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Abstract
The present investigation was aimed at exploring the anticorrosive behavior of
bio�organic Auraucaria heterophylla gum exudate (AHGE) on mild steel (MS)
corrosion in 1 M phosphoric acid solution by weight loss technique, electro-
chemical studies, and computational analysis. Additionally, the performance
was analyzed by morphological and quantum chemical analyses. The weight
loss data revealed that AHGE showed 80% of inhibition efficiency at 303 K
temperature. Inhibitor adsorption on MS was in line with Langmuir and
Tempkin adsorption isotherms. Potentiodynamic studies showed that the in-
vestigated AHGE performed as a mixed�type inhibitor. Electrochemical
parameters like charge transfer resistance, double�layer capacitance, and in-
hibition efficiency were determined and presented. Results obtained through
computational analysis, scanning electron microscopy/energy dispersive X�ray
analysis, and atomic force microscopy studies were well supported by the
inhibitive potential of AHGE.

K E Y W O R D S

acid medium, computational analysis, corrosion, electrochemical studies, mild steel

1 | INTRODUCTION

Corrosion can be popularly pronounced as a deteriorative
loss of a metal as a consequence of dissolution due to
chemical or electrochemical reactions. Mild steel (MS) is

one of the most familiar metals engaged broadly in a
wide range of industries.[1�3] During a number of in-
dustrial procedures, acidic solutions are generally used
for the elimination of impurities, rust, and others.
However, the main problem of exposing MS in acidic
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AHGE molecules on the MS surface.[25] The surface
coverage (�) values determined through gravimetric
measurements at varied concentrations of the inhibitor for
temperature range 303�333 K were fitted to different ad-
sorption isotherms. It was found that the best fits were
obtained for both Langmuir and Temkin adsorption iso-
therms (Figures 3 and 4) with regression coefficient (R2)
values close to unity. This suggests a mixed�type inhibition
mechanism. The surface coverage values fit well to the
Langmuir adsorption isotherm. This shows that the or-
ganic compounds containing polar atoms present in
AHGE get adsorbed on the MS by mutual repulsion or
attraction which in turn implies monolayer adsorption of
inhibitor.[26] Temkin adsorption isotherm suggests the
presence of attractive force exists between MS surface and
the inhibitor responsible for improved inhibition and also
attributed to the fact that each active site of the metal
surface is occupied by inhibitor molecule.[27]
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F IG U R E 1 Effect of time on corrosion rate (CR) in presence and absence of Araucaria heterophylla gum exudate extract in 1 M H3PO4

medium [Color figure can be viewed at wileyonlinelibrary.com]

TABLE 1 CR and I.E. % of AHGE extract in 1 M H3PO4 at various concentrations and temperatures

S. no. Inhibitor conc. % (v/v)

Temperature (K)

303 313 323 333

CR (mpy) I.E. (%) CR (mpy) I.E. (%) CR (mpy) I.E. (%) CR (mpy) I.E. (%)

1. Blank 1.036 1.7267 2.348 3.246

2. 0.003 0.4144 60.00 0.7367 57.33 1.3353 43.14 1.8648 42.55

3. 0.009 0.2072 80.00 0.5295 69.33 0.9669 58.82 1.5885 51.06

4. 0.015 0.0921 91.11 0.3453 80.00 0.7367 68.63 1.2662 60.99

5. 0.020 0.0691 93.33 0.2763 84.00 0.5756 75.49 1.0360 68.09

6. 0.050 0.0460 95.56 0.2532 85.33 0.5986 74.51 0.9209 71.63

Abbreviations: AHGE, Araucaria heterophylla gum exudate; CR, corrosion rate; I.E., inhibition efficiency; mpy, miles per year.
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3.2 | Electrochemical measurements

