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ABSTRACT

The anticorrosion studies of poly(propenonitrile) (PPN) on mild steel in acidic media was carried out in 0.1 M
HCI using gasometric, gravimetric, and electrochemical techniques at room temperature and at elevated
temperatures (303, 313, 323 and 333 K). In all test settings, the inhibitory effectiveness changed in direct
proportion to the PPN concentration and in inverse proportion to the exposure duration and temperature. The
anticorrosion potential of PPN is attributed to the adsorption of its molecules on the metal surface, blocking the
active corrosion sites on mild steel. The adsorption mechanism conformed to the Langmuir and Temkin
adsorption isotherm models with the best fits recorded for the Langmuir model (R2 of 0.998). The thermodynamic
parameters obtained; Gibbs free energy (AGo ads) as well as activation energy (Ea), all favored a spontaneous
and exothermic physical adsorption reaction mechanism of PPN. Electrochemical impedance spectroscopy (EIS)
obtained revealed increasing charge transfer resistance as PPN concentration increases. The DFT study, shows a
significant value for electronegativity in both neutral (3.751 eV) and protonated (2.873 eV) states which indicates
that PPN favors strong adsorption. MDs studies corroborated the strong adsorption and further revealed the
inhibitor was more stable in its neutral form than in its protonated state, with energy differences of 6.507 eV and
4.961 eV, at 298 °C and 318 °C respectively. The results of the several test carried out were all fully connected to
one another.

Key words: Poly(propenonitrile), Mild steel, Corrosion inhibition, Gravimetric, Spectroscopy, Polarization,
DFT, MDs.

INTRODUCTION manufacture is very low [3]. The successful
Mild steel, a ferrous metal containing about 0.29% techniques applied in the corrosion inhibition of

maximum carbon has found wide applications in mild steel in acidic medium are commendable [4-5]

. . . . . . and form the basis for this work. Most metals
engineering, industrial and domestic settings [1].

However, its durability is being hampered by corrode when they are exposed to aggressive media

. . . . such as humidity, acids, bases, salts, oils, aggressive
corrosion which has become a perennial problem in Y, ’ ’ - OIS, ager

both developed and developing nations of the world. metals ~ polishes, and liquid - chemicals  [6-7].

The estimated cost of corrosion is currently alarming However, the life span of the mild steel in contact

. .. . ith acidi i th tecti
with a negative impact on the global gross domestic with acidic medium depends on the protection or

product (GDP) [2]. Amongst the numerous forms of inhibition  techniques  adopted in  such ~an

iron, mild steel has the advantage of being the environment [8].

cheapest amongst the other alloy steels because it is In view of the fact that the use of chemical inhibitors

a readily available raw material and its cost of remains one of the most protective method against
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mild steel corrosion, several inhibitors both
synthetic and natural have been reportedly studied
and applied to control the rate of corrosion of mild
steel and the results obtained have been encouraging
[9-12]. However, the toxicity associated with several
corrosion inhibitors which contaminates the
environment and negatively impact on living things
but also poison the environment remains a concern
[13-15]. Thus, polymeric inhibitors which are more
ecofriendly have increased in importance recently.
For instance, PPN has been reported as an effective
corrosion inhibitor for certain metals in saline water
which is acidic [16]. Amongst the acidic media,
hydrochloric acid has been found to be a more
effective medium for corrosion evaluation than
several acids and its concentration has been found to
influence the corrosion rate of mild steel [17-19],
this fact has guided our choice of 0.1M HCl medium.
Thus this work was designed to investigate the
inhibitory activity of PPN (figure 1) as a polymeric
inhibitor against the corrosion of mild steel in 0.1M
HCl medium via experimental and computational

studies.

J& CH; — CH=CH —CHzHCHz — (l:H
n C=N m

Figure 1: Structure of Poly(propenonitrile) (PPN)

MATERIALS AND METHODS

Materials, Collection and Preparation

The mild steel sample used was procured from Ken
Johnson Nigeria Limited, situated in Uyo, Akwa

Ibom State, Nigeria. The chemical composition of

https://dx.doi.org/10.4314/jcsn.v50i4.15

the mild steel (% wt) were C (0.17 %), Si (0.26 %),
Mn (0.46 %), P (0.0047 %), S (0.017 %) and Fe
(98.935), In order to obtained coupons for weight
loss method, the mild steel sheet was mechanically
press cut into coupons, each of dimension, 5 x 4 cm.
For electrochemical experiments, the mild steel
sheet was cut into coupons of 2 x 1.5 cm dimension.
Every coupon was polished with series of emery
paper of variable grades starting with the roughest
and then the smoothest (600). Ethanol was used to
wash and acetone was used to clean thereafter,
stored in a desiccator after air drying. The PPN was
purchased from Sigma Aldrich. All reagents used
were of analytical grade. This included HCI, zinc

dust, NaOH, ethanol and acetone.

