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ABSTRACT
The current research work was keen to examine the corrosion
inhibition efficiency of mild steel (MS) in presence of aqueous
extract of Araucaria heterophylla Gum (AHG) in 1M H2SO4

medium. The phytoconstituents of the AHG were interpreted by
GC-MS and corrosion inhibition efficiency was deduced using
other techniques like weight loss method, potentiodynamic polar-
ization, electrochemical impedance spectroscopy (EIS). Adsorption
of inhibitor molecules on the mild steel surface was supported by
Density Functional Theory (DFT) studies, Scanning Electron
Microscopy (SEM) and Atomic Force Microscopy (AFM). It is seen
from the results that the inhibitor exhibits optimum efficiency of
78.57% at 0.05% v/v on mild steel specimen in 1M H2SO4

medium at room temperature. Tafel polarizations clearly show
that the aqueous extract of AHG acts as a mixed type inhibitor.
The change in the EIS parameters in presence of inhibitor is inves-
tigative of the protective layer formation of the mild steel surface.
The adsorption is found to obey Langmuir adsorption isotherm.
Thermodynamic and activation parameters for the corrosion
inhibition process supported the physical adsorption mechanism.
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1. Introduction

Metal deterioration caused by corrosion is a common phenomenon which occurs due
to the interaction of the metals with environmental conditions. Among the several met-
als mild steel attracted the industries towards itself for its significant economical and
substantial uses [1]. In spite of its wide application its usage is restricted because of its
limited corrosion resistance in acid media. One of the common methods adopted to
avoid the consequences of corrosion is prevention of corrosion by the use of inhibitors.
Numerous synthetic inhibitors have been reported as efficient corrosion inhibitor for
mild steel, but these are not only expensive but also toxic to both environment and

CONTACT T. Sathiyapriya sathiyachallenge87@gmail.com Department of Chemistry, Dr. Mahalingam College
of Arts and Science, Pollachi - 642 003, India
� 2019 Informa UK Limited, trading as Taylor & Francis Group

JOURNAL OF ADHESION SCIENCE AND TECHNOLOGY
https://doi.org/10.1080/01694243.2019.1645261

http://crossmark.crossref.org/dialog/?doi=10.1080/01694243.2019.1645261&domain=pdf&date_stamp=2019-08-05
http://orcid.org/0000-0003-4233-6779
https://doi.org./10.1080/01694243.2019.1645261
http://www.tandfonline.com


human health [2–4]. The effect of toxicity may be either temporary or permanent and
also it may cause either during its preparation or its application.

Hence the present day researchers have been addressed towards the search of low
cost, eco-friendly and easily available inhibitors. And thus they used plant products
such as extracts of leaves, flowers and gums as corrosion inhibitors for mild steel under
different corrosive medium [5–7]. Few of the natural inhibitors of plant origin which
have been studied as green eco-friendly inhibitors in acid medium in the the recent
past, include Rubber leaf [8], Ginger extract [9], Retama monosperma (L.) Boiss. Stems
[10], Gnetum Africana leaves [11], Clerodendrum phlomidis leaves [12], Morinda
Tinctoria leaves [13], Piper longum extract [14].