3.2.1 | Potentiodynamic polarization
technique

Tafel plot of MS specimen in 1 M H3PO4 medium in the
absence and presence of AHGE is displayed in Figure 5.
Potentiodynamic polarization parameters like corrosion
potential (Ecorr), corrosion current density (Icorr), Tafel
slopes (�a and �c) and polarization resistance (Rp) are
given in Table 2. It can be concluded from the data
presented in Table 2 that Icorr values show a predominant
decrease with an increase in the concentration of the
AHGE inhibitor. This establishes the formation of a
protective layer of AHGE over MS surface.[28,29] It was
also found that the Ecorr values do not show a substantial
change suggesting the inhibitor as mixed�type. The Tafel
slope values also show changes compared to blank. This
indicates that both anodic and cathodic reactions were
delayed after the addition of inhibitors.[30] The Rp values
were found to increase on increasing the concentration of
the inhibitor. I.E. were calculated using Rp values and it
was found that the I.E. increases on increasing the in-
hibitor concentration in the acid medium.[31,32]

3.2.2 | Electrochemical impedance
technique

Figure 6 illustrates the Nyquist plot in the absence
and presence of inhibitors in 1 M H3PO4 solution.
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Electrochemical impedance parameters like Rct

and Cdl are given in Table 3. It can be observed that
the Cdl value for an uninhibited solution was
comparatively higher than for inhibited solution,
owing to the decreased dielectric constant and in-
creased electrical double�layer capacitance. It could
be identified that the Rct values were found to in-
crease on increasing the concentration of AHGE. This
may be recognized as to decrease in local dielectric
constant or an increase in thickness of the electrical
double layer. I.E.s were calculated using Cdl and
Rct values. It was found that the I.E.% increases on
increasing the inhibitor concentration in the acid
medium.[33�36]

TABLE 2 Kinetic and impedance parameters of mild steel in 1 M H3PO4 containing varied concentrations of Araucaria heterophylla
gum exudate

S. no.
Inhibitor
conc. (% v/v) �Ecorr (mV) Icorr (µA) �a (mV/dec) �c (mV/dec) Rp (� cm2)

I.E. (%)

Icorr Rp

1 Blank 884.17 822.45 111 174.4 358.11 � �

2 0.003 869.48 644.21 120 128.1 417.62 21.67 14.25

3 0.009 893.87 436.19 77.2 132.7 485.85 46.96 26.29

4 0.015 881.45 272.69 70.1 97.1 648.25 66.84 44.76

5 0.02 880.22 249.16 93.3 162.9 1033.83 69.7 65.36

6 0.05 888.27 209 76.2 147.1 1042.89 74.59 65.66
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F I G UR E 6 Nyquist plot of mild steel in 1 M
H3PO4 in the absence and presence of various
concentrations of Araucaria heterophylla gum
exudate inhibitor [Color figure can be viewed at
wileyonlinelibrary.com]

TABLE 3 Impedance parameters for mild steel in 1 M H3PO4

in the absence and presence of various concentrations of inhibitor

S. no.
Inhibitor conc.
(% v/v) Rct (�) Cdl (F)

I.E.%

Cdl Rct

1. Blank 19.294 1.254 × 10�4 � �

2. 0.003 23.045 91.23 × 10�6 27.48 16.28

3. 0.009 33.05 79.52 × 10�6 36.79 41.62

4. 0.015 33.75 38.87 × 10�6 69.10 42.83

5. 0.02 63.92 25.25 × 10�6 79.71 69.82

6. 0.05 65.25 18.25 × 10�6 85.49 70.43

Abbreviations: Cdl, double�layer capacitance; I.E.%, percentage inhibition
efficiency; Rct, charge transfer resistance.
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3.3 | GC�MS analysis

Figure 7 displayed the GC�MS spectrum of AHGE.
Chemical structures of the compounds (having high area
percentage) identified from the GC�MS spectra of AHGE
are presented in Figure 8. From the list of compounds
identified cholest�14�ene and 1�ethenyl�1�methyl�2�(1�
methylethenyl)�4�(1�methylidene) were selected. Owing
to their excellent peak percentage and retention time the
quantum chemical analysis was carried out.

