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Acetophenone derivatives are eco-friendly corrosion inhibitors to prevent corrosion of mild steel (MS) in acidic medium. In this
work, the inhibition effect of 3-nitroacetophenone (3-NA) on the corrosion of MS in acidic medium (1N HCl) was investigated
using weight loss measurements, electrochemical measurements, scanning electron microscopy, energy-dispersive X-ray
spectroscopy, and quantum chemistry analysis. The studies were performed using different concentrations of inhibitors and at
different temperatures. The results indicated that the inhibition efficiency of 3-NA increases with an increase in inhibitor
concentration and reaches to a maximum of 64% at inhibitor concentration of 250 ppm at 30°C. The potentiodynamic
polarization measurement indicated that 3-NA acts as mixed category of interdict. The adsorption of 3-NA on MS surface
followed the Langmuir adsorption isotherm. The mode of adsorption of 3-NA on MS surface was further studied by quantum
chemical calculations based on density functional theory (DFT). The results plainly revealed that 3-NA performs fairly as
corrosion interdict for MS in acidic medium.

1. Introduction

Mild steel (MS) is widely used in infrastructural construction
and has gained popularity due to its mechanical properties,
malleability, toughness, availability, and low cost. It is substan-
tially applied in different industries for different purposes
which comprise production of pipelines, metal tanks, gas cyl-
inders, and heat exchangers. MS plays a significant role in
human civilization and sustainable development, so undesir-
able degradation due to corrosion is a big issue. Corrosion of
MS considerably affects the industrial and natural environ-
ments, and development of suitable methods for corrosion

control is necessary. The use of organic and inorganic inhibi-
tors is the finest approach to shield mild steel from corrosion,
specifically in acidic conditions. Inhibitors are chemical sub-
stances that can successfully impede the metal corrosion in a
corrosive environment, and several organic and inorganic
compounds with electron-donating substituents are used as
an effective corrosion inhibitor in various industries [1].

Acetophenone is used in industry as a solvent for plastics
and resins, as a catalyst for polymerization of olefins and as a
photosensitizer in organic synthesis. Acetophenone is also
used as an anesthetic agent to induce analgesia and also as
a hypnotic agent [2]. Acetophenone compounds are a
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successful class of compounds for bioreduction using CRED
enzymes [3]. Also, acetophenones and their derivatives are
known to act as corrosion inhibitors in aggressivemedia [4–7].

Acetophenone derivative was chosen for this study due to
electron density and electron withdrawing and donating
nature of the substituent group. To control corrosion of the
metal, its surface needs to be masked significantly with an
organic or an inorganic interdict material to be segregated
from corrosive territory or domain [8–10]. Application of
molecules as an interdict species is the finest and most reliable
practical technique to shield the metal from dissipation in an
acidic medium [11–13]. It was reported that 4-
aminoacetophenonepyridine 2-aldehyde (4AAPA) inhibits
the corrosion of the mild steel in 1N HCl and maximum inhi-
bition of 91% was achieved at a concentration of 60ppm [14].

In this study, the inhibition effect of 3-nitroacetophenone
(3-NA), as an organic inhibitor on MS in 1N HCl, was studied
via weight loss measurement, open circuit potentials, potentio-
dynamic polarization studies, and electrochemical impedance
spectroscopy (EIS). The hydrophobicity of the MS specimen
was determined through contact angle measurement, and
molecular parameters were studied by quantum chemical calcu-
lations based on density functional theory (DFT). Surface mor-
phologies and elemental composition of MS were investigated
by scanning electron microscopy (SEM) and energy-dispersive
X-ray spectroscopy (EDX), respectively.

2. Experimental

2.1. Materials. MS sample specimen was purchased from the
local market in Chennai. The composition of the MS was car-
bon (0.160%), manganese (0.845%), sulphur (0.007%), silicon
(0.050%), phosphorus (0.024%), and iron (98.7%). 3-NA and
hydrochloric acid were supplied by Sigma-Aldrich. Different
concentrations of 3-NA (50ppm, 100ppm, 150ppm,
200ppm, and 250ppm) were prepared in deionized water,
and 1N HCl solution was used as corroding electrolyte.