Bio polymer form Tragacanth gum and arabinogalactan (AG) was tested as a corro-
sion inhibitor for carbon steel corrosion in 1M HCl by Gravimetric method, potentio-
dynamic polarization measurements, electrochemical impedance spectroscopy,
UV–visible spectroscopy, scanning electron microscopy, and atomic force microscopy.
At a concentration of 500 ppm at 60 �C, AG produced an inhibition efficiency of 96.3%
[15]. In another study, the gum exudates from Canarium schweinfurthii was investi-
gated as corrosion inhibitor on mild steel in HCl solution within the temperature range
of 303K to 333K using gravimetric as well as thermometric techniques. Its efficiency
elevated with an elevation in inhibitor concentration, reaching up to 79.10% for mild
steel at 303K at 0.5 g/L concentration [16]. Paul Ocheje Ameh made a comparative
study of the inhibitory effect of Khaya senegalensis and Albizia ferruginea on the corro-
sion of mild steel in HCl medium. Weight loss methods revealed that both the inhibi-
tors were found to be good corrosion inhibitors for mild steel in acid medium.
However, maximum inhibition efficiency was exhibited by K. senegalensis with 82.56%
inhibition efficiency at 0.5% g/L concentration [17]. Welan Gum and Neem Gum was
evaluated as a corrosion inhibitor for steel reinforced in concrete in NaCl media by
corrosion characteristic techniques like electrochemical impedance spectroscopy, Tafel
polarization study, density functional theory and scanning electron microscopy. The
results showed that the two inhibitors inhibited the corrosion of steel in NaCl solution
effectively via the formation of protective film [18]. In another study, the gum exudates
from Azadirachta indica on carbon steel was investigated as corrosion inhibitor on
mild steel in 1N HCl solution using weight loss method, electrochemical studies com-
bined with surface analysis. Its inhibition efficiency increased with increase in inhibitor
concentration and shows a maximum efficiency of 77.21% for 323K at the inhibitor
concentration of 100 ppm [19].

There are several research works on polysaccharides as corrosion inhibitors of met-
als in acid media similar to the ones discussed above, but the assessment on the
Araucaria heterophylla Gum (AHG) is not known on mild steel corrosion inhibition.
AHG has been selected as an environment-friendly corrosion inhibitor for mild steel in
1M H2SO4. The phytoconstituents deduced by GC-MS have shown the presence of
multiple bonds and hetero atom and oxygen with lone pair of electrons. The protection
of mild steel from aggressive medium has been expected to achieve by the adsorption
of the phytoconstituents on to the mild steel surface.

Therefore the current work deals with the investigation of gum exudates from
Araucaria heterophylla as corrosion inhibitor for the mild steel in sulphuric acid
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medium. The effect of temperature and various other parameters have been studied.
Electron density parameters for the phytoconstituents of the AHG and its reactivity
indices obtained from density functional theory (DFT) calculations were described.
The interest of using AHG as corrosion inhibitor arises because they are safe, eco-
friendly and more over water soluble.

2. Materials and methods

2.1. Materials

2.1.1. Preparation of the extract
The AHG was collected from The Queen of hills, Ooty, Tamil nadu, India. The
collected AHG samples were washed well with double distilled water to eliminate
unwanted dust and other impurities. 1% stock solution was prepared by dissolving
exactly weighed 5 g of the AHG in 500ml of luke warm distilled water.

2.1.2. Preparation of mild steel specimen
Commercially available Mild steel sheets were bought and rectangular mild steel cou-
pons of dimension 2.5 cm � 1 cm � 0.1 cm were prepared. The samples were polished,
drilled a hole at one end and numbered by punching. During the study the samples
were polished with various grade emery papers, degreased in solution of non-toxic
detergent, washed with distilled water and stored in desiccators for further use.

2.1.3. Corrosive medium preparation
Stock solution of 1M H2SO4 was prepared from 97% analar grade supplied by Nice
chemicals using double distilled water.

2.2. Methods

2.2.1. GC-MS study
Shimadzu GCMS-QP2010 SE (at PSGCAS, Coimbatore) was utilized to record GC-MS
spectrum for AHG extract. Column Elite-1 fused silica capillary column (30� 0.25mm
ID � 1 lM df, composed of 100% Dimethyl polydiloxane) was employed. The oven
temperature was programmed from 100 �C (isothermal for 4min) to 200 �C at a rate of
10 �C/min and then to 270 �C at a rate of 5 �C/min. Helium was used as a carrier gas at
a constant flow of 1ml/min. An injection volume of 0.5 ll at an injector temperature
of 280 �C was employed. Mass spectrum was recorded in electron impact mode at
70 eV, at a scan interval of 0.5 sec and fragments from 40 to 450Da. Total run time
was 53min.

