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INTRODUCTION

Sulfuric acid is the largest used chemical in metal pickling,
petroleum purification, acidizing in the gas and oil industry,
fertilizer production, oil-well vacuuming, electroplating of
metal, efc. nonetheless it is highly corrosive [1-4]. Thus, itis a
source of corrosion of metal containers in industry and lowers
their life period. Therefore, the corrosion inhibitors are emplo-
yed in acids to mitigate their corrosive effects on metals and
reduce financial losses to the industry. Corrosion also depends
on the pH of the solution [5,6] i.e. at low pH, corrosion is
more due to high hydrogen evolution and greater accessibility
of oxygen to the metal surface. Usually, there is a formation
of oxide diffusion barrier film on the peripheral of iron at a
pH below 4 [7-9].

The organic compounds that contain heteroatoms such as
oxygen, nitrogen, sulfur and phosphorus or those with conju-
gated systems, are often identified as effective inhibitors [ 10-14].
This efficacy is attributed to their free electrons, which can form
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bonds with the metal surfaces. An organic inhibitor’s perfor-
mance depends on its ability to adsorb onto the metal surface,
creating a protective layer or reducing the rate at which react-
ants diffuse across the metal [15,16]. The electrolyte aggres-
sion, inhibitor molecule structure, charge distribution and metal
surface charge play important roles in the adsorption process
[17-21]. Corrosion inhibitors typically include compounds with
an extended m-e~ system, long chains and functional groups,
such as -NR,, -C=C-, -NH,, -CONH,, -SR, -COOH, -OH and
-OR, since such groups typically have an electron available to
bind with the metal and be adsorbed [22-25]. These structural
components actively reduce corrosion rates by improving the
protective capacities of metal atoms through donor-acceptor
(D-A) interactions. This approach not only helps preserve the
integrity of materials but also contributes to longer service
life and lower maintenance costs [26].

Several researchers have highlighted the corrosion inhibi-
tion potential of conjugated 4-aminoantipyrine-based Schiff
bases [27], polyaniline (PANI), poly(N-methylaniline) (PNMA)
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and poly-(N-formylanilide) (PNFA) coatings [28] and 3-nitro-
5-(2-amino-1,3,4-thiadiazolyl)nitrobenzene (NATN) [29], etc.
The presence of heteroatoms and conjugation makes these
compounds promising candidates for corrosion protection
applications. Recently, Wang et al. [30] evaluated the effective-
ness of six nitrogen-containing organic compounds as copper
corrosion inhibitors in H,O, and sarcosine (SAR) alkaline
medium. Similarly, subphthalocyanine chloride (SubPc) [31]
and 5,5-diphenyl-3,5-dihydro-4H-imidazol-4-one (AM6) [32]
have also been evaluated as a green corrosion inhibitor for mild
steel in acidic environments. These findings highlighted the
varying effectiveness of different nitrogen-containing comp-
ounds in mitigating corrosion under specific conditions.
Thus, in this investigation, N-methylformanilide (NMF)
which contains heteroatom nitrogen, oxygen, electron-donating
methyl group and m-electrons is used to inhibit the mild steel
corrosion in 0.5 mol/L sulfuric acid. Moreover, NMF is indeed
considered as non-toxic when inhaled, making it a safer option
in various applications including as a swelling agent and precursor
for numerous chemical compounds. This combination of safety
and functionality enhances its potential as a corrosion inhibitor.

EXPERIMENTAL

The corrosion behaviour of mild steel in N-methylforma-
nilide (NMF) sulfuric acid solution was investigated using
various methods including weight loss measurements, electro-
chemical impedance spectroscopy (EIS), atomic force micro-
scopy (AFM), scanning electron microscopy (SEM) and chemical
quantum studies (CQS).