MATERIALS AND METHODS
Weight loss experiment

In weight loss experiment, a previously weighed
mild steel coupon was completely immersed in 250
ml of the test solution (i.e, different concentrations
of acid, inhibitors) in a beaker. The beaker was
inmersed in a water bath maintained at 30 °C
temperature. Similar experiments were repeated at
40, 50 and 60°C. In each case, the weight of the
sample before immersion was measured using
Scaletec high precision balance (Model, SPB31)
after every 24 hours, each sample was withdrawn
from the test solution, washed in a solution of NaOH

containing aluminum dust and dried in acetone
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before re-weighing. The weight differential for a
duration of 168 hours was taken as total weight loss.
The inhibition efficiency (%m) for each inhibitor

was calculated using the formula,

A

= (1 Wz] X 100 1

Where Wi and W, are the weight losses (g/dm?) for
mild steel in the presence and absence of inhibitor in
HCL solution, respectively. The degree of surface
coverage 0 is given by equation 2:

6 = (1-

% 2
The rates of corrosion of mild steel in different
concentrations of HCI were determined for 168h
immersion period from weight loss using Equation 3
[20]

W

Corraosionrate (mpy) = =

3
Where W = weight loss (mg); A = area of specimen

(square inches) and t = period of immersion (hour).

Electrochemical methods of measurement

The electrochemical cell used for the study was a
cylindrical pyrex vessel, closed with a cap
containing five openings. Three of the openings
were used for the electrodes. The working electrode
was mild steel with surface area of 0.28 cm? in 2 M
solution of HCl. A saturated calomel electrode
(SCE) was used as a reference electrode. The
counter electrode was a platinum plate of surface

area, 1 cm>.

Electrochemical
measurement

impedance spectroscopy
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The electrochemical impedance spectroscopy (EIS)
measurements were conducted using a frequency
range of 10 to 100,000 Hz at 303 Kelvin, with a 5mV
RMS peak-to-peak AC signal amplitude, at open
circuit potential and in air. Nyquist plots and the
polarization resistance R,, was used to obtain the
impedance date via diameters of the semi-circle in
the Nyquist plot. The R, included charge transfer
resistant (R), diffuse layer resistance (Rg), the
accumulated species resistance at the metal/solution
interface (R,) and the resistance of the film (in the
presence of the inhibitor) at the metal surface (Ry).

The polarization potential (R,) was calculated using

Equation 4.
Rp = RCt + Rd + Ra + Rf 4
From the impedance spectroscopy data, the

inhibition efficiency was calculated using the
following equation,

Rinh - g"

100
Rmﬁ.

5 1
P

0oIE =

The double layer capacitance (Cq) was calculated

using Equation 3.7

Cﬂ":; 6

L ~
‘-'TRpfmuz

Where fmax is the maximum frequency the Nyquist

plot (hour).

Effect of temperature measurement

The effect of temperature on the corrosion of mild
steel in solution of HCI in the absence and presence
of PPN was investigated using the Arrhenius

equation, which can be written as follows,

CR = Aexp (_ITE;) 8
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Where CR is the corrosion rate of mild steel in
solution of HCI, A is the Arrhenius constant, Ea is
the minimum energy required before adsorption of
the inhibitor can occur, R is the universal gas
constant and T is the temperature. From the

logarithm of equation 8, equation 9 was obtained,

logCR = logA — 9

2. 303RT

From equation 9, a plot of logCR versus 1/T an
expression that is "linear with slope and intercept

equal to Ea/R and logA respectively.

Adsorption and Thermodynamic examination

The Transition state equation was used to obtain
Thermodynamic parameters for the adsorption of

PPN on mild steel surface as shown below,

( Sads) ex p( Hads)

Where Avogadro’s number is N, Plank constant is h,

RT

CR:N—hep 10

standard entropy of adsorption is ASQ;. and the

standard enthalpy of adsorption is AH2
CR R AS2 46
In (?) In (N_h) R

That a plot of In (%) versus 1/T should give a

AHads
RT

11

straight line with slope and intercept equal to
R
AE

Adsorption models

AHads
B and (In (

ads

), respectfully.

Different adsorption isotherm models (Langmuir,
Temkin, Flory-Huggins, Frumkin, El awardy and
Freundlich) were used to investigate the adsorption
behavior of the inhibitors by fitting the data obtained
for degree of surface coverage into different
The assumptions the

equations. establishing

Langmuir adsorption model can be written as,
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log (g) = logkgqs — logC 12
Where kags is the adsorption equilibrium constant

and 0 is the degree of surface coverage of the
inhibitor. From equation 12, a plot of log (g) versus

logC is a straight line with slope and intercept equal

to unity and logkags respectively.