2.2.2. Mass loss measurements
Weight loss measurements were performed at 303–333K with different concentrations
of AHG extract for 1 hr immersion period. The mild steel plates in triplets were
weighed before and after immersion in acid medium. From the weight loss measure-
ments inhibition efficiency (I.E.%), Corrosion rate (CR) and surface coverage (h) was

JOURNAL OF ADHESION SCIENCE AND TECHNOLOGY 3



calculated using the following Equations (1–3) [20,21]:

I:E: %ð Þ ¼ W1 � W2
W1

� 100 (1)

h ¼ W1 � W2
W1

(2)

CR ¼ 534 � w2
DAT

(3)

where W1 and W2 are the weight losses (mg) for MS in the absence and presence of
AHG inhibitor in acid medium, h is the surface coverage of the inhibitor molecules, D
is Density in g/cm2 (7.9 g/cm2 for MS), A is Area of specimen in square inches, T is
exposure time in hours. CR is given in miles per year (mpy).

2.2.3. Computational method (DFT studies)
The present quantum chemical calculations were done using Gaussian-09 program
of DFT/B3LYP/6-311G (d,p) level of basis set. More than 10 compounds have
been isolated in GC-MS analysis, and among them two compounds dihydrotachys-
terol and Germacrene B and was randomly selected whose peak areas are 8.46
and 5.34 respectively and the computational work was carried out. The correlation
between the Inhibition efficiency of the compounds and their electronic properties
were clearly studied using this method. Quantum chemical parameters were calcu-
lated and the optimized geometric structures for the compounds were drawn by
this technique [22,23].

2.2.4. Electrochemical techniques
Electrochemical measurements were taken in a typical three electrode a platinum elec-
trode as a counter electrode, saturated calomel electrode as a reference electrode and
mild steel specimen as working electrode at room temperature. The area of the mild
steel specimen uncovered to the solution was roughly 1 cm2. The mild steel specimens
were pretreated likewise as done in the gravimetric method. Before each electrochem-
ical measurement, the electrode was allowed to corrode easily and its open circuit
potential (OCP) was entered as function of time up to 10min, which was adequate to
become stable. The polarization measurements were taken at a potential range of
�200mV to þ200mV with regard to open circuit potential without and with inhibitor
at scan rate of 1mV/sec. Electrode potentials were measured with respect to standard
calomel electrode. The polarization measurements were carried out from a potential
range of �200mV to þ200mV with respect to open circuit potential in presence and
absence of inhibitor at a scan rate of 1mV/sec.

The EIS measurements were done for mild steel in acid media using Parstat 2273
unit. Corrosion potentials over a frequency range of 0.1 to 20000Hz with signal ampli-
tude of 10mVwas maintained. From the plot Z0 (real) vs Z00 (imaginary), impedance
parameters like charge transfer resistance (Rct) and double layer capacitance (Cdl) were
calculated using the ‘EC - Lab’ software. The experiments were carried out in 1M
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H2SO4 with different inhibitor concentrations. The inhibition efficiency Icorr and I.E.%
was calculated using the following equations:

Icorr ¼ ba � bc
2:303 ba þ bcð Þ � 1

Rct
(4)

I:E: %ð Þ ¼ Icorr blankð Þ � Icorr inhð Þ
Icorr blankð Þ

� 100 (5)

I:E: %ð Þ ¼ Rct blankð Þ� Rct inhð Þ
Rct blankð Þ

� 100 (6)

where Icorr is corrosion current, Rct is charge transfer resistance, ba, bc are Tafel slopes,
Icorr(blank) is corrosion current without inhibitor, Icorr(inh) is corrosion current with
inhibitor, Rct(blank) is charge transfer resistance without inhibitor, Rct(inh) is charge
transfer resistance with inhibitor.

2.2.5. Surface analysis
2.2.5.1. Scanning electron microscope (SEM). It is a procedure adopted for the analysis
of surface morphology of the mild steel sample. The mild steel specimens were dipped
in 1M H2SO4 with and without inhibitors for 2 h. The morphology of the mild steel
surface in the presence and absence of inhibitors were tested by SEM techniques using
FESEM –(SIGMA HV –Carl Zeiss with Bruker Quantax 200 –Z10 EDS Detector).