3.4 | Computation analysis

3.4.1 | Quantum chemical studies

The optimized structures of cholest�14�ene and 1�ethenyl�1�
methyl�2�(1�methylethenyl)�4�(1�methylidene) are presented
in Figure 9a,b, and the calculated quantum chemical para-
meters are given in Table 4. Highest occupied molecular
orbital (HOMO) and lowest occupied molecular orbital
(LUMO) images for the compound A and B are illustrated in

F IG U R E 7 Gas chromatography�mass
spectroscopic spectrum of Araucaria
heterophylla gum exudate

F IG U R E 8 Chemical structures of compounds identified in Araucaria heterophylla gum exudate [Color figure can be viewed at
wileyonlinelibrary.com]
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Figure 10a,b. EHOMO values are related to the electron�
donating ability of a molecule. ELUMO values are associated
with the electron�accepting ability of a molecule. Higher
EHOMO and lower ELUMO values facilitate a higher tendency

to transfer its electrons to the suitable unoccupied d�orbitals
of the MS and simultaneously accept the electrons from the
MS which enables better adsorption, followed by increased
I.E. and more likely to accept electrons, respectively.[37]

F IG U R E 9 Optimized structures of (a) cholest�14�ene (compound A) and (b) 1�ethenyl�1�methyl�2�(1�methylethenyl)�4�(1�methylidene)
(compound B) [Color figure can be viewed at wileyonlinelibrary.com]

TABLE 4 Quantum chemical parameters

S. no. Quantum descriptor
Cholest�14�ene
(compound A)

1�eEthenyl�1�methyl�2�(1�
methylethenyl)�4�(1�
methylidene) (compound B)

1. EHOMO (eV) �6.0023 �5.887

2. ELUMO (eV) 0.9137 0.5175

3. �E (eV) 6.91 6.405

4. Dipole moment (µ) 0.3909 0.6083

5. Ionization energy (I) 6.0023 5.887

6. Electronic affinity (A) �0.9137 �0.5175

7. Electronegativity (�) 2.5443 2.6848

8. Global hardness (�) 3.458 3.2023

9. Global softness (S) 0.2892 0.3123

10. Fraction of electrons
transferred (�N)

0.6442 0.6738

11. Electrophilicity index (�) 0.9360 0.4192

12. Chemical potential �2.5443 �2.6848

Abbreviations: HOMO, highest occupied molecular orbital; LUMO, lowest occupied molecular orbital.
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Energy gap (�E) = ELUMO � EHOMO, low values of �E
gives predominant I.E., as the energy required to take out
an electron from the last occupied orbital will be least. On
comparing the �E values of compounds A and B it was
found that that compound B possesses a low energy gap
and hence compound B may support the corrosion in-
hibition process more effectively than compound A, ob-
viously giving high I.E.[38] Chemical reactivity of the
atoms and molecules of the organic compounds A and B
were described with the help of another parameter called
ionization energy (I), which is the amount of energy es-
sential to remove electrons from a molecule. It is said that
compounds having low ionization energy are efficient in
corrosion inhibition, as it helps for the good reactivity of
atoms and molecules with the MS surface. In that aspect,
the I values of compounds A and B were compared and it
was found that compound B had low I values. It indicates
the high reactivity of the atoms towards the MS surface.

Other parameters like electronegativity (�), global
hardness (�), and softness (S) are correlated with the
stability and reactivity of the inhibitor molecule. Che-
mical hardness describes the resistance towards the de-
formation or electron cloud polarization of chemical
species, it is further specified that hard molecules possess
a large energy gap, implying low polarizability. Hard
molecules are considered to be less active than soft mo-
lecules, as a result, electrons may be offered to another
molecule more easily. Hence in a rusting process, MS is
deliberated as soft acid and will coordinate with mole-
cules possessing high softness. In this aspect, compound
B exhibited a higher softness value than compound A.
This facilitates better adsorption on the MS surface.[39�41]