DFT and MDS Study

Applying the Koopmans theorem, the frontier
molecular orbitals that is the HOMO (Highest
occupied molecular orbital) and the LUMO (Lowest
unoccupied molecular orbital) were investigated.
The global reactivity parameters which include;
Chemical hardness (1), Chemical potential (u),
Chemical softness (S), Electrophilicity (), and
Electronegativity () were evaluated using the

HOMO, LUMO data and computed using equations
13-18.

Eg = Enomo - ELumo 13
_ IP+EA 14
2
o=~ 15
2n
IP-EA 16
2
y=- IP—;EA 17
2
w="5 18
2n
The stabilization energy of the investigated

compound for the most interacting donor and

acceptor orbitals was computed with equation 19.

19
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Where q; depicts the donor orbital occupancy, €; and

g are the diagonal elements and F; jy is the Fock

matrix element.

However, survey of literature shows that, to obtain
the most desirable and captivating adsorption
configuration of the inhibitor investigated,
molecular dynamic modeling is better evaluated.
The first phase in this computer research is the
geometry optimization (i.e., energy minimization) of
the corrosion inhibitor investigated. which is a part
of so many phases involved in modeling approach.
To maximize the inhibitors analysed and their
interactions, A'smart’ method was used, which
started with the steepest descent path, then followed
the conjugate gradient path, and finally completed
with the Newton's approach [21-23]. After
maximizing the form of the inhibitor of interest, the
simulation box was generated using the mild steel
surface. Dynamic simulations were also observed.
Equation 20 was used to ascertain the interactivity
on approaching equilibrium and the adsorption
energy of PPN on the mild steel surface. The binding
energy, also known as MD energy, was determined

Eads = Etotal - (Emetal surface + Einhibitor) 20

https://dx.doi.org/10.4314/jcsn.v50i4.15

Where, Eotl, Emetal surface; Einnivitor represents the
energies of inhibitor/mild steel surface, mild steel

surface and inhibitor PPN respectively.

RESULTS AND DISCUSSION
Weight loss

Results obtained for weight loss variation with time
for the corrosion of mild steel in 0.1 M HCI with
different concentrations of PPN at 303, 313, 323 and
333 K are represented in figures 2, 3, 4 and 5
respectively. The figures revealed that corrosion of
mild steel in the absence of PPN (blank) showed
marked difference from those obtained in its
presence, suggesting that there is a higher corrosion
rate in the absence of PPN than in the presence of
PPN. The figures also reveal that the downward
arrangement of the plots as concentration of PPN
increases indicate that inhibition of corrosion by
PPN was dependent on concentration and it
increased as concentration of the inhibitor increased.
Positive correlation with temperature was observed
in the plots shown in Figures 2 to 5. This means that

as temperature increased corrosion rate increased.

0.7
0.6
0.5
0.4
0.3

Weight loss (g)

0.2

0.1

(0] 2 4 6
Time (day)

=& Blank
=— 10 mg/L
30mg/L
=>e=50mg/L
=ie=70mg/ L
100mg/ L

Fig. 2: Variation of weight loss with time for the corrosion of mild steel in 0.1 M HCI in the absence and

presence of various concentrations of PPN at 303 K.
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Fig. 3: Variation of weight loss with time for the corrosion of mild steel in 0.1 M HCl in the absence and
presence of various concentrations of PPN at 313 K
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Fig. 4: Variation of weight loss with time for the corrosion of mild steel in 0.1 M HCl in the absence and
presence of various concentrations of PPN at 323 K
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Fig. 5: Variation of weight loss with time for the corrosion of mild steel in 0.1 M HCl in the absence and

presence of various concentrations of PPN at 333 K.
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Table 1: Inhibition efficiency and degree of PPN for the corrosion of mild steel in 0.1 M HCI

C (mg/L) 303K 333K 303K 333K
10 36.82 32.19 19.68 8.92

30 38.60 23.04 27.48 14.00
50 40.86 35.04 30.20 21.20
70 46.67 40.62 33.66 30.73
100 52.02 42.04 39.48 32.15