2.2. Surface Preparation of MS Specimen. The MS (1 × 1 cm2)
specimens were abraded successfully with an emery sheet of

different grades (600-1200 grade) until the surface was mir-
ror polished, degreased with trichloroethylene, dried, and
placed in a desiccator. Finally, the smooth and clean speci-
men was immersed in the solution.

2.3. Weight Loss Measurements. The inhibition efficiency of
3-NA was investigated by weight loss measurement. The
weight of abraded MS sample was recorded with four-digit
analytical balance before and after immersion in 100mL of
1N HCl and 1N HCl+different concentrations of 3-NA for
1 h. The effect of temperature on corrosion inhibition was
studied using 250 ppm 3-NA at 303K, 313K, 323K, and
333K, respectively. MS samples were washed with water,
rinsed with acetone, dried in air, and weighed after each
measurement. Corrosion rate (CR), surface coverage (θ),
and inhibition efficiency (IE %) were calculated using the
following formula. The experiments were performed in trip-
licate, and average values are reported.

CR = 87:6W
A · d · t , ð1Þ

whereW, A, d, and t represent weight loss in mg, surface
area in cm2, and density in g cm-3 of MS sample, and time of
immersion in hour, respectively. The geometric surface cov-
erage (θ) is given by

θ = W1 −W2
W1

, ð2Þ

where W1 and W2 are weight loss of the MS sample in
1N HCl and 1N HCl+3-NA, respectively. Finally, inhibition
efficiency is calculated as

IE %ð Þ = W1 −W2
W1

× 100: ð3Þ

2.4. Electrochemical Measurements. The electrochemical
measurements were carried out in Ivium Vertex potentio-
stat/galvanostat/ZRA with Ivium soft electrochemistry soft-
ware, using an electrochemical cell assembled with three
electrode cells. All measurements were performed with
300mL of solution using a three-electrode system. A
polished MS sample with surface area 1 cm2 was employed
as working electrode, the saturated calomel electrode (SCE)
as reference electrode, and platinum electrode as counter
electrode. The MS samples were immersed in the test solu-
tion for 15min to attain a stable open circuit potential
(OCP) before each polarization measurement. Potentiody-
namic polarization (PDP) was recorded from −250mV to
+250mV vs. OCP with a scan rate of 1mVs-1. The cathodic
and anodic slopes were determined from corresponding
polarization curves. The corrosion potential (Ecorr) and cor-
rosion current (icorr) were determined from Tafel extrapola-
tion method, and corrosion inhibition efficiency (IE) was
calculated by using the formula

IE %ð Þ = i°corr − icorr
i°corr

× 100, ð4Þ
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Figure 1: Corrosion rates and inhibition efficiencies of 3-NA from
weight loss measurements.
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where i°corr and icorr are the corrosion current densities in
the absence and presence of inhibitors, respectively.

The electrochemical impendence measurements were car-
ried out using an AC signal of 10mV amplitude in a frequency
range 100 kHz to 0.01Hz. The value of charge transfer resis-
tance (Rt) was obtained from the diameter of Nyquist plots,
and IE was calculated using the following relation:

IE %ð Þ = Rt − R°
t

Rt
× 100, ð5Þ

where R°
t and Rt are the charge transfer resistance for MS

sample in the absence and presence of inhibitors, respectively.

2.5. SEM-EDX Analysis. MS specimens were exposed to 1N
HCl in the absence and presence of 3-NA inhibitor for 1 h.
The MS samples were eroded, degreased with trichloroethy-
lene, and dried, and surface morphology and elemental com-
position were carried out by a scanning electron microscope
(SEM) coupled with an energy-dispersive X-ray spectrome-
ter (SNE 3200M, SEC).

2.6. Contact Angle Measurements. The water contact angles
(WCA) of the MS surface were measured by contact angle
meter KYOWA DMs-40, following sessile drop method
using half-angle fitting method and FAMAS (interFAce
Measurement and Analysis System) software. The volume
of water droplet of 2μL was placed on MS surfaces. The
measurements were repeated 10 times.

