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Anion Exchange Reaction of CsPbBr3 Perovskite
Nanocrystals: Affinity of Halide Ion Matters
P. Divya,[a] G. Anagha,[a] Bijoy Nharangatt,[b] Raghu Chatanathodi,[b] H. Sabrin,[a] N. Nourin,[a]
K. H. Fausia,[a] K. Padmakumar,[a] Deepthi Jose,*[c] and K. Sandeep*[a]

The affinity of chloride/iodide ions to replace the lattice sites of
bromide ions in the CsPbBr3 nanocrystals by anion exchange
reactions is investigated. In the presence of an equal number of
iodide and chloride ions, the absorption and emission of lead
halide perovskites are found to be red-shifted as a result of the
preferential anion exchange with the iodide ions. In order to
initiate the anion exchange reactions with the chloride ions
from a mixture of chloride and iodide ions, a minimum of 66%

of chloride ions, is essential to observe a significant change.
The differential affinity of chloride/iodide ions to substitute
bromide ions in CsPbBr3 perovskite is also substantiated using
density functional theory (DFT) calculation. Understanding the
interactions in the crystal structure of lead halide perovskites
can give directions to tune the material properties in the
nanoscale for various applications in science and technology.

Introduction

Engineering the band positions of lead halide perovskites by
the post-synthetic anion exchange reaction is considered as
one of the finest methods to tune the optical properties of a
semiconductor.[1] Electronegativity and the size of the halide
ion dictate the band gap of lead halide perovskites.[2] The anion
exchange reaction of lead halide perovskites occurs at room
temperature either in the presence of alkyl ammonium halides
or metallic halides (KBr, KCl) diffusion of anions through the
crystal, which facilitates the anion exchange reactions.[3] It is
well known that the anion exchange process begins at the
edges of the nanocrystal and diffuses to the interior parts of
the crystal.[4] The partial/complete anion exchange of bromide
ions from CsPbBr3 with more electronegative chloride ions
results in blue shifted absorption/emission due to the
enhanced bandgap.[4e] In contrast to this, anion exchange of
CsPbBr3 with less electronegative iodide ions decreases the
band gap which end up in a red shifted optical absorption/
emission.[4e,5] By varying the composition of chloride/bromide/
iodide ions, the lead halide perovskites emitting in the entire
visible region can be obtained.[1a,4d,6]

Apart from the tuning of optical properties, the high
photovoltaic efficiency, power conversion efficiency, photo-
catalytic efficiency, and photoluminescence yield make lead
halide perovskite a suitable candidate for a plethora of
applications in science and technology.[4c,7] Till today, lead
halide perovskite is one of the materials which exhibited
maximum efficiency for the solar cells and light emitting diodes
(LED) in the laboratory.[1b.8] For the fabrication of tandem solar
cells, the materials with different band gaps are clubbed
together in order to reduce the energy loss.[7a,9] Similarly, band
gap engineering helps the fabrication of LED’s which are
emitting in different wavelengths in visible region.[8d,e,9,10]

Generally in the case of semiconductor nanocrystals, the band
gap is tuned by changing the shape and size of the crystal.[11]

The nanomaterial with different band gaps are obtained by
following different synthetic protocols. All these methods
consume time and chemicals. But, in the case of lead halide
perovskites, the band gap engineering can be done by post-
synthetic anion exchange reactions.[6a] This process is very fast
and feasible at room temperature.[4d,12] Even though the anion
exchange reactions in lead halide perovskites are well known in
the literature, the mechanistic aspects are not well explored.
[12c] Among these, the role of halide ions in such anion
exchange reactions of lead halide perovskites are not yet
revealed completely. Among the lead halide perovskites, all
inorganic cesium lead halide perovskites are known for better
stability and power conversion efficiency.[13] Thus, in this
manuscript we are using CsPbBr3 as perovskite nanocrystal and
the affinity of the chloride/iodide (Cl� /I� ) ions for the anion
exchange reactions are investigated. It is well known that the
presence of fluoride ion (F� ) decomposes the CsPbBr3
nanocrystals[4e] and hence their affinity towards anion exchange
reaction is not investigated.
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Results and Discussion

Synthesis and Characterization of CsPbBr3 Perovskite
Nanocrystals

All inorganic cesium lead halide perovskite (CsPbBr3) nano-
crystals are prepared by following a literature report.[14] The
details of the preparation and the purification are provided in
the Experimental section. The colloidal nanocrystals are capped
with long chain alkyl ligands such as oleyl amine and oleic acid,
which facilitates the solubility of CsPbBr3 nanocrystals in non-
polar organic solvents.[15] The formed CsPbBr3 nanocrystals are
Fcharacterized by spectroscopic, microscopic and X-ray diffrac-
tion methods. Electronic absorption spectrum of the synthes-
ised CsPbBr3 perovskite nanocrystals exhibited all the character-
istic features of a quantum confined nanocrystal (Figure 1A).[16]

The first excitonic peak for the present nonocrystals, located at
497 nm, is indicative of the band edge transition (a, black
trace). Further, we have characterized the perovskite nano-

materials with the help of emission spectroscopy. The emission
spectrum of the synthesized nanocrystals is present as Fig-
ure 1A (b, red trace). The sample is excited at 345 nm and the
slit widths at the excitation and the emission chambers were
kept as 1 nm. The emission spectrum of the nanocrystals
exhibited symmetrical Gaussian profile centering at 504 nm.
The full width at half maximum (FWHM) of the emission
spectrum is found to be 17 nm. The lower value of FWHM
indicates the formed nanocrystals are mono-disperse with
minimal surface defects.[12c,17] The emission yield of the present
perovskite nanocrystals is estimated as 0.61 by a relative
method using fluorescein dye as standard. The details of the
quantum yield measurements are given in the Supporting
Information. Further, powder X-ray diffraction (PXRD) is used to
characterize the crystalline nature of the CsPbBr3 perovskite
nanocrystals (Figure 1B). The perovskite grains are found to be
mostly monocrystalline providing a sufficiently large diffraction
domain which ensures good crystallinity of the sample. The

Figure 1. (A) Spectroscopic characterization of CsPbBr3 perovskite nanocrystals. (A) absorption spectrum (a, black trace), emission spectrum (b, red trace) of the
corresponding nanocrystals. (B) X-ray diffraction pattern, (C) Low resolution TEM, and (D) HR-TEM images of CsPbBr3 perovskites. (E) Schematic representation
of the cubic perovskite crystals. The corresponding ions are labelled in the left panel of 1E.
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diffraction patterns observed at 2θ values ∼15° and ∼31° are
corresponding to (100) and (200) crystalline planes of the cubic
perovskite crystals (Figure 1B).[18] Small amounts of orthorhom-
bic CsPbBr3 are also formed during the synthesis, however, it is
hard to distinguish as the X-ray diffractions of cubic and
orthorhombic phases are very close.[19] The observed values are
in agreement with the diffraction pattern of the Cubic CsPbBr3
perovskites as per joint committee for powder diffraction
standards.[18] Further, transmission electron microscopy (TEM) is
used to characterize the perovskite nanocrystals. The low
resolution TEM analysis clearly indicates the sample is mono-
disperse and crystalline (Figure 1C).[4a] The size distribution
histogram is used to obtain the average size of the nanocrystals
and for the present CsPbBr3 perovskite nanocrystals, it is
estimated as ∼8.5 nm (Figure S1A, SI). Average size of the
CsPbBr3 perovskite nanomaterials from TEM analysis is more or
less in agreement with the grain size obtained from XRD by
using Scherrer equation (∼8.8 nm). d-spacing analysis along
the z-axis of the synthesized CsPbBr3 perovskite nanomaterial is
estimated with the help of high-resolution TEM (HR-TEM) using
Gatan Digital Micrograph. The d-spacing value of the present
nanocrystals is found to be 0.58 nm, which is corresponding to
the (100) plane of cubic perovskite structure as shown in
Figure 1D. The details of the sample preparation and the
experiments are given in the Supporting Information.

Anion Exchange Reactions

In order to study the anion exchange reactions in lead halide
perovskites, we have followed two methods, (i) monophasic (in
which both the perovskites and halide ions are soluble in the
reaction medium) and (ii) bi-phasic (in which only perovskite is
soluble in the reaction medium). All these reactions are
conducted in chloroform due to the better solubility of CsPbBr3
perovskite nanocrystals.[18] For monophasic halide ion exchange
reactions, we have used the dodecyl, tetradecyl, hexadecyl, and
octadecyl ammonium salts of chloride and iodide ions
(Scheme 1). Alkyl ammonium salts are prepared by treating
respective alkyl amine with excess hydrochloric acid (HCl) or
hydroiodic acid (HI) as shown in the Equation 1. The unreacted

acid is removed by gentle warming and washing with water.
Biphasic anion exchange reactions are carried out by using
potassium salt of iodide or chloride ions as shown in Scheme 1.

R� NH2 þ Exc: HX! R� NH3X ðX ¼ Cl, IÞ (1)

The solid KCl/KI reacts with CsPbBr3 dispersed in chloro-
form, involve reactants in two different phases.[4a,18,20] When
CsPbBr3 perovskite nanocrystals in chloroform treated with KCl,
the absorption and emission spectra are found to be blue
shifted (Figure 2B) from the initial CsPbBr3 (Figure 2A). Kovalen-
ko and coworkers demonstrated the anion exchange reaction
for the first time and from this report onwards it is well known
that the presence of chloride ions result in the blue shifted
absorption/emission of lead halide perovskites.[1a,4d] The pres-
ence of iodide ion resulted red shifted absorption/emission as
presented in the Figure 2C. In periodic table, down the group,
electronegativity of halide ions decreases, which causes red
shifted absorption and emission when iodide ion replaces the
lattice sites of bromide ion.[4d] It is well established in the
literature that the presence of chloride ions results in blue
shifted emission and the iodide ions result in the red shifted
optical properties.[4d] By varying the amounts of chloride,
bromide, and iodide ions through anion exchange reaction can
be used for obtaining the mixed halide perovskites emitting in
the whole visible region (Figure 2D). Also, we observed that the
cationic (alkyl ammonium salt or metallic) part of the halide ion
precursor is not having a significant role on the anion exchange
reactions. However, for biphasic anion exchange reactions,
higher concentrations of the halide salts are essential to
observe a notable change.[4a]

Further, we have investigated the affinity of halide ions
towards the anion exchange reactions of lead halide perov-
skites. For this purpose, we have chosen CsPbBr3 as the starting
perovskite crystal and the exchange of bromide ions with
chloride/iodide ions are investigated. For this purpose, equi-
molecular mixture (0.0006 moles of each halides) of KI and KCl
are added to the solution of CsPbBr3 taken in chloroform
(100 mg KI and 44.9 mg KCl). Biphasic anion exchange reactions
are well known in literature.[4a,20b,21] The biphasic anion

Scheme 1. Chloride and iodide salts used for the anion exchange reactions.
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exchange reaction is monitored using UV-visible absorption
spectroscopy. The excitonic peak of CsPbBr3 perovskite nano-
crystals is red shifted as a result of anion exchange with iodide
ions (Figure 3B). Further we have confirmed it using emission
spectroscopy. In the presence of equimolar amounts of chloride
and iodide ions, the emission of the perovskite nanocrystal
shifted to red region. The new emission maximum is found to
be 634 nm. This experiment confirms, the iodide ions are
having more affinity towards the biphasic anion exchange
reactions of lead halide perovskites. Lead halide perovskites
formed after anion exchange reaction retained the initial shape,
and size (Figure S2. Supporting Information). It is well known
that the anion-exchange reactions of lead halide perovskites do
not alter the cationic sub-lattice and thus, the shape and crystal
structure are retained after anion exchange reactions.[4d] Also,
the XRD experiment discards the formation of Cs2PbCl2I2 during
the anion exchange reactions.[22] In order to generalize the
above observation, we have carried out monophasic anion
exchange reaction with alkyl ammonium chloride/iodide salts

of dodecyl amine, tetradecyl amine, hexadecyl amine, and
octadecyl amine (as shown in Scheme 1). In all cases, the anion
exchange reaction is performed with equimolar mixtures of the
chloride and iodide salts of the corresponding alkyl amine. In
all our experiments by using the mixture of equimolar alkyl
ammonium chloride/iodide ions, we observed a red shift in the
absorption and emission of the perovskite nanocrystals. This
confirms the greater affinity of iodide ions towards the anion
exchange reactions of CsPbBr3 perovskite nanocrystals. Further,
we have increased the concentration of chloride ions system-
atically by keeping a fixed concentration of iodide ions in the
mixture. Interestingly, in both the cases, from 66% of chloride
ions, in the mixture of chloride/iodide ions, onwards, we have
observed a blue shift in the absorption/emission profile
(Figure 3A) from its initial value corresponding to CsPbBr3. It is
well known in the literature that the concentration gradient
has a significant role in dictating the anion exchange
reactions.[4a] At higher concentrations, the probability of finding
a chloride ion in the surface increases and it results in the anion

Figure 2. The variation of the absorption and emission properties of (A) CsPbBr3 perovskite nanocrystals in the presence of (B) chloride ions and (C) iodide ions.
The mixed halide perovskites having different composition of chloride/bromide/iodide emits in the entire visible region as per the composition of halide ions.
(D) Representative example of such an emission spectrum of the perovskite nanocrystals by varying the concentrations of chloride/bromide/iodide ions is
presented.
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exchange reaction of chloride ions with the perovskite nano-
crystal.
The present observations raise a question on the higher

affinity towards the anion exchange reactions irrespective of its
higher mass and lower diffusion capability on comparison with
chloride ions. The affinity of the iodide ions to the anion
exchange reactions of CsPbBr3 can be explained on the basis of
Pearson’s hard soft acid base (HSAB) concept. According to this
principle, the cations classified in to hard category preferen-
tially forms salts with the anions from the same category and
the vice versa. It is well known that in the crystal structure of
CsPbBr3 nanocrystal, the halide ions are bonded to the Pb

2+

octahedrally.[7e] Among the cations, Cs+ is classified as a soft
acid and Pb2+ as borderline acid. Among the anions, chloride
ion is classified under hard base in contrast to the softer iodide
ions. Even though Pb2+ being a borderline cation, it has more
affinity towards the softer iodide ions. This can be understood
from the values of the solubility product (Ksp) of PbI2 and PbCl2.
The Ksp value of lead iodide is 1.6×10

� 8, which is lesser than
that of lead chloride 1.7×10� 5, as a result of the enhanced
interaction between lead and iodide ions. This can be further
confirmed by treating lead nitrite with an equimolar mixture of
KI and KCl solutions. In favour to our observation, we got
monophasic yellow precipitate of lead iodide instead of white
lead chloride (see Figure S3, Supporting Information). Along
with the values of solubility products of PbI2 and PbCl2, the sole
formation of the PbI2, confirm lead has more affinity towards
iodide ions on comparison with chloride ions. The cation
present other than Pb2+ is also a soft acid, Cs+, also might be
playing a crucial role in the preferential reaction of perovskites
with iodide ions.