From the above analysis, it can be stated that the
corrosion of mild steel in solutions of HCI followed
kinetic principles which expect the rates of all
chemical reactions to increase with increase in
temperature and with the period until all the reactant
have reacted. The effects of PPN on the corrosion
of mild steel in solutions of HCl clearly point toward
inhibition. Therefore, PPN inhibited the corrosion of
mild steel in solutions of HCI. Consequently, since
the extent of inhibition depends on temperature and
concentration of PPN, then it can be stated that the
inhibition efficiencies of PPN for the corrosion of
mild steel in solutions of HCI depended on the
concentration of inhibitor and on temperature of the
corroding system. In view of this, values of
corrosion rate of mild steel and inhibition
efficiencies of PPN (calculated from equation 1) is
presented in Table 1. The corrosion rates of mild
steel in solutions of HCI were seen to increase with
the period of contact and with increasing
temperature but decreased with increase in the
concentrations of the inhibitors. On the other hand,
the inhibition efficiency increased with increase in
the concentration of the inhibitors but decreased
with increasing temperature. This suggests that the
mechanism of inhibition of corrosion by PPN was by
physical adsorption on the surface of mild steel. It
has been reported that for a physiosorption
mechanism, the extent of adsorption (as measured by

inhibition efficiency) decreases with increase in

894

temperature, whereas for chemical adsorption, the
extent of adsorption decreases with increase in
temperature [24]. The increase in inhibition
efficiency with increasing concentration indicated
that the extent of adsorption increased as the
concentration of the inhibitor was increased. This is
inhibitor

because with

the

possible increasing

concentration, fraction of the inhibitor
transported to the surface of the mild steel would
normally increase correspondingly. In summary, the
figures (2-5) generally reveal that the corrosion of
mild steel in solutions of HCI is dependent on (i)
period of immersion (ii) temperature and (iii)

concentration of PPN

Electrochemical method

Electrochemical impedance spectroscopy (EIS)
The electrochemical impedance data for corrosion of
mild steel in 0.1 M HCI in the absence and presence
of PPN is presented in Table 2. The observed
electrochemical impedance (R) in the absence of
PPN was 58.24 Qcm?. However, the electrochemical
impedance (R) increased in the presence of PPN
with increase in concentration. The corrosion rate
was dependent on electrochemical efficiency and
This corroborates the

inhibition efficiency.

dependency of corrosion rate and inhibition
efficiency on the concentration of inhibitor observed
in the weight loss experiments discussed in section

3.1.
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Fig. 6: Nyquist plot for mild steel in 0.1 M HCI in the absence and presence of various concentrations of PPN
at 303 K (a= blank, b = 100 mg/L, b = 70 mg/L, c = 50 mg/L, d= 30 mg/L and f= 10 mg/L)

Table 2: Electrochemical impedance parameters for the corrosion of mild steel in the presence of various

concentrations of PPN

C (mg/L) N Rct (QQcm?2) %IE
Blank 0.88 58.24 -

10 0.87 264.22 77.96
30 0.86 294.42 80.22
50 0.86 340.24 82.88
70 0.85 385.70 84.90
100 0.83 406.30 85.67

The Nyquist plots for PPN is shown in Fig. 6. The
results obtained indicated that the size of the
semicircle increases with increasing concentration
of the inhibitor which indicates that the inhibition
efficiency of the inhibitor increase with increasing
concentration. Generally, the wider the semi-circle,
the better the inhibition efficiency. The trend of
increase in the diameter of the semicircle also
reveals that the higher the concentration of the
inhibitor, the more the increase, which also confirm
that PPN is an adsorption inhibitor for mild steel in
solution of HCI. It is significant that the Nyquist
plots in Fig.6 does not display perfect semicircle.

This frequency dispersion can be attributed to

895

surface heterogeneity connected with structural or
interfacial changes arising from impurities or
dislocations, fractal structures, distribution of
activity centers, adsorption of inhibitors, and
formation of porous layers [24, 25].

In the evaluation of Nyquist plots, the difference in
real impedance at lower and higher frequencies is
commonly considered as a charge transfer
resistance. The value of charge transfer resistance
indicates the electron transfer across the interface.
The CPE is used instead of double layer capacitance,
Ca in the equivalent circuit in order to fit the data
more accurately. The introduction of such a CPE is

often used to interpret data for the rough solid
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electrodes. Also, there is a parameter obtained to
measure the non-ideality of the capacitor which is
known as surface irregularity, n which has a
value range of 0 < n < 1. The decrease of n values
in the presence of PPN could be explained by
increment in surface heterogeneity, probably due to
the heterogeneous distribution of adsorption of the

inhibitors on the active sides.

