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Mild steel plays an important role in many construction industries due to its low cost and
outstanding mechanical properties. However, the utilization of strong acid in pickling,
construction operation, and oil refining processes adds to a serious corrosion issue on mild
steel. 4-nitrobenzohydroxamic acid (4NBHA) and 4-chlorobenzohydroxamic acid (4CBHA)
ligands were synthesized to scrutinize the corrosion resistance activity toward mild steel in an
acidic medium. Both ligands were characterized by using melting point and Fourier Transform
Infrared (FTIR), ultraviolet-visible (UV-Vis) and Nuclear Magnetic Resonance (NMR)
spectroscopies. The corrosion resistance of mild steel was studied with different inhibitor
concentrations (1 mM, 2 mM, 3 mM, 4 mM, and 5 mM). Results of weight loss method showed
that the higher the inhibitor concentration, the lower the corrosion rate. 4CBHA showed a
superior corrosion resistance (%E: 80.76) due to the presence of withdrawing groups, which
were the chloro group that was less reactive as compared to the nitro- group in 4ANBHA (%E:
77.60). Langmuir isotherm calculation showed that the ligands were adsorbed on the mild steel
surface by forming a monolayer and there were no interactions between the adsorbed inhibitors.
The values of standard free energy (AG) were -29.36 kJ mol for 4NBHA and -28.85 kJ mol*
for 4ACBHA, which indicated that both ligands were adsorbed spontaneously by chemisorption
onto the metal surface by coordinate covalent bonds. Field emission scanning electron
microscope (FESEM) analysis proved that the presence of a protective layer on the mild steel
had restricted the corrosion process.
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Hydroxamic acid (RC(O)N(OH)R') is an organic
compound which consists of a carbonyl functional
group, while R and R' represent alkyl substituents. It
also contains an amide (RC (O)NHR") which is the OH
substitute at the NH center, as shown in Figure 1.

Corrosion is a disastrous phenomenon which
causes harm to the surface of metal [1]. Corrosion
occurs because of catastrophic attack on metal due to
a heterogeneous chemical reaction which allows metal
to develop into a chemically stable state by forming
oxide, sulphide or hydroxide ions [2]. Corrosion

problems which usually exist in many industries have
developed huge monetary losses in terms of repair and
replacement. Corrosion prevention is one of the
simplest methods that can be practiced to restrain
the corrosion rate in an acidic medium by
developing a protective barrier against the corrosive
agents.

Hydroxamic acid is advantageous in corrosion
resistance activity. The nitrogen atom in hydroxamic
acid is accountable for enhancing the corrosion
resistance efficiency [3].

Figure 1. A general structure of hydroxamic acid
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In this study, two types of hydroxamic acids, 4-
chlorobenzohydroxamic acid (4CBHA) and 4-
nitrobenzohydroxamic  acid  (4NBHA), were
synthesized to regulate the corrosion resistance
activity of the ligands in 1 M sulphuric acid solution.
The objective of this study was to synthesize and
characterize benzohydroxamic acid derivatives by
using melting point analysis, Fourier transform
infrared-attenuated total reflectance (FTIR-ATR),
ultraviolet-visible (UV-Vis) and nuclear magnetic
resonance (NMR) spectroscopies, and field emission
scanning electron microscope (FESEM). Besides, the
resistance properties of the ligands were evaluated
through weight loss method, Langmuir Isotherm, and
standard free energy (AG).

MATERIALS AND METHODS

1. Instrumentation

The infrared spectra were recorded by using mid-
infrared FTIR-ATR Perkin Elmer GX
spectrophotometer in the range of 4000 cm™- 650 cm"
1. The electronic absorption spectra were studied by
using UV-Vis PG Instruments  T80/T80+
spectrophotometer in the range of 200 — 600 nm with
DMSO as solvent. The concentration of the samples
used was 1 x 10°° M. The 'H and **C-NMR spectra
were obtained by using NMR spectroscopy. The
surface morphology of mild steel was observed by
using A ZEISS MERLIN Compact microscope
equipped with a field emission gun.

2. Synthesis of Ligands

4-nitrobenzoylchloride (4ANBHA) was added dropwise
into a solution of hydroxylamine hydrochloride in the
presence of sodium hydrogen carbonate as catalyst for
1 h. The solution was filtered and the volume of the
remaining filtrate was reduced using a rotary
evaporator. Later, the solution was dissolved in ethyl
acetate for precipitation. Lastly, the precipitate was
filtered and dried in a desiccator. All synthesis
processes were done below 4°C. The steps were

O,N

Synthesis, Characterization and Corrosion Inhibition
Screening of Benzohydroxamic Acid Derivatives in
H2SO4: A Langmuir Isotherm

repeated by using 4-chlorobenzoyl chloride (4CBHA)
as the starting material.