Density Functional Theory Calculations

Further, we have validated the extra affinity of iodide ions
towards the anion exchange reactions with CsPbBr3 perovskite
nanocrystals with the help of density functional theory (DFT)
calculations. In this paper, the DFT calculations are carried out
using the Vienna Ab initio Simulation Package (VASP), with the
help of earlier known reports.[23] The details are provided in the
Experimental Section. The optimized geometry of all perovskite
unit cells is shown in Figure 4. The optimized lattice parameters
of CsPbCl3, CsPbBr3 and CsPbI3 obtained using different DFT
functionals are given in table S1 (Supporting Information). The
optimized values of lattice parameters are in good agreement
with the experimental values and previous DFT calculations.[24]

The formation energy of CsPbX3 (X=Cl, I) calculated using
different functionals is given in Table 1. CsPbI3 with a negative
value for formation energy with all the DFT functional used is
more likely to be formed in comparison with the formation of
CsPbCl3 (formation energy is close to zero) from CsPbBr3. It is
observed that inclusion of dispersion forces using optB88 vdW
functional improves the formation energy. The dissociation
energy per atom of CsPbBr3, CsPbCl3 and CsPbI3 using PBE

Figure 3. Change in the absorption and emission properties of CsPbBr3 perovskite nanocrystals in the presence of (A) 2 : 1 and (B) 1 : 1 ratios of Cl� : I� ions. Black
dashed lines compare the change in emission properties with the initial CsPbBr3 perovskite nanocrystal. In the presence of an equimolar (B) concentration of
Cl� : I� ions, in monophasic and biphasic anion exchange reactions, the absorption and emission spectra of the perovskite nanocrystals are red shifted as result
of preferential anion exchange with iodide ions.

Table 1. The formation energy of CsPbX3 (X=Cl, I)using different DFT
functional.

Perovskites Formation Energy (eV)
PBE optB88

CsPbI3 � 0.12 � 0.14
CsPbCl3 0.07 0.09
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functional are found to be 0.56 eV, 0.68 eV and 2.06 eV
respectively. The greater value of dissociation energy per atom
for CsPbI3 indicates the stability of CsPbI3 out of the three
perovskites considered here.
Perceiving the mechanistic features of the anion exchange

reactions in lead halide perovskites will help us to manipulate
the optical properties of the material which improves the
efficiency of the display devices and energy harvesting
applications. Also, for the fabrication of LED’s, the band gap
engineering of lead halide perovskites can be an alternative for
obtaining the optically pure emission from a semiconductor
nanomaterial. The preferential interactions plays a vital role in
the anion exchange process and here the HSAB interaction
predominate. Based on the size, charge, and polarizing power
of the ions the selectivity between the cation and anion varies.
Herein, Pb2+ has more preference to iodide ions than that of
Cl� . In addition to this, the presence Cs+ in the crystal,
inherently a soft acid, also might contribute to this affinity. The
proper understanding of the interactions in a material helps
the manipulation of its properties.

Conclusions

In summary, the role of halide ions and its concentration
dependence on the anion exchange reactions of lead halide
perovskites are investigated by taking all inorganic CsPbBr3 as
perovskite nanocrystals and chloride/iodide as halide ions. The
interactions/affinity between the ions play a crucial role in
anion exchange process. In the presence of equimolar iodide/
chloride ions, the iodide ions are found to be more efficient to
perform anion exchange reactions with CsPbBr3 nanocrystals.
The strong interactions between the Pb2+ ion, and the iodide
ion as a result of the Pearson’s HSAB principle might be the
major reason for the preference of iodide ions. Upon increasing
the concentration of chloride ions by keeping a constant total
number of moles of halide ions, the signature of chloride ions
is observed from 66% (% of chloride ions) onwards. These
experiments, together with DFT calculations, clearly demon-
strate that halide ions play a key role in the anion exchange
process in lead halide perovskites. By understanding the exact

mechanism and the interactions between the constituent ions,
the tuning of the optical properties of lead halide perovskites
can be facilitated in an easier manner. The band gap engineer-
ing and the tuning of optical properties are important for
various applications in science and technology.

Experimental Section
Materials: Cesium carbonate (Cs2CO3, 99.99%), Octadecene (98%),
Oleyl amine (90%), Dodecyl amine (98%), Tetradecyl amine (95%),
Hexadecyl amine(98%), Octadecyl amine (99.5%), Hydroiodic acid,
Hydrochloric acid, and Lead bromide (PbBr2) are purchased from
Sigma Aldrich. Oleic acid (98%) is purchased from Alfa Aesar. All
the chemicals are used as received without any further purification.
The solvents (Chloroform, Acetone, etc.) are purchased from Merck
chemicals and used as received.

Synthesis of CsPbBr3 Perovskite Nanocrystals: CsPbBr3 perovskite
nanocrystals are prepared by following a reported procedure.[14]

Initially, Cs-oleate is synthesized using cesium carbonate and oleic
acid in a three-neck round bottom flask under an argon atmos-
phere. The cesium carbonate and oleic acid are taken in a 1 :2
molar ratio and the mixture is heated to 120 °C to yield an optically
transparent clear solution corresponding to Cs-oleate. In another
round bottom flask, lead bromide (0.19 mmol, 69.73 mg) is taken
and mixed with octadecene (high boiling point solvent, 3 ml),
capping agents oleyl amine (1.14 mmol, 1.6 ml) and oleic acid
(0.5 mmol, 0.15 ml) under argon atmosphere. Around 150 °C, this
reaction mixture yields lead-oleyl amine complex. Cs-oleate
(0.046 mmol) is quickly injected into this complex at 170 °C. The
perovskite nanocrystals are purified by repeated precipitation by
adding acetone followed by centrifugation. The purified nano-
crystals are dispersed in chloroform for further experiments.

Computational Methods and Models

In the DFT calculations using VASP, the electron-ion interaction is
represented through the Projector Augmented Wave (PAW)
method.[23a] The Perdew-Bruke-Ernzheroff (PBE)[23a] and the optB88-
vdW functionals[25] have been used to approximate the exchange-
correlation and the Van der Waals (vdW) interaction. The solutions
of Kohn-Sham equations are expanded in a plane-wave basis set
with a kinetic energy cut-off of 600 eV. The Gaussian method of
smearing[26] is used to treat fractional occupancies, with a smearing

Figure 4. The optimized geometry of (A) CsPbBr3 (B) CsPbCl3 and (C) CsPbI3 by DFT calculations using the Vienna Ab initio Simulation Package (VASP).
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width of 0.05 eV. The Brillouin zone is sampled by using 8×8×8 Γ-
centered Monkhorst-Pack k-point grid[27] for the conventional unit
cell of all structures used in this DFT study. The relaxation of the
lattice constant and position of ions is performed until the net
force on each atom is less than 0.01 eV/Å and the total energy
converged to 0.001 eV. For all calculations, a vacuum more than
20 Å is ensured along c-axis to rule out any interaction between
the periodic images.

We considered the cubic structure (a=b=c and α=β=γ=90°) of
three perovskites CsPbCl3, CsPbBr3 and CsPbI3 for DFT calculation.

Considering CsPbBr3 perovskites as the starting material, the
formation of CsPbX3 (X=Cl, I) can be written using the Equation 2.

CsPbBr3 þ 3 KX ! CsPbX3 þ 3 KBr (2)

The formation energy of CsPbX3 can be estimated using the
Equation 3.

EF ¼ ðECsPbX3 þ 3*EKBrÞ � ðECsPbBr3 þ 3*EKXÞ (3)

Here EF is the formation energy, ECsPbX3 , ECsPbBr3 , EKBr and EKX are the
ground state energies of CsPbX3, CsPbBr3, KBr and KX unit cells
respectively. Formation energy being the amount of energy
released during a chemical reaction, a negative value corresponds
to the relative stability of CsPbX3, formed.

In addition to the formation energy, the dissociation energy per
atom ED of CsPbX3 is also calculated using the Equation 4.

ED ¼ ðECs þ EPb þ 3*EX � ECsPbX3Þ=n (4)

The dissociation energy indicates the energy required to dissociate
CsPbX3, into its constituent atoms. ECs, EPb and EX are the energies
of Cs atom, Pb atom and X atom (X=Cl, I) respectively and n is the
total number of atoms in the unit cell considered. The relative
stability of CsPbX3 can be established from a high ED.
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Abstract
Energy storage devices capable of delivering high energy and power are crucial in fulfilling the ever-increasing energy 
demands. Supercapacitors (SCs) are electrochemical energy storage devices for next-generation applications, exhibiting 
high energy and power output with ultra-long cycle life. Biomass-derived porous carbon materials are extensively used for 
the realization of many green energy storage solutions owing to their low cost, abundance, and sustainable characteristics. 
This study explored an inherently doped hierarchically porous carbon (HPC) derived from an aromatic root, vetiver for SC 
application. HPC with innately doped iron oxide nanoparticles and heteroatoms (nitrogen and oxygen) was prepared using a 
facile chemical activation method. The influence of pyrolysis temperature on HPC's morphology, pore structure, and energy 
storage characteristics was investigated. HPC prepared at 800 °C (HPC-800 °C) demonstrated a tubular morphology with a 
large specific surface area of 1879  m2  g−1 and a total pore volume of 0.91  cm3  g−1. The tubular morphology in combination 
with inherent functionalities in HPC augments the transport of ions and electrons within the carbonaceous matrix. Reap-
ing these benefits, the as-fabricated symmetric SC using HPC-800 °C electrodes exhibited a maximum energy density of 
67.8 W h  kg−1 and power density of 15,000 W  kg−1 with ~ 88% capacitance retention after 10,000 cycles. This study opens 
a scope for developing green supercapacitors for next-generation energy storage systems.

Keywords Hierarchical porous carbon · Vetiver root · Supercapacitor · Electrode material · High energy density

1 Introduction

The rapid progress of electric vehicles and integrated energy 
storage application urges the development of advanced 
energy storage solutions with high energy conversion effi-
ciency and green features. The widely used lithium-ion 
battery (LIB) technology is not adequate to encounter the 
increasing energy demand in the arena of electric vehicles 
and hybrid technologies [1–3]. Hence, the development of 

high-performance energy storage systems acquired momen-
tous attention. The energy storage systems such as super-
capacitors (SCs) and rechargeable batteries have drawn 
the interest of researchers striving to promote clean energy 
storage solutions. SCs are well-known energy storage sys-
tems, which could bridge the performance gap between con-
ventional capacitors and rechargeable batteries. Compared 
to conventional capacitors and batteries, SCs possess high 
power density in combination with reasonable energy den-
sity and long cycle life. These advantages allow the applica-
tion of SCs in electronic devices, hybrid electric vehicles, 
pulse applications, etc. [4–6].

Based on the energy storage mechanism, SCs are classi-
fied as electrical double-layer capacitors (EDLC) and pseu-
docapacitors. EDLCs based on carbon electrode materials 
are the widely explored and most matured SCs due to their 
abundance, cost-effectiveness, excellent chemical stability, 
large specific surface area, controllable porous structure, 
environmental benignity, etc. [7, 8]. The final performance 
of EDLCs mainly depends on the various physicochemical 
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properties of the carbon materials such as porosity, specific 
surface area, conductivity, etc. These properties are interre-
lated and need to be effectively controlled to attain optimal 
EDLC performance. Most customary EDLC electrode mate-
rials include graphene, activated carbons/porous carbons 
(ACs/ PCs), carbon nanotubes (CNTs), carbon nanofibers 
(CNFs), etc., and their composites [9, 10]. Among these, 
PC with abundant pore structures is extensively studied by 
researchers over the last decade. Now researchers are in 
search of new precursors for a facile, economical, and eco-
friendly route to synthesize conductive PC electrode materi-
als with large specific surface area and well-built hierarchi-
cal pore structures [11, 12].

Biomass is one of the most plenteous renewable resources 
on earth. The intrinsic advantages of biomass such as natu-
ral abundance, environment friendliness, and high carbon 
content transform biomass into a precursor for the synthesis 
of PC. Employing biomass materials as PC precursors is a 
critical strategy to accelerate green chemistry [13, 14]. The 
biomass-derived PCs (BDPCs) play a dual role in produc-
ing clean energy and solving the problem of biomass waste 
disposal. This prompted the scientific world to work towards 
the BDPC materials for green energy storage solutions [15, 
16]. So far, many biomass materials such as pinecone [17], 
grapefruit peel [18], pumpkin [19], aloe vera [20], waste 
coffee grounds [21], seaweed [22], rice husk [23], cinnamon 
stick [24], dead leaves [25], hemp [26], orange peel [27], 
etc. were successfully converted into PC and explored as 
electrode materials for EDLC applications.

