
the concentrations of the tested inhibitor on corrosion
rate and inhibition efficiency at various immersion times
[29]. The obtained results revealed that the presence of
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Fig. 3. Effect of various concentrations of terephthalo-
hydrazide and isophthalohydrazide on the corrosion rates
in mg cm? h-' for mild steel in 1 M HCI at various immersion
times (Continue on next page)
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Fig. 3. Effect of various concentrations of terephthalo-
hydrazide and isophthalohydrazide on the corrosion rates
in mg cm? h' for mild steel in 1 M HCI at various immersion
times

terephthalohydrazide or isophthalohydrazide in acidic
solution prevents the corrosion of mild steel, reduces
the corrosion rate, and increases the inhibition efficiency
with the increase in the concentration of the tested cor-
rosion inhibitors (Figs. 3 and 4). Terephthalohydrazide
had higher inhibition efficiency (97.02 %) than iso-
phthalohydrazide (96.4%) at 0.5 mM for 5 h of immer-

sion. Moreover, the excellent inhibitive activity is imputed
to the reaction of terephthalohydrazide or isophtha-
lohydrazide molecules with the surface of mild steel
because of the existence of nitrogen and oxygen hetero-
atoms in the inhibitor. Besides, the differences in the inhi-
bition efficiencies between terephthalohydrazide and
isophthalohydrazide may be related to the position of
the substituent group and the steric hindrance of the
molecule. The terephthalohydrazide molecule has less
steric hindrance. Steric hindrance increases the reaction
of inhibitor molecules with the mild steel surface.

Effect of immersion time

Time is an important parameter when elucidating
the effect of corrosion inhibitors. The film stability and
adsorption rate of the synthesized inhibitors were inves-
tigated at different exposure periods (1, 5, 10, and 24 h).
Figures 3 and 4 represent the results of the effect of
exposure time effect on the corrosion rates and inhibition
efficiencies of the synthesized corrosion inhibitors.
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Fig. 4. Effect of various concentrations of terephthalohyd-
razide and isophthalohydrazide on the inhibition efficiencies
for mild steel in 1 M HCI at various immersion times (Conti-
nue on next page)
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Fig. 4. Effect of various concentrations of terephthalohyd-
razide and isophthalohydrazide on the inhibition efficiencies
for mild steel in 1 M HCI at various immersion times

The highest inhibition efficiencies for both examined
inhibitors were attained at the exposure time of 5 h. This
outcome may be ascribed to the high-speed adsorption
of the inhibitor molecules on the surface of the testing
coupons. The active functional groups in the molecular
structures of these inhibitors were responsible for
the quick adsorption of the molecules. The inhibition
efficiencies for the two tested inhibitors decreased at 24

h of exposure. The reduction in inhibition efficiencies
was imputed to the desorption of the inhibitor molecules
from the mild steel surface. Furthermore, the corrosion
rates remarkable increased with longer exposure time.
This observation can be attributed to the desorption of
inhibitor molecules from the mild steel surface. The
uncovered coupon was exposed to HCl environment,
which resulted in the dissolution of mild steel. In
addition, the increase in corrosion rates with long
exposure period can be attributed to the decrease in the
number of inhibitory molecules in the HCl medium.

Effect of temperature

The effect of temperature on the corrosion rate and
inhibitor efficiency of the synthesized corrosion inhibitors
was investigated. Corrosion rate decreased in the presence
of terephthalohydrazide or isophthalohydrazide because
the strong interaction of the tested inhibitor molecules
with the surface of mild steel produced a protective film
through the adsorbed inhibitor molecules on the mild
steel surface, which isolated the mild steel from the HCI
environment. The variation in corrosion rate at different
solution temperatures (303, 313, 323, and 333 K) was
investigated by gravimetric techniques. The change
in corrosion rate versus temperature demonstrated
in Figure 5 was calculated by utilizing the Arrhenius plot
according to Equation 9:

Ea
In CR=1nA7RT. )

The values of activation energies in the presence of
terephthalohydrazide or isophthalohydrazide molecules
propose that the molecules of the corrosion inhibitors
were adsorbed on the mild steel surface through chemi-
sorption.
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Fig. 5. The Arrhenius plots for corrosion of mild steel in
corrosive environment in the presence of the tested inhibi-
tors (0.5 mM) at different temperature
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The results of weight loss measurements are de-
monstrated in Figure 6. The inhibition efficiencies of
the corrosion inhibitors decreased with increasing tem-
peratures. In this study, the inhibition efficiency of te-
rephthalohydrazide was 97.2% at 303 K but became
84.4 % at 333 K. Similarly, the inhibition efficiency of
isophthalohydrazide was 96.4 % at 303 K and 83.1 % at
333 K.
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The thermodynamic mechanism is considered
an exothermic mechanism and results in weak adsorp-
tion or desorption (reversed adsorption) at high tempe-
ratures.

