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Abstract

Corrosion inhibitors are used to decrease the corrosion process of metals in acid and/or basic
solutions. Corrosion inhibitors are organic molecules containing polar sites such as
phosphorous, sulfur, oxygen, and/or nitrogen atoms in addition to heterocyclic and aromatic
rings and conjugated p-systems. A new Schiff base derivative from pyrrole, namely N’-(1-
phenylethylidene)-4-(1H-pyrrol-1-yl)benzohydrazide (N-PB), was synthesized from
acetophenone and 4-(1H-pyrrol-1-yl)benzohydrazide. The chemical structure of the newly
synthesized inhibitor molecule was confirmed by Fourier transform infrared (FT-IR) and
nuclear magnetic resonance (NMR) spectroscopical techniques in addition to CHN (carbon,
hydrogen, and nitrogen) micro-elemental analysis. It was studied as a low-carbon steel corrosion
inhibitor in 1 M hydrochloric acid solution by the weight loss and scanning electron microscopy
(SEM) methods. The inhibition efficiency of the synthesized inhibitor (N—PB) reached a
maximum of 94.5% at 500 ppm concentration. The presence of N—PB inhibitor decreases the
corrosion rate (Cr) due to the formation of a protective adsorption layer on the surface of low-
carbon steel. The adsorption of N—PB molecules obeys the Langmuir adsorption isotherm
model. The density functional theory (DFT) evaluated parameters such as HOMO (highest
occupied molecular orbital), LUMO (lowest occupied molecular orbital) and the energy gap
(AE=Enomo—ELumo) (indicate the excellency of the corrosion inhibitor. The gravimetrical,
SEM, and theoretical findings are in harmony.
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1. Introduction

Low carbon steel is widely used due to its outstanding mechanical and chemical properties
in various technical and production processes, including architecture and construction.
However, the tendency to corrosion is one of the many challenges in the use of carbon steel
[1-3]. Corrosion of carbon steel is an inevitable phenomenon that can be controlled. One of
the main methods of preventing corrosion of low carbon steel involves the use of corrosion
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inhibitors. The use of acids in industrial clean-up operations is common in petrochemical
processing and oil well operations as well as removal of mineral oxides and mineral deposits.
However, the corrosive effects can be severely damaging to the acid used (hydrochloric acid)
and the inhibitors used can control this process [4]. Applications of environmentally
sustainable organic inhibitors have emerged to meet environmental demands. Inorganic
inhibitors are also widely used for protection against corrosion of metals/alloys (e.g., mild
steel) due to their high efficiency. They include chromates, molybdates, phosphates, and
nitrates [5-8]. Schiff bases derived from heterocyclic compounds also have corrosion
inhibiting features, apart from their environmental and biodegradable properties.
Heterocyclic compounds contain high electron density centers, which leads to their
adsorption by the metal surface to protect it from corrosive substances [9—-11]. It can be seen
that according to the Sci-Finder website, recent developments in publications on
environmental and ecological inhibitors account for 50 percent of the total publications for
corrosion inhibitors. Several studies have also focused on the use of environmentally safe
inhibitors. Additionally, a number of scientists have focused on heterocyclic inhibitors. For
instance, Al-Amiery [12] studied 2-isonicotinoyl-N-phenylhydrazinecarbothioamide
containing a pyridine six-membered ring. Hanoon et al. [13] studied a quinoline derivative,
and Al-Baghdadi et al. [14] investigated acetylthiophene thiosemicarbazone, which gave an
inhibitive efficacy up to 96%. The inhibitor has high electron density sites, and hence has
broad application as an environmentally safe inhibitor with high efficiency that amounted to
94.5%. In this work, we focused on the synthesis of a corrosion inhibitor, namely N’-(1-
phenylethylidene)-4-(1H-pyrrol-1-yl)benzohydrazide (N-PB) for low-carbon steel in 1 M
hydrochloric acid solution. Based the experimental findings from weight loss techniques,
surface morphology studies using scanning electron microscopy (SEM), and quantum
chemical calculations using the density function theory (DFT), a detailed study on the
inhibitory efficacy of N—PB molecules indicated in Figure 1 has been performed.

N

Figure 1. Chemical structure of N-PB.
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2. Experimental

2.1. Materials

The composition of low-carbon steel used in the corrosion tests is demonstrated in Table 1.
Hydrochloric acid (37%, Sigma-Aldrich Malaysia) was utilized to prepare an 1 M HCI
solution by dilution with distilled water. The gravimetric tests were performed in 1 M HCI
medium with various concentrations of 100, 200, 300, 400, and 500 ppm of the inhibitor
studied. Emery papers of different grades were used to polish the surface of low-carbon steel
coupons that were then washed with distilled water and acetone.