Effect of temperature study

The Arrhenius plots for the corrosion of mild steel in
solution of HCI in the presence of various
concentrations of PPN are presented in Fig. 9.
Values of Arrhenius constant deduced from the plots
are presented in Tables 5. The plots generated values
of R? that are very close to unity, which confirm that
the present data fit Arrhenius model. The results

presented in Table 5, showed that the activation

https://dx.doi.org/10.4314/jcsn.v50i4.15

energies ranged from 5.42 to 13.17 J/mol for PPN.
These are within the range (<80 kJ/mol) of values
expected for the mechanism of physical adsorption.
Therefore, the adsorption of PPN on the surface of
mild steel is consistent with the mechanism of
charge transfer from charged inhibitor to charged
metal surface. Generally, E, values were very low,
which indicate that diffusion of the inhibitor
molecule to the surface of the mild steel might have
contributed to the rate of adsorption of the inhibitors’
molecules to the surface of the mild steel. The
activation energy for the blank (5.42 J/mol) was
lower than those calculated for the inhibited system
indicating that the corrosion of mild steel was
retarded by PPN. It is also significant to state that
values of activation energy obtained for PPN were
high, which justify the fact that PPN is a good
inhibitor for mild steel in 0.1 M HCI.

PPN
0.0
-0.1
-0.2 —
-0.3 -
-0.4 -
-0.5 -~

log(CR)

-0.7 -

30mg/L
-0.6 -

. = L
o.8 4 \\K /
: 100mg/L
-0.9 - g

< Blank
M 10mg/L

> 50mg/L

X

70mg/L

-1.0 T T
2.9 3 3.1 3.2
1/T x0.001 (/K)

3.3 3.4

Fig. 9: Arrhenius plot for the corrosion of mild steel in 0.1 M HCI in the absence and presence of various

concentrations of PPN
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Table 5: Activation parameters for the corrosion of mild steel in solution of HCI containing various

concentrations of PPN

C (mg/L) Slope logA Ea (J/mol) A R2

Blank 0.283 0.299 5.42 1.99 0.774
10 0.626 1.259 11.99 18.16 0.644
30 0.688 1.447 13.17 28.01 0.947
50 0.566 1.026 10.84 10.62 0.757
70 0.516 0.828 9.88 6.73 0.744
100 0.656 1.243 12.56 17.51 0.871

Thermodynamic/adsorption considerations

The Transition state plot for the corrosion of mild
steel in solutions of HCI, containing various
concentrations of PPN is presented in Fig. 10.
Transition state parameters derived from the plots

are presented in Table 6. The plots displayed high

degree of linearity as measured by the values of R?,
which were close to unity. Values of the standard
enthalpy of adsorption were seen to be negative,
indicating that the adsorption of the inhibitors was
exothermic. On the other hand, entropy values were

positive, pointing toward increasing disorderliness.

PPN

w
o
]

1 1

1

woww e w w
W W NN PR
1

1/T x0.001 (/K)

< Blank
=
g | H 10mg/L
< 30mg/L
S 4
-3.4 X 50mg/L
-3.4 - X 70mg/L
-3.5 - 100mg/L
-3.5 T T T T T T T !
3.0 3.0 3.1 3.1 3.2 3.2 3.3 3.3 3.4

Fig. 10: The Transition state plot for the corrosion of mild steel in solution of HCI in the absence and presence

of various concentrations of PPN
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Table 6: Transition state parameters for the adsorption of PPN on mild steel surface

C (mg/L) Slope Intercept AHO ;. AS9 ;¢ (J/mol) R2
(J/mole)
Blank 0.283 -2.223 -2.35 70.31 0.7740
10 0.750 -0.842 -6.24 81.79 0.9970
30 0.688 -1.075 -5.72 79.86 0.9470
50 0.651 -1.206 -5.41 78.77 0.9960
70 0.516 -1.693 -4.29 74.72 0.7440
100 0.656 -1.279 -5.45 78.16 0.8710
Adsorption Models

The tests revealed that Langmuir and Temkin
adsorption isotherms best fitted the adsorption of
PPN on the surface of mild steel. The Langmuir
isotherms for the adsorption of PPN on the surface
of mild steel is represented in Fig 11. Adsorption

parameters deduced from the plots is presented in

Table 7. The results obtained indicated that the plots
displayed high values of R? which agrees with the
linearity of the equation. However, the slopes were
less than the ideal value of unity, indicating that

there was interaction between adsorbed species.