3. Preparation of Solutions

1 M H,SO4 was prepared through a dilution process
by using the following formula,

%x density x 1000

M= and McVc = MdVd

molar mass

5 mL of 1 M H,SO4 was mixed with 5 mL of five
different 4ANBHA solution concentrations (0.001 M,
0.002 M, 0.003 M, 0.004 M, and 0.005 M) to produce
the media for immersion. The process was repeated by
using 4CBHA.

4, Gravimetric Method

As for mass deficit study, a mild steel was cut into
pieces of the dimension of 1.5 cm x 2.5 cm. Then,
the mild steel surface was polished with an emery
paper to remove all sprinkled tiny particles and
impurities. Next, the pieces were cleaned with
distilled water and left to dry completely at room
temperature. The initial mass of the mild steel
pieces was recorded by using an analytical balance.
The mild steel was immersed in five different media
with different concentrations (0.001 M, 0.002 M,
0.003 M, 0.004 M and 0.005 M) of each inhibitor
and a blank (1 M H;S0.), which were prepared at
room temperature, for 24 h. Then, the mild steel was
rinsed with distilled water and dried in a desiccator.
The final mass of mild steel was measured and
recorded.

RESULTS AND DISCUSSION

1. Physical Properties

The structures of 4ANBHA and 4CBHA and the
physical properties are shown in Figure 2, Figure 3,
and Table 1, respectively.

4
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Figure 2. Proposed structure of ANBHA
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Figure 3. Proposed structure of 4CBHA
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Table 1. Physical properties of ligands

Compound  Color

Melting point (°C) Percentage yield (%)

4NBHA White
4CBHA White

103-105
105-107

77.75
75.48

Table 2. FT-IR values with assignments for the ligands

Compound Wavenumber, cm?
v(C=0) ©v(C-NO2) v©(C-Cl) v(C-N) v(N-H) v(C=C) v(O-H) v(C-Cl)
aryl (amide) (aromatic)
chloride

4-nitrobenzoyl 1688 1539, 1425 - 1606, 1489 - 701
chloride 1350
hydroxylamine - - - 3001 - 3063 -
hydrochloride
ANBHA 1690 1538, 1431 3006 1605, 1482 3395 -

1349
4-chlorobenzoyl 1775 - 1091 1400 - 1589, 1484 - 720
chloride
hydroxylamine - - - - 3001 - 3063 -
hydrochloride
4CBHA 1578 - 1161 1473 2916 1506, 1480 3003 -

2. FT-IR Spectra

Some of the important infrared stretching bands in the
FT-IR spectra of ANBHA and 4CBHA are shown in
Table 2.

The stretching bands of v(C=0) that appeared
at 1690 cm® (4NBHA) and 1578 cm™ (4CBHA)
proved the presence of ketone in the ligands [4].
Opposite to the starting materials, which were 4-
nitrobenzoyl chloride and 4-chlorobenzoyl chloride,
where the stretching bands were present at 1688 cm!
and 1775 cmt, respectively. Therefore, the peak had a
weak shift between the starting material and 4ANBHA
because of the presence of hydrogen bonding [5].
Besides, the conjugation effect of a carbonyl played an
important role on the resonance frequency in 4ACBHA.
This weakened the C=0 bond and the shift resulted in
a lower wavenumber. Nageebullah et al. (2013) [6]
reported that the presence of hydroxyl group in
4ANBHA and 4CBHA was due to the existence of OH
from the starting material, which was hydroxylamine
hydrochloride. From the 4ANBHA and 4CBHA spectra,
v(O-H) stretching bands were observed at 3395 cm
and 3003 cm?, respectively. The presence of a broad
band, v(O-H) indicated the presence of extensive
intramolecular hydrogen bonding between C=0 and
O-H. The spectra of ANBHA and 4CBHA showed the
presence of o(C-N), which originated from both
starting materials, as tabulated in Table 2. The v(C-N)
stretching band appeared as a sharp peak in the range
of 1400 cm™*-1473 cm* and proved that 4ANBHA and

4CBHA existed as a keto form in solid state [6].
According to Sandeep and Suryaprakash (2017) [7],
the nitro group (NOy) was presented as two strong
absorptions near 1550 cm™ and 1350 cm™. Two
strong stretching bands were displayed at 1539 cm-
1 and 1350 cm™ for 4-nitrobenzoylchloride, while
1538 cm* and 1349 cm™* for 4ANBHA. The effect of
a conjugation of nitro group at para position in the
aromatic ring caused the stretching bands to shift to
the lower frequencies. 4CBHA showed the
existence of v(C-Cl), aryl chloride, at 1161 cmtand
4-chlorobenzoyl chloride at 1090 cm-. Sandeep and
Suryaprakash (2017) [7] stated that aryl chloride
was absorbed near 1100 cm™ but 4CBHA was
shifted to a higher frequency as compared to its
starting material because of the electron
conjugation effect at para position.