Terephthalohydrazide and isophthalohydrazide have
excellent inhibition efficiencies in hydrochloric acid
solu-tions with low temperature but have weak inhibition
performance at a higher temperature. Figure 6 demonstra-
tes that the inhibition efficiencies of the tested inhibitors
decreased when the temperature increased.

Adsorption isotherms

The surface coverage (0) obtained by weight loss
technique for terephthalohydrazide and isophthalohyd-
razide was utilized to determine the adsorption iso-
therm model. The study of adsorption isotherms is very
important to understand the nature of interactions bet-
ween the inhibitor molecules and the mild steel surface.
These molecules can adsorb on the coupon surface
through physical or chemical reactions. The phenomenon
of adsorption isotherm could be understood according
to various adsorption isotherms, including Langmuir,
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Fig. 6. Effect of various concentrations of terephthalohydrazide and isophthalohydrazide on the inhibition efficiencies for

mild steel in 1 M HCI at various temperature
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Temkin, and Freundlich isotherms. Table 1 represents
the adsorption parameters of Langmuir, Temkin, and
Freundlich isotherms for both inhibitors.

Tab. 1. Chemical properties of AA1100

Adsorption Isotherms
Inhibitor Langmuir | Temkin | Freundlich
R?) R?) (R?)
Terephthalohydrazide 0.997 0.986 0.952
Isophthalohydrazide 0.993 0.979 0.927

Langmuir isotherm quite fit with the values of the
regression coefficients (R?) for terephthalohydrazide and
isophthalohydrazide molecules. The slope and intercept
values obtained for the Langmuir adsorption isotherms
are 0.7984 and 0.18506 for terephthalohydrazide and
0.15683 and 0.7275 for isophthalohydrazide, respectively
[29,30]. The Langmuir isotherm plot (C/6 versus C) is
demonstrated in Figure 7. K, was determined according
to Equation 10:

EZL_’_C.

ads

(10)

Straight lines were obtained from the plot between
C/0 and C. This plot was important to calculate the free
energy (AG,,). AG, and K, have a relationship as
shown in Equation 11 [31,33]:

AG,4=—-RT In (55.5 K 4,), (11)

where 55.5 is the concentration of water, R is the gas
constant, and 7 is the absolute temperature.

AG,, has great importance in determining the
nature of the interaction between inhibitor molecules
and the metal surface. AG,, < —20 kJ mol ! indicates that
the adsorption interaction is physisorption, and AG,
> —40 kJ mol™! implies that the adsorption interaction
is chemisorption [44]. The AG,, values for terephtha-
lohydrazide and isophthalohydrazide were 40.38 and

0.55 0.55
0.50 0.50
0.45 I-0.45
< 0.40- 040 S
E E
o 0354 035 o
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Fig. 7. Langmuir adsorption isotherms for mild steel in the
presence of terephthalohydrazide or isophthalohydrazide

39.91 kJ mol™, respectively. These values suggest that
the nature of adsorption interaction of terephthalohyd-
razide as corrosion inhibitor on mild steel surface is
chemisorption, whereas that of isophthalohydrazide is
chemisorption. The chemical interactions between the
inhibitor and metal surface are initiated by the decom-
position reaction. Thus, the adsorption isotherms of te-
rephthalohydrazide as a corrosion inhibitor on mild steel
surface might be initially a physisorption process, but
the adsorption-dominant model proposed by the value of
AG, can be categorized as chemisorption [45].

ads

0)

Fig. 8. SEM micrographs of: a) in 1 M HCI, b) in the presen-
ce of 0.5 mM terephthalohydrazide, and c) in the presence
of 0.5 mM isophthalohydrazide
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Surface characterization after immersion

The surface morphology of the mild steel was obser-
ved in the presence and absence of terephthalohydra-
zide (or isophthalohydrazide) at an optimal concentration
(0.5 mM) by SEM. The micrographs are shown in Figure
8. Figure 8a shows a high corrosion rate in 1 M HCI
environment with severe damage on the mild steel
surface. The corrosion rate was decreased by the presence
of terephthalohydrazide (Fig. 8b) or isophthalohydrazide
(Fig. 8c). The protective layer formed was observed by
contrasting mild steel coupons in the presence of an inhi-
bitor to mild steel coupons without an inhibitor (Fig. 8a).
The morphology of mild steel coupons exposed to
hydrochloric acid solution with an inhibitor was almost
free from defect; therefore, terephthalohydrazide and
isophthalohydrazide have anti-corrosion effect in HCI
environment.

