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Corrosion inhibitors can be defined as substances that are added in small amounts to the
environment preventing metal from further degradation. While choosing the inhibitor several
factors such as its cost, toxicity, availability and environment friendliness need to be taken into
account. Despite the high efficiency of many commonly used synthetic compounds, they are
often toxic, carcinogenic or even allergenic. Thus, there has been emerging need to search for
cost effective and more environmentally friendly corrosion inhibitors obtained from renewable
resources. This study was designed to investigate the application of Bucholzea coriacea seed
(BCS) extract as a potential inhibitor for mild steel corrosion in acidic media. Use of GC/MS
study on the crude extract enabled identification of eight major constituents, namely 4,5-
Dihydro-2-methyl imidazole-4-one (DMM), 4,6-Dimethyltetrahydro-2H-pyran-2-one (DTP), 1-
Methyl-pyrrolidine-2-carboxylic acid (MPC),2-Pyrrolidinoethylamine (PEA), (4E)-4-Methyl-4-
heptane-3-one (MHT), Nitroisobutyl glycerol (NBG), 1,4-Dimethoxy-2-methylcyclohexane
(DMH), 1-Pentadecanecarboxylic acid (PCA). The identified structures were studied using
Molecular Dynamics (MD) simulation in a Dmol3 module available in Material Studio (MS
4.0). Key structural parameters including the energies of the highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital (LUMO), energy gap (AE) and the dipole
moment were calculated and discussed. The thermodynamic functions of dissolution and
adsorption processes were calculated from gravimetric data and the interpretation of the results
are given. The adsorption of this plant extract on the mild steel surface obeys the Langmuir
adsorption isotherm.
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Introduction

Many corrosion control methods are applicable for the

However, due to increasing awareness of the toxic properties of most
organic corrosion inhibitor compounds in current use, and the

protection of metallic structures under exposure in various corrosive
environments. The use of corrosion inhibitors is one of the most
effective alternatives especially in areas where the electrolyte solution
is of a known and controllable quantity such as oil well acidizing,
industrial washings, acid de-scaling.> On ships, this occurs onboard
equipment (boilers tanks, pipes etc.). Corrosion inhibitors whether
organic or inorganic retard the corrosion rate by affecting the two
elements of the corrosion process. Anodic inhibitors work by
migrating to the anode and react to form salts which act as protective
barriers. Examples are chromates, nitrites, phosphates and soluble oils.
Cathodic inhibitors either inhibit oxygen absorption or hydrogen
evolution. Examples are salts of magnesium, zinc, nickel or arsenic
compounds. Organic compounds bearing heteroatoms with high
electron density such as phosphor, sulfur, nitrogen, oxygen or those
containing multiple bonds which are considered as adsorption centers,
are effective as corrosion inhibitor. The existing data show that
organic inhibitors act by adsorption and protect the metal by film
formation.
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accompanying ecological and health risks, researchers are moving
towards exploring more environmentally friendly inhibitor sources.”®
Available data, points towards plant extracts as the most acceptable
candidate in this transition. Plants extracts are not only
environmentally safe and available; they are equally effective under a
wide range of corrosion environments having similar chemical
composition with conventional corrosion inhibitors.”**

Despite the sustained interest in the use of organic extracts for
corrosion protection, a major challenge has been that of deducing the
detailed mechanisms of the inhibition process and determining the
individual contributions of the many constituents to the total inhibiting
effect of the extracts. The intricate chemical compositions of the
extracts, makes it difficult to allocate the inhibition activity to any
specific constituent. A novel approach developed by Oguzie and Co-
Workers (2010)* involves evaluation of the elucidated molecular
structures of the phytochemical constituents of the extracts by
computer simulations of suitable models based on the Density
Functional Theory (DFT). This enables theoretical assessment of
corrosion inhibiting potential based on certain structure-activity
relationships (SAR) to estimate basic quantum chemical/molecular
descriptors identifiable with corrosion inhibition performance.
Buchholzia coriacea, belonging to the family Capparidaceae is an
evergreen, small to medium-sized tree growing up to 20 m tall
commonly found in the rain forest zones of Africa especially
Cameroon, Central African Republic, Gabon, Congo, Angola, Ghana,
Nigeria, among others.