Table 1. Chemical composition of low-carbon steel coupons.

Element  Carbon Silicon  Phosphorus Manganese Sulfur  Aluminum Iron

Weight %  0.210 0.380 0.090 0.050 0.050 0.010 remainder

2.2. Synthesis of the inhibitor

N—PB was synthesized by refluxing 4-(1H-pyrrol-1-yl)benzohydrazide (0.01 mol) with
acetophenone (0.01 mol) for 6 h in ethanol (50 mL) using acetic acid as the catalyst,
according to the Scheme demonstrated in Figure 2. The precipitate thus obtained was washed
with cold ethanol, filtered, and dried. The solid was re-crystallized from ethanol to obtain a
pure yellow product.
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Figure 2. Scheme of N-PB inhibitor synthesis.

2.3. Weight loss technique

Gravimetric measurements were conducted using low-carbon steel coupons of
4.5 cmx2.0 cmx=0.025 cm size. The gravimetric tests were carried out in 1 M hydrochloric
acid solution according to ASTM G1 [15] with various inhibitor concentrations mentioned
above, at 303 K. Gravimetric measurements were conducted at 303 K which was selected as
a temperature near the room temperature for the periods of 2, 5, 10, 24, and 24 h. The
coupons were immersed in varying environments in a conical container with a rubber cork
to ensure full suspension of the coupons. After completion of experiments, the low-carbon
steel coupons were accurately weighed with an electronic balance to ensure accurate
weighing calculations of low-carbon steel coupons. All the measurements were carried out
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using a digital thermostat to ensure steady temperatures. The temperature effect on the
corrosion was tested gravimetrically for 5 h at 303, 313, 323, and 333 K. The weight loss of
a low-carbon steel coupon is calculated as the weight difference in the absence and in the
presence of the corrosion inhibitor after immersion in a corrosive environment. All the
measurements were made in triplicate to obtain accurate data, and the results are shown in
Figure 3. The corrosion rate (Cr in mm y 1) and inhibition efficiency (IE%) can be evaluated
from gravimetric results according to equations (1) and (2) [16],

_ 87.6w
" atd

1E% =% "% 100 ()

0
Where wy is the weight loss of the tested coupons in the corrosive solution in the absence of
an inhibitor, w; is the weight loss of the tested coupons in the corrosive solution in presence
of the inhibitor, w represents the weight loss (mg) of the tested coupons, a represents the
area of the tested coupons (cm?), t signifies the time (h), whereas d is the tested coupons
density in g-cm,

1)

2.4. Computational Study

Quantum chemical calculations for the N—PB molecules as a corrosion inhibitor were carried
out for neutral mode using the Density functional theory calculation with GAUSSIAN 03W
software and the N—PB molecular structure was optimized using the B3LYP technique and
6—21G basis set [17]. Quantum parameters such as the energy of the highest occupied
molecular orbital (Enomo), the energy of the lowest unoccupied molecular orbital (E_umo),
the energy gap (AE), electronegativity (), hardness (1), softness (S), and the number of
electrons transferred (AN) were also obtained according to equations (3—6) at the same level
of theory [18,19].

(AE =Enomo—ELumo) (3)
AE
n-AE @
g1 (5)
n
1
X = —E(EHOMO + Eiumo) (6)

The AN can be evaluated according to equation (7) [20,21].
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Where yr represents the electronegativity value of iron (yee=7¢€V), yinx IS the
electronegativity value of N—PB, ng. is the hardness value of iron (nge =0 eV), whereas (Nimn
IS the hardness value of N—PB.

Equation (7) can be expressed according to the electronegativity and hardness values
of iron as in equation (8),

_1—
AN=L"Kin 8
2(ninh) ( )

3. Results and Discussion

3.1. Synthesis

The chemical structure of the tested inhibitor which was synthesized by the condensation
reaction of 4-(1H-pyrrol-1-yl)benzohydrazide and acetophenone was confirmed by
spectroscopical techniques (Fourier transform infrared (FT-IR) and nuclear magnetic
resonance (NMR)) and CHN analysis. FT-IR: 3312 cm™ (N—H amine), 3082 cm™ (C—
H aromatic), 2941 cm™* (C—H aliphatic) and 1654 (C=0O amide). 'H NMR (400 MHz,
DMSO-dg) chemical shift (ppm): & 2.25 (3H, s), 6.42 (2H, dd), 7.29 (1H, t, aromatic), 7.41
(2H, d, aromatic), 7.75-7.84 (4H, dd, aromatic), 10.57 (s, 1H). *C NMR (400 MHz,
DMSO-dg) chemical shift (ppm): 6 163.71, 145.92, 143.53, 136.11, 128.86, 128.47, 126.52,
124.01, 119.55, 114.01, 110.42 and 13.99 ppm. Elemental analysis (calculated/found): C,
75.23/75.93; H, 5.65/531; N, 13.85/14.07.