Physical and chemical activation methods are gener-
ally employed to prepare AC from the precursor material. 
Chemical activation is an effective method for obtaining 
well-developed porous architecture with good yield. Com-
monly used chemical activators are KOH, NaOH,  H3PO4, 
 H2SO4, and  ZnCl2 [28, 29]. KOH or  ZnCl2 assisted activa-
tion followed by carbonization is the common method for 
the preparation of BDPC.  ZnCl2 is considered one of the 
most effective activating agents due to its non-corrosive 
nature, better carbon yield, high specific surface area out-
put of carbon with strong adsorption properties, and good 
development of hierarchical porosity [30, 31]. The selec-
tion of precursor, activation method, and temperature for 
carbonization significantly affect the specific surface area, 
pore size, heteroatom doping, etc., which in turn amend the 
electrochemical performances of the prepared PC material.

The preparation of in situ heteroatom-doped PC material 
from biomass material is convenient, as it is inherently rich 
in hetero elements. Reports reveal that the transition met-
als along with hetero atom (N, O, S, and P) doped porous 
carbon can enhance the electrochemical performance of 
EDLCs, by an additional pseudocapacitance contribution 
[32, 33]. Vetiver is a well-known, highly abundant natural 
root system that comprises a complex mixture of organic and 

inorganic matter. Vetiver has a tufted vertically growing root 
structure, which makes it a miracle grass for its multifari-
ous applications in soil and water conservation, soil health, 
handicrafts, environmental and perfumery products. In addi-
tion to absorbing water and maintaining soil moisture, veti-
ver roots also facilitate the absorption of toxic substances, 
chemical fertilizers, pesticide residues, heavy metals, and 
the decomposition of organic matter [34, 35].

In this work, for the first time, we have prepared a tube-
like 3D carbon structure inherently doped with heteroatoms 
(N and O) and iron oxide (FeO) nanoparticles from vetiver 
roots by  ZnCl2 activation at different temperatures starting 
from 600 to 900 °C. The hierarchical porous carbon (HPC) 
obtained at 800 °C (HPC-800 °C) displayed a maximum 
specific surface area of 1879  m2  g−1 with a total pore volume 
of 0.91  cm3  g−1. The electrochemical studies of the devel-
oped HPC-800 °C electrode demonstrated its excellence as 
an EDLC electrode material. The preliminary evaluation of 
the HPC-800 °C electrode exhibited a maximum specific 
capacitance of 289 F  g−1 at a current density of 0.8 A  g−1 
using 1 M  Na2SO4 as the electrolyte. In addition, the sym-
metric SC assembled with HPC-800 °C electrodes exhibited 
a maximum energy density of 67.8 W h  kg−1 and power 
density of 15,000 W  kg−1 with ~ 88% capacitance retention 
after 10,000 cycles.

2  Experimental

2.1  Preparation of porous carbon

The root of chrysopogon zizanioides (Vetiveria zizanioides 
L.), commonly known as vetiver was collected from the local 
market, in Kerala, India. It was washed with distilled water 
followed by ethanol several times and dried overnight at 100 
°C. The fine powder of the root was treated with  ZnCl2 in 
a ratio of 1:1 (w/w) for 24 h. It was dried, and the mixture 
was taken in an alumina crucible and carbonized in a tubu-
lar furnace at various temperatures such as 600 °C, 700 °C, 
800 °C, and 900 °C for 1 h with a heating rate of 2 °C  min−1 
in flowing  N2 gas at atmospheric pressure (Fig. S1). Then, 
it was washed with HCl followed by distilled water until 
the filtrate became neutral. The obtained carbon material 
was dried in an oven at 100 °C and stored in a desiccator. 
The prepared carbon is tubular hierarchically porous carbon 
(HPC) material. Methods used for the characterization of the 
synthesized HPC are explained in supporting information.

2.2  Preparation of electrode and fabrication of coin 
cell supercapacitor

Electrodes were prepared by mixing 80 wt% of active mate-
rial (HPC), 10 wt% of super P (Alfa Aesar), and 10 wt% of 
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polyvinylidene fluoride (PVDF, Sigma-Aldrich) as a binder 
and N-methyl pyrrolidone (NMP, Sigma-Aldrich) as a sol-
vent. The slurry was coated on nickel foam and was dried 
in an oven at 100 °C for 24 h. The electrode was pressed 
into a thin film by applying 10 MPa pressure. The mass 
loading of the active material on the individual electrode 
was 1.5 mg  cm−2. The electrochemical performance of the 
HPC electrode was measured by the three-electrode and two 
electrode setups using 1 M  Na2SO4 as the electrolyte. A 
symmetric CR2032-type coin cell SCs was fabricated by 
assembling HPC electrodes in the non-aqueous electrolyte to 
improve the working potential, and thereby the energy out-
put of the SC. 1 M bis(trifluoromethane)sulfonimide lithium 
salt (LiTFSI) in 1,3-dioxolane/1,2-dimethoxyethane (DOL/
DME, v/v = 1:1) mixture was used as the non-aqueous elec-
trolyte. Celgard 2400 was used as the separator. The whole 
fabrication process was carried out in an argon-filled glove 
box (LC Technology Solution, USA).

2.3  Electrochemical measurements

All the electrochemical measurements were performed using 
a PGSTAT302N electrochemical workstation (Metrohm 
Autolab, Netherlands). The electrochemical properties of the 
electrodes and the fabricated symmetric SC were evaluated 
using cyclic voltammetric (CV), electrochemical impedance 
spectroscopic (EIS), and galvanostatic charge–discharge 
(GCD) studies. The EIS measurements were performed at 
0 V with a perturbation potential of 5 mV in a frequency 
range 0.1 Hz to 100 kHz. Detailed calculations of specific 
capacitance, energy density, and power density are provided 
in the supplementary information.

3  Results and discussion

3.1  Physicochemical properties of HPCs

Figure S1 shows the schematic diagram for the preparation 
of the HPCs. The method employed for the preparation of 
HPC was a simple chemical activation using a Lewis acid, 
zinc chloride  (ZnCl2). The Lewis acid  (ZnCl2) reacts with 
oxygen and nitrogen functionalities (Lewis base) of lignocel-
lulosic materials in the vetiver roots to form complexes that 
are randomly oriented throughout the network, and initiates 
the degradation in the chain [36, 37]. The XRF results of 
powdered vetiver root exhibit the presence of metal oxides 
accumulated by biosorption from the soil or water where it is 
cultivated (Table S1). The hyper-accumulated metal oxides 
and the adsorbed activating agent  (ZnCl2) in the porous 
texture facilitate the oxidation of active sites and help to 
develop high surface area porous carbon. HPCs with an 
interconnected porous network was developed due to the 

structural features of the root tissue of vetiver and the evolu-
tion of gases during pyrolysis [38, 39]. The removal of metal 
oxides and excess activation agents (reacted and unreacted) 
was achieved by thorough washing with water and HCl. The 
amount of C, O, and N in the HPCs was obtained by CHNS 
analysis (Table S2). As the carbonization temperature was 
increased, the resulting HPC was found to have more carbon 
content, however, O and N content decreased.

The iron present in HPCs was detected using induc-
tively coupled plasma atomic emission spectroscopy (ICP-
AES) analysis (Table S3) by leaching it with concentrated 
HCl. Fourier transform infrared (FT-IR) spectroscopy was 
employed to identify the functional groups present in the 
prepared carbon (Fig. S2). The peak at 3450   cm−1 and 
3261  cm−1 reveals the presence of O–H and N–H stretch-
ing vibrations. The intensity of these bonds was observed 
to decline with the increase in carbonization temperature, 
which can be attributed to the decrease in the concentra-
tion of N and O functionalities. The symmetric and asym-
metric stretching vibrations of C–H bonds are observed 
at 2932  cm−1 and 2850  cm−1, respectively. The C=O and 
C=N stretching vibrations are observed at 1728  cm−1 and 
1640  cm−1, respectively. The C–O and C–N stretching vibra-
tions are observed at 1252  cm−1, and 1095  cm−1, respec-
tively. The band observed at 586  cm−1 is due to the stretch-
ing vibration of the Fe–O bond [40]. These outcomes reveal 
the occurrence of elements like O, N, and Fe on the surface 
of HPCs.

The textural properties and the porosity of the carbon 
material are two of the crucial criteria for energy stor-
age application and  CO2 adsorption.  N2 and  CO2 adsorp-
tion–desorption analyses were used for the porosity evalu-
ation of the activated carbon. The activation of vetiver with 
 ZnCl2 yields a high surface area and pore volume (Table S5) 
compared to the carbon without activation (Table S4). The 
 ZnCl2 activation leads to more interspace between lignocel-
lulosic materials in the vetiver which in turn increases the 
surface area compared to inactivated materials [41]. Fig-
ure 1a, and 1b shows  N2 adsorption–desorption isotherms 
and their corresponding pore size distribution analysis. The 
strong  N2 adsorption at a low relative pressure (P/Po) indi-
cates the presence of micropores while a hysteresis loop in 
the desorption region at (P/Po) ~ 0.4–0.8 indicates the pres-
ence of mesopores and a slight upward tendency at (P/Po) ~ 1 
is due to the presence of macropores [42]. The shape of  N2 
adsorption–desorption isotherms varies for HPCs prepared 
at different pyrolysis temperatures. HPC-600 °C and HPC-
700 °C exhibit Type I behaviour, whereas HPC-800 °C and 
HPC-900 °C show Type IV patterns. Type I behaviour is 
exhibited by microporous carbon, and type IV reveals the 
combined existence of micro and mesoporous carbon. The 
results show that the carbonization temperature has a signifi-
cant role in the surface area and porosity of the material. The 
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increase of  N2 uptake in HPC with increasing carbonization 
temperature indicates the gradual development of pores [43]. 
With the increase of carbonization temperature from 600 to 
800 °C, the BET surface area increases from 1398 to 1879 
 m2  g−1, and its total pore volume increase from 0.67 to 0.91 
 cm3  g−1. Further increase in the activation temperature from 
800 to 900 °C experiences a reduction in adsorption of  N2 
attributed to the deterioration of the porous structure by the 

fusion of adjacent micropores. As a result, the surface area 
and pore volume of HPC-900 °C is reduced to 1628  m2  g−1 
and 0.86  cm3  g−1, respectively. From this, we conclude that 
the optimum condition for preparing the highest surface area 
carbon from vetiver by zinc chloride activation is 800 °C. 
The hierarchical porous structure of HPCs is further evi-
denced by the DFT pore size distribution analysis (inset of 
Fig. 1b). It is observed that the pore size increases (Fig. 1b) 

Fig. 1  a  N2 adsorption–desorption isotherm, b DFT pore size distribution analysis,  CO2 adsorption at c 27 °C, d 0 °C, e XRD and f Raman spec-
trum for HPCs
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with temperature resulting in a well-developed hierarchical 
porous structure [43, 44].

The high surface area and low pore size distribution with 
N, O, and Fe on the surface of carbon favor  CO2 adsorption 
[45]. Its capacity depends upon the micropore volume and 
heteroatom doping on the porous carbon. The  CO2 adsorp-
tion isotherm of HPCs samples at room temperature and 
0 °C are depicted in Fig. 1c, d. It is seen that  CO2 adsorp-
tion increases habitually with the increase of pressure. 
HPC-700 °C has the highest  CO2 adsorption capacity at 
0 °C and room temperature, which is about 4.92 mmol  Hg−1 
and 2.8 mmol  Hg−1, respectively. As the micropore surface 
area increases for HPC-700 °C, the adsorption capacity 
also increases. With a further increase in the activation 
temperature to 800 °C, HPC-800 °C displayed an increase 
in total surface area due to the development of mesopores. 
However, its micropore surface area decreases and exhibits 
less  CO2 adsorption capacity. The surface area is decreased 
for HPC-900 °C due to the deterioration of mesopores and 
shows a  CO2 adsorption capacity of 4.4 mmol  Hg−1 and 
2.3 mmol  Hg−1 at 0 °C and room temperature, respectively. 
This well-developed porous structure provides more active 
sites through which ions can easily diffuse and reach the 
electrode surfaces.

The X-ray diffraction (XRD) pattern of HPC displays two 
broad diffraction peaks at 2θ = 24° and 44°, ascribed to the 
reflections from (002) and (100) graphitic planes, respec-
tively (Fig. 1e). These broad peaks indicate the amorphous 
and disordered nature of HPCs. With the increase in carboni-
zation temperature from 600 to 900 °C, the HPCs exhibited 
a disorder-induced peak broadening due to the variation in 
the d spacing values [46, 47]. The sharp diffraction peaks at 
2θ = 36°, 42°, 61°, and 76° are due to the reflections from 
the phase pure cubic iron oxide (FeO) (space group: Fm3m 
(225)) (JCPDS 00-003-0968). The amorphous and disor-
dered nature of HPCs is further corroborated by Raman 
spectra, which show two bands at 1336   cm−1 (D band) 
and 1590  cm−1 (G band) (Fig. 1f). D band is the breath-
ing mode vibration of  A1g which confirms the amorphous 
character. G band attributes to the  E2g phonon of the  sp2 
carbon. The intensity ratio of the D and G bands  (ID/IG) is 
a measure of defects in carbonaceous materials. The values 
of the  ID/IG ratio increase from 0.91 to 0.98 (HPC-600 °C 
to HPC-900 °C), indicating more pronounced defects and 
reduced crystallinity with the increase in carbonization tem-
perature. A distinct Fe–O Raman band is observed for HPCs 
at ~ 595  cm−1 (inset of Fig. 1f), indicating the presence of 
FeO in the carbon matrix [48, 49]. These observations are 
in good agreement with the XRD data.