2.2.5.2. Atomic force microscopy (AFM). The surface morphology of MS coupons
were further analysed with the support of AFM (NTEGRA Prima). The test coupons
were immersed separately in acid solution without and with 0.05% v/v inhibitor for 1 h
at room temperature. After immersion the specimens were taken out, rinsed gently
without disturbing the surface and the morphologies were examined.

3. Results and discussion

3.1. Physicochemical properties and plant profile

Physicochemical properties and plant profile is given in Table 1.
Botanical name: Araucaria heterophylla
Family: Araucariaceae
Common name: Christmas tree, Norfolk pine tree, Norfolk Island pine

3.2. GC-MS analysis

3.2.1. Identification of components
Figure 1 shows the GC-MS spectrum of AHG. Interpretation of GC-MS spectrum was
done using the database of National Institute Standard and Technology (NIST) having
more than 62,000 patterns and NIST library. Thirty peaks were isolated from the GC
analysis and Table 2 presents data associated with each of the lines in the spec-
trum [17,24,25].
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3.3. Weight loss measurements

Weight loss measurement method was a simple traditional one used to find the weight
loss and inhibition potential of the inhibitor [26]. The corrosion rate and inhibition effi-
ciencies for mild steel in the absence and presence of AHG extract for various tempera-
ture ranges from 303 to 333K is given in Table 3. Influence of corrosion rate on
temperature at diverse concentrations of the inhibitor in acid medium is displayed in
Figure 2. Clear examination of the Table 3 shows that the presence of AHG extract
makes the corrosion rate to decrease in all the studied temperature and at all inhibitor

Figure 1. GC-MS spectrum of Araucaria heterophylla Gum (AHG).

Table 2. Phytochemical constituents identified in the acetone extract of AHG using GC-MS.
S.No. Retention time Compounds S.No. Retention time Compounds

1. 10.861 Alpha-cubebene 16. 29.68 Dihydrotachysterol
2. 12.263 Gamma-elemene 17. 30.451 Thunbergol
3. 12.378 Cyclo hexane 18. 30.587 Cholest-14-ene
4. 13.487 Naphthalene 19. 30.65 Beta-guaiene
5. 13.627 1,6-cYCLODECADIENE 20. 30.85 Bicyclo[5.3.0]decane
6. 14.014 Bicyclo[8.1.0]undeca-2,6-diene 21. 30.958 Bicyclo[5.3.0]decane
7. 14.486 Isoledene 22. 32.002 Acetic acid
8. 14.665 Beta-cadinene 23. 32.151 9,19-Cycloergost-24(28)-en-3-ol
9. 15.149 Beta-panasinsene 24. 32.217 Betulin
10. 15.559 Germacrene B 25. 32.512 Caryophyllene
11. 15.631 1,6,10-Dodecatrien-3-ol 26. 32.617 Abietic acid
12. 16.047 10,12-Tricosadiynoic acid 27. 3.513 1,3,6,10-Cyclotetradecatetraene
13. 24.703 Phenanthrene 28. 34.451 2-Propenal
14. 26.825 Butanoic acid 29. 35.311 Beta-pimaric acid
15. 29.152 Retinol 30. 36.705 Beta-sitosterol

Table 1. Physicochemical properties of AHG.
Parameters

pH Acidic
Colour Yellowish brown
Odour
Taste Non-bitter
Solubility (a)Cold water: soluble

(b)Warm water: soluble
(c)Acetone: soluble
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concentrations. It is noticed that the I.E.% increases on increasing the concentration of
the inhibitor for all temperatures. Increase in I.E.%, i.e., the inhibitive effect is attributed
to the fact that the phytochemical constituents containing oxygen present in the AHG
extract gets adsorbed on the mild steel surface. Thus adsorbed inhibitor molecules act as
a barrier and protects the metal from corrosion [27]. It is also seen that the I.E.%
decreases from 78.57 to 57.38% in the corrosive medium and hence the maximum inhib-
ition efficiency is attained at303 K with 0.05% v/v of inhibitor concentration. The
decrease of I.E.% with increasing temperature indicates the metal dissolution at higher
temperatures. A general rule says that the rate of the reaction increases with increase in
the temperature, which leads to the formation of activated molecules. This is why the
reactant molecules gain more energy, and overcome the energy barrier more quickly.
And also the increased temperature dissolves the protective layer on the metal surface,
thus makes the metal susceptible to corrosion [28]. Decreased inhibition efficiency with
the increase in temperature is suggestive of the physisorption mechanism [29].