Specimen preparation: For weight loss studies, mild steel
coupons measuring 1 cm X 1 cm x 1 cm were employed, while
for electrochemical impedance spectroscopy (EIS), mild steel
samples with a bare area of 1 cm? were used. Surface analysis
was conducted on specimens sized 1 cm x 1 cm x 0.5 cm. The
mild steel surfaces were polished to a glass-like finish using
emery papers ranging from 100 to 1200 grit, then thoroughly
cleaned with solvents (distilled water and acetone) and dried
at room temperature. The EIS measurements were carried out
using a three-electrode setup consisting of platinum, calomel
and mild steel electrodes.

Inhibitor solution: Different concentrations of NMF i.e.
107" M, 107 M, 10° M and 10" M were prepared in 0.5 mol/L
sulfuric acid to assess the corrosion action of mild steel in
these solutions [33].

Weight loss studies: Varying concentrations (10" M, 10
M, 10°M and 107 M) of inhibitor NMF in 0.5 mol/L H,SO,
were prepared and the specimens were dipped in these solu-
tions at different temperatures (298 K, 308 K, 318 K and 328
K) for 6 h to perform the weight loss evaluations. After 6 h,
the mild steel coupons were washed with double distilled water
to remove all the corrosive materials properly then dried in a
desiccator for 24 h. They were subsequently weighed to deter-
mine the total weight loss for each coupon and further para-
meters were then calculated.

Electrochemical impedance studies (EIS): The EIS
experiment was conducted at 298 K by immersing mild steel
in 10" M NMF solution and an acid solution for 6 h. The para-

meters of EIS including charge transfer resistance (R.) and
double-layer capacitance (Cq) were evaluated from the Nyquist
plot [34].

Thermodynamic adsorption studies: Thermodynamics
i.e. change in temperature plays a vital role in the inhibition of
corrosion by affecting the interaction between metal and acidic
medium [35]. It is apparent from the thermodynamic calcu-
lation that NMF follows El-Awady adsorption isotherm for
mild steel in sulfuric acid and the adsorption parameters like
equilibrium constant (Ka4), standard Gibb’s free energy (AGs)
and activation energy (E,) were calculated and analyzed using
weight loss data [34,36].

Surface morphology studies: Polished mild steel coupons
(1 cm x 1 cm x 0.5 cm) were dipped in 0.5 mol/L H,SOy, in
10" M and 10" M of NMF solution at 298 K for 24 h to study
the surface morphology of mild steel and then subjected to a
JEOL 840 JSM scanning electron microscope for SEM studies.
The AFM images were obtained from VEECO CPII microscope
instrument.

Quantum studies: The chemical structure of NMF was
generated using Hyperchem 7.5 software. Initially, the structure
was optimized using the MM+ (Molecular Mechanics) method,
followed by re-optimization with the AM1 method utilizing
the Polak-Ribiere gradient approach. The optimization was
performed with a convergence threshold of 0.01 kcal/mol/A
for total energy. Various parameters, including the highest
occupied molecular orbital energy (Eunomo), the lowest unocc-
upied molecular orbital energy (ELumo), the energy gap (AE),
binding energy and dipole moment were calculated.

RESULTS AND DISCUSSION

Weight loss measurements: Gravimetric method was used
to calculate the inhibition efficiency (IE) and corrosion rate
(C)) of mild steel using eqns. 1 and 2, respectively [37,38]:

IE (%)z[l—&jxmo )
WO

where w, represents the weight lost by mild steel in acid solution

and w; denotes the weight lost by mild steel in inhibitor solution.

— kV\/L
Atp @
where C, represents the corrosion rate of the mild steel in mm/
year; k is constant with a value of 87.6; W, is the weight loss
of mild steel in mg; and t is the immersion time in hours (6 h
for performing experiment); p is the density of mild steel (7.06
g/cm®) and A refers to the area of mild steel specimen (1 cm?).
The calculated values for IE and C, are summarized in
Table-1. The graph of IE versus the logarithm of inhibitor con-
centration (Fig. 1) at various temperatures demonstrates that
IE % decreases with increasing temperature across all inhibitor
concentrations, while it increases with higher inhibitor concen-
trations. The corrosion rate is higher in the uninhibited solution
compared to the inhibited solutions at all temperatures indi-
cating that mild steel experiences the minimal corrosion in
the NMF solution.