The fruits of Buchholzia coriacea are oval, resembling avocado pears,
with a thick and woody endocarp, yellowish when ripe; containing a
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few large blackish seeds.’*?* The name, wonderful kola) is derived
from the seed arising from its popular usage in traditional medicine.
The phytochemical screening of dried seeds of Buchholzia coriacea
reveals the presence of alkaloids, glycosides, saponin, steroids, tannin,
flavonoids, terpenes, reducing sugars and phenol from ethanol extract.
However, there has been no previous use of this plant for corrosion
inhibition purposes. The focus of the present study is to investigate the
potentials of BCS extract as a corrosion inhibitor of mild steel in
corrosive solutions. The assessment of the corrosion behavior of the
major constituents in the extract was studied using molecular
modeling to calculate the molecular properties most relevant to their
inhibitory activity. The electronic properties calculated include the
highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO) energy levels, the energy gap
(AE), and the dipole moments. Other properties evaluated include
ionization potential, electronegativity, hardness and softness. These
parameters give valuable information about the reactivity behavior of
a compound

Materials and Methods

Collection and authentication of plant material

Fruits of Bucholzea coreacea were collected from a village in Amuzi
in Ahiazu-Mbaise LGA (Imo State) during the month of December,
2019. The seeds were authenticated by a taxonomist in the department
of Crop Science Federal University of Technology Owerri, Imo State.
The voucher number of the specimen deposited is CST/BC-010102.
The fruits were taken to our laboratory where they were dehulled, sun
dried and kept in desiccators until needed.

Materials and reagents preparation

Sun-dried pulverized Bucholzea coreacea seeds (80 g) were extracted
in 250 mL boiling ethanol for 6 hours. The extracts were cooled,
filtered, and concentrated by evaporating the excess solvent. The solid
products obtained were reconstituted with ethanol to the appropriate
concentrations as required for the GC/MS and corrosion inhibition
studies. All reagents were of analytical grade and obtained from
(Merck) India. The aggressive solutions (1 M HCI) were prepared by
dilution of an analytical reagent grade 37 % HCI with doubly distilled
water. Mild steel sample having the following composition 0.189% C,
0.145% Si, 0.429% Mn, 0.223% Cu, 0.043% S and Fe balance and cut
to dimensions of 3 x 3 x 0.15 cm were the coupons. Three grades of
emery papers applied in turn enabled a smooth metal surface using
ethanol to degrease.

Weight loss measurements

The concentration range of the BCS extract used was varied from 50
to 1000 mg/L and the electrolyte used was 200 mL for each
experiment at 303K. However, during the test at higher temperatures
(T>303K) only two concentrations (50 and 1000 mg/L) were
considered. The metal coupons were accurately weighed after
degreasing with acetone. The immersion times were 24 h for test at
303 K and 3 h for tests at the higher temperatures. The metal coupons
were retrieved after the appropriate corroding time, scrubbed with a
bristle brush, then dried and reweighed. The data reported were the
average of triplicate runs

The inhibition efficiency IE% was calculated using the following
equation: *°

Wo—W;

1E% =

—x100 )

Where w;and Wo are the weight loss of the mild steel in the presence
and absence of extract additive, respectively.

Gas chromatography-mass spectrometry (GC-MS)

About 10 pL BCS extract sonicated with ethanol were analyzed by
GC-MS using Shimadzu Model GCMS-QP2010 PLUS equipped with
flame ionization detection (FID) and a CBP-5 capillary fused silica
column (25 m, 0.25 mm i.d., 0.22 pum film thickness). The oven
temperature was set at 50°C and held for 2 min, then programmed at
10°C/min to 250°C, and finally held for 20 min. The carrier gas is He
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(99.99%) let in at a pressure of 76 kPa, with a linear velocity of 20
cm/s and split ratio, 1:25; injector and detector temperatures were
250°C and 310°C respectively.

Computational study

Molecular modeling calculation was accomplished in the Dmol3
module available in Material Studio (MS) software from Accelrys
Inc.22%* ysing an optimization procedure incorporating a COMPASS
force field, a Perdew-Wang (PW) functional ** a double numeric
quality basis set (DND) and a smart minimization method with high
convergence. The distribution of frontier molecular orbitals including
the highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO) were obtained from this
optimized structure. The calculations and analysis were in the vacuum
phase.

Results and Discussion

Analysis of plant extract

GC-MS chromatogram of the ethanol extracts of Buchholzia coriacea
seeds showed eight prominent peaks as shown in Figure 1. The eight
active constituents with their retention time (RT), molecular formula,
molecular weight (MW) and peak area (%) in the ethanol extract of
Buchholzia coriacea seeds are presented in Table 1. The identity of
the components in the extract assigned by the comparison of their
retention indices and mass spectra fragmentation patterns with those
stored on the computer library, also with the published literature.
Table 2 show the structures of the compounds obtained.