2.7. Computational Studies. Corrosion inhibition efficiency
(%) is more correlated with the molecular structure of the
inhibitors. Thus, the molecular structure of 3-
nitroacetophenone was optimized by the density functional
theory (DFT) with B3LYP correlation functional [15, 16]
and the 6-31 G (d, p) basis set. Quantum chemical calcula-
tions were carried out using Gaussian 16 software [17].
The ionization potential (I) and electron affinity (A) are
defined by I = −EHOMO and A = −ELUMO, respectively. The
electronegativity χ = I + A/2 and global hardness γ = I − A/
2 are calculated. Then, the ΔN value can be calculated
according to [18]

ΔN = χFe − χinh
2 γFe + γinhð Þ , ð6Þ

where χFe = 7:0 eV and γFe ≈ 0 for iron are quoted from
literature.

3. Results and Discussion

3.1. Weight Loss Measurements. The abraded MS specimens
were immersed in the solution (1N HCl with various con-
centrations of the inhibitor) for 1 hour, and corrosion rate
(CR) and inhibition efficiency (IE) were calculated and the
results are shown in Figure 1 and Table 1. It is evident
that the corrosion rate decreases with an increase in the
concentration of the 3-NA and the inhibition efficiency
increases with an increase in the concentration of the
inhibitors which indicated that there is a substantial sur-
face coverage by the interdict and strong bonding to sur-
face of the mild steel.

3.1.1. Effect of Temperature. It is well known that the rate of
chemical reaction increases with the increase of temperature,
and then, desorption of 3-NA on MS surface occurs on
increasing temperature [14]. It is also revealed that the pro-
pensity of an organic corrosion inhibitor to shield MS is via
the formation of an adherent common monomolecular layer
of the metal surface [14]. The effect of temperature on corro-
sion rate and inhibition efficiency is shown in Figure 2, and
data are tabulated in Table 2. The results suggested that the
inhibition efficiency of 3-NA gradually decreased on increas-
ing temperature from 303K to 333K in an inhibitor concen-
tration of 250 ppm. This is due to desorption of 3-NA from
the MS surface.

3.2. Electrochemical Impedance Spectroscopy (EIS). The elec-
trochemical impedance spectroscopy technique was used to
find the inhibition efficiency of acetophenone derivatives

Table 1: Corrosion rate (mm/y) and inhibition efficiency obtained from weight loss measurements for MS specimen in the absence and
presence of 0-250 ppm concentrations of 3-NA inhibitor in acidic medium (1N HCl).

Conc. (ppm) Blank (1 N HCl) 50 100 150 200 250

Weight loss (g) 0.0073 0.0041 0.0034 0.0031 0.0029 0.0026

Corrosion rate (mm/y) 8.1259 4.5695 3.7893 3.455 3.2321 2.8977

Surface coverage (θ) — 0.4384 0.5342 0.5753 0.6027 0.6438

Inhibition efficiency (%) — 43.84 53.42 57.53 60.27 64.38
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Figure 2: Inhibition efficiency of 250 ppm of 3-NA in 1N HCl for
MS in temperature ranging from 303 to 323K.
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and was accomplished in the frequency span of 100 kHz to
0.01Hz. Nyquist plots and Bode plots for the MS in the
absence and presence of 3-NA inhibitor at 50-250 ppm con-
centration in 1N HCl are shown in Figures 3 and 4, respec-
tively. Table 3 shows the impedance parameters comprise of
charge transfer resistance (Rct), double layer capacitance (Cdl

), and inhibition efficiency, respectively. The increase in
charge transfer resistance (Rct) from 38.45 ohm·cm2 (blank)
to 86.13 ohm·cm2 (250 ppm) revealed the formation of a

Table 2: Corrosion rate and inhibition efficiency obtained from weight loss measurements for MS specimen at different temperatures in the
absence and presence of 250 ppm concentration of 3-NA inhibitor in an acidic medium (1N HCl).