The field emission scanning electron microscope 
(FESEM) images of HPCs show a micro tube-like mor-
phology with open channels. In addition, close observa-
tion of FESEM images of HPCs revealed the presence 
of a well-developed interconnected porous network with 
macropores in a range of 1–2 μm (Fig. 2a, c, e, g), which 
serves as an ion buffering tank for the transportation of 
the electrolyte ions. Transmission electron microscopy 
(TEM) images of the HPC show a graphene sheet-like 
structure with interconnected micropores, which enhance 
the surface area of the material (Figs. 2b, d, f, h, S3a, 
S3c, S3e, S3g). These pores are developed as a result of 
gas bubble formation at high temperatures [50]. The pres-
ence of micropores improves the ion storage capability 
and thereby capacitive behavior in HPCs. The porous net-
work in HPC allows fast ion diffusion and provides more 
active sites, which enables its use in energy storage sys-
tems. Moreover, it is observed that FeO nanoparticles (of 
size ~ 13 nm) decorate the surface of the HPCs. This may 
be due to the reduction of  Fe3+ to  Fe2+/Fe using C/CO 
as a reducing agent during the  ZnCl2 activation at higher 
temperatures in the inert atmosphere [51].

TEM-Energy Dispersive Spectroscopy (EDS) analy-
sis (Fig. S3b, S3d, S3f, S3h) confirms the presence of N, 
O, and Fe in the HPCs. These heteroatom functionalities 
facilitate the improvement of specific capacitance through 
the pseudocapacitive behaviour [52].

X-ray photoelectron spectroscopy (XPS) measurements 
were used to investigate the chemical states of the elements 
present in HPC-800 °C. The survey spectrum (Fig. 3a) of 
the HPC-800 °C reveals the presence of C1s (283.7 eV), 
N1s (400 eV), O1s (533.1 eV), and Fe2p (710 eV). The 
C1s spectrum (Fig. 3b) was deconvoluted into the five 
peaks of C–C/C=C, C–N, C–O, C=N, and C=O bonds 
at 284.6 eV, 285.6 eV, 286.4 eV, 287.2 eV, and 288.6 eV, 
respectively. The N1s spectrum was deconvoluted (Fig. 3c) 
into pyridinic (398.1 eV), pyrrolic (400 eV), graphitic 
(401.7  eV) and nitrogen oxide (403.2  eV) peaks. The 
deconvoluted O1s spectrum (Fig.  3d) consists of four 
peaks at 529.3 eV, 530.7 eV, 531.9 eV, and 533.1 eV due to 
the presence of Fe–O, N–O, C–O, and C=O bonds, respec-
tively. The core spectrum of Fe2p was analyzed to identify 
the oxidation state of iron in FeO. The deconvoluted Fe2p 
spectrum (Fig. 3e) presents two peaks at the binding ener-
gies of 711.5 eV  (Fe2p3/2) and 726.2 eV  (Fe2p1/2) along 
with corresponding weak satellite peaks at 702.97 eV and 
719.05 eV, respectively, which is characteristic of  Fe2+ 

(1)Fe2O3 + 2CO → FeO + 2CO2
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Fig. 2  a SEM image and b 
TEM images of HPC-600 °C; c 
SEM image and d TEM images 
of HPC-700 °C; e SEM image 
and f TEM images of HPC-
800 °C; g SEM image and h 
TEM images of HPC-900 °C
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[53–55]. The HPC-800 °C was further characterized by 
elemental mapping analysis (Fig. S4), which supports the 
occurrence of O, N, and Fe. Based on these observations a 

schematic structural representation of HPC is displayed in 
Fig. 3f. The presence of N, O, and Fe functionalities will 
generate more electroactive sites in HPC, which favours 
its applications in energy storage devices [56].

Fig. 3  XPS spectra of HPC-800 °C a Survey scan, High resolution, b C1s, c N1s, d O1s, e Fe2p and f Structural representation of nitrogen, oxy-
gen, and iron-containing HPC
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3.2  Electrochemical performance of HPC electrode 
in aqueous electrolyte

The electrolyte selection is vital to develop high-perfor-
mance supercapacitors as it plays an important role in 
transferring charges at the electrode–electrolyte interface. 
Among the various categories such as aqueous, organic, 
ionic liquids, solid, and redox electrolytes, aqueous elec-
trolytes are commonly used for the preliminary evaluation 
of electrodes. In this study, nickel (Ni) foam is used as 
the current collector which is known to react with acidic 
and basic solutions compared to the neutral solutions. In 
order to prevent the interference of Ni foam in the capaci-
tive performance of the electrode material, sodium sul-
fate  (Na2SO4) is selected for the preliminary studies of the 
electrode material. The preliminary electrochemical evalu-
ation of the HPCs was carried out using a three-electrode 
system. The cell set-up was assembled using HPCs coated 
on Ni foam (mass loading ~ 1.5 mg  cm−2) as the working 
electrode, silver/silver chloride (Ag/AgCl) as a reference 
electrode, platinum (Pt) mesh as a counter electrode, and 
an aqueous solution of 1 M  Na2SO4 as the electrolyte. 
Figure S5a-d shows the cyclic voltammetry (CV) curves of 
HPCs at different scan rates ranging from 5 to 20 mV  s−1 
in a voltage window of − 0.6 to 0.8 V. The CV profiles of 
HPCs exhibited slightly deviated rectangular shape attrib-
uting to EDLC and pseudocapacitive behavior from the 
functionalities (N-containing functional groups and FeO). 
Compared to other HPCs, the CV curve of HPC-800 °C 
gives a higher integrated area due to high surface area and 
more accessible active sites, which will directly contribute 
to specific capacitance.

Further, galvanostatic charge–discharge (GCD) meas-
urements were carried out to evaluate the electrochemical 
performance of as-prepared HPCs. Figure S5e presents the 
GCD curves of HPCs at a current density of 0.8 A  g−1. The 
HPC electrodes exhibit a linear and nearly symmetric curve 
with pseudocapacitive behavior. The specific capacitance 
values are calculated from the discharge curve (see support-
ing information for details). The calculated values of specific 
capacitance for HPC-600 °C, HPC-700 °C, HPC-800 °C, 
and HPC-900 °C electrodes were 116 F  g−1, 182 F  g−1, 298 
F  g−1, and 268 F  g−1, respectively. The specific capacitance 
values show a trend that is on par with the surface area and 
pore volume of HPCs. Although there is no considerable dif-
ference in the surface area of HPC-700 °C (1678  m2  g−1) and 
HPC-900 °C (1628  m2  g−1), a huge disparity in their specific 
capacitance values (182 F  g−1 and 268 F  g−1) were observed, 
which may be attributed to the inaccessible narrow micropo-
res of HPC-700 °C compared to HPC-900 °C. Therefore the 
free movement of hydrated ions might be restricted to reach-
ing the surface of HPC-700 °C, creating electric dipoles on 
the surface of the HPC. The characteristics of CV and GCD 

curves of HPCs indicated that the contribution of pseudoca-
pacitance is minor compared to EDLC. This excellent elec-
trochemical performance exhibited by HPC-800 °C is due 
to the higher surface area, better pore size distribution, and 
presence of micro/meso/macropores, which ultimately favor 
ion transport. Again, the presence of functionalities such as 
N, O, and iron oxide fosters electrolyte accessibility and aids 
in improving electronic conductivity [57]. Further electro-
chemical studies were performed using HPC-800 °C due 
to its higher specific capacitance compared to other HPCs.

3.3  Electrochemical performance of symmetric cell 
in aqueous electrolyte

For practical applications, the electrochemical performance 
evaluation using the two-electrode system is preferred. 
Therefore, a symmetric SC (CR2032-type coin cell) has 
been fabricated using HPC-800 °C as positive and nega-
tive electrodes (mass loading ~ 1.5 mg  cm−2 per electrode), 
1 M  Na2SO4 as aqueous electrolyte, and cellulose material 
as the separator. Figure 4a shows rectangular like-shaped 
CV curves of HPC-800 °C//HPC-800 °C symmetric SC at 
the scan rate from 10 to 110 mV  s−1, which certifies capaci-
tive charge storage behavior electrode material. The GCD 
curves at different current densities from 0.5 to 10 A  g−1 
were displayed in Fig. 4b, which is triangular and almost 
symmetrical [58]. The HPC-800 °C//HPC-800 °C SC exhib-
ited a specific capacitance of 61 F  g−1 at 0.5 A  g−1 and the 
capacitance remains 53.8 F  g−1 even at 10 A  g−1, demon-
strating excellent rate capability (Fig. 4c). It is due to the co-
contribution of the high double-layer capacitance attributed 
to its high surface area and the additional small pseudoca-
pacitance contributed by the nitrogen-containing functional 
groups and iron oxide at the interface.

EIS studies were carried out to gain information about the 
electrode–electrolyte interface. Figure 4d and the inset shows 
the Nyquist plot and the corresponding equivalent circuit for 
HPC-800 °C//HPC-800 °C before and after 10,000 cycles. 
The Nyquist plot contains a depressed semicircle in the high-
frequency region and an inclined line in the low-frequency 
region. Semicircle at the high-frequency region is related to 
the internal resistance of the cathode which includes bulk 
impedance  (Rs) and interfacial impedance  (Rct). The inclined 
line at the low-frequency region corresponds to ion diffusion 
within the cathode (W). The equivalent circuit was fitted 
based on  Rs,  Rct, W, and  Cdl parameters.  Rs is the resistance 
of the electrolyte determined from the intersection of the 
front end of the semicircle on the Z axis.  Cdl is the capacitor 
element associated with electrical double-layer capacitance. 
W is the Warburg impedance related to diffusion resistance. 
The  Rct and W values increased from 7.6 to 7.94 Ω, and 0.03 
to 0.09, respectively after cycling, and  Cdl value decreased 
from 0.091 to 0.086 F. The straight line in the low-frequency 
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region is almost vertical before and after cycling indicating 
an ideal capacitive behaviour. The virtually same  Rct and 
ion diffusion resistance (W) values before and after cycling 
represent the electrochemically stable nature of HPC-800°, 
owing to its inherently doped functionalities and the well-
connected porous structure that aids ionic diffusion in the 
electrode [59, 60].

The Ragone plot of the HPC-800 °C//HPC-800 °C SC 
obtained from the discharge curves is displayed in Fig. 4e. 
The SC gives a maximum energy density of 27 W h  kg−1 
at a power density of 444 W  kg−1. It still gives an energy 
density of 23.5 W h  kg−1 even at a higher power density 
of 8844 W  kg−1 (the details of the calculation are given 
in the supporting information). In order to investigate the 

Fig. 4  Electrochemical characteristics of HPC-800  °C based sym-
metrical capacitor with 1  M  Na2SO4 electrolyte a, b CV and GCD 
curves of the symmetric cell at various scan rates and various current 
densities in aqueous electrolyte, c Specific capacitances of the sym-

metric cell at various current densities, d EIS analysis, e Ragone plot 
of symmetric cell and f Cycling stability at a current density of 0.5 A 
g.−1
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durability of the SC, a cycling stability test was performed 
at 0.5 A  g−1. Capacitance retention of 98% was observed 
even after 10,000 cycles with respect to the initial specific 
capacitance (Fig. 4f).

3.4  Electrochemical performance of symmetric cell 
in non‑aqueous electrolyte

Aiming toward practical application, the energy density 
of SC should be increased. This can be attained either by 
increasing the specific capacitance (C) or by increasing the 
voltage window (V). The energy density delivered by the 
SC employing aqueous electrolytes is always lower than that 
of the SC with non-aqueous electrolytes due to the lower 
operating voltage window of the aqueous system (< 2 V). 
In order to improve the energy density achieved using 1 M 
 Na2SO4, (27 Wh  kg−1), we have chosen a non-aqueous elec-
trolyte system based on 1 M LiTFSI in DOL/DME, which 
can provide a wide operating voltage window (0 to 3 V). The 
LiTFSI in DOL/DME system is a commonly used organic 
electrolyte in SCs because of its stability of its in higher 
potentials without decomposition [61, 62].

A symmetric cell was assembled using HPC-800 °C as 
electrodes (active material loading of ~ 1.5 mg  cm−2 per 
electrode), 1 M LiTFSI in DOL/DME as the electrolyte, 
and polypropylene (PP) as the separator. Figure 5a repre-
sents the CV curves at various scan rates ranging from 10 to 
110 mV  s−1, between the voltage window of 0 to 3 V. The 
CV curves demonstrate an ideal rectangular shape, indicat-
ing a perfect EDLC behavior. Even at high scan rates, the 
CV curve maintains the rectangular shape implying excellent 
rate capability. GCD measurements were performed at dif-
ferent current densities from 0.5 to 10 A  g−1 (Fig. 5b). The 
SC exhibited a linear charge–discharge profile at all current 
densities, which is in good agreement with the CV studies. 
The specific capacitance values were calculated from the 
discharge curves and the variation  in specific capacitance 
with current density is displayed in Fig. 5c. The calculated 
specific capacitance values are 54 F  g−1 at 0.5 A  g−1 and 46 
F  g−1 at 10 A  g−1, indicating good rate capability.