Computational results

Quantum chemical calculations

Figure 2 presents the optimized structures of the eight BCS
components; the HOMO and LUMO molecular orbitals. According to
the frontier molecular orbital theory of chemical reactivity, transition
of electron is due to an interaction between the frontier orbitals highest
occupied molecular orbital (HOMO) and lowest unoccupied molecular
orbital (LUMO) of reacting species. Table 3 reports the calculated
total energies of the compounds, Exomo and E_umo Orbital energies
and energy gaps, AELumo-Homo and dipole moments, p obtained by
Dmol3 calculations.

The HOMO energy can indicate the disposition of the molecule to
donate electrons to an appropriate acceptor with empty molecular
orbital. In addition, an increase in the values of Exomo (Less negative)
can facilitate the adsorption and therefore higher inhibition
efficiency.?® LUMO energy (ELumo), on the other hand, indicates the
ability of the molecule to accept electrons; therefore, inhibition
efficiency increases with decreasing LUMO energy of the inhibitors.
The order of increasing values of Enomo and decreasing the Epumo,
according this study is: MHT< MPC< NBG< DMM &
PEA<DTP<PCA<DMH. Excellent corrosion inhibitors are usually
those organic compounds, which do not only offer electrons to
unoccupied orbital of the metal, but also accept free electrons from the
metal. ** Therefore, for a given molecule, the lower values of E,umo,
the greater its capability to accept electrons such as 4s electrons from
Fe.*® The obtained values of Enomo corresponding to each of the
organic inhibitors under study have only small difference between
them. This indicates a very similar capacity for charge donation to the
metallic surface.” % The corrosion rate must decrease with increase in
HOMO energy; therefore, an increase in the corrosion inhibition is
present. Low values of the gap energy (AE) will provide good
inhibition efficiencies, because the excitation energy to remove an
electron from the last occupied orbital will be below. Dipole moment
M is the measure of polarity in a bond and relates to the distribution of
electrons in a molecule, and predicts the direction of a corrosion
inhibition process. In spite of the fact that literature is conflicting on
the utilization of p as an indicator of the direction of a corrosion
inhibition reaction, it is for the most part concurred that the adsorption
of polar compounds having high dipole moments on the metal surface
ought to prompt better inhibition efficiency.?®* This being the case,
the dipole moment values presented in Table 3 will reflect the
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contributions of the compounds to the overall inhibition efficiency of
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the extract.
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Figure 1: GCMS of the seed extracts of Buchholzia coriacea seed

Table 1: GC-MS data of ethanol extract of Bucholzia coriacea seed

Peak Number  Retention Time Name of Compound

Molecular Formula ~ Molecular Weight ~ Peak area %

1 4.189 4,5-Dihydro-2-methylimidazole-4-one C4HsN,0g 98 3.79
2 8.067 4,6-Dimethyltetrahydro-2H-pyran-2-one  C7H1,0, 128 3.02
3 8.782 1-Methyl-pyrrolidine-2-carboxylic acid CsH11NO> 129 3.64
4 12.226 2-Pyrrolidinoethylamine CsH1sN2 114 4.69
5 18.434 (4E)-4-Methyl-4-hepten-3-one CgH140 126 23.42
6 18.665 Nitro-isobutyl glycerol C4HyNOs 151 10.51
7 19.794 1,4-Dimethoxy-2-methylcyclohexane CyH150, 158 47.14
8 21.374 1-Pentadecanecarboxylic acid Ci16H3202 256 3.79

However, this can only be qualitative since the individual
contributions cannot be ascertained. The reason for the high inhibition
efficiency obtained with biomass additives is that every component
contributes to the total value.

In a corrosion system containing inhibitor, the inhibitor and the metal act
as a Lewis base and a Lewis acid, respectively, therefore the frontier
orbital theory may be used to determine possible modes of interaction
between the inhibitor and metal. The frontier orbital energies Exomo and
ELumo, can be related to the ionization potential, 1 and the electron
affinity, A4, of iron and the inhibitor molecule according to the
Koopman’s theorem: %

| = 'EHOMO (2)
A= 'ELUMO (3)

Absolute electronegativity , and the absolute hardness, 1, of the
inhibitor are given by the equations below:*®

I+ A
(R (4)
2
_(=A (5)
2
The softness is the inverse of the hardness:
1
o=t ®)
n

The fraction of the electrons transferred from the inhibitor to the mild
steel atom has the following relation:**3