Temperature (K) 303 313 323 333

Blank (1N HCl) CR (mm/y) 8.1259 14.1542 16.1695 22.1221

3-Nitroacetophenone (250 ppm) CR (mm/y) 4.5694 5.4610 7.0214 8.2473

Inhibition efficiency (%) IE (%) 64.34 48.42 40.00 35.08
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Figure 3: Nyquist plot for MS obtained with the absence and
presence of 50-250 ppm of 3-NA in 1N HCl.
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Figure 4: Bode plot for MS obtained with the absence and presence
of 50-250 ppm of 3-nitroacetophenone in 1N HCl.

Table 3: The EIS parameter for MS in 1N HCl in the presence and
absence of 3-NA.

Conc. of inhibitor (ppm) Rct (ohm·cm2) Cdl (F cm
-2) IE (%)

Blank 1N HCl 38.45 2:6129 × 10−5 —

50 ppm 49.08 2:0468 × 10−5 21.7

100 ppm 64.64 1:5542 × 10−5 40.5

150 ppm 71.99 1:3955 × 10−5 46.58

200 ppm 77.58 1:2950 × 10−5 50.43

250 ppm 86.13 1:1664 × 10−5 55.36

3-Nitroacetophenone in 1 N HCl

C1

R2

R1

Figure 5: Equivalent circuit for EIS spectra of the studied system.
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Figure 6: Tafel plot for MS obtained with the absence and presence
of 50-250 ppm of 3-NA 1N HCl.
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defensive film of 3-NA on the surface of MS by adsorption.
The maximum inhibition efficiency reaches 58.5% in 3-NA
concentration of 25 ppm. The adsorption of 3-NA inhibitor
on the metal surface leads to the formation of double layer,
which could form a barrier between the metal surface and
the corrosive medium. This is further confirmed by the
decrease in the double layer capacitance (Cdl) from 2:6129
× 10−5 F cm−2 (blank) to 1:1664 × 10−5 F cm−2 (250 ppm of
3-NA). The impedance increases with an increase in the
concentration of 3-NA. Nyquist and Bode plots confirmed
the single charge transfer process in corrosion inhibition
mechanism. The EIS spectra obtained for mild steel were
best fitted with the equivalent circuit as shown in Figure 5,
where R1 is the solution resistance, R2 is the polarization
resistance, and C1 is the double layer capacitance. The R
(CR) model is used for the protective isolated layer formed
at the metal surface and that provides a protective perfor-
mance by 3-NA.

3.2.1. Potentiodynamic Polarization Study. The potentiody-
namic polarization measurements were studied to investi-
gate the effect of 3-NA on the anodic and cathodic
reactions on corrosion phenomenon. The saturated calomel
electrode (SCE) was used as reference electrode, mild steel
with a surface area of 1 cm2 was used as working electrode,
platinum electrode was used as counter electrode, and 3-
nitroacetophenone inhibitor in 1N HCl was used as electro-
lyte mixture. The polarization curves for MS in 1N HCl

solution containing different concentrations (50-250ppm)
of 3-NA are shown in Figure 6. The different parameters
obtained from polarization measurements such as corro-
sion potentials (Ecorr) as well as kinetic values like corro-
sion current density (icorr), cathodic and anodic Tafel
slopes (βc and βa), and polarization resistance (Rp) are
presented in Table 4. There are little changes in parame-
ters for βa and βc upon addition of the inhibitors as com-
pared to blank value which indicates that the inhibitor gets
adsorbed on mild steel surface controlling both anodic and
cathodic reactions. The inhibitor 3-NA is a mixed type of
inhibitor as the difference in corrosion potential, Ecorr,
between inhibitor and that of blank is less than 80mV.
The decrease in corrosion current, icorr, from 14:02 × 10−4
(blank) to 3:81 × 10−4 (250 ppm of 3-NA) is observed
and exhibits 72.82% IE.