C

T




Vol. 36, No. 11 (2024)

Inhibitory Potential of N-Methyl Formanilide on Mild Steel Corrosion in Sulfuric Acid 2523

TABLE-1
WEIGHT LOSS DATA FOR MILD STEEL IN 0.5 mol/L H,SO, CONTAINING NMF
Temp. (K) Conc. (M) Im“Ial (“glght L ‘“;1 V(Vgght Weight10ss/(z) IE (%) G (i)
10" 6.8944 6.8811 0.0133 83.1 27.50425
10° 7.1045 7.0873 0.0172 78.2 35.56941
298 10° 7.9630 7.9436 0.0194 75.4 40.11898
107 6.7546 6.7349 0.0197 75.0 40.73938
Acid 7.4629 7.3841 0.0788 = 162.9575
10" 6.5125 6.4946 0.0179 79.1 37.0170
107 6.1893 6.1689 0.0204 76.1 42.18697
308 10° 7.6403 7.6127 0.0276 67.7 57.07649
107 7.4536 7.4183 0.0353 58.7 73.0000
Acid 7.3616 7.2761 0.0855 = 176.8130
10" 6.9462 6.8782 0.068 73.8 140.6232
10° 6.5048 6.4303 0.0745 713 154.0652
318 10° 6.8241 6.7189 0.1052 59.4 217.5524
107 6.9626 6.8303 0.1323 49.0 273.5949
Acid 7.0705 6.8113 0.2592 = 536.0227
10" 7.4696 7.3818 0.0878 71.10 181.5694
102 7.5032 7.4104 0.0928 69.40 191.9093
328 10° 5.9706 5.8308 0.1398 54.00 289.1048
107 6.3974 6.2398 0.1576 48.10 325.9150
Acid 7.6199 7.3162 0.3037 - 628.0482
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851
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Fig. 1. Variation of IE with NMF concentration

Effect of temperature: The weight loss measurements
were conducted at different temperatures (ranging from 298
K to 328 K) in both the absence and presence of NMF in 0.5
mol/L H,SO,. It was observed that the corrosion rates of mild
steel increased with rising temperatures, both in the uninhibited
and inhibited acid solutions. The relationship between the corro-
sion rate and temperature can be described using the Arrhenius
equation (eqn. 3) [39,40]:

k=Ae ™R =C, 3)
where k is the rate constant, A is the pre-exponential factor, E,
is the activation energy, R is the universal gas constant and T
is the absolute temperature. The plot of log C, versus 1/T for
different concentrations of NMF yields a straight line (Fig. 2).
The slope of this line is used to estimate the activation energy
(E.) by eqn. 3.

The activation energy in the presence of NMF, at all concen-
trations is higher compared to that in the acid solution alone,
indicating that NMF effectively inhibits corrosion (Table-2).
An activation energy value below 80 kJ/mol suggests physi-

Fig. 2. log C; vs. /T for different concentrations of NMF

TABLE-2
ENERGY OF ACTIVATION (E,) OF CORROSION OF MILD
STEEL IN THE ABSENCE AND PRESENCE OF NMF

Conc. of NMF (mol L™) E, (kJ mol™)
0 41.84
10™ 56.84
107 51.56
10° 59.02
107 61.61

sorption and based on the data, it is evident that NMF adsorbs
onto the mild steel surface through weak van der Waals forces
(physisorption) [41].

Adsorption isotherm: The mechanism of corrosion inhib-
ition of mild steel by the NMF molecule can be understood by
analyzing various adsorption isotherms, including El-Awady,
Frumkin, Temkin, Freundlich, Langmuir and Flory-Huggins
isotherms. The degree of surface coverage (6) values were calcu-
lated from the weight loss measurements using eqn. 4 [42]:

W.
0=1-——1
” @
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where w; and w, is weight loss of mild steel in inhibited and
uninhibited solution respectively.