3. UV-Vis Spectra

The absorption peaks for ANBHA and 4CBHA, as
shown in Figures 4 and 5, respectively, were
determined in DMSO with the concentration of 1 x
10° M and wavelength range of between 200 nm
and 700 nm. Table 3 shows the electronic spectra
data for ANBHA and 4CBHA.

From Figures 4 and 5, intense absorption
peaks for the ligands appeared at 270 nm (4NBHA)
and 258 nm (4CBHA), which implied the n—n"
transition to affirm the presence of an aromatic ring
in the structure [8].
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Figure 4. UV-Vis absorption spectra (1 x 105 M) of 4ANBHA
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Figure 5. UV-Vis absorption spectra (1 x 10° M) of 4CBHA

Table 3. Electronic spectra data for 4ANBHA and 4CBHA

Compound Transition Maximum Molar
wavelength absorptivity,e
(nm) (Mtcm?)
4-nitrobenzoyl non 285 68100
chloride
Hydroxylamine n-o" 290 13600
hydrochloride
4ANBHA n-n 270 34800
4- . _m* 287 66100
chlorobenzoyl
chloride
4CBHA n-n 258 95000

nom 379 1100
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Table 4. NMR data of ligands

Spectrum Signal Compound Structure
position(ppm)
H-NMR 7.24-8.32(a) C-H(Aromatic)
9.28 (b) O-H
BC-NMR 124.23 C=C(Aromatic)
131.21
136.76 C(d)
150.47 C-NO;
166.37(c) C=0
H-NMR 7.24-8.32(a) Aromatic

Meanwhile, a weak absorption peak at 379 nm
depicted the n—z" transition which specified the
presence of carbonyl group in the ligand structure.
There was an absorption peak at 290 nm in
hydroxylamine hydrochloride which symbolized the
n—>c*. This happened due to the presence of lone pair
electrons in nitrogen and oxygen atoms of the ligand.

4, Nuclear Magnetic Resonance

Table 4 shows the **C and 'H-NMR data for the
ligands and data compatible with the proposed
structures of the ligands, as recommended. The signals
were obtained by using DMSO as solvent. The signals
that appeared in the spectra were compatible with the
structures. The presence of singlet broad peaks at the
downfield regions, which were at 9.28 ppm (4NBHA)
and 9.51 ppm (4CBHA), represented the OH proton.
Irshad et al. (2018) [9] stated that the downfield
shifting of OH proton showed the presence of
intermolecular hydrogen bonding between hydroxy
proton and oxygen of carbonyl group. Sandeep and
Suryaprakash (2017) reported that the NH proton peak
can disappear due to NH proton chemical exchange or
by the property of nitrogen atoms, called quadrupole
broadening. Besides, there was a multiplet peak

Meanwhile, for the Kketone, the presence of
electronegativity atoms made the carbon deshielded
and shifted to the downfield because of electron
density reduction around the proton and carbon.

5. Corrosion Inhibition Study

In this study, the ligands were tested to observe their
efficiency to reduce the corrosion rate of mild steel at
different inhibitor concentrations. Five different
concentrations of the ligands as inhibitor were used
(0.001 M, 0.002 M, 0.003 M, 0.004 M and 0.005 M).
Moreover, the acid without inhibitor was used as a
blank for reference. The weight loss of mild steel was
calculated by difference in initial mass and final mass
of mild steel. The value of mass loss was used to
define the corrosion rate of each concentration of
inhibitors by using Equation 3. The effectiveness
percentage of the ligands as inhibitor toward mild steel
corrosion was calculated based on mass loss values to
represent the corrosion rate. The mass loss method
was studied at room temperature for a twenty-four-
hour immersion process. The mass loss (AW),
corrosion rate (Crw), and inhibitor efficiency (% nw)
were calculated based on Equations 1, 2, and 3,
respectively.

which appeared in the chemical shift of 8 ppm — 9 ppm,

which represented the aromatic protons. According to
Nageebullah (2014) [10], the proton signal appeared
with an integration equivalent to four protons which
were attached to each carbon. The slow relaxation
time of the ®*C-NMR (4CBHA) caused the carbon
peaks to disappear. In the *C-NMR of 4NBHA, the
aromatic carbon was displayed at 124.23 ppm —
150.47 ppm and C=0O ketone was observed at a
downfield peak, which was at 166.37 ppm. The
aromatic peaks appeared at downfield because of the
resonance and anisotropic effect in cyclic m-system.