Dipole moment (µ) is another more pronounced
parameter, which foretells the pathway of the corrosion
inhibition process. It is generally agreed that the com-
pounds possessing high µ indicate the stability of the
inhibitor. This results in achieving better corrosion in-
hibition. In the present work, compound B possesses a
higher µ value than compound A, this indicates a high
I.E.[42] Electrophilicity (�) data gives detailed informa-
tion about the electrophilic or nucleophilic nature of the
molecule. Molecules with high electrophilic value ac-
quires the capacity to act as an electrophile, while a low
electrophilicity value notifies that the molecule has a
high tendency to act as a nucleophile. In the present
study, � value for compound A was greater than com-
pound B. The fraction of electrons transferred (�N) is the
ability of the molecule to donate electrons to adhere on to
the surface of the MS specimen. Higher �N values in-
crease the electron�donating ability of the inhibitor to
the metal surface, hence increase the corrosion I.E. In
the present study, compound B possesses higher �N
value compared to compound A.[43,44] On analyzing all
the aspects it was concluded that compound B supports
the corrosion inhibition process more effectively than
compound A.

3.5 | Surface morphology

3.5.1 | SEM analysis

Figure 11a,b display SEM images of MS immersed in 1 M
H3PO4 in the absence and presence of AHGE after 3 h

F IG U R E 10 Highest occupied molecular orbital (HOMO) and lowest occupied molecular orbital (LUMO) images of (a) compound A
and (b) compound B [Color figure can be viewed at wileyonlinelibrary.com]
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immersion. It was found that the MS specimen aggres-
sively corroded in the blank acid medium, displayed in
Figure 11a. Figure 11b exhibits a smoother MS surface
which is familiar to the fact that the inhibitor molecules
get strongly adhered over the MS surface, thus, forming a
protective film to inhibit corrosion.[45,46]

3.5.2 | EDX spectral analysis

EDX spectral images of MS plates without and with an
inhibitor in the acid medium after immersion of 2 h are
shown in Figure 12a,b. Elemental percentage of Fe, O, and
C in MS in the absence and presence of inhibitor (AHGE)
is given in Table 5. The elemental weight percentage of Fe
increases significantly from 67.23% to 81.59%, while C
increases from 7.05% to 11.02%. Thus, the formation of a
protective barrier on the MS specimen was concluded. The
decreased O percentage proves the formation of the pas-
sive layer on the MS surface by AHGE.[47,48]

3.5.3 | AFM analysis

Atomic force microscopy images of the MS specimen kept
immersed in 1 M H3PO4 medium in the absence and

F IG U R E 11 Surface morphology of mild steel immersed in 1 M H3PO4 in (a) absence and (b) presence of Auraucaria heterophylla gum
exudate

F IG U R E 12 Energy dispersive X�ray spectrum of mild steel (a) without and (b) with inhibitor [Color figure can be viewed at
wileyonlinelibrary.com]

TABLE 5 Elemental weight percentage obtained from energy
dispersive X�ray spectra

S. no. Treatment

Content elements (wt%)

Fe O C

1. Mild steel without
inhibitor

67.23 20.16 7.05

2. Mild steel with
inhibitor

81.59 14.06 11.02
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presence of inhibitor were taken to investigate the nature of
the protective barrier layer formed on the surface of the MS
specimen. The two�dimensional and three�dimensional
images are displayed in Figure 13a,b. The average rough-
ness for the MS sample immersed in acid medium in the
absence and presence of inhibitor were 130.25 and 71.00 nm,
respectively. The reduction in the roughness confirmed the
adsorption of AHGE molecules on the MS surface.[49,50]

4 | CONCLUSIONS

Experimental and computational analyses were engaged
to explore the corrosion protection tendency of AHGE on
MS surface in a 1 M H3PO4 medium. Mass loss mea-
surements showed that the I.E.% increases on increasing
the inhibitor concentration and decreases on increasing
the temperature. Electrochemical measurements showed
that the inhibitor was mixed type and the inhibition
process takes place by the adsorption of the inhibitor on

the MS surface. The surface morphology studies (SEM�
EDX and AFM) suggest the formation of the adsorbed
protective layer on the MS which shows the efficiency of
the AHGE. DFT studies were carried out for two com-
pounds having a high peak pecentage present in AHGE.
Both the experimental and computational analyses data
were in good agreement.
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