3.3. Adsorption Isotherms. The adsorption isotherms are
numerical utterances which give clear information on the
mutual effect of the surface of the metal and adsorbing spe-
cies at a constant temperature. Though there are many
adsorption isotherms that give the correlation between metal
surface coverage and concentration of the adsorbed species
[19], the prominent adsorption isotherm is Langmuir
adsorption isotherm and can be expressed via the following
[19, 20]:

C
θ
= 1
Kads

+ C, ð7Þ

where C is the concentration of the inhibitor, θ is the
standard degree of the surface coverage on the MS (from
electrochemical impedance and polarization studies), and
Kads is the equilibrium constant for the adsorption. The plot
of C/θ vs. C, shown in Figure 7, gives a straight line with a
high correlation coefficient of the nearest unity and an inter-
cept of 0.04451, suggesting the Langmuir adsorption iso-
therm for adsorption of 3-NA on the MS surface. It should
be noted that the adsorbed 3-NA lined up on the surface
of MS to give a monolayer. Kads of the inhibitor was calcu-
lated using an intercept of the C/θ vs. C plots and was used
to calculate the free energy of adsorption (ΔG0

ads) via the
following:

ΔG0
ads = −RT ln 55:5Kadsð Þ, ð8Þ

Table 4: The polarization parameters for mild steel in 1N HCl in the presence and absence of 250 ppm of 3-nitroacetophenone.

Conc. of inhibitor (ppm) Ecorr (V vs. SCE) icorr (A/cm
2) Rp (ohm) βa (V dec-1) βc (V dec-1) CR (mm/y) IE (%)

Blank -0.571 14:02 × 10−4 35.7 0.214 0.262 16.49 —

50 -0.573 11:63 × 10−4 43.0 0.211 0.223 13.68 17.04

100 -0.560 9:59 × 10−4 52.1 0.161 0.214 11.28 31.60

150 -0.498 5:71 × 10−4 87.6 0.085 0.158 6.71 59.27

200 -0.556 5:04 × 10−4 99.2 0.130 0.216 5.926 64.05

250 -0.545 3:81 × 10−4 131.3 0.100 0.148 4.478 72.82
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Figure 7: Linearized Langmuir adsorption isotherm plots of mild
steel in 1N HCl.
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where R was the gas constant (8.3142 JK-1Mol-1), T is
the absolute temperature (K), and 55.5 was the molar con-
centration of water. The adsorption parameters Kads and free
energy of adsorption (ΔG0

ads) are 22.47 Lg-1 and
-17.96 kJmol-1, respectively. The negative value of the stan-
dard free energy of adsorption indicates that the adsorption
of 3-NA molecule on the MS surface is spontaneous. The
values of ΔG0

ads obtained (-17.96 kJmol-1) are less than

20 kJmol-1 which reveals the physical adsorption of 3-NA
due to electrostatic communication between charged parti-
cles and charged metal.

3.4. SEM-EDX Analysis. The surface morphology of the MS
specimen was evaluated by a scanning electron microscope,
which gives the nature of the film formed on the MS surface.
It is suggested that surface roughness is increased on attack-
ing metal surface by aggressive media [21, 22]. SEM images
are shown in Figure 8. It is observed that the MS surface is
uniform before the immersion in 1N HCl and the surface
is damaged after immersion in acid solution (Figure 8(a)).
However, in the presence of 3-NA at a concentration of
250 ppm, the surface of MS is smooth and less damaged
(Figure 8(b)), which suggests that the surface of the MS is
shielded and protected by 3-NA and a good corrosion inhi-
bition efficiency is increased. The absence of chlorine in
EDX of the inhibited metal surface suggests the formation
of a protective layer by the inhibitor, which prevents the
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Figure 8: SEM-EDX micrographs of the mild steel surface: (a) in 1N HCl solution and (b) in 1N HCl solution with 250 ppm of 3-NA.
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attack of Cl- towards the metal surface. However, the sur-
face of the metal is not fully covered by the inhibitor, as is
evident from the higher mass % of Fe as shown in the
table.