Quantum chemical studies

Quantum chemistry calculations are quite impor-
tant in obtaining additional information on the inhibition
phenomenon. The inhibitive efficiency is related with
some quantum parameters, namely, the energy of HOMO

(Eyomo)s the energy of LUMO (£, yvo), AE, o, 1, %, and
AN, in addition to atomic charges (Mulliken charges).
These factors are shown in the optimization of the inves-
tigated inhibitive molecules [46]. These factors are quite
useful in predicting the interactions between the metal
surface and inhibitor molecules and the mechanism of
inhibition. Table 2 represents the quantum chemical para-
meters calculated by DFT for the synthesized inhibitors.
The optimized structures of terephthalohydrazide
and isophthalohydrazide are displayed in Figure 9. Theo-
retical chemical calculations were used to studied the
interactions between inhibitor molecules and metallic
surface. HOMO value indicates the ability of a molecule
to donate electrons to the low energy of the unoccupied
d-orbitals of metal, whereas the LUMO value infers the
ability to accept electrons from metal atoms. A low £, ;0
indicates that an inhibitor molecule can accept elec-
trons from metals through the back-donation mechanism.
A high AE value represents good inhibition activity. 7
and ¢ are important parameters that provide information
about molecular stability and reactivity [47]. A hard
molecule has considerably high AE, whereas a soft mole-
cule has low AE . Thus, a molecule with high ¢ and low
n values has a remarkable inhibition performance [48].

Tab. 2. Quantum parameters for terephthalohydrazide and isophthalohydrazide

Compounds Eyomo (€V) E\ umo (€V) AE (eV) 7 c % (eV) AN
Terephthalohydrazide —10.942 -9.197 9.531 4.7655 0.2098 6.1765 1.4
Isophthalohydrazide -1.411 —3.829 5.35 2.675 0.3738 6.513 23

e) f)
Fig. 9. Optimized structures, HOMO, and LUMO of terephthalohydrazide and isophthalohydrazide molecules
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As shown in Table 3 the AE for terephthalohydra-
zide and isophthalohydrazide were 9.531 and 5.35 eV,
respectively. This result is comparable to the experimental
observation. The o and AN for terephthalohydrazide
were greater than those for isophthalohydrazide. More-
over, the 5 for terephthalohydrazide was less than that
for isophthalohydrazide. This result supports the expe-
rimental findings. The # and o values of the studied
inhibitors are important parameters to evaluate the
stability and reactivity of molecules. Chemical hardness
indicates the resistance of the electron cloud of molecules
to deformation or polarization. A hard molecule has large
AE, whereas a soft molecule has small AE. Molecules
with higher o value will easily adsorb on the metal
surface. Thus, an inhibitor with higher ¢ value and lower
n value has better performance as corrosion inhibitor
[49]. The value of HOMO for terephthalohydrazide is
bigger than that for isophthalohydrazide. This result
quite fits with the methodological results. Mulliken
charges are important to determine the adsorption sites
of the tested inhibitors. Inhibitor molecules with more
negative charges have better ability to be adsorbed on
the mild steel surface [50]. Table 3 shows that nitrogen
and oxygen atoms possess the highest negative charge.
Thus, these atoms coordinate with the metal surface.
The results suggest that terephthalohydrazide forms
strong coordination bonds with the mild steel surface
and demonstrates better inhibition performance (97.2 %)
than isophthalohydrazide (96.4 %).

Tab. 3. Atomic charges of terephthalohydrazide and isophtha-
lohydrazide

ol
2 3
Ar)I\N/NH2
H
Charges
Inhibitors
0, N, N,
Terephthalohydrazide -0.3532 | —-0.3552 | -0.1918
Isophthalohydrazide -0.382 —0.3530 | —-0.1902
CONCLUSIONS

Two new corrosion inhibitors, namely, terephthalo-
hydrazide and isophthalohydrazide, were synthesized
and fully characterized by FT-IR, '"H NMR, and 3C
NMR spectroscopic techniques and CHN analysis. The
inhibition efficiencies were evaluated by weight loss
methods. Terephthalohydrazide and isophthalohydrazide
showed remarkable inhibition efficiencies of 97.2 %
and 96.4 % at 0.5 mM, respectively. The experimental

results showed that increase in temperature increased
the corrosion rates and decreased the inhibition effi-
ciencies of the investigated corrosion inhibitors. The
adsorption isotherm follows the Langmuir adsorption
isotherm. The high negative value of AG,, indicates
that terephthalohydrazide and isophthalohydrazide can
be adsorbed on the metal surface by chemical adsorp-
tion. SEM investigations confirmed the formation of
a protective layer on the mild steel surface in 1 M hydro-
chloric acid environment. The theoretical and experi-
mental findings were in good agreement.
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