AN = A== @
2(7]Fe + ﬂinh)
Where a theoretical electronegativity value of yre = 7.0 €V is taken for

iron and absolute hardness of ng. = 0 is assumed, since | = A for bulk
metals. The values of A, I, xinn, AN are given in Table 4. These

values are comparable to those obtained by Rodriguez-Valdez et al.
(2006)* for imidazolines inhibitors

Molecular dynamic simulations

To illustrate the adsorption progress of BCS extract on the metal surface at the
molecular level involved performing a molecular dynamics simulation in a
Forcite module available in the MS Modeling 4.0 software to sample many
different low-energy configurations to identify the low energy minima.> The
calculations involved an 8 x 8 supercell, Fe crystal cleaved along the (1 1 0)
plane, a COMPASS force field and the Smart algorithm; NVE
(microcanonical) ensemble. With temperature at 350 K, a time step time of and
simulation time of 1fs and 5 ps respectively. The system was quenched every
250 steps. Optimized structures of DMM, DTP, MPC and PEA, and the Fe
surface were the platform for the simulation, and the structures selected based
on the availability of some special features such as heteroatoms and or pi
electrons and double bonds. Using the quench molecular dynamics method
above, we found the preferred binding sites for the molecules on the Fe surface
and calculated the binding energy. Figure 3 shows the optimized (lowest-
energy) adsorption models for single molecules of DMM, DTP, MPC, and
PEA, respectively, on the Fe (110) surface from the simulation; solvent and
charge effects were neglected. The molecules maintained a flat-lying adsorption
orientation on the Fe surface, using the regions of high HOMO density acting as
the adsorption sites. The binding energy (EBL-%) between each molecule and
the Fe surface was calculated using equation 8:

EBind = ETatal - (Elnh + EFe) (8)

Where the Etotar, Emnnand Eg, denote the total energy of the system, the
inhibitor molecule and the metal surface respectively. In each case, the potential
energies taken were the average of the five structures of lowest energy. The
obtained values were -62.39 kcal/mol, 90.97 kcal/mol, -77.24 kcal/mol and -
72.83kcal/mol for DMM, DTP, MPC and PEA, respectively. The binding
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Table 2: The Structure and nature of the predominant compounds

showing equal contribution to the overall inhibition efficiency.

SIN Name of the Compound Structure of compound Nature
1 4,5-Dihydro-2-methylimidazole-4-one o
(DMM) N
! \
M MH
Y Ketone Compound
2 4,6-Dimethyltetrahydro-2H-pyran-2-one o
(DTP)
) Ketone Compound
— aa)\
3 1-Methyl-pyrrolidine-2-carboxylic acid
(MPC) OH
N Alkaloid
O
4 2-Pyrrolidinoethylamine —
(PEA) p
Hr Alkaloid
/ \‘:
\ !
5 (4E)-4-Methyl-4-hepten-3-one
(MHT) O
~ P ~ Ketone compound
6 Nitroisobutylglycerol HO
(o]
(NBG) I__f;’z alcohol compound
:{f) Yo
OH

7 1,4-Dimethoxy-2-methylcyclohexane

(DMH)

8 1-Pentadecanecarboxylic acid (PCA)

i

Ether compound

Fatty acid compound

Table 3: Molecular properties of compounds 1-8 calculated with Dmol3 module in the gas phase

Molecules E+ot (@amu) HOMO (eV) LUMO (eV) AE (eV) p (Debye) AE/2
DMM -337.895 -6.492 -1.081 5.411 6.9112 2.71
DTP -420.908 -5.973 -0.904 5.069 4.9067 2.53
MPC -436.848 -6.811 -1.578 5.233 3.5877 2.62
PEA -343.517 -6.492 -1.339 5.153 0.4895 2.58
MHT -385.113 -7.397 -2.247 5.150 3.2399 2.58
NBG -584.294 -6.580 -1.455 4.125 3.3014 2.57
DMH -499.939 -5.498 -0.616 4.882 2.9859 3.06
PCA -811.453 -5.714 -1.285 4.429 4.2958 2.22

Adsorption isotherm
An adsorption isotherm can
inhibitor. Langmuir, Frumkin,

clarify the adsorptive conduct of an
Temkin and Freundlich isotherms were

the most considerably utilized adsorption isotherm.*” In order to

extract; weight loss data was

correlate the molecular modeling results with the inhibitory action of BC
applied to the various adsorption
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isotherms, with the Langmuir giving the best fit (Figure 4). The
applicability of the Langmuir isotherm implies that the mode of
inhibitory action is, indeed, adsorption. Table 5 shows the corrosion rate
(Cr) for various inhibitor concentrations (Cim), inhibition efficiency
(IE%) as well as the surface coverage by the inhibitor, 0, calculated from
1E/100.