Figure 5d shows the Nyquist plot of HPC-800 °C//HPC-
800 °C SC in LiTFSI electrolyte before and after cycling 
(inset shows the corresponding equivalent circuit model). 
An increased  Rct and ion diffusion resistance values are 
observed with LiTFSI electrolyte compared to the cell with 
 Na2SO4 electrolyte due to the poor ionic conductivity of 
LiTFSI compared to  Na2SO4 [63]. Since the same current 
collector and material are used, the change in  Rs is likely 
contributed by the internal resistance of the electrolyte. The 
 Rct and W values are increased from 21.4 to 28.22 Ω and 
0.05 to 0.11, respectively after cycling,  Cdl value decreased 
from 0.086 to 0.075 F with ~ 88% capacity retention. The 
assembled cell shows an ideal supercapacitor behaviour 

before and after cycling since the straight line in the War-
burg region is almost vertical before and after cycling. There 
is only a minor difference observed in  Rct and ion diffusion 
values before and after 10,000 cycles, indicating the struc-
tural integrity and long-term ion adsorption capability of 
HPC-800 °C.

The relationship between energy density and power 
density is depicted in Fig. 5e. The fabricated SC in non-
aqueous electrolyte exhibits a maximum energy density of 
67.8 W h  kg−1 at a power density of 749 W  kg−1 and it 
retains 46 W h  kg−1 at 15,000 W  kg−1, which is better than 
many previously reported non-aqueous SC systems based 
on biomass-derived porous carbon (Table S6). The superior 
electrochemical performance exhibited by HPC-800 °C//
HPC-800 °C can be attributed to the presence of N and Fe 
dopants in a high surface area porous carbon matrix, which 
favors its capacitive property [64]. The cycling stability of 
HPC-800 °C// HPC-800 °C SC with organic electrolyte was 
tested at a current density of 0.5 A  g−1 (Fig. 5f). The SC cell 
exhibited only a slender degradation in capacitance during 
the initial cycles with capacitance retention of 88% even 
after 10,000 cycles. The variation in  Rct and W values before 
and after cycling is attributed to the capacitance degradation. 
The inset shows illuminating a white light emitting diode 
(LED) using symmetrical SC for a duration of 2 min.

The excellent capacitance performance of the HPC-
800 °C electrode can be attributed to the following unique 
properties of HPC-800 °C: (i) high surface area and pore 
volume with a considerable amount of micro/ meso/ 
macropores positively assisted in developing more amount 
of an electrical double layer between the electrode surface 
and electrolyte interface (ii) presence of a highly intercon-
nected network with hierarchical pores which helps to tune 
channels for the diffusion and transmission of ions (iii) 
improvement in its electrolyte wettability/ accessibility and 
electronic conductivity due to the presence of inherently 
doped N and Fe.

4  Conclusion

High surface area porous carbon inherently doped with N, 
O, and Fe was derived from vetiver roots by a simple and 
scalable method. The prepared hierarchical porous carbons 
(HPCs) hold a tubular structure with heteroatom function-
alities. The HPC obtained at a carbonization temperature of 
800 °C (HPC-800 °C) provided the highest BET surface area 
of 1879  m2  g−1 and total pore volume of 0.91  cm3  g−1. The 
electrochemical performance of HPC-800 °C was analyzed 
as an electrode material for SC applications. The HPC-800 
°C electrode displayed an excellent capacitance performance 
(296 F  g−1 at 0.8 A  g−1) in the aqueous electrolyte. Aiming 
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toward practical application, a symmetric SC cell was fabri-
cated in aqueous and non-aqueous electrolyte systems. The 
symmetric cell assembled in a non-aqueous system exhib-
ited a maximum energy density of 67.8 W h   kg−1 and a 

maximum power density of 15,000 W  kg−1. The SC per-
formance using HPC-800 °C electrode demonstrates that 
the vetiver root is a promising precursor for the synthesis of 
heteroatoms doped HPC for EDLC applications.

Fig. 5  Electrochemical characteristics of HPC-800  °C based sym-
metrical capacitor with 1  M LiTFSI electrolyte a, b CV and GCD 
curves of the symmetric cell at various scan rates and various current 
densities in the aqueous electrolyte; c Specific capacitance of sym-
metric cell at various current densities; d EIS analysis at the open cir-

cuit potential in the frequency range from 0.1 to 10 K Hz.; e Ragone 
plot of symmetric cell; f cycling stability at a current density of 0.5 A 
 g−1 (inset shows a white LED powered by two symmetrical devices in 
series with 1 M LiTFSI electrolyte)
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A B S T R A C T   

The relationship between Arctic Oscillation Index (AOI) and southwest monsoon rainfall (SWMR) over India is 
re-examined by dividing the AOI and SWMR data for the years 1957–2018 into three nearly two-decade seg-
ments. The results from the correlation analysis reveal that though the expected positive correlation is observed 
between February AOI and SWMR during 1957–1977 and 1978–1998, the correlation drastically changes to 
negative during 1999–2018. It is suggested that the weakening of cross-equatorial flow due to the positive 
Atlantic sea surface temperature anomaly during 1999–2018 might have contributed to the unusual behaviour.   

1. Introduction 

In India, monsoon rainfall is a major factor, which influences both 
the climate and economy of the country. India receives the major 
portion of rainfall from the Southwest monsoon (June to September) and 
from Northeast Monsoon (October to December). The Southwest 
monsoon contributes to 75% of rainfall all over India (Parthasarathy 
et al., 1994), while the Northeast monsoon contributes mainly towards 
rainfall over the southeastern part of India. There have been a number of 
studies on the variabilities and trends of southwest monsoon rainfall 
(SWMR) and northeast monsoon rainfall (NEMR) and the factors influ-
encing them. The southwest monsoon is influenced by both tropical and 
mid-latitude weather systems (Tao and Chen, 1987). El Nino Southern 
Oscillation (ENSO) is one of the major factors which can impact the 
SWMR (Rajeevan and Pai, 2007). However, the relationship between 
ENSO and SWMR appears to be weakened in the recent years (Kumar 
et al., 2007). The weakening relation is observed to be due to the 
strengthening and poleward shift of jet steam over the North Atlantic 
(Chang et al., 2001). Many extra-tropical parameters, namely Eurasian 
snow cover (SC), Eurasian surface temperature, North Atlantic Oscilla-
tion (NAO), Arctic oscillation (AO) etc have teleconnections with the 
SWMR (Hahn and Shukla 1976; Dey and Bhanukumar., 1982; Dugam 
et al., 1997 to state a few). Particularly, the Eurasian surface tempera-
ture is one of the major factors which can have a strong influence on the 
SWMR and the relationship has been found to be enhanced in recent 
decades (Chang et al., 2001). 

The influence of extra tropical oscillations like Arctic Oscillation 
(AO), North Atlantic oscillation (NAO) etc. over various atmospheric 
and ocean parameters has been studied well (Wallace and Gutzler 1981; 
Hurrell 1995; Simmonds and Jacka 1995; Thompson and Wallace 1998; 
Gong and Wang 1999). Both AO and NAO are oscillations of masses 
between high to mid-latitudes. The NAO reflects in the monthly mean 
sea level pressure of high to mid-latitudes over the Northern Hemisphere 
(Thompson and Wallace, 2000). The Arctic Oscillation Index (AOI) has 
two phases. The positive AOI phase refers to the low surface pressure in 
the polar region that leads to strong and consistent eastward flow of the 
mid-latitude jet stream resulting in the locking of the Arctic air in the 
polar region. When the AOI is negative, the polar surface pressure is high 
and the mid-latitude jet stream weakens leading to the penetration of 
polar air to the mid-latitudes. The see-saw pattern between the positive 
and negative phases is in the time scale of weeks to months. There are 
several studies that connect the negative AOI and surplus of Asian 
monsoon (Huang et al., 2016a, 2016b; Park et al., 2011; Gong et al., 
2001). Besides, the AOI can influence the surface storm pattern and 
hence surface temperature and precipitation (Lefebvre et al., 1997; 
Greatbatch, 2000; Rao et al., 2003; Visbeck, 2009). The strong negative 
AOI is accompanied by strong planetary wave activity, which can per-
turb the polar vortex to cause sudden stratosphere warming (SSW) 
events (Taguchi, 2018; Domeisen et al., 2020b; Rao et al., 2020b). The 
AOI can influence stratosphere-troposphere coupling and hence tropo-
spheric weather through the downward propagation of extratropical 
anomalies (Kodera et al., 1990; Rind et al., 2005; Kakade and Kulkarni, 
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2017; Mai et al., 2020). The AOI can also influence the SWMR through 
the Eurasian snow cover. The winter snow cover variability over Europe 
has a direct relationship with the AO variability (Yeo and Kim, 2016). 
The Eurasian snow cover influences the Northern hemisphere heat and 
moisture budget (Barnett et al., 1988, 1989). The variation in the 
Eurasian snow cover influences the Indian summer monsoon (Kripalani 
and Kulkarni., 1999; Bamzai and Shukla, 1999). The AOI can influence 
the East Asian summer climate through different pathways (He et al., 
2017). The winter/spring AO changes the Sea Surface Temperature 
(SST) over the North Atlantic (e.g. Cui et al., 2013; Otomi et al., 2013), 
the Indian (e.g. Gao et al., 2014) and the North Pacific (e.g. Gong et al., 
2011) Oceans. The tripole pattern in the SST with positive (negative) 
SST anomalies over Northwest Atlantic and negative (positive) SST 
anomalies over sub-polar and tropical ocean is associated with strong 
(weak) East Asian summer monsoon (Wu et al., 2009; Zuo et al., 2012). 
Gong et al. (2011) observed a positive relation between AOI in March-
–May and East Asian summer monsoon especially north of 25◦N. How-
ever, Gao et al. (2014) reported a significant shift in the relation 
between the March–May AOI and East Asian monsoon in late 1990s. 
There are many studies which emphasize the role of AO on the East 
Asian Climate (Gong et al., 2001; Jeong and Ho, 2005; Park et al., 2010). 
The preceding winter/spring AO shows out of phase relation with the 
East Asian summer monsoon (Gong and Ho, 2003; Gong et al., 2011). 
The wave pattern over the Eurasian and north Atlantic region is 
observed to be responsible for the connection between SST and East 
Asian summer monsoon (Zuo et al., 2013). 

Though many studies reported the positive correlation between AOI 
and SWMR (Kakade and Kulkarni, 2017; Goswami et al., 2006; Roy, 
2011 etc), their relationship is still a subject of debate and hence it is 
re-examined in the present study. It is shown that the well-known pos-
itive relation between AOI and SWMR seems to be shifting to negative 
along with the increasing trend of the AOI during the recent decades. 

2. Data sets used 

2.1. Rainfall data 

Daily rainfall data with the grid resolution of 1ox1◦ from Indian land 
points were available at National Climate Centre (NCC), India Meteo-
rological Department (IMD), Pune for the years 1957–2018. These data 
are based on the rain gauge observations from 1803 stations (Rajeevan 
et al., 2006). These data were further improved to the resolution of 
0.25◦ × 0.25◦ using rainfall records from 6955 rain gauge stations in 
India (Pai et al., 2014). The high-resolution rainfall data from 1957 to 
2018 have been taken for this study. The entire study period is divided 
into three segments of 21 years as 1957–1977, 1978–1998 and 
1999–2018. 

2.2. Arctic Oscillation Index (AOI) 

The monthly mean AOI for the present study is obtained from cpc. 
ncep.noaa.gov/products/precip/CWlink./daily_ao_index. Empirical 
Orthogonal Function (EOF) was applied to the monthly mean 1000-hPa 
(700-hPa) height anomalies poleward of 20◦N (20◦S) to obtain the 
dominant teleconnection patterns in the atmospheric circulation, which 
capture the maximum amount of explained variance. The first dominant 
mode is the AO. As the AO has the maximum variability during the cold 
season, the loading patterns primarily capture characteristics of the cold 
season patterns. Both time series are normalized by the standard devi-
ation of the monthly index (1979–2000 base period). 

2.3. ERA interim data 

In the present study, the European Centre for Medium Range 
Weather Forecasting (ECMWF) reanalysis (ERA) interim monthly mean 
SC data and sea surface temperature (SST) for the years 1981–2018 are 

used. The ERA interim data sets are the results from analysis conducted 
at 6-h intervals available for different latitude–longitude grids from 3◦

× 3◦–0.125◦ × 0.125◦ and are prepared by ECMWF using their variation 
data assimilation system (Berrisford et al., 2009). These data sets are 
currently available in the website data portal: ecmwf. 
int/datasets/data/interim-full-daily/ for 15 isentropic levels and 37 
pressure levels. In the present study, the data sets with grid size 1.5◦ ×

1.5◦ are used. 

3. Results 

3.1. Arctic oscillation and southwest monsoon rainfall (SWMR) 

In order to express the relationship between AOI and SWMR quan-
titatively, temporal correlation analysis is employed. The significance of 
the correlation is inferred from the p-value, which is obtained by testing 
the hypothesis of no correlation against the alternative that there is a 
non-zero correlation. If the p-value is less than 0.05, the correlation 
coefficient (cc) is significant. The correlation analysis has been per-
formed between SWMR and AOI for the months of January to 
September. The AOI shows a significant correlation with SWMR in 
February. The obtained cc values are 0.62, 0.63, and − 0.67 respectively 
in the time periods 1957–1977, 1978–1998 and 1999–2018 . Though 
significant correlations are observed in some other months also, it is not 
consistently observed in all the three quasi two-decade segments. 
Though the positive correlation between AOI and SWMR is expected 
(Park et al., 2011; Gong et al., 2001; Goswami et al., 2006; Roy, 2011 etc 
to state a few), it is interesting to note that the relation between AOI and 
SWMR changes from positive to negative during 1999–2018. In order to 
get a detailed grid-wise relation of SWMR with the AOI, the cc between 
each latitude-longitude grid for the February month AOI and the SWMR 
are depicted in Fig. 1. The grids having significant cc are only shown in 
the figure. The change in the relation from positive to negative is 
observed over the majority of the grids during 1999–2018. 