3.4. Activation parameters

3.4.1. Activation energy (Ea)
Activation energy is the important parameter which states the type of adsorption process.
A plot of log CR vs 1/T (shown in Figure 3) was made and from the slope of the plot Ea

Table 3. CR and IE (%) of AHG extract in 1M H2SO4 at different concentrations and different
temperatures.

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

303 K 313 K 323 K 333 K

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

1. Blank 0.3223 - 1.3123 - 2.5325 - 5.4563 -
2. 0.003 0.2763 14.286 0.9439 28.07 2.0720 18.18 4.812 11.81
3. 0.009 0.1842 42.86 0.7367 43.86 1.7497 30.91 4.674 14.35
4. 0.015 0.1151 64.29 0.4604 64.91 1.4734 41.82 4.259 21.94
5. 0.020 0.0691 78.57 0.3453 73.68 0.9669 61.82 2.532 53.59
6. 0.050 0.0691 78.57 0.3223 75.44 0.8979 64.55 2.325 57.38

−1.0000

0.0000

1.0000

2.0000

3.0000

4.0000

5.0000

6.0000

303 K 313 K 323 K 333 K

CR
 (m

py
)

Temp. (K))

CR (mpy) vs Temp. (K))

Blank 0.003 0.009 0.015 0.020 0.050

Figure 2. Influence of corrosion rate on temperature at different concentrations of AHG extract in
1M H2SO4 medium.
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values for the mild steel specimen in the presence and absence of various concentrations
of the AHG extracts were calculated.

Thus elucidated Ea values according to the Equation (5) were exhibited in Table 4:

CR ¼ KeEa=
RT

(7)

Where CR is the corrosion rate, Ea is activation energy, T is the absolute tempera-
ture, K is the Arrhenius pre exponential constant and R is the gas constant. From the
concept of collision theory it is said that the acid molecules corrodes the metal surface,
by means for collision between the acid and the metal surface. Thus sulphuric acid
molecules secure higher energy in the presence of inhibitor for the corrosion reaction
to occur; by the way corrosion inhibition takes place [30]. On further examination of
the data in Table 4 it is found that the Ea values are high for inhibited acid solutions
than for the uninhibited acid medium. This type of behaviour is suggestive of the for-
mation of a protective film on the surface of the mild steel which supports physical
adsorption type mechanism [31].

3.4.2. Enthalpy and entropy of activation (DH� and DS�)
The enthalpy of activation (DH�) and entropy of activation (DS�) are the two compo-
nents which are obtained from the temperature dependence of a rate constant of a
reaction. These can be obtained from the slope and intercept of transition state plot of
log (CR/T) against 1/T. The enthalphy of activation (DH�) and entropy of activation

−1.50000

−1.00000

−0.50000

0.00000

0.50000

1.00000

0.002950 0.003000 0.003050 0.003100 0.003150 0.003200 0.003250 0.003300 0.003350

lo
g 

CR

1/T

log CR vs 1/T

Blank 0.003 0.009 0.015 0.020 0.05

Figure 3. Arrhenius plot.

Table 4. Activation parameters of 1M H2SO4 mild steel surface in both uninhibited and inhib-
ited solutions.
S.No. Inhibitor conc. (% v/v) �Ea (KJ mol�1) �DH�(KJ mol�1) DS�(J mol�1)

1. Blank 77.019 74.38 11.52
2. 0.003 78.679 76.04 15.07
3. 0.009 88.818 86.18 45.21
4. 0.015 100.762 98.12 80.31
5. 0.02 99.586 96.95 72.99
6. 0.05 97.363 94.72 65.52
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(DS�) are calculated using the Eyring equation (Equation (7)).