Effect of temperature
Equation 9 gives the Arrhenius equation as used to explore the
temperature dependence of the corrosion reaction and the activation
energy of the process:

CR=4 (— I’j—T) ©)

e B

.&_&

&
e e i
A e
i s

C1

C2

C3

- S Qo
A8 B8 C8
A=optimized structures B=HOMO Orbitals C=LUMOorbitals

Figure 2: Optimized structures of the 8 BCS extracts, DMM, DTP,
MPC, PEA, MHT, NBG, DMH and PCA; A = the optimized
structures, B = the HOMO orbitals and C = the LUMO orbitals.

Table 4: Absolute electronegativity, y(ev) and absolute
hardness, 77(ev) and the number of electrons, AN transferred
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where Cg is the corrosion rate, A is the Arrhenius pre-exponential
constant, R is the universal gas constant and T, the absolute
temperature. Plotting the natural logarithm of the corrosion rate versus
1T (Figure 5), the activation energy can be calculated from the slope.
The respective effective energies of activation obtained were 16.27,
17.81 and 19.05 kJ/mol for the uninhibited and containing 50 and 100
mg/L respectively. The increase of the activation energy in the
inhibited systems indicates preferential physical bonding of the
inhibitor molecules to the metal surface.

(b) DTP

© MPC (d) PEA

Figure 3: Molecular dynamics model of the adsorption of single
molecules of: () DMM (b) DTP, (c) MPC and (d) PEA on Fe (11 0)
surface.

0.8

0.6 -

Cle

0.4+

0.2 4

0.04

0.0 0.2 0.4 0.6 0.8 1.0
[BCImg/L

Figure 4: Langmuir adsorption isotherm fitted to the

experimental surface coverage of mild steel by BC extracts
components in 1M HCI. Correlation coefficient equals 0.99877.

between the eight BCS extract compounds and the iron
surface.
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Compound X (V) nev) AN

DMM 3.79 2.71 0.59
DTP 3.44 2.54 0.70
MPC 4.20 2.62 0.53
PEA 3.92 2.58 0.60
MHT 4.82 2.58 0.42
NBG 4.02 2.56 0.58
DMH 3.06 244 0.81
PCA 3.50 2.22 0.74

Table 5: Weight loss parameters for mild steel corrosion
inhibition in 1 M HCI containing various concentration of BCS
extract at 303K for 24hrs

Inhibitor Weight Corrosion Inhibition
Concentration loss  (mg) Rate Efficiency
(mg/L) (mglcm*h)  (IE%)
Blank 159.90 0.2177 0
50 38.50 0.0840 63.26
200 29.40 0.0641 71.95
400 27.50 0.0600 73.76
600 26.00 0.0567 75.17
800 21.30 0.0465 76.81
1000 20.00 0.0436 80.91
064 '\\\
051 \\\
\1
0.4 m Blank
o 50(mglL)
031 A 1000(mglL)
Om 024
£

\\

—
00- ‘\ "

~
—

\A

T T T T T T T T T
0.00300 0.00305 0.00310 0.00315 0.00320
1K'

Figure 5: Plot of Arrhenius equation for InCy against T for
mild steel corrosion in presence and absence of BC
Conclusion

The possibility of using Bucholzea coriacea seed (BCS) extract as a
corrosion inhibitor for mild steel in 1 M HCI has been explored.
Results obtained showed that ethanol extract of BCS is a good green
corrosion inhibitor, with its efficiency increasing as the inhibitor
concentration increased reaching its highest value with the addition of
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1000 mg/L. The adsorption of BCS extract on mild steel surface in 1
M HCI solution obeyed the Langmuir isotherm. Moreover, the
calculated thermodynamic energy of activation (Ea) indicated that the
extract adsorbed on the mild steel by a physisorption-based
mechanism. The theoretical study on active principles identified in this
extract indicate similar capacity for charge donation. The negative
value of the binding energy is an indication of strong adsorption of the
compounds on the mild steel surface. The theoretical modeling
calculations results, together with those obtained from the adsorption
theory, gave a consistent view of the corrosion system investigated.
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