3.2. Eurasian SC and southwest monsoon rainfall 

The Eurasian SC is another well-known factor which can influence 
the SWMR (Hahn and Shukla., 1976; Dey and Bhanukumar, 1982; 
Dickson, 1984; Kripalani and Kulkarni, 1999 etc to state a few.). For the 
present study, the Eurasian regions 50-70◦N and 70-140◦E (Prabhu 
et al., 2017) are taken for the analysis. The correlation analysis is per-
formed to obtain the relation between the SC and the SWMR. As the ERA 
SC data are available only from 1981, the data period is divided into 
1981–1998 and 1999–2018. It is found that the SWMR correlates 
significantly negatively with the Eurasian SC in October month of the 
previous year and April month of the current year in both the quasi 
two-decade segments 1981–1998 and 1999–2018. The correlation co-
efficients for the respective periods are − 0.57 and − 0.76 (Fig. 2) for 
October and − 0.45 and − 0.58 for April (Fig. 3). 

3.3. Eurasian SC and arctic oscillation 

The SC can influence the large-scale atmospheric circulation through 
the albedo effect and its thermal insulating property (Cohen and Rind., 
1991). The latitude-longitude grid-wise correlation is obtained between 
Eurasian SC and Artic Oscillation for each month. It is observed that the 
SC in October month of the previous year correlates significantly with 
the AOI in February. Fig. 4 shows the latitude-longitude grid-wise cor-
relation between Eurasian SC in October month of the previous year and 
AOI in February. During 1981–1998, the SC and AOI show a negative 
correlation (<− 0.5) over 60-70◦N in the entire longitude grid consid-
ered in the present study. Further at lower latitudes 50-55◦N the cor-
relation is positive (>0.5) in the longitude band 125-140◦E. Though a 
negative correlation is noted over the majority of the latitude-longitude 
grids, the correlation is shifted to positive (>0.5) over the entire study 
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area (50-70◦N and 70-140◦E) during 1999–2018. 

3.4. Atlantic sea surface temperature and arctic oscillation 

The North Atlantic Oscillation (NAO) is a different representation of 
AOI, though the latter covers much wider Arctic area (0-90◦N). The NAO 
variability is limited to the north Atlantic sector. However, the AOI 
represents the northern hemispheric variability. Moreover, the AOI is 
applicable for a much wider range and the NAO is applicable only the 
during the winter season (Thompson and Wallace, 2000). Sayaka and 
Kimio (2001) reported the variation in SST anomalies over North 
Atlantic and North Pacific coherently with the AOI. The Atlantic SST has 
a major role on the Canadian high arctic region through its influence on 
air temperature and SC (Lapointea et al., 2020). 

The correlation coefficients between SST over Atlantic region (20- 

50◦N, 250-360◦E) and AOI for the quasi two-decade segments 1981- 
1998 and 1999–2018 are obtained for all the months. It is observed 
that the Atlantic SST in December significantly correlates positively with 
the AOI in February, as shown in Fig. 5. The correlation coefficients are 
found to be 0.6 and 0.4 for the two quasi two-decade segments 
1981–1998 and 1999–2018 respectively. Though the positive correla-
tion persists, there is a reduction in the correlation in the recent quasi 
two-decade segment (1999–2018). The time mean removed SST over the 
Atlantic sector in December for each grid is obtained separately for 
1981–1998 and 1999–2018 and shown in Fig. 6. The SST anomaly is 
negative and less than − 0.6 during 1981–1998. However the SST 
anomaly is positive is greater than 0.2 over the majority of the grids 
during the recent quasi two-decade segment (1999–2018). 

Fig. 1. Latitude-Longitude cross-section of the significant correlation coefficients between Arctic Oscillation Index for the February month and all India averaged 
Indian Summer Monsoon Rainfall (SWMR) for the periods (a) 1957–1977, (b) 1978–1998, (c) 1999–2018. 

Fig. 2. Time lagged correlations between Snow Cover (SC) in October (of previous year) and all India summer monsoon rainfall anomalies for the periods (a) 
1981–1998 and (b) 1999–2018. 
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4. Discussion 

In the present study, the well-known relationship between the AOI 
and the SWMR is re-examined using the data for the recent three quasi 
two-decade segments 1957–1977, 1978–1998, and 1999–2018. The 
positive phase of Arctic Oscillation is associated with low-pressure 
anomalies over the high latitude region and high-pressure anomalies 
over mid-latitude region. The high pressure over the subtropics during 
the positive phases strengthens the westerlies. The north Atlantic 
oscillation (NAO), an alternative representation of AOI shows a trend 
toward a positive phase (Visbeck, 2009). This trend has a prolonged 
impact on weather and climate such as the overturning of Atlantic 
meridional circulation (Lilly et al., 1999). The AOI in February shows a 

positive correlation with SWMR during the first two decades 
(1957–1977 and 1978–1998). Since the arctic oscillation can influence 
the SWMR through the Eurasian SC, the correlation analysis has been 
performed between the Eurasian SC over the region 50-70◦N and 
70-140◦E with both SWMR and AOI. The positive phase of AOI locks the 
Arctic air into the high latitudes and it can decrease the Eurasian SC. 
Hence, there is an increase in the surface temperature over the Eurasian 
region leading to an increase in the SWMR. The Eurasian SC can change 
the amount of absorption of incoming solar radiation, create soil mois-
ture anomalies and thereby determine the Earth’s climate and weather. 
The albedo effects of SC influence the surface temperature and density in 
addition to the atmospheric temperature through diabetic heat transfer 
(Xu and Dirmeyer, 2011). The influence of the SC on the Indian monsoon 
has been recognized more than a century ago and it has been one of the 
forecasting tools for predicting the highly varying Indian monsoon. Both 
observational and modeling studies have established the inverse rela-
tionship between Eurasian snow and SWMR (Hahn and Shukla 1976; 
Dey and Bhanukumar, 1982; Dickson, 1984; Kripalani and Kulkarni, 
1999; Shukla, 1984; Dash et al., 2005; Turner and Slingo., 2011 to state 
a few). In the present study, a significant negative correlation is obtained 
between the SWMR with the Eurasian SC in October month of the pre-
vious year. The April Eurasian SC also correlates negatively with the 
SWMR. The negative correlation between Eurasian SC and SWMR is 
observed to be consistent throughout the entire time period. 

Irrespective of the direct albedo effect and its influence on rainfall, 
the SC can influence the AOI through planetary wave activity. It is 
observed that there is a deceleration of polar night jet due to upward 
propagating tropospheric planetary waves followed by an extensive SC 
(Saito et al., 2001; Cohen et al., 2001, 2002, 2014). There are studies 
that relate the extended SC over Eurasia during April to the strength-
ening of planetary wave activities from the troposphere to stratosphere 
in November. This leads to the weakening of the polar vortex in 
December and January and hence the negative AO during January and 
February (Cohen and Entekhabi, 1999; Cohen et al., 2007; Fletcher 
et al., 2009; Allen and Zender, 2010). The latitude-longitude grid-wise 
correlation is obtained between the Eurasian SC and the AOI and it is 
observed that there is a significant negative correlation with the AOI of 
the previous year’s October and also with the current year’s February 
during 1981–1998. However the relation between the same changes to 
positive during 1999–2018. This change in the relationship can be a 
reason for the observed relation between October SC and SWMR and 

Fig. 3. Time lagged correlations between Snow Cover (SC) in April and all India summer monsoon rainfall anomalies for the periods (a) 1981–1998 and 
(b) 1999–2018. 

Fig. 4. Longitude-latitude cross-section of significant correlation between 
October month Eurasian (50◦-70◦N, 70◦E-140◦E) snow cover and February 
Arctic Oscillation for the periods (a) 1981–1998 and (b) 1999–2018. 
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with the February AOI and SWMR. However, the relation between AOI 
with both the Eurasian SC and SWMR reverses during 1999–2018. The 
Atlantic SST is one of the major parameters which can influence the AOI 
(Sayaka and Kimio, 2001). The former can influence the high Arctic 
through the air temperature and SC (Lapointea et al., 2020). Hence the 
correlation analysis has been performed between Atlantic SST and AOI. 
The December month SST of the previous year significantly correlates 
positively with the February AOI of the next year. However, the corre-
lation between Atlantic SST and AOI is observed to be reduced from 0.6 
in 1981–1998 to 0.4 in 1999–2018. The time-mean removed SST over 
the Atlantic sector in December for each grid is obtained separately for 
the years 1981–1998 and 1999–2018. The SST anomaly is negative and 

less than − 0.6 during 1981–1998. However, the SST anomaly is positive 
and it is greater than 0.2 over the majority of the grids. Sabeerali et al. 
(2019) reported an inverse relation between Atlantic zonal mode (AZM) 
and SWMR . They also noted an increase in the number of AZM events 
associated with an increase in SST over the equatorial eastern Atlantic 
Ocean. This in turn alters large-scale monsoon circulation through the 
enhancement of Kelvin waves over the Indian Ocean. The cold (warm) 
phase of Atlantic SST coincides with the strong (weak) SWMR. 
Kucharski et al. (2009) shows Kelvin wave response towards Indian 
Ocean and Rossby wave response towards North America and East Pa-
cific in connection with SST anomalies over the tropical Atlantic. The 
warm (cold) phase of Atlantic ocean leads to anomalous tropospheric 

Fig. 5. Time lagged correlations between Atlantic (20◦- 40◦N, 250◦-360◦E) Sea surface temperature in December and Arctic Oscillation index in February for the 
years (a) 1981–1998 and (b) 1999–2018. 

Fig. 6. Longitude-latitude cross-section of Atlantic sea surface temperature anomalies in December averaged for the years (a) 1981–1998 and (b) 1999–2018.  
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warming (cooling) over the equatorial Indian Ocean and hence reduces 
(enhances) the meridional tropospheric temperature gradient over the 
monsoon domain. This in turn reduces (enhances) the low-level 
monsoon wind and moisture transport to Indian monsoon region (Xav-
ier et al., 2007; Sabeerali et al., 2012). Srivastava et al. (2002) observed 
the coincidence of below-normal rainfall years with the positive OLR 
associated with positive SST over the Atlantic region. They also obtain 
the negative correlation between the OLR and 850 hPa zonal wind from 
the Atlantic region to the west Arabian Sea. The positive OLR is asso-
ciated with 850 hPa easterlies over the Arabian Sea and westerlies over 
the south Indian Ocean in July. Hence the positive OLR anomaly could 
have contributed to the weakening of south-easterly winds and 
south-westerlies respectively over the south of the equator and over the 
Arabian Sea. The weakening of these two branches weakens the 
cross-equatorial monsoonal flow and hence SWMR. The increase in SST 
over the Atlantic region in this global warming era might have 
contributed to the reduction in the relation with AOI and hence with 
SWMR. Fig. 7 shows the schematic diagram which explains the 
connection between AOI and SWMR through SC and hence Atlantic SST. 

The AOI shows an inceasing trend since the year 1980 (not shown). 
The AO can influence the stratosphere-troposphere coupling through the 
downward propagation of extratropical anomalies (Kodera et al., 1990) 
and hence the weather in the troposphere. Hu and Tung (2003) observed 
around 130% enhancement in the equatorward EP flux suggesting 
refraction of planetary waves from the high to low latitude. This over-
turning planetary wave activity during recent decades can influence the 
monsoon (Bordoni and Schnrider, 2008). This planetary wave activity 
might have been influencing the monsoon other than the direct relation 
between AOI induced meridional temperature gradient and monsoon 
rainfall and hence the reversal of the relation between AOI and SWMR 
during the recent decades. 

5. Summary and conclusions 

The results obtained from the present study can be summarized as 
follows.  

1. The February AOI significantly correlates with the SWMR during 
the period 1957–1998. However the well known positive relation 
between AOI and SWMR changes to negative during 1999–2018.  

2. Since there is a feedback mechanism between Eurasian SC and 
AOI the relation between Eurasian SC with SWMR and AOI has 
been obtained.  

3. The previous year October and the running year April SC over 
Eurasia seem to be significantly correlated negatively with 
SWMR.  

4. The SC during October negatively correlates with February AOI 
during 1981–1998. However the relation drastically changes to 
positive during 1999–2018.  

5. The relation between both SC and rainfall with AMO shifted from 
negative to positive during 1999–2018.  

6. The decrease in planetary wave activity due to increase in AOI 
might have been one of the possible reasons for the reverse 
relationship between AOI and with both SWMR and Eurasian SC.  

7. Though there is positive correlation between Atlantic SST and 
AOI, there is significant reduction in the correlation.  

8. The time mean removed Atlantic SST shows increase in SST 
during 1999–2018. This might have reduced the correlation be-
tween Atlantic SST and AOI and hence the relation of the latter 
with both Eurasian SC and SWMR.  

9. The well-known inverse relationship between increase in SST 
over the Atlantic Ocean and SWMR might be one of the reasons 
for the shift in relation between AOI and SWMR in the recent 
decades.  

10. The more refraction of planetary wave towards the equatorial 
region associated with the positive shift in AOI is suggested to be 
one of the key factors for the shift in the relation between AOI and 
SWMR in the recent decades. 
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The possible inCuence of potential vorticity (PV) intrusion events in the southern low-latitude upper
troposphere over the longitude region 0–90�E during June–September on the southwest monsoon rainfall
(SWMR) over India is investigated using ERA-interim potential vorticity data and high resolution
gridded IMD (India Meteorological Department) rainfall data. It is found that unlike in the northern
hemisphere, the PV intrusion events are more frequent in the southern low-latitudes in the longitude
region 0–90�E during June–September and they are present irrespective of the phase of the El Nino
Southern Oscillation (ENSO). More PV intrusion events into the southern hemispheric low-latitude
upper troposphere are observed during the negative SWMR anomaly years. The cross-equatorial Cow is
observed to be weak during intrusion events. The deep penetration of PV into the lower troposphere in
southern hemisphere reverses low-level wind direction from north to south during or the next day of the
PV anomaly events. This reversal of low-level wind leads to a break in the SWMR, which can be inferred
from the positive time mean removed OLR ([10 W/m2) during high PV event days. It is suggested that
the reversal of low-level wind induced by PV intrusion event may have prevented moisture transport to
India, resulting in break spell and hence reduced rainfall.