CR ¼ ðRT=NhÞ expDS�=Re�DH�=RT (8)

where R is the gas constant, T is the absolute temperature, N is the Avagadro number,
h is the Planck’s constant. The linear plot with a slope of (DH�/R) and an intercept of
(log(R/Nh) þ DS�/R) are obtained as shown in the Figure 4.

The DS� provides ideas about the type of molecularity of the rate determining
step in a corrosion reaction. It is seen from the Table 4 the positive values of
DS� shows that the entropy increases upon addition of inhibitor, which often
indicates a dissociative mechanism in which the activated complex is loosely
bound and about to dissociate [32]. Likewise negative values of DH� for both the
inhibited and the uninhibited solutions in the sulphuric acid medium which
reflects the adsorption of inhibitor molecules on the mild steel inhibition process
is exothermic [33].

3.5. Thermodynamic and adsorption studies

The fundamental information about the type of interaction among the mild steel and
the inhibitor molecules can be provided by the adsorption isotherm. Attempts were
made to fit surface coverage h) values to different adsorption isotherms, among that
the best fit was obtained by Langmuir adsorption isotherm. The R2 values which found
close to unity is an indicative factor for the strong adherence of the adsorption of the
inhibitor molecules on the surface of the mild steel. Figure 5 Shows the Langmuir
adsorption isotherm for the adsorption of the inhibitor molecules on the mild
steel [34,35].

Langmuir adsorption equation is given by Equation (9):

C
Ɵ
¼ 1

Kads
þ C (9)

−4.00000

−3.50000
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Figure 4. Transition state plot.
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Where Ɵ is the surface coverage, Kads is adsorption equilibrium constant, C is the
inhibitor concentration.

DGads ¼ �2:303 RT log ð55:5KÞ (10)

Free energy values are calculated using the Equation (10) and are presented in
Table 5. The negative free energy values are less than the threshold value of –40 kJ/mol.
And thus the adsorption of AHG on mild steel surface supports the physisorption
mechanism [36].

3.6. Electrochemical measurements

3.6.1. Potentiodynamic polarization
Figure 6 shows the potentiodynamic polarization curves of mild steel in 1M H2SO4
absence and presence of different concentrations of AHG extract. The kinetic parame-
ters like corrosion potential (Ecorr), Corrosion current density (Icorr), anodic Tafel
slopes (ßa), cathodic Tafel slopes (ßc), Polarization resistance (Rp) and I.E. (%) are pre-
sented in Table 6. On investigating the data in the Table. 6 it is seen that there prevails
an inverse relationship between Icorr and Rp, on increasing the concentration of the
inhibitor. On observation of the data in the Table 6 the Icorr of mild steel decreases on
increasing the concentration of the inhibitor, which proves the inhibiting nature of
aqueous extract of AHG. Whereas the Ecorr values and the Tafel slopes do not form a
specific tendency which indicates that the process of metal corrosion inhibition in the
acid medium follows mixed type. In all concentrations ßc is greater than ßa suggesting

R² = 0.8953

R² = 0.8977

R² = 0.9087

R² = 0.7816

−1.50000

−1.00000

−0.50000

0.00000
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1.50000

−3.00000 −2.50000 −2.00000 −1.50000 −1.00000 −0.50000 0.00000lo
g 

Ɵ
/1

-Ɵ
 

log C

log Ɵ/1-Ɵ vs log C

303 K 313 K 323 K 333 K

Figure 5. Langmuir adsorption isotherm.

Table 5. Values of free energy for the adsorption of AHG extract in 1M H2SO4 on the mild steel
surface at different temperature.

S.No. Inhibitor Conc. % (v/v)

�DGads KJ mol�1

303 K 313 K 323 K 333 K

1. 0.003 20.22 23.10 22.32 21.61
2. 0.009 21.24 22.05 21.25 19.19
3. 0.015 22.16 22.96 21.15 19.21
4. 0.02 23.23 23.29 22.56 22.32
5. 0.05 20.92 21.15 20.42 20.21
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that though the inhibition is under mixed control, the effect of the inhibitor on the
cathodic polarization is more pronounced than on the anodic polarization [13]. The Rp

values determined using Icorr values showed a gradual increase on increasing the con-
centration of the inhibitor. The I.E. (%) calculated for Icorr and Rp values are found
increasing on increased concentration of the inhibitor.