3.2. Effect of inhibitor’s concentration — wWeight loss analysis

The N—PB synthesized corrosion inhibitor was found to be extremely effective in inhibition
of low-carbon steel corrosion. The observed changes in the corrosion rate and consequently
inhibition effects are shown in Figure 3 as a function of the inhibitor concentrations used.
Weight loss measurements were carried out at 303 K. The corrosion rate decreased and
therefore the inhibition efficiency improved as the inhibitor concentration was increased, as
one can see in Figure 3. This shows that the inhibitor molecules are adsorbed to a larger
degree on the low-carbon steel surface as the concentration is increased. The interaction
between the corrosive environment and steel surface is therefore restricted. Thus, N-PB at
500 ppm demonstrated the best inhibition efficiency estimated as 94.5%. The higher
inhibition effectiveness of N—PB may be due to the introduction of electron-donating active
sites like amino groups in addition to pyrrole and benzene rings, that increase the efficiency
of the inhibitor molecules in passing electrons to unoccupied d-orbitals of iron atoms, thus
delaying the corrosion process [22]. However, there is no identifiable change in the
inhibition effectiveness from an additional increase in the inhibitor concentration, as
demonstrated in Figure 3. This may be caused by surface saturation. The optimal
concentration is thus selected to be 500 ppm.
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Figure 3. Corrosion rate and inhibition efficiency variation with the concentration of the
synthesized inhibitor.

The inhibition efficiency—time curves of low-carbon steel in the presence of various
concentrations of N—PB in the corrosive solution are demonstrated in Figure 4 which shows
that the inhibition efficiency increases as the inhibitor concentration and immersion time
increase. The inhibition efficiency continues to increase upon increasing the immersion time
until it reaches 94.5% at an immersion time of 5 hours, but almost no increase in the
inhibition efficiency is observed at 10 hours where the inhibition efficiency reaches 95.1%.
When the immersion period is increased to 24 hours, the inhibition efficiency is reduced by
more than 20%. The reason for the decrease in the inhibition efficiency is explained based
on the dissolution of the linkage between the metal and the inhibitor molecules, which leads
to an increase in the corrosion rate.
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Figure 4. Inhibition efficiency — immersion period curves for low-carbon steel in the
corrosive solution in the presence of various inhibitor concentrations at 303 K.
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3.3. Effect of solution’s temperature — weight loss analysis

The temperature effect on the corrosion rate and inhibition efficiency of the tested coupons
in 1 M HCI in the presence of various inhibitor concentrations was studied by gravimetric
measurements at temperatures of 303, 313, 323, and 333 K. The effect of rising temperature
on the corrosion rate and inhibition efficiency obtained from gravimetric techniques is shown
below.
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Figure 5. Inhibition efficiency — temperature curves for low-carbon steel in the corrosive
solution in the presence of various inhibitor concentrations for 5 h exposure time.

Temperature is also found to play a significant role in the inhibitive performance of the
synthesized inhibitor. It is noted from Figure 5 that the inhibition efficacy decreases with an
increase in temperature. N—PB shows efficient inhibition with significant inhibitive efficacy:
94.5% at 303 K; 91.2% at 313 K; 85.9% at 323 K and 77% at 333 K. The explanation is that
N—-PB molecules undergo chemical adsorption on the steel surface. The inhibitor—metal
interaction would form coordination bonds by offering vacant orbitals of iron atoms to
unshared ion pairs of nitrogen and oxygen.

The Arrhenius equation was utilized to evaluate the activation energy (E,) of the
corrosion phenomena as per equation (9),

K= Aexp (_E;/ RT) 9

where K represents the corrosion rate, A is the Arrhenius factor, R refer to the universal gas
constant and T reflects the absolute temperature.

Figure 6 presents the Arrhenius plot with addition of the tested inhibitor at the optimum
concentration which was 500 ppm for the immersion period of 5 h. The activation energy
value was evaluated from the slope of the linear plot which was demonstrated in Figure 6.
The linear regression parameter (R?) was found to be very close to unity, which reflects that
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the metal corrosion in the corrosive environment can be expressed utilizing the Kinetic
parameters. The experimental findings demonstrate that the activation energy value in the
presence of the tested inhibitor is higher than that in the absence of an inhibitor, indicating
that the corrosion phenomena of low-carbon steel become slow upon addition of N—PB.
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Figure 6. Arrhenius plot of log Cr vs. 1/T for low carbon steel in 1 M HCI in the presence of

N-PB.