Fig. 3 shows a straight line in the plot of log 6/(1 — 0) vs.
log C with a correlation coefficient of 0.9270. This linear rela-
tionship suggests that the adsorption of NMF on the mild steel
surface in H,SO, follows the El-Awady adsorption isotherm.
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Fig. 3. El-Awady adsorption isotherms for NMF at different temperatures

El-Awady adsorption isotherm is given by eqn. 5:

0

—=KC’
1-6

log%zlogK%ylogC (3)

A plot of log 6/1-6 vs. log C gives a straight line of slope y is
no. of actives sites and the intercept is log K’ where adsorption

equilibrium constant K= K’ (1/y) [43-46]. If the 1/y value is
less than one then multilayer adsorption by the inhibitor mole-
cule and if the value is greater than one indicates the inhibitor
occupies more than one active site [47]. From Table-3, it can
be seen 1/y is more than unity so, NMF molecules occupies
more than one active site.

The K4 for the adsorption-desorption process was also
determined at different temperatures and the values are reported
in Table-3. Higher the K4, higher would be the adsorption
ability of compound on the mild steel surface [48], thus from
the present data it can be concluded that NMF molecules
adsorbed effectively on mild steel surface. As temperature rises,
the decrease in K. suggesting NMF adsorption capability on
mild steel decreases with increasing temperature and so does
inhibition efficiency. The Gibb’s free energy of adsorption at
different temperatures was calculated from the values of Kaqs
using eqn. 6:

AG,_, =RTIn(55.5K ;) (6)

The high and negative value of AG,q (Table-3) reveals the
spontaneity of adsorption of NMF on the surface of mild steel.
The decrease in free energy of adsorption with an increase in
temperature further supports the physical adsorption of NMF
on the surface of mild steel [49,50].

Electrochemical impedance studies (EIS): EIS measure-
ments were conducted on mild steel coupons immersed in both
acid and inhibitor solutions. The resulting data were used to gen-
erate Nyquist and Bode plots (Fig. 4a-b). The charge transfer
resistance (R.) was determined by measuring the diameter of
the semi-circle in the Nyquist plot, while the double-layer capa-
citance (Cq) was calculated using eqn. 7:

TABLE-3
ADSORPTION PARAMETERS OF MILD STEEL IN THE ABSENCE AND PRESENCE OF NMF

Temp. (K) y 11y K’ R? K, (mol™) AG,,, (KJ mol™)
298 0.0356 28.09 4.95 0.9599 3.31 x 10" -121.33
308 0.0729 13.72 4.80 0.9928 2.15 x 10° -65.32
318 0.0816 12.26 3.75 0.9937 1.10 x 107 -53.49
328 0.0779 12.84 3.21 0.9960 3.26 x 10° -51.86
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Fig. 4. (a) Bode plot for mild steel in 1 N H,SO, and the presence of NMF at 298 K, (b) Nyquist plot for mild steel in 1 N H,SO, and the

presence of NMF at 298 K
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1
Ca= @nR_) @)
The double-layer capacitance (Cq) was calculated from
the maximum frequency (f) at the peak of semi-circle in the
imaginary component of Nyquist plot. The inhibition efficiency
(IE) derived from EIS data is represented as follows:

R, -R
IE =@ %100 ]
R, ®)

where R. 4 and R, are the charge transfer resistances in the
presence of inhibitor and in the acid solutions, respectively. The
larger diameter of the capacitive loop in the presence of NMF
compared to the acid solution indicates that NMF effectively
blocks the corrosion sites on mild steel, demonstrating its effi-
cacy as a corrosion inhibitor [51]. The NMF enhances the value
of R and significantly reduces the Cy value, suggesting that
NMF molecules adsorb onto the mild steel surface and act as

an effective inhibitor. The observed decrease in Cq in the pres-
ence of inhibitor (Table-4) is attributed to the growth of elec-
trical double layer, which signifies that NMF inhibits corrosion
through adsorption.