2.6

1

2.4
2.2

2.0

1

log(C/0)

1.6

1

1.4

1

1.2

1

@ 303 K
313K

323K
> 333 K

1.0
0.5 1.5

logC

2.5

Fig. 11: Langmuir isotherm for the adsorption of PPN on mild steel surface

To compensate for the existence of interaction (as
revealed by the non-unity of values for slope
obtained in the Langmuir adsorption model), other
isotherms were considered, and it was found that

Temkin isotherm best described the deviation. The

898

Temkin adsorption isotherm can be written as

follows
InC

—Ink,
e — ads 1L 21
2a 2a

From equation 21, a plot of 6 versus logC should

give a straight line with slope equals to 2.303 x a/2

IS5SM 0795 - 22066


https://dx.doi.org/10.4314/jcsn.v50i4.15

J. Chem. Soc. Nigeria, Vol. 50, No. 4, pp 888 — 908 [2025]

and intercept equals to 2.303alogk.ss/2 provided
assumptions of Temkin isotherm are valid. Temkin
plots for the inhibition of the corrosion of mild steel
in solutions of HCI by PPN is presented in Fig. 12
while Temkin parameters obtained from the plot is
presented in Table 8. The results obtained indicated
that the data strongly obey the Temkin adsorption
model as shown by excellent values of R The
interaction parameters are all positive, indicating the
attractive behavior of the inhibitors. The equilibrium
constant of adsorption (kags) is related to the standard
free energy change of adsorption according to the

following equation,

https://dx.doi.org/10.4314/jcsn.v50i4.15

AGY,s = —2.303RTlog(55.5k4s) 22

Where AGQ, is the standard free energy change of
adsorption, R is the gas constant, T is the
temperature and Kags is the equilibrium constant of
adsorption. Values of free energy change calculated
from k.5 values obtained from Langmuir and
Temkin isotherms were recorded in Table 8. The
results generally revealed that the free energies were
negatively less than — 20 kJ/mol. Therefore, the
adsorption of PPN on the surface of mild steel was

spontaneous and is consistent with the mechanism of

physical adsorption

Table 7: Langmuir parameters for the adsorption of PPN on mild steel surface

T (K) slope

Intercept

AG%,. (Jymol) R2

ads
303 0.588 0.597 -13.58 0.993
313 0.847 0.715 -14.74 0.936
323 0.71 0.996 -16.95 0.998
333 0.404 1.672 -21.78 0.92
PPN
0.5 -~
0.5 - b

o.4 -

o.4 - he -
- L 2
N < 303 K

0.3 - >
< 0.3 - 323 K
0.2 - > > 333 K

W 313 K

0.2 - <
0.1 o<
0.1 -
0.0 ‘ : : :
o.s 0.7 0.9 1.3 1.5 1.7 1.9 2.1

logC

Fig. 12: Temkin isotherm for the adsorption of PPN on the surface of mild steel
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Table 8: Temkin parameters for adsorption of PPN on mild steel surface

T (K) Slope intercept a logkads AGg ds R2
(J/mol)
303 0.099 0.257 5.05 0.0254 -10.27 0.737
313 0.081 0.236 6.17 0.0191 -10.57 0.73
323 0.16 0.035 3.13 0.0056 -10.82 0.993
333 0.235 -0.167 2.13 -0.0392 -10.87 0.846
DFT Evaluation distributions. From our result, the higher Enowmo in

The HOMO, LUMO, Energy gap and quantum
descriptors for PPN are represented in table 9.The
ionization potential (IP) and electron affinity (EA)
are equal to the Enomo and Erumo. These orbitals are
encompassed with the tendency to donate and accept
electrons [26]. The energy gap, which is the
difference in energy between the Enomo and Erumo,
determines the chemical reactivity and stability of
the PPN molecule under investigation. [27]. From
previous literature, good corrosion inhibitors have
low energy gap values and offer electrons to
unoccupied orbital and accept free electrons [28]. A
high energy gap is associated with stable inhibitors
whereas a low energy gap is linked to reactive
inhibitor molecules [29]. It is notable that the
HOMO, LUMO values, and quantum descriptors
were calculated in the protonated (PPN _P also
known as CHAB_P) and neutral state (PPN_N also
known as CHAB N) at the B3LYP GD3BJ/6-
311++G (d,p) level of theory. See figure 13. for the
isosurface of the HOMO, and LUMO orbital

900

the neutral state -7.005 eV, and the lower ErLumo -
0.498 eV show an electron-accepting capacity of the
PPN molecule. On protonation, it is observed that
Enomo reduced from -7.005 eV to -5.354 eV
respectively. Also, the Erumo is found at -0.393 eV,
this implies that in both states the PPN molecule is
observed with an electron-accepting capacity, but
intense in the neutral state [30]. For the energy gap
of the molecule, in the neutral state, an Eg of 6.507
eV is found and 4.961 eV is obtained on protonation.
Hence, the PPN molecule is more reactive and less
stable on protonation and more stable and less
reactive in the neutral state. A small value for
chemical softness shows that the PPN molecule acts
as a soft base [31]. An inhibitor molecule showing
higher values of electronegativity will show a
stronger ability to interact with the substrate and the
PPN molecule shows a significant value for
electronegativity in both states, PPN N (3.751 eV)
and PPN P (2.873 eV) and indicates that PPN

molecule favor strong adsorption.
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Table 9. Calculated HOMO, LUMO, Energy gap and quantum descriptors for PPN