According to equation (9), it is obvious that the corrosion rate decreases with an
increase in the activation energy. This was attributed to the formation of protected layers on
the tested coupon surface that act as an energy barrier between the coupon surface and the
corrosive solution [23].

The standard enthalpy of activation (AH;) and standard entropy of activation (AS,)
were determined [24] according to equation (10),

_(RT AS, _AH;
K_[Nhjexp( R Jexp[ = ] (10)
where N represents the Avogadro number, whereas h reflects the Plank constant.

A plot of (logCg) vs. (1/T) in 1 M HCI solution containing N—PB for low carbon steel
gives a straight line as illustrated in Figure 7.

According to Pournazari et al. [25], if (AH.) has a positive charge value, this indicates

that the adsorption process of the inhibitor molecules is endothermic. Therefore, the
adsorption of the inhibitor used is a chemical adsorption process.
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Figure 7. Plot of log Cr/T vs. 1/T for low carbon steel in 1 M HCI.

On the other hand, Li etal. [26] assumed that the increase in the entropy of the
activation process include the adsorption of inhibitor (N—PB) molecules and the desorption
of H,O molecules at the metal surface as in Equation (11)

N—PBso| +XHZOads <> N—PBads+XH20 (11)

The activation entropy value indicates an increase in the interference between the
interacting molecules on the low carbon steel surface. This is another significant factor for
the tested inhibitor molecules to be absorbed onto the surface of low carbon steel [27]. In the
current study, the standard enthalpy of activation (AH.) was 65.19 kJ/mol whereas the
standard entropy of activation (AS;) was —43.86 J/mol K. These values indicate that
adsorption occurs as a chemisorption process.

3.4. Adsorption isotherms

Adsorption isotherms will produce the key knowledge about the inhibitor—metal surface
interaction [27]. Different adsorption models are suggested concerning this method [28, 29].
Herein, the adsorption process of N—PB molecules was approximated by the Langmuir
adsorption isotherm model as in equation (12) [30, 31].

C 1
K +C (12)
where, K represents the adsorption equilibrium constant and 0 is the surface coverage value.
Figure 8 represents the Langmuir adsorption model. The straight plot of C/0 vs. C is
found with a correlation coefficient close to 1, and the slope values in the Langmuir equation
are almost 1. These findings confirm that the adsorption of N—PB molecules on the tested
coupon surface follows the Langmuir adsorption model.
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Figure 8. Langmuir’s adsorption model of N-PB.

From the intercept of Langmuir’s adsorption model plotted in Figure 8, the K,y value was
evaluated at 303 K. Using the Ky value, the free energy (AGde) value was calculated
according to the equation (13):

AGe?ds = —RT In(55.5Kads) (13)

where the value of 55.5 is the water concentration (M), R and T are the universal gas constant
and absolute temperature (K), respectively. The AG?, value at 303 K was —39.1 kJ/mol. It
is usually admitted that the adsorption type is physical adsorption (electrostatic interactions)
if the AG, value is up to —20.0 kJ/mol, while it believed to be chemical adsorption (transfer
of free electrons from inhibitor molecules to the unoccupied d-orbital of iron atoms on the
low-carbon steel surface and formation of a coordination complex via coordination bonds)
if the AG?, value is above —40.0 kJ/mol. In the current investigation, the value of AG?,

suggested that the adsorption type of N—-PB molecules involves chemical adsorption
(chemisorption).

3.5. Quantum chemical studies

The molecular modeling approach is highly helpful in the analysis of the corrosion inhibitor
structure and action [32, 33]. From the optimized structure of the tested molecule as in
Figure 9, various thermodynamic factors were computer-generated from Gaussian output
files at B3LYP/6-311G(d,p). In order to predict inhibitor adsorption sites, Mulliken charges
Is used [34].

The findings in Table 2 demonstrate that the most favorable sites to adsorb this inhibitor
onto the low-carbon steel surface by interaction from donor to acceptor were both oxygen
[O(8)] and nitrogen [N(9)] in molecules of N—PB. In addition, the N—PB molecules have
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pyrrole and benzene rings that facilitate the development of an adsorbate-surface complex
[35].

Table 2. Mulliken population of N—PB molecule.