3.6.2. Impedance measurements
The Nyquist plots obtained for mild steel in1 M H2SO4 and 1M H3PO4 solutions with
various concentrations of AHG extracts are shown in Figure 7. Electrochemical param-
eters like charge transfer resistance (Rct) related to the OCP corrosion reaction, while
the CPE represents a constant phase element related to the non-ideal capacity (Double
layer capacitance (Cdl)) for different inhibitor concentrations in the corrosive medium
are presented in Table 7. Clear inspection of the data in Table 7 proves that the Rct val-
ues increase with increased inhibitor concentration. The Rct value increases from 4.346
to 53.291 X for maximum concentration of the AHG (0.05% (v/v)) in 1M H2SO4.

Table 6. Kinetic parameters of mild steel in 1M H2SO4containing different concentrations of
the inhibitor.

S.No. Inhibitor conc. (% v/v) �Ecorr (mV) Icorr (mA) ßa (mV/dec) ßc (mV/dec) Rp (X cm2)

IE (%)

Icorr Rp
1 Blank 874.84 3727.79 112.5 189.3 82.19 �� ��
2 0.003 868.22 308.28 71.2 112.8 614.79 91.73 86.63
3 0.009 879.36 231.5 65 116.3 782.08 93.79 89.49
4 0.015 885.54 153.17 61.3 132.3 1187.56 95.89 93.08
5 0.02 866.30 285.87 60.7 135 636.02 92.33 87.08
6 0.05 872.00 362.42 62.5 133.1 509.55 90.28 83.87
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Figure 6. Potentiodynamic polarization curves for mild steel in 1M H2SO4 containing different con-
centrations of the inhibitor (AHG).
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The increase in the thickness of the electrical double layer is proved from the decrease
in the Cdl values [37].

3.7. Quantum chemical approach

3.7.1. Frontier molecular orbital (FMO) calculations
EHOMO, is the energy of the highest occupied molecular orbital indicates the electron
donation by the molecule which signifies the better donation of electron and facilitate
the adsorption of the inhibitor molecules and possess good inhibition efficiency.
ELUMO, is the energy of the lowest unoccupied molecular orbital measures the electron
accepting nature of the molecule. EHOMO, ELUMO and optimized geometric images for
the investigated compounds are given in Figure 8(a,b).

Upon analysing Table 8, it is clear that the EHOMO value for the four studied com-
pounds follow the order as compound (A) > (B) which shows that compound (A) has
the highest electron donating ability among the other compounds. The energy gap
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Figure 7. Nyquist plot of mild steel in 1M H2SO4 in the absence and presence of various concen-
tration of inhibitor (AHG).

Table 7. Impedance parameters for mild steel in 1M H2SO4 and 1M H3PO4 in the absence and
presence of various concentrations of inhibitor.