TABLE-4
ELECTROCHEMICAL IMPEDANCE PARAMETERS
Compound R, (Q/cm?) f (Hz) Cy (F/en) IE (%)
NMF 550 9.98 29 %107 82.7
H,S0, 95 5.49 3.06 x 10™* =

SEM studies: Scanning electron microscopy (SEM) was
used to analyze the changes in surface morphology or defects
on mild steel exposed to both acidic and inhibitor solutions.
Fig. 5a depicts a SEM image of a plain polished mild steel
surface, which appears smooth with only minor abrasion marks
whereas Fig. 5b illustrates the surface of mild steel after expo-

Fig. 5. Scanning electron micrographs of mild steel surfaces
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sure to 0.5 mol/L sulfuric acid, showing a significant corrosion
pits and surface damage, thereby confirming the corrosive effect
of sulfuric acid on mild steel.

Fig. 5c-d display SEM images of mild steel surfaces treated
with 10 M and 10" M NMF solutions, respectively. A smoother
surface is observed in the presence of inhibitor (Fig. 5c),
indicating that the inhibitor molecules create a protective layer
that reduces mild steel dissolution in the corrosive medium
[52,53]. On the other hand, Fig. 5d shows cracks and holes in
this protective layer at lower inhibitor concentrations, which
suggests that mild steel corrodes more at lower concentrations
compared to higher ones. This implies that NMF inhibits mild
steel corrosion in 0.5 mol/L sulfuric acid by neutralizing the
acid, making the environment less corrosive. Moreover, NMF
contributes to corrosion inhibition through electron donation
from nitrogen and oxygen atoms and by existing as a proto-
nated species that adsorbs onto the metal surface, forming a
protective barrier against acid attack [54].

Atomic force microscopy (AFM): Fig. 6a-b display AFM
micrographs of mild steel surfaces exposed to sulfuric acid

(@)

pm/div
0.23

and a 10" M NMF inhibitor solution, respectively. The AFM
image of mild steel in sulfuric acid reveals deep pits and holes,
whereas the image of mild steel in the NMF solution shows a
smoother surface with a protective layer. Fig. 6b illustrates
that the NMF forms a protective layer on the mild steel, with
spherical particles gradually covering the surface, reducing
corrosion. The effectiveness of the NMF inhibitor can be quanti-
tatively verified by comparing the root mean square (RMS)
roughness values, which reflect the surface roughness caused
by corrosion [55]. A higher RMS value indicates greater surface
roughness due to more extensive corrosion. The RMS values
for mild steel in uninhibited and inhibited solutions are 176.5 nm
and 25.1 nm, respectively. This significant reduction in the
RMS value demonstrates that NMF effectively decreases surface
roughness indicating its efficiency as a corrosion inhibitor.
Quantum chemical calculations: The quantum chemical
parameters offer valuable insights into the relationship between
molecular structure and inhibition efficiency (Fig. 7). From
the optimized geometry of the inhibitor molecule in the gas
phase, several parameters were calculated, including the highest

Fig. 7. (a) Optimized geometry of NMF (b) Charge distribution of NMF (c) Electrostatic Potential surface of NMF (d) 3D Isosurface of the
total charge density on NMF HOMO and LUMO
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TABLE-5
OPTIMIZED AM1 PARAMETERS FOR NMF