3.5. Computational Studies. The resonance structure of 3-
NA is shown in Figure 9, and the optimized molecular struc-
ture, electronic structure, and molecular orbital energy of 3-
NA are shown in Figure 10. The quantum chemical param-
eters, such as the energy of the highest occupied molecular
orbital (EHOMO, -6.2767 eV), energy of the lowest unoccu-
pied molecular orbital (ELUMO, -3.8771 eV), energy gap
(ELUMO − EHOMO, 2.3996 eV), dipole moment (1.6871D),
and ionization potential (6.2765 eV) and electron affinity
(3.8771 eV), are obtained for 3-NA. The higher values of
EHOMO denote the electron-donating abilities of the mole-
cule. Also, the molecule with lower energy gap value in the
range of 6.40 to 3.38 eV shows higher inhibition efficiency
[23–26]. However, the energy gap calculated in 3-NA is
2.3996 eV, which is not in the range required for better IE
%. The measure of electron transfer from inhibitor molecule
to metal is favored, if ΔN > 0 [27]. Thereby, the calculated
value of ΔN = 0:8014 for 3-NA reveals the electron-
donating ability of the inhibitor at the metal surface. The
Mulliken charges on the atoms are used to analyze the
adsorption center of the inhibitor; it is observed that if the
atom has more negative charge, then the adsorption is more
on the surface. The optimized structure of 3-NA with
charges is shown in Figure 9(a). It is inferred that adsorption
of inhibitor on the metal surface is through O atom rather
than N atom, as greater negative charge is observed on O

atoms. π-electrons also interact with the vacant d-orbital of
metal. However, the presence of electron-withdrawing nitro
group attracts the π-electrons of the aromatic ring. Thereby,
this leads to a decrease in the electron density of the aro-
matic ring and thus shows lower inhibition efficiency of 3-
NA. The inhibition efficiency of 3-NA is compared with cor-
rosion inhibition performance of other inhibitors as given in
Table 5. The DFT study revealed that the nitration of corro-
sion inhibitor molecules led to the decrease in inhibition effi-
ciency as the -NO2 group is a strong electron acceptor [28].

3.6. Contact Angle Measurement. The sessile drop contact
angle measurements are shown in Figure 11 for (a)
polished metal surface, (b) surface of mild steel immersed
in 1N HCl, and (c) an inhibited metal surface with
250 ppm of 3-NA in 1N HCl. The water wetting nature
of the metal surfaces was carried out on all the three metal
surfaces. Generally, if WCA is smaller than 90°, the metal
surface is hydrophilic, and if WCA is greater than 90°,
then the metal surface is hydrophobic [31, 32]. The
WCA for polished metal sample is observed at 102°, and
since WCA is greater than 90°, it is hydrophobic. Further-
more, WCA of the metal surface immersed in 1N HCl is
found at 41.2°. This confirms the wettability of the unin-
hibited metal surface and its hydrophilic nature. However,
for inhibited metal surface using 250 ppm of 3-NA, WCA
is seen at 64.2° and a slight increase in WCA relatively
shows the protective layer formed on the metal surface
by the inhibitor. The decrease in wettability and increase
in hydrophobicity confirm the protective nature of the
mild steel surface from wetting.

(a) (b)

(c) (d)

Figure 10: (a) Optimized structure, (b) electrostatic potential, (c) HOMO, and (d) LUMO of 3-nitroacetophenone.
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4. Conclusions

In this study, the inhibition effect of 3-nitroacetophenone
(3-NA) on the corrosion of MS in an acidic medium (1N
HCl) was investigated using weight loss measurements, elec-
trochemical measurements, and computational studies using
density function theory. The results showed that 3-NA acts
as mild corrosion inhibitors for MS in 1N HCl solution.
The inhibition efficiency (IE) increases with the increase in
concentration of 3-NA, giving maximum inhibition effi-
ciency in 250 ppm of 3-NA. The adsorption of 3-NA on
the MS surface follows Langmuir adsorption isotherm; the
value of ΔG0 (-17.96 kJmol-1) indicates spontaneous adsorp-
tion of 3-NA by physical interaction. Polarization studies
suggest that 3-NA acts as an assorted type of inhibitors.
EIS studies reveal the single charge transfer process in corro-
sion inhibition mechanism. SEM and EDX analysis conform
the formation of a protective film of 3-NA on the MS surface
that inhibits the corrosion. Computational studies suggest
remarkable inhibition efficiency of 3-NA and adsorption of
inhibitor on the MS surface is through oxygen atom rather
than nitrogen atom. However, the presence of an electron-
withdrawing nitro group in 3-NA attracts the π-electrons
of the aromatic group leading to a decrease in electron den-
sity and thereby shows lower inhibition efficiency.
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