AW =W -W, Equation 1
AW .
Crw = o Equation 2

% Mw= C°Rrw - Crw X 100%4 Equation 3
C°rw
Where :

W= The average mass of mild steel before
immersion (g)
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W,= The average mass of mild steel after
immersion (g)
AW= The average mass loss (g)

s=  The surface area of mild steel (cm?)

t= The immersion time

C°rw = The corrosion rate in the absence of
inhibitor

Crw = The corrosion rate in the presence of
inhibitor

% nw = Inhibitor efficiency

From the results in Table 5, Figure 6, and
Figure 7, the corrosion rate of the mild steel decreased
as the concentration of the inhibitors increased. This
was due to the presence of lone pair electrons from the

Synthesis, Characterization and Corrosion Inhibition
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heteroatoms, O and N in the ligand structures which
were adsorbed onto the surface of the mild steel to
protect the mild steel from corrosion [11,12]. The
inhibition  efficiency was better at higher
concentration for 4CBHA as compared to 4ANBHA.
According to El-Maksoud (2008) [13], the halide ion
in 4CBHA facilitated the adsorption of cation on the
mild steel surface which formed intermediate bridges
that were oriented toward the solution and mild steel.
Eventually this could enhance the effectiveness of the
corrosion inhibitor. Nitro, NO, and chloro, CI
substituents are attached at the same position in an
aromatic ring which is a para position. The nitro group
is a strong withdrawing group as compared to the
chloro group.

Table 5. Corrosion inhibition data for ligands in H2SO4

Inhibitor Concentration Weight loss, Corrosion rates, Inhibitor efficiency,
(M) AW (2) Cru(gecm™h™) nw (%)
Blank 0.000 0.130 1.44 x 10-3 0
4ANBHA 0.001 0.075 8.33 x 10-4 42.20
0.002 0.052 5.78 x 10-4 60.00
0.003 0.034 3.78 x10-4 73.80
0.004 0.032 3.56 x10-4 75.30
0.005 0.029 3.22 x10-4 77.60
4CBHA 0.001 0.060 6.66 x 10-4 53.75
0.002 0.050 5.55 x 10-4 61.46
0.003 0.030 3.33 x10-4 76.87
0.004 0.028 3.11 x 10-4 78.40
0.005 0.025 2.77 x 10-4 80.76

Corrosion Inhibition Graph for 4ANBHA

O = N WR U N W

1 2 3

Concentration, mm
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Figure 6. Corrosion rate and inhibitor efficiency in different concentrations of 4ANBHA in H2SO4
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Figure 7. Corrosion rate and inhibitor efficiency in different concentration of 4CBHA in H2SO4

Hence, the nitro group will deactivate the aromatic
ring more at para position as compared to the chloro
group by lessening the electron density through the
resonance withdrawing effect [14, 15]. Besides, the
adsorption of inhibitor through m electrons of the
aromatic ring and electron pair of N and O on the mild
steel may decrease the anodic dissolution site. The
adsorption mechanism occurs by electrostatic
attraction between inhibitor and charged metallic ions
of mild steel.

6. Adsorption Isotherm Study

Langmuir adsorption isotherms as shown in Figures 8
and 9 were used to explain the best isotherm to
determine the adsorption process. The adsorption
isotherm specified the crucial evidence in regard to the
nature of inhibitor-mild steel interaction. Langmuir
isotherm calculation was well-suited with the
corrosion rate values obtained from the weight loss
study. The degree of surface coverage (O) attained
from the weight loss study was used to classify the best
type of adsorption isotherm that fits into the corrosion

rate values obtained.  The degree of surface
coverage(©) was calculated by using Equation 4:

w corr—-wrorr

8= Equation 4

Weorr

Where, Weorr and W0 are the corrosion rates
of mild steel with and without the inhibitor,
respectively [16]. The surface coverage, © values are
very helpful in explaining the adsorption characteristic.
The surface coverage on the mild steel was related to
the concentration of inhibitor at a constant temperature
and was graphically certified by fitting into the
Langmuir Isotherm. From the equation, K is the
equilibrium constant, Cimn is the concentration of
inhibitor, and O is the degree of surface coverage
calculated from Equation 4. According to the graph,
the R? of 4ANBHA was 0.9940 while for 4CBHA was
0.9914. The slopes showed the best correlation with
the corrosion rate data of the inhibitors. The R? values
supported that the ligands were adsorbed on the mild
steel surface by forming a monolayer and there was no
interaction between the adsorbed inhibitors [17].
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Figure 8. Graph of Langmuir isotherm of ANBHA
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Figure 9. Graph of Langmuir isotherm of 4CBHA

Besides, the data proved that there was no
chemisorption of uncharged inhibitors on the mild
steel surface [18,19]. Sudhish and Eno (2011) [20]
reported that inhibitors will be adsorbed on the mild
steel surface if the interaction between them was
higher than that of the water molecules and the mild
steel surface.