S. No. Inhibitor conc. (% v/v) Rct (X cm2) Rs (X cm2) Cdl (mF cm�2)

IE%

n Cdl Rct
1 Blank 4.346 1.94 362.4 35900 -
2 0.003 5.599 1.71 68.5 109300 69.55 22.38
3 0.009 6.065 1.54 60.2 624200 82.61 28.34
4 0.015 25.295 1.38 55.1 605000 83.15 82.82
5 0.02 52.966 1.22 50.5 385100 89.27 91.79
6 0.05 53.291 1.18 46.2 454600 87.34 91.84
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between the EHOMO and ELUMO renders information about the reactivity of the inhibi-
tor towards the surface of the mild steel. There exist a perfect relation between the
energy gap DE and the inhibition efficiency that is decrease in the DE increases the
reactivity of the inhibitor molecules which in turn increases the inhibition efficiency.
So for the compound to deliver better I.E.%, the energy gap should be low, since the
energy needed to remove the electron form the last occupied orbital will be less. The
results as shown in Table 8 indicate that the compound (A) possess the lowest DE
value, which means that the compound could have render better inhibition than the
other compound. Dipole moment is a DFT parameter which explains about the nature
of adsorption of the inhibitor on the mild steel. Many researchers have reported
that higher the dipole moment more will be the inhibition efficiency. In that manner
compound (A) exhibits a higher m as 1.7533 which supports its inhibition efficiency.
Ionization energy is an important parameter which deals with the chemical reactivity
of the atoms and molecules. It is an important factor that higher the ionization energy,
stability and the chemical inertness of the compound will be high, whereas a low ion-
ization energy provides high reactivity of the atoms and molecules. In that feature,
compound (C) possesses low ionization energy of 5.3207 eV but gives high I.E.% in
comparison to other compounds (A), (B) and (D). Global reactivity descriptors, hard-
ness and softness are measures of stability and reactivity. It is said that compound hav-
ing low global hardness and high softness is likely to give enhance inhibition efficiency.

Table 8. Quantum chemical parameters for the compounds studied.
S.No. Quantum descriptor Dihydrotachysterol (compound A) Germacrene B (compound B)

1. EHOMO (eV) �5.3207 �5.60314
2. ELUMO (eV) �0.368 0.26612
3. Energy gap (DE) (eV) 4.9527 5.8692
4. Dipole moment (m) 1.7533 0.2919
5. Ionization energy (I) 5.3207 5.60314
6. Global hardness (g) 2.4764 2.93468
7. Global softness (S) 0.40382 0.34075
8. Fraction of electrons transferred (Dn) 0.83907 0.73799
9. DEBack –Donation (eV) �0.6191 �0.73367
10. Electrophilicity index (x) 1.63352 1.2133
11. Chemical potential �2.8444 �2.66851

Figure 9. (a,b) Corrosion surface morphology.
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In that aspect compound (C) possesses a lower global hardness as 2.4764 eV and a
higher softness value as 0.40382 eV compared with other compounds. The fraction of
electrons transferred (Dn) and back donation of electrons (DEBack – Donation (ev)) was
determined and shown in Table 8. According to Lukovits study, increase in electron
donating capability of the inhibitor molecule to donate electrons to the mild steel sur-
face increases the inhibition efficiency. Among the two compounds studied, compound
(A) has a higher value of Dn indicating a higher inhibition efficiency [38–42].

3.8. Surface morphology

3.8.1. SEM analysis
Figure 9(a,b) presents image of the SEM images of mild steel immersed in 1M H2SO4

in presence and absence of aqueous extract of AHG after 2 h immersion period. It is
seen that the mild steel plate corroded aggressively in the blank acid medium which is
shown in Figure 9(a,b) shows the photograph of smoother surface of mild steel speci-
men, which is recognized to the fact that the inhibitor forms a protective film on the
surface of the mild steel [43].

3.8.2. Atomic force microscopy (AFM)
Figure 10(a,b) represents the AFM images of mild steel in the absence and presence of
AHG after immersion of 2 h. It is seen from the images that the mild steel was highly
damaged in the absence of inhibitor and the roughness (Sa) calculated is 87.278 nm
whereas the value is 30.229 nm for mild steel dipped in acid medium containing AHG
inhibitor. The decrease in the values strongly supports the adsorption of inhibitor mol-
ecules on the surface of the mild steel surface [44].

4. Conclusions

The natural Gum exudate of the plant is found to be an effective corrosion inhibitor for
mild steel in 1M H2SO4 medium and the experimental results concluded that the inhib-
ition efficiency was concentration and temperature dependent. The phytoconstituents
present in the AHG get adsorbed on the mild steel surface followed Langmuir adsorption
isotherm. The values of Ea and the DG confirm the physisorption and spontaneity of the
corrosion process respectively. EIS revealed the charge transfer and Tafel polarization
indicated that the AGH acts as mixed type inhibitor. SEM, EDX and AFM techniques
supported the inhibition process well.
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