Keywords. Potential vorticity anomaly; PV climatology; southwest monsoon; PV anomaly.

1. Introduction

India receives rainfall mainly from southwest
monsoon during June–September and northeast
monsoon during October–December. The south-
west monsoon contributes towards major portion
of rainfall all over India, while the southeast part of
India gets rainfall mainly from the northeast
monsoon. India receives 75% of its rainfall from the
southwest monsoon (Parthasarathy et al. 1994).
The inter-annual variability of the southwest

monsoon can impact largely the Indian economy,
which is mainly based on agriculture. Hence, it is
important to study the factors inCuencing south-
west monsoon rainfall (SWMR).
There have been a number of studies on the

variabilities and tendencies of southwest monsoon
rainfall and the factors inCuencing them. Bhat-
tacharyya and Narasimha (2000) noted greater
rainfall during high solar activity and attributed
it possibly to the displacement of Hadley cell. The
El Niño Southern Oscillation (ENSO) induced
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large-scale forcing is one of the most inCuencing
factors of the SWMR (Rajeevan and Pai 2007),
though the relationship appears to be weakened in
recent years (Kumar et al. 2007).
Earlier studies have shown that the SWMR can

be inCuenced by stratospheric processes. There
have been a number of studies, which relate the
SWMR with the stratospheric winds based on
correlation analysis (Bhalme et al. 1987 and refer-
ences therein).
Besides, the inCuence of potential vorticity

(PV) intrusion events on the monsoon rainfall
over other longitude sectors has been recognised
in recent years. The intrusion of relatively higher
PV into the low-latitude upper troposphere can
lead to lowering of dynamical tropopause, higher
vertical motion ahead, cyclogenesis and heavy
precipitation (Krichak et al. 2014). The PV
intrusions are nearly always accompanied by deep
convection due to decrease in the static stability,
together with the translational motion of the
anomaly itself, resulting in a vertical motion at
low levels (Kiladis 1998; Funatsu and Waugh
2008). Iwabe and Rocha (2009) reported on the
development of surface cyclogenesis associated
with coupling between an upper-level PV anomaly
and a lower-level air–sea interaction over South
Atlantic Ocean. Huang and Wright (2016) pro-
posed a PV-based index for the intensity of East
Asian Winter Monsoon (EAWM). The index
could capture majority of the essential aspects of
the EAWM. Their regression analysis shows that
occurrence of cold temperature anomaly coincides
with the EAWM Index [0.2 PVU (Huang et al.
2017). There are a few studies which conBrm the
strong relation between upper-level PV anomaly
and extreme precipitation events (Browning 1997;
Schlemmer et al. 2010).
Most of the studies have focussed on dynamics

and synoptic scale variability of the PV intrusions
during northern hemispheric winter months,
December to February (Webster and Holton 1982;
Kiladis and Weickmann 1992; Hoskins and
Ambrizzi 1993; Kiladis 1998; Waugh and Polvani
2000). Though the inCuence of PV on the pre-
monsoon (March–May) rainfall over the Indian
sector has been reported, the northern hemispheric
PV intrusion events are absent during summer
monsoon months (June–August) over Indian sector
due to the presence of tropical easterly jet (Sand-
hya and Sridharan 2014). The role of upper tro-
pospheric dynamics in inCuencing SWMR is well
studied. There are several studies which link the

upper tropospheric extratropical intrusion of air
into the tropical region, which leads to the deBcit
SWMR (Ramaswamy 1962; Krishnan et al. 2000;
Samanta et al. 2016).
However, the wind at 850 hPa during

June–August, shows a cross-equatorial Cow on the
east coast of Africa (Findlater 1969). This cross-
equatorial Cow, commonly known as Findlater jet,
is expected to transport the high negative PV air
from southern hemisphere to northern hemi-
sphere. The injection of high negative PV air from
southern to northern hemisphere can lead to
instabilities in the lower troposphere, and hence it
can inCuence the Asian monsoon (Rodwell and
Hoskins 1995). In the present study, the inCuence
of the PV intrusion event into the southern
hemispheric tropical upper troposphere on the
SWMR is investigated.

2. Data used

2.1 IMD gridded rainfall data

A 1�91� gridded daily rainfall data over Indian
land points from National Climate Centre (NCC),
India Meteorological Department (IMD), Pune
(Rajeevan et al. 2006) for the years 1957–2018 are
based on the observations from 1803 stations. The
newly launched very high resolution (0.25� 9
0.25�) daily gridded rainfall dataset over Indian
land points from IMD (Pai et al. 2014) used daily
rainfall records from 6955 rain gauge stations in
India. The rainfall averaged for the months
June–September (JJAS) for each year to get the
yearly variation of the rainfall. The long-term
(1957–2018) mean JJAS rainfall is removed from
the JJAS mean rainfall for the individual years
to obtain the yearly variation of the southwest
monsoon rainfall anomaly.

2.2 ECMWF potential vorticity (PV) data

In the present study, the European Centre for
Medium Range Weather Forecasting (ECMWF)
reanalysis (ERA) interim PV data at 350 K
isentropic level for the years 1984–2018 are used.
The ERA-interim datasets are results from the
analysis conducted at 6-hr intervals available for
different latitude–longitude grids from 3� 9 3� to
0.125� 9 0.125� and are prepared by the ECMWF
using their variation data assimilation system
(Berrisford et al. 2009). However, the datasets
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with grid size 1.5� 9 1.5� are used in the present
study. These datasets are currently available in
the website data-portal.ecmwf.int/datasets/data/
interim-full-daily/ for 15 isentropic levels and 37
pressure levels. The 350 K isentropic level has
traditionally been used to identify the occurrence
of PV anomalies in the tropical troposphere
(Waugh and Polvani 2000). The JJAS mean PV
at 350 K in the longitude region 0–90�E is in the
range 0.2–0.35 potential vorticity unit (PVU) (1
PVU = 10�6 km2 kg�1 s�1) with a maximum
standard deviation of 0.5 PVU at 15�S (Bgure 1).
Hence, the PV intrusion events in the longitude
region 0–90�E can be identiBed by Bxing a
threshold value greater than 1 PVU at 350 K
isentropic level (*12 km height). The PV events
extending over 15� longitude with temporal
extend 1–7 days are taken as single PV events.

2.3 Outgoing longwave radiation (OLR)

The OLR data for this study is obtained from
National Oceanic and Atmospheric Administra-
tion-National Centres for Environmental Predic-
tion (NOAA-NCEP). The data are interpolated in
time and space from NOAA twice-daily OLR
values and averaged to once daily. The datasets
have been available globally for every 2.5� 9 2.5�
latitude–longitude grid since 01 June 1974. Low
value of OLR (\150 W/m2) represents high cloud
top heights and it has been used as an indicator
for deep convection (Liebmann and Hartmann
1982).

3. Results

3.1 PV intrusions during the southwest
monsoon season (JJAS)

Figure 2 shows the interannual variability of the PV
intrusion events in the longitude band 0–90�E for the
years 1984–2018 during JJAS, respectively, over
15�, 10� and 5�S. At 15�S, maximum PV intrusion
events occur in the year 2017 (16 events) and mini-
mum (6 events) in the years 1984–1985, 1988,
1995–1996, 1998, 2008, 2011 and 2013. Further to
the north of 10�S, there were 10 PV intrusion events
in the years 2009 and 2017.However, therewere only
two PV intrusion events during the years 1988, 1994
and 1996–2000. Unlike 15�S and 10�S, the number of
PV intrusion events reduced further at 5�S since the
threshold value for identifying the PV events is Bxed
as the same. At 5�S, there were 3 PV events in the
years 1984, 2001 and 2013. However, there was no
PV event in the years 1985–1987, 1989–1990,
1993–2000, 2005–2006, 2008, and 2011.

3.2 Southern hemispheric PV anomaly
and southwest monsoon rainfall

In order to observe the relation between southern
hemisphere upper troposphere high PV events and
SWMR, some years are selected randomly with
positive and negative rainfall anomalies. Figure 3
shows the longitude–time cross-section of the PV
at 350 K isentropic level over 15�S for the years
2002 and 1987. Both are the years with negative

Figure 1. Interannual variation of mean and standard deviation of PV at 350 K during southwest monsoon season (JJAS) over
southern hemisphere (15�S, 0–90�E) for the years 1984–2016.
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southwest monsoon rainfall anomalies of �45.4 and
�31.2 cm, respectively. In addition, both the years
2002 and 1987 are El Nino years with JJAS mean
SOI of �9.2 and �16.0, respectively. There are 10
and 8 upper tropospheric high PV events at 15�S
over 0–90�E for the years 2002 and 1987, respec-
tively. The events last for more than 3 days and
spatial extension of anomaly events is 10–20� inmost
cases. From June to early August (peak days of
monsoon), four high PV events occur in both years.
Figure 4 shows longitude–time cross-section of PV

at 350 K isentropic level over 15�S for the years 1988
and 1998. Both years are La Nina years with SOI of
10.6 and 11.4 with positive rainfall anomalies of 44.3
and 7.15 cm, respectively. There are only a few upper
tropospheric highPVevents compared to theElNino

years. The number of high PV events is less than the
average at 15�S over 0–90�E.Only six highPV events
occur in the respective years 1988and1998.Outof six
events in 1988, only one event occurred in June, one
during mid of July and remaining events occurred in
late August to September. In 1994, only two events
occurred in June and the remaining events occurred
in August to September as in 1988. Moreover, the
longitudinal extension of these events is conBned to5�
and lifetimes of these events are less than 2 days
compared to the negative rainfall anomaly years 2002
and 1987.
The year 1994 is El Nino year with SOI �15.7

and a positive rainfall anomaly of 26.3 cm. Previ-
ous studies related positive Indian Ocean Dipole
moment (IOD) and extreme rainfall with this year

Figure 2. Interannual variability of PV intrusion events at 15�, 10� and 5�S during southwest monsoon season (JJAS) for the
years 1984–2018.

Figure 3. Longitude–time cross-section of PV at 350 K for the years (a) 2002 and (b) 1987.
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(Gadgil et al. 2004; Shinoda and Han 2005). Fig-
ure 5(a) shows longitude-time cross-section of the
PV at 350 K isentropic level over 15�S for the year
1994. At 15�S and over 0–90�E longitudes, 11
potential vorticity intrusion events occur during
JJAS months this year. However, out of the 11
events, Bve intrusion events occur in the month of
September. Though there are 6 PV events that
occur in June and July, the longitudinal extent of
those events is less than 5� and the events last less
than 2 days. Moreover, the majority of the PV
events during these months are restricted to
0–20�E longitude band, which may hardly impact
the monsoonal Cow. These observations conBrm
the occurrence of more high PV events at 15�S over
0–90�E during the negative rainfall anomaly years.

The longitude–time cross-section for PV at 350
K isentropic level at 15�S for the ENSO neutral
year 1986 with SOI close to zero (0.03) is shown in
Bgure 5(b). The year has a negative rainfall
anomaly of –23.7 cm. There are 10 upper tropo-
sphere high PV events from June to September.
Out of 10 high PV events, Bve events occur in June
and July months. Moreover, the spatial and tem-
poral extensions of these events are more than 10�
and 5 days, respectively. It reveals that the PV
intrusion events are more during negative rainfall
anomaly years irrespective of the phase of the
ENSO.
To further conBrm the observational relation

between the southern hemispheric PV intrusions
and the rainfall anomaly, the interannual

Figure 4. Longitude–time cross-section of PV at 350 K for the years (a) 1988 and (b) 1998.

Figure 5. Longitude–time cross-section of PV at 350 K for the years (a) 1994 and (b) 1986.
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variability of high PV intrusion events with a
threshold value of 1.5 PVU over 15�S in the lon-
gitude region 0–90�E is compared with the time
mean removed rainfall for the years 1984–2018
(Bgure 6). It is found that 15 out of 35 (1984–2018)
years are with negative rainfall anomaly. The cli-
matological average of the number of PV intrusion
events over 15�S, 0–90�E is 6. In most of the years
with negative rainfall anomaly, there are more
than Bve PV intrusion events at 15�S. In the years
with positive rainfall anomaly, there is only one PV
event in the year 1998 and maximum of eight PV
events in 1994 and 2006 at 15�S, 0–90�E. However,
in 1994 out of eight PV intrusion events, Bve events
occurred in late August and September (not
shown). The spatial and temporal extensions of the
other three events are less than 5� and 2 days,

respectively. In 2006, though there were four
intrusion events during June–July (not shown),
only one PV intrusion event, which occurred in
July, extends spatially to 10�. The spatial exten-
sion of the other events is less than 5� and the
temporal extension of all the events is less than
3 days.
To express the relation between the southern

hemisphere upper troposphere high PV events with
SWMR quantitatively, temporal correlation anal-
ysis is employed. Significance of the correlation is
inferred from the p-value, which is obtained by
testing the hypothesis of no correlation against the
alternative that there is a non-zero correlation. If
the p-value is\0.05, the correlation is significant.
The correlation coefBcient (cc) between the high
PV events over 15�S, 0–90�E and RF anomaly for

Figure 6. Interannual variability of the number of PV intrusions at 15�S during the southwest monsoon season (JJAS) for the
years 1984–2018 over the longitudinal band 0–90�E. The time mean removed southwest monsoon rainfall during JJAS is also
shown for comparison.