7. Standard Free Energy (AGads)

The values of activation energy for mild steel
corrosion reaction were obtained from the
Arrhenius equation. Standard free energy of
adsorption (AGags) can be calculated by using the
following equation:

AGags = -RTIN(Kags X A)

R = gas constant (8.314 JKmol)
A = water density (1000 g/L)

T = Temperature (K)

Kads = adsorption equilibrium constant

The values of AGas obtained from the
calculation were -43.55 kJmol! (4NBHA) and -
44.46 kJmol* (4CBHA). This showed that the
ligands were adsorbed by chemisorption onto the
mild steel surface by the adsorption of heteroatoms,
such as oxygen, nitrogen, sulphur, and phosphorus
[21,22]. The negative value of AGags revealed that
the adsorption process of inhibitor on the mild steel
was by a spontaneous nature. Obot et al. 2013 [23]
reported that the positive value of AGuads,
endothermic reaction referred to chemisorption
while the negative value of AGags, the exothermic

reaction referred to physisorption. Chemisorptions
also happened when there was a transfer or sharing
of inhibitor to mild steel to form a coordinate type
of bond [24]. The values of AGags lower than -20
kJmol! were physisorption and the values lower
than -40 kJmol!' were chemisorption which
involved the sharing of electrons from the inhibitor
to the mild steel surface to form a chemical bond
[24].

8. FESEM Analysis

The FESEM analysis was performed to study the
mild steel surface in the absence and presence of the
inhibitors. Figure 10 shows the surface of the mild
steel with or without inhibitor at magnification of
2500x. Figure 10(a) shows the absence of corrosion
due to the smooth surface of the mild steel. In Figure
10(b) there is a huge corrosion site on the surface of
the mild steel, which was due to the acid attack of
H2S04 on the mild steel. From Figures 10(c) and (d),
the images show that the surface of the mild steel is
smooth and there is formation of a protective layer
on the surface of the mild steel. The protective layer
eventually inhibited the acid media which attacked
the mild steel surface.

Table 6 shows the elemental compositions
present on the surface of the mild steel. The main
element in each mild steel was iron. For Figure
10(c), the mild steel contained nitrogen which
showed the presence of 4NBHA as a protective
layer to avoid corrosion. Figure 10(d) shows the
mild steel which contained chloride, indicating the
presence of 4CBHA as the protective layer.
Therefore, it was evident that the inhibitors offered
protection from corrosion on the mild steel surfaces.
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Figure 10. FESEM images of mild steel surface: (a) polished, (b) immersed in 1 M H,SO4 for 24 h, (c)
immersed in 1 M H,SO4 with 4ANBHA for 24 h (d) immersed in 1 M H,SO4 with 4CBHA for 24 h.

Table 6. The compositions of mild steel in the presence and absence of inhibitors in 1 M H,SO4

Inhibitors Compositions
Fe C O S N Cl
Polished Mild steel 859 78 - - - -
Mild steel with 1 M H,SO4 815 69 11 0.7 - -
Mild steel with 1 M H2SOsand 4ANBHA 875 50 66 04 04 -
Mild steel with 1 M H2SOsand 4CBHA 90 46 51 - 02 0.1

CONCLUSION

The ligands, 4ANBHA and 4CBHA were successfully
synthesized and characterized by using FTIR-ATR,
UV-Vis, and NMR spectroscopies. From the weight
loss analysis, the ligands showed good inhibition
efficiency against corrosion of mild steel by using
different  concentrations of ligands. Higher
concentrations of the inhibitors showed better
efficiency of the inhibitors against corrosion on the
mild steel for both ligands. Since the corrosion process
was inhibited by the adsorption of the inhibitors on the
mild steel surface, it followed the Langmuir’s
adsorption isotherm. The negative values of AGads
obtained indicated that the ligands were spontaneously
adsorbed on the mild steel surface through the
chemisorption process. The FESEM analysis showed
that the mild steel which had an inhibitor on it had a

protective layer which helped the mild steel to inhibit
corrosion activity.
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