No. of electrons Epomo (€V) E; umo (€V) Binding energy (Kcal/mol) Dipole moment (Debyes) AE = E ymo— Enomo (€V)
58 -8.823 0.4364 -2288.26 3.53 8.3866
TABLE-6
VARIOUS INHIBITORS HAVING COMPARATIVE EFFICIENCY WITH NMF
Name of inhibitor used Environment Inhibition efficiency Adsorption mechanism Ref.
(E)-N(2-Chlorobenzylidene)-2-fluorobenzenamine Carbon steel in ~ NCF: 89.72% Langmuir isotherm model [56]
(NCF) and (E)-N(2-chlorobenzylidene)-3-chloro-2- 1 M HCI NCCM: 85.69%
methylbenzenamine (NCCM)
Aniline Aluminum in Less than 30% Langmuir isotherm model [57]
1.4 M HCI1
3-(Imidazole[1,2-a]pyridine-2-yl)aniline-IPA Mild Steel in 59% Langmuir isotherm model [58]
HCl1
2-Ethyl aniline and 2,4-dimethyl aniline Steel in 15% 2-Ethyl aniline: 78.3% Temkin adsorption isotherm [59]
HCl 2.4-dimethy] aniline:
77.3%
6-Bis(3,5-dimethyl-1H-pyrazol-1-yl)-N-phenyl-1,3,5- Carbon steel in ~ PTA-1: 18.6% PTA-1: Frumkin adsorption [60]
triazin-2-amine (PTA-1), N-(4-bromophenyl)-4,6- 0.25 M H,SO, PTA-2:85.4% isotherm, PTA-2: Langmuir
bis(3,5-dimethyl-1H-pyrazol-1-y1)-1,3,5-triazin-2-amine PTA-3: 84.5% adsorption isotherm, PTA-3:
(PTA-2) and 4,6-bis(3,5-dimethyl-1H-pyrazol-1-yl)-N- Langmuir adsorption isotherm
(4-methoxyphenyl)-1,3,5-triazin-2-amine (PTA-3
N-Ethyl N-hydroxyethyl aniline (NENHEA) Mild steel in 87.7% Langmuir-Freundlisch [61]
0.5 M H,SO, adsorption isotherm
1,10-Phenanthroline, pyridine and quinoline Mild steel 1,10-Phenanthroline: Modified Langmuir isotherm [62]

80.4%
Pyridine: 46.00%
Quinoline: 64.00%

occupied molecular orbital (HOMO), lowest unoccupied mole-
cular orbital (LUMO), energy gap (AE), binding energy and
dipole moment.

The calculated values for HOMO and LUMO, along with
alower energy gap, align with the experimental results showing
that NMF is an effective corrosion inhibitor (Table-5). The
negative binding energy indicates that the inhibitor molecules
are stable, less likely to dissociate and provide substantial pro-
tection to the mild steel surface. Furthermore, a higher dipole
moment suggests greater polarity, which enhances adsorption
on mild steel and, consequently, improves inhibition efficiency.
NMF shows strong polarity with a dipole moment of 3.53
Debye, so verifying its efficiency as a corrosion inhibitor.

Comparative analysis: Several studies have been noted
that demonstrate comparable or lower inhibition efficiencies
compared to N-methylformamide (NMF). Table-6 presents the
data on various metals in different environments with reference
to the achieved inhibitor’s efficiencies.

Conclusion

Corrosion inhibitors for mild steel are widely used across
various industries due to the metal susceptibility to rust and
degradation. N-Methylformanilide (NMF) has been examined
as a corrosion inhibitor for mild steel in sulfuric acid using
electrochemical analysis and quantum chemical calculations
across different concentrations and temperatures. These analyses
confirmed that NMF effectively inhibits mild steel corrosion
in sulfuric acid. The inhibition efficiency increases with NMF
concentration but decreases with rising temperature. Thermo-
dynamic studies indicate that NMF adsorbs physically onto the

mild steel surface, as evidenced by an activation energy (E,)
value less than 80 kJ/mol and follows El-Awady adsorption
iostherm. The increased activation energy in inhibitor solution
signifies reduced corrosion. The EIS studies revealed more pro-
nounced capacitive semicircle with NMF, indicating high inhi-
bition efficiency. The SEM and AFM images demonstrate the
formation of a protective layer on the mild steel surface, with
AFM showing reduced surface roughness (RMS) in the presence
of NMF, highlighting its effectiveness as a corrosion inhibitor.
Moreover, the computational results for Exomo, Erumo and energy
gap (AE) are well correlated with the observed corrosion inhi-
bition efficiency.
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