Compound HOMO LUMO EgeV n(eV) SEV-1) unEvV) yx(EV) o (eV)
(eV) (eV)
PPN N -7.005 -0.498 6.507 3.253 0.153 -3.751  3.751 2.162
(CHAB_N)
PPN _P -5.354 -0.393 4.961 2.480 0.201 -2.873  2.873 1.632
(CHAB P)
CHAB_N CHAB_P
LUMO o LUMO
Y I
Mas
6.507 eV

| |
< 4€®

HOMO

@
- 4.961 eV 1 (7Y

LN

HOMO

Figure 13. HOMO, LUMO plots for studied compounds showing their respective energy gap

Additionally, the natural bond orbital (NBO)
analysis is used to describe the electronic structure
of molecules based on the premise that the electron
distribution of a molecule can be described using
localized molecular orbitals [32]. They provide
insight into the nature of the bonding and the
stability of the molecule. It is also used to describe
the chemical bonds between atoms in a molecule
[33]. The NBO analysis explains the interaction
between the donor and acceptor orbital with the aid
of the second-order perturbation energies which

explains the strength of the interacting orbitals. A
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high E? value infers strong intermolecular
interaction between the donor and acceptor orbitals.
Stabilization energy E(® of the most interacting
donor and acceptor orbitals of the studied
compounds is displayed in table 10. From the result,
it can be seen that the most dominant type of
interaction is that of non-bonding interaction and
anti-bonding interaction. In the neutral state,
transition between LP- o*, 6- 6*, 6- n* and n- o*
were observed with corresponding stabilization
10.00 kcal/mol, 5.11 kcal/mol, 3.95

3.39 kcal/mol, and 3.12 kcal/mol

energies

kcal/mol,
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respectively. For the protonated state, the transition
between; o- o*, o- o* o- o* o- o* and o- o*
produced agreeing stabilization energies of; 3.38
kcal/mol, 3.21 kcal/mol, 2.55 kcal/mol, 2.42

kcal/mol and 1.95 kcal/mol respectively. Herein,

https://dx.doi.org/10.4314/jcsn.v50i4.15

based on stabilization energies a strong donor and
acceptor interaction is found in the neutral state of
the PPN molecule and entails stability, which is

consistent with the FMO results.

Table 10. Perturbation energies for the most interacting donor-acceptor orbitals for PPN

Compound Donor (i) Acceptor (j) E2 kcal/mol E(G)-E() a.u F(Lj) a.u
PPN N LP N19 6*C13-C18 10.00 0.84 0.082
(CHAB N)
oC5-H8 o*C2-H6 5.11 0.99 0.064
cC7-H10 n*C2-C5 3.95 0.55 0.042
nC2-C5 o*C1-H4 3.39 0.69 0.043
nC2-C5 o*C7-H10 3.12 0.70 0.042
PPN P oN19-H20 0*C18-N19 3.38 1.73 0.097
(CHAB_P)
oC13-C18 6*C18-N19 3.21 1.63 0.091
oC5-H8 o*C2-H6 2.55 0.99 0.064
oC13-H17 6*C13-N19 2.42 0.62 0.049
oCl1-C2 oC5-C7 1.95 0.98 0.055

Furthermore, the molecular electrostatic potential
(MESP) is known to provide more insight into a
molecule’s polarity and hydrogen bonding.
Similarly, it is an essential tool in studying the
reactivity of molecules and their affinity toward
positively or negatively charged molecules [34].
MESP explains the charge distribution within the
different chemically active regions (sites) of the
molecules (electrophilic and nucleophilic sites),
which presents a detailed explanation of the
intermolecular interactions for the studied
compound [35]. Utilizing the GaussView 0.6 [36],
the colored map of the MESP showing the region of
nucleophilic and electrophilic attack is presented in
figure 14. The created surface map for MESP
contains three colors, which are explained using a
color scale. the blue color indicates positive charge

which is areas that are low on electrostatic potential
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density (electron-poor areas), the yellow areas
consist of negative charges that are to say it has a
high electrostatic potential density (electron-rich
areas), and the green color indicates mean potential
[37]. Herein, the presence of different colors
suggests that excessive charge separation takes place
in all studied compounds. Also, the electron-poor
areas are found on the N atom for both the neutral
and protonated states of the studied molecule. On
protonation, the blue colors become dense on the N
atom. The positive (blue) regions are located on
hydrogen atoms which are related to nucleophilic
reactivity (strongest attraction) which are found on
the entire PPN molecule. The color code of these
maps is in the range between -7.264 a.u (green) and
-7.264 a.u (blue). Due to this molecule reactive sites

activity, PPN can serve as an inhibitor molecule.
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Figure 14. Colored MESP Map for studied PPN