T
c) 0.3792 0(8) -0.36 C(15) 0.1231
C@2) 0.1296 N(9) -0.3025 C(16) -0.0623
C(3) -0.0486 N(10) -0.0464 C(17) 0.2113
C(4) 0.182 N(11) -0.1039 C(18) -0.0289
C(5) 0.1036 C(12) -0.1263 C(19) -0.1013
C(6) 0.1728 C(13) 0.1874 C(20) -0.1362
c(7) -0.0537 C(14) 0.1873 C(21) 0.12

The HOMO has the ability to show the electron contributing sites of the inhibitor
molecules [36]. Generally, the frontier MO (HOMO) of N—PB molecules which are depicted
in Figure 9 has the ability to contribute its electrons to the unoccupied d-orbital of iron atoms
of the low-carbon steel surface at the oxygen and nitrogen atoms. On the other hand, the
LUMO refers to the electron accepting ability of the inhibitor molecules. The LUMO
pictorial in Figure 9 elucidates that the accepting sites of N—PB are identical. In the N-PB
molecules, the LUMO positions which are more active are found all over the molecule.

Optimized structure

HOMO
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LUMO

Figure 9. HOMO and LUMO of N-PB.

The quantum chemical parameters such as frontier MOs (HOMO and LUMO), energy
gap, electronegativity, hardness, softness, and the number of electrons transferred (AN) are
evaluated and demonstrated in Table 3.

Table 3. Quantum chemical parameters for N—PB molecules using the B3LYP technique and 6—21G basis
set.

Ernomo (eV)  Evrumo (eV) AE (eV) 1 (V) n (eV) S (eV-1) AN

—9.243 —4.484 —4.759 6.8635 2.3795 0.4202 0.0286

The Enomo Value of molecules assists to evaluate their abilities to donating an electron.
Hence, the molecules with a high energy value of HOMO can readily give electrons to a
suitable molecule that has an unoccupied orbital and low energy value [37]. From Table 3,
the Enomo Value of N—-PB (-9.243 eV) which agrees with the experimental findings.

The LUMO energy is the molecule's ability to receive electrons. The low-value LUMO
energy of the molecules represents the high ability of those molecules to accept electrons
[38]. Hardness is the variation of the chemical potential (i) on the whole atoms of a molecule
[39]. The molecules with a high value of hardness represent the high stability of the same
molecules. Global softness (S) is the inverse of hardness and is the quantum feature of
electron cloud polarization in molecules [38]. The greater the energy gap, the lower the
polarity of the molecule and thus the difficulty in absorbing this molecule on the steel
surface. Thus, a characteristic corrosion inhibitor has low energy gap values as well as
absolute toughness but should also possess a high value of universal softness. According to
the values in Table 3, the inhibition ability of N—PB molecules is superior [39]. In addition,
the AN value of N-PB is positive indicating that N—PB can exchange electrons more
strongly. In summary, the quantum chemical parameters (E_umo, E, 1, o and N) of N-PB
show good agreement with the experimental results obtained as mentioned above.

Surface morphology studies

The steel surface was characterized by scanning electron microscopy (SEM; Hitachi
TM1000 tabletop microscope). The morphology studies were carried out using low-carbon
steel coupons exposed to 1 M HCI without and with addition of 500 ppm N-PB. The
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exposure time was 5 hours. Figures 10a and 10b refer to the SEM images of the coupon’s
surface in 1 M HCI without and with addition of N—PB. The coupon surface becomes
damaged when immersed in the corrosive solution, as shown in Figure 10a. On the other
hand, in the presence of 500 ppm of N—PB as shown in Figure 10b, the coupon surface
remained smooth and unchanged which was due to the formation of protective layers on the
coupon surface.

Figure 10. SEM photographs of low-carbon steel surface in 1 M HCI media exposed
for 5 h: (a) without inhibitor, (b) with 500 ppm N-PB.

Conclusions

Corrosion inhibition studies, quantum chemical calculations, and adsorption isotherm
models of N’-(1-phenylethylidene)-4-(1H-pyrrol-1-yl)benzohydrazide (N—-PB) on low-
carbon steel in 1 M hydrochloric acid solution have been performed. The experimental and
theoretical findings exhibit that:

1. The inhibition efficiency tested on low carbon steel in 1 M solution of HCI increases with
increasing concentration of the tested inhibitor, and the highest inhibitory efficacy of
94.5% was reached at 500 ppm of N—PB.

2. The adsorption isotherm process obeyed the Langmuir adsorption isotherm model.

3. The value of free energy in our measurements suggested that the adsorption of N-PB
molecules involves chemisorption.

4. The morphology studies of the surface of low-carbon steel coupons by a scanning electron
microscope also prove the formation of a protective film that covers the coupon surface.

Hence, the experimental and theoretical findings confirm that the N—PB molecules have the
ability to be an efficient corrosion inhibitor.
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