Molecular dynamic simulation (MDS)

Molecular dynamic simulation (MDS) was used in
this study to further assess the adsorption and
mechanistic properties of the studied inhibitor on the
relevant metallic surfaces [38, 39]. It is possible to
activate and evaluate the interaction behaviour of the
investigated inhibitors on the surface of mild steel
using (MDS) analysis. The binding energy, also
known as MD energy was determined as shown in
Table 11. Table 11 summarizes the observed
interaction and simulation energies, and Figure 3
depicts the top and side adorable adsorption
configurations of the investigated inhibitor molecule
PPN on the mild steel surface for graphical
evaluation and stability checks. Figure 15 shows that
PPN adsorbs on the mild steel surface in essentially
parallel or flat configurations. This is due to the
establishment of a strong coordinating connection
and a back bond between the inhibitor molecule and
the Fe-atom of the metal surface. Literature review
shows that the larger the surface coverage of the
inhibitor, the better the inhibitor’s inhibitory
efficacy. The inhibitor PPN in this study adsorb in
the flat orientation. The results presented herein

showed the inhibition effectiveness of PPN to be -
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CHAB_P

: xf"%ﬁ‘,

2.913183 kcal/mol at its neutral state and -7.698017
for the protonated system respectively. Temperature
effect was also evaluated in this concept using
different temperatures in the molecular dynamic
simulation analysis, were 298 °C and 318 °C
respectively were utilized during molecular dynamic
simulation. The adsorption energy of PPN on the
mild steel surface was calculated according to
Equation 20.

The adsorption of the studied inhibitor (PPN) on the
mild steel surface gave the computed values of
interaction energy as thus: -78.4152 kcal/mol and -
77.2332 for 289 °C, and 318 °C, respectively for the
neutral inhibitors. Also, for the protonated system,
the adsorption energy was observed to be -77.2890
kcal/mol and -76.2890 kcal/mol for the studied
temperature 289 °C, and 318 °C accordingly. This
interaction was shown to be consistent with the
analysis of the frontier molecular orbital analysis,
since the inhibitor was more stable in its neutral form
than in its protonated state, with energy differences
of 6.507 eV and 4.961 eV, respectively. These
greater negative values of interaction energy can be
ascribed to the strong contact between the

investigated inhibitors molecules and Fe surfaces. It
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is important to note that the smaller energy gap
which indicated higher chemical reactivity
resurfaced in the adsorption behavior of this

inhibitor (PPN) on the mild steel surface. This

https://dx.doi.org/10.4314/jcsn.v50i4.15

demonstrates the system's capacity to guard against
corrosion. Similarly, it was discovered that
increasing the temperature reduced the interaction

energy of the examined system.

Table 11: Interaction and simulation energies of the studied inhibitors PPN N (CHAB N) and PPN_P
(CHAB_P) at 298 k and 318 k on mild steel surface

nhibitor Inhibitor energy Temperature (k)  MD Simulation energy Interaction
(PPN) (Kcal/mol) energy
Neutral -2.913183 298 -75.502 -78.4152
Protonated -7.698017 298 -69.591 -77.2890
Neutral -2.913183 318 -74.320 -77.2332
Protonated -7.698017 318 -68.591 -76.2890

Protonated@318 Top View

Neutral (@298 Top View

® va
- :b"
AL LS L L

Neutral @318 Side View

Figure 15: Top and Side view of the interaction between the studied inhibitor (PPN) with the mild steel surface
at 298 K and 318 K
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CONCLUSION

This study sought to examine, the -corrosion
inhibition properties of PPN for mild steel in
solutions of HCL. The results obtained from all the
analytical techniques generally revealed that PPN
inhibited the corrosion of mild steel in solutions of
HCI and that the inhibition efficiency PPN increased
with increase in concentration but decreased with
increasing temperature. Kinetic and thermodynamic
investigations indicated that the range of values
obtained for the activation energy are in agreement
with the mechanism of physical adsorption, which
implies that the inhibitors function best at lower
temperature. These findings confirm the trend
obtained for the variation of inhibition efficiency
with temperature. Electrochemical data revealed the
dependence of increase in inhibition rate on PPN
concentration. Thermodynamic feasibility study
revealed that the adsorption of the inhibitor was
spontaneous, exothermic and consistent with the
mechanism  of  physical adsorption. The
electronegativity values indicate that PPN molecule
favor strong adsorption. The reactive sites activity
and adsorption behavior of PPN on the mild steel

surface indicate that PPN can serve as an effective

anti-corrosive agent for mild steel.
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