Figure 7. Correlation coefBcient between the upper tropospheric high PV events and JJAS mean rainfall for the years 1999–2018.
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the years from 1999 to 2018 with lag in years are
shown in Bgure 7. No significant correlation is
observed between the PV intrusion events and the
rainfall anomaly till the year 1998 (not shown).
However, the rainfall anomaly significantly corre-
lates negatively with the high PV events over 15�S,
0–90�E (cc = �0.50) for the years 1996–2018.

4. Discussion

The inCuence of the synoptic scale activity in the
southern hemisphere on the SWMR is investigated
in the present study. During the active monsoon,
there are generally easterlies prevailing over the
tropical southern Indian Ocean and there will be
cross-equatorial Cow on the east coast of Africa.
However, variability in the wind pattern can lead

to reduction in the rainfall, commonly known as
the break spell.
The upper tropospheric high PV events are

absent during JJAS in the low-latitude (13.5�N)
northern hemisphere due to the existence of trop-
ical easterly jet over Indian sector (Sandhya and
Sridharan 2014). However, in the present study,
more PV intrusion events are observed in the low-
latitude southern hemisphere (15�S) during JJAS
in the longitude region 0–90�E. The high PV ton-
gue is observed to cross the equator during some of
the events.
There are studies which have shown the intru-

sion of negative PV anomaly from the southern
hemisphere to the Arabian Sea and revealed its
inCuence on the Indian monsoon. Rodwell (1997)
proposed the injection of high negative PV anom-
aly into the southern hemisphere. Rodwell and

Figure 8. Longitude–pressure level cross-section of PV (PVU) at 15�S on 03 July 1986.

Figure 9. Latitude–longitude cross-section of wind vector at 850 hPa on (a) 30 June 1986 and (b) 03 July 1986.
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Hoskins (1995) demonstrated the generation of
instabilities in the northern hemisphere due to the
injection of negative PV air from the southern
hemisphere. This high PV injection can even turn
the low-level Cow southward without reaching
Indian sector. During the PV anomaly events from
the southern hemisphere, the easterlies will be
replaced by southern hemispheric westerly with
northward Cow throughout Africa. This circulation
pattern can, in turn, inCuence the entire monsoon
circulation (Rodwell 1997). The periodic inCow of
this mid-latitude Cow can lead to less rainfall
during monsoon. Though the high PV events are
identiBed in the upper troposphere at 350 K isen-
tropic level, the longitude-pressure level cross-sec-
tion of PV at 15�S over 0–90�E on 3rd July 1986 (a
high PV event day) shows descent in PV to the
lower troposphere (Bgure 8). The penetration of
high PV can be identiBed over 55–65�E till 750 hPa
can be traced in the Bgure. The high PV exists over
30–60�E at lower level. It may be inferred from the
longitude–latitude cross-section of horizontal wind
vector at 850 hPa (Bgure 9) for the days 30 June
(pre-intrusion day) and 3rd July 1986 (peak-in-
trusion day) that the wind vectors are strong and
equatorward on 30 June and gets weakened on the
day of intrusion (3rd July 1986). There is a clear
overturning of monsoonal Cow, particularly over
15�–1�S and 62�–77�E (marked in a rectangle) on
3rd July. The moisture supply for SWMR is mainly
contributed by Bve oceanic regions, namely the
western Indian Ocean, Central Indian Ocean,
Upper Indian Ocean and Red sea and the neigh-
bouring gulf as well as by Ganges basin (Pathak
et al. 2016). Though the moisture contribution
towards SWMR from the Western Indian Ocean

contributes mainly, the second largest contributor
is the Central Indian Ocean (Pathak et al. 2016).
Hence, it is suggested that this turning of the low-
level Cow associated with the high PV event may
have inCuenced the moisture supply and led to the
break spell in monsoon. The intense breaks in
monsoon can impact all India rainfall (Gadgil and
Joseph 2003). The rainfall over the core monsoon
zone 18�–28�N, 65�–88�E (Rajeevan et al. 2010) for
the days from 25 June to 09 July is shown in
Bgure 10. The rainfall is\4 cm on 3rd and 5th July
and it further reduces to 1 cm on 4th July. The
days of decrease in rainfall over the core monsoon
zone coincide with the high PV event days. The
breaks in monsoon rainfall can also be identiBed by
OLR, which is a proxy for convection. Krishnan
et al. (2000) identiBed break spells in SWMR from
positive OLR anomaly over northwest and central
India (18–28�N, 73–82�E). The break spells are
identiBed from OLR [10 W/m2. The latitude–
longitude cross-section of time mean removed OLR
obtained by subtracting the individual OLR for
each latitude–longitude grid from the JJAS aver-
aged OLR for each grid is shown in Bgure 11. The
time mean removed OLR was negative (less than
–50 W/m2) on 30 June 1986. However, the OLR
become positive from the day of high PV event (01
July 1986). On 3 July 1986, when the high PV
event was at its peak, the entire Indian region
coincided with positive rainfall anomaly. However,
the latter becomes negative the immediate next
day. The time mean removed OLR averaged over
the region 18–28�N, 73–82�E for the days 30 June
to 06 July 1986 is listed in table 1. The OLR[10
W/m2 for the days from 02 to 04 July 1986 indi-
cates the breaks in SWMR associated with the high

Figure 10. Daily rainfall (cm) over the monsoon core zone (18�–28�N, 65�–88�E) from 25 June to 09 July 1986.
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PV events over the southern hemispheric
low-latitudes.
These observations indicate the reversal of low-

level wind over the monsoon region from north to
south during or on the immediate next day of the
upper tropospheric PV events. This reversal during
the high PV event may have contributed towards
the reduced moisture transport over the monsoon
region, which can lead to a break spell in the
monsoon rainfall.

5. Summary

Though the upper troposphere PV intrusion events
are absent in the northern hemispheric equatorial
latitudes over the Indian sector during the summer
monsoon time period (June–September), the intru-
sion events are observed over southern hemisphere

in the longitude region 0–90�E, which includes the
Indian sector. The present study conBrms that the
occurrence of more PV intrusion events at 15�S over
0–90�E coincides with negative rainfall anomaly
during the southwestmonsoon period irrespective of
ENSO. The number of PV intrusion events shows a
significant negative correlation from 1999 to 2018.
When the temporal and spatial extensions of PV
intrusion events are respectively more than 3 days
and 5�, it appears to inCuence the rainfall. The deep
penetration of PV into the lower troposphere in the
southern hemisphere reverses the low-level wind
direction from north to south during or on the next
day of thePVanomaly eventswhen the low-level PV
persists. This reversal of low-level wind leads to
break in the SWMR, which can be inferred from the
reduction in daily rainfall and from positive time
mean removed OLR during the high PV event days.
It is suggested that the reversal of winds may have
contributed towards the less moisture transport and
hence to the negative rainfall anomaly.
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Figure 11. Latitude–longitude cross-section of OLR for the day (a) 30 June, (b) 01 July, (c) 02 July, (d) 03 July, (e) 04 July, and
(f) 05 July for the year 1986.

Table 1. The time mean removed OLR values
over 18�–28�N, 73�–82�E for the days 30 June–06
July 1986.

Day (1986)

Time mean removed OLR

values over 18�–28�N,

73�–82�E (W/m2)

30 June 2.5

01 July 10.0

02 July 18.1

03 July 27.2

04 July 11.5

05 July 0.60

06 July �2.0
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needed strategies and wisdom to tame the 
dominant spectrum of society.  

In 1968-69 Jai Telangana Movement 
started, in that movement she played a vital role. 
Sadalaxmi Presided the first meeting of 
Telangana Prajasamithi in Reddy Hostel. She 
gave inspiring speeches during Telangana 
Movements. When Chenna Reddy was arrested 
in this movement, Sadalaxmi took up complete 
leadership responsibility of the movement and 
ran the movement. As she became a threat to the 
government as she was getting overwhelming 
response from the people, she was arrested and 
was put in Chenchalguda jail. She grossly 
condemned the leaders who sold out the 
Telangana movement.  

T.N Sadalakshmi as a downtrodden 
woman primarily stood for dalit women’s cause 
and rights to uphold their interests in every 
sphere. She was always objective in the 
perception of her role as a dalit woman to work 
independently without giving chance to others to 
define what her position is. She led a women’s 
procession from Keshav Memorial School, 
Narayanaguda to the Assembly and appealed to 
women to participate in the ‘Chalo Assembly’, 
procession to prove their unity and 
determination that they were prepared to 
sacrifice themselves for the preservation of 

democracy and achieve a separate state for 
Telangana. She gave a slogan that “Women 
warriors, arise to speak up.”8 For this, she worked 
day and night knowing her limits of reason and 
wisdom. Swathy Margaret underscores that “If 
we do not define ourselves for ourselves, we will 
be defined by others, for their use and to our 
detriment.”9 T. N Sadalakshmi’s voice needs to 
be looked at from dalit feminist point of view as 
it is a representative of all dalit women who are 
oppressed and silenced.  

Subsequently, she won in the elections 
when she contested representing Telangana 
Praja Samithi Party. That was evident how 
people were committed to Telangana movement 
under the leadership of Sadalaxmi. As Telangana 
Praja Samithi was merged with Congress, she 
joined the Telanagana State Congress party 
which was founded by Konda Laxman Bapuji 
and contested from Secunderabad contistuency 
but she could not win in that election. Sadalaxmi 
dedicated her life in uplifting downtrodden. In 
this process she started many organizations such 
as Bandhu Seva Mandali, Arunditeeya 
Mahasabha, Backward Class Federation, Babu 
Jagjeevanram Trust. She worked as the 
chairman for Lead Cap. She continued her 
political life actively for four decades.
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ERODING COLONIAL LEGITIMACY THROUGH MASS MOBILIZATION: A 
CRITIQUE OF GANDHI’S POLITICAL STRATEGY 

P. Laina 

The present paper is an attempt to highlight 
Gandhian political strategy in the context of the 
Indian National Movement. Mass mobilization is 
considered as an important aspect of his strategy. 
Though large elements of the strategy adopted 
by the Indian National Congress evolved during 

the Moderate and Extremist phases of the 
movement, it was structured and completed 
during the Gandhian phase of the movement and 
in Gandhi’s political practice. Present paper 
focuses on the period, 1917-47. The work is 
both interpretative and analytical. 
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The British who took India by force 
consolidated their rule in India by introducing the 
rule of law, western education, representative 
institutions etc. Colonial policy depended on the 
nature of politics and economy in the Metropolis 
as well as the emerging trends in the colony. Its 
interest was to prolong its rule as long as 
possible for which the colonial masters changed 
their policy from time to time depending on the 
nature of exploitation. Colonial state in India 
cannot be considered as autocratic or 
authoritative in nature nor as hegemonic in 
character. The western models that British 
introduced in India included the mechanisms of 
civil society. The public meetings, press 
campaigns against the government, interview 
with the government officials etc. were allowed 
in colonial India. The existence of the Indian 
National Congress, which organized mass 
mobilizations against government on such a 
wide a scale shows that the British state was not 
purely autocratic or authoritative state. The rule 
of law which the British government established 
in India was in a limited sense when compared 
to that of a modern state. The colonial ideology 
behind the introduction of rule of law and 
education was not basically for the improvement 
or modernization of Indian society. Instead it was 
through which they tries to get support of a 
section of the people to their rule. 

The political strategy that Gandhi evolved 
was conditioned by and suited to a semi-
hegemonic state like colonial India. The British 
who took India by force consolidated their power 
in India by adopting some measures to 
collaborate with the native people. The central 
question of Gandhian strategy was how to 
organize mass action against the colonial 
government. The basic assumptions on which 
Gandhian strategy depended were that 
individuals are the ultimate source of power, no 
government can rule without the consent of the 
ruled and modern state intruded into areas which 
were once considered private. With the 
introduction of rule of law, western education 
and representative institutions etc. they 
established their legitimacy in India. Gandhi’s 
effort was to erode this legitimacy by 
withdrawing the consent of the masses to the 
colonial authority. Gandhi’s struggle against the 
British was a fight against power. According to 
Burrowes, Gandhi’s struggle in India was based 

on his understanding that “illegitimate power can 
work only in certain circumstances”1. 

The Non Cooperation Movement of 1920 
was aimed at withdrawing the consent which a 
government obtained from its subjects. The non-
cooperation movement involved the deliberate 
withdrawal of cooperation with the state by 
organizing strikes, boycotts, no-tax campaigns, 
boycott of British courts, legislative bodies and 
elections. Political non-cooperation included acts 
of civil disobedience – the deliberate, open and 
peaceful violation of particular laws, regulations, 
or instructions believed to be orally objectionable 
or unreasonable.2 Non Cooperation with the 
government results in the loss of prestige of the 
government. Thus the government lost its 
prestige during the non-violent non-cooperation 
of 1920, which it never regained. “Titles, law 
courts, educational institutions no longer inspire 
the awe they did in 1920” 3 

Gandhi offered non-violence as the means 
to make non-cooperation effective against British 
rule in India. He chose non-violence not only for 
ethical reasons but also for its practical utility. In 
a letter to Viceroy Chelmsford he wrote …”half 
of India is too weak to offer violent resistance 
and the other half is unwilling to do so”4. Only a 
non-violent movement could get the support of 
the masses. Large scale mass participation on 
the lines of non-violence alone could make non-
cooperation successful. Acceptance by the 
Indian National Congress of his non-violent 
technique was not a moral or religious act but a 
political decision because Gandhi offered a 
course of action which was seen to be practical 
and effective.  

Governments find it difficult to take action 
against non-violent movements: “Repression 
against non-violent resisters can alienate various 
groups further so that it actually weakens the 
opponents and strengthens the non-violent 
group”5 The government at first decided not to 
take any action against Gandhi while the non-
cooperation movement of 1920 was going on. 
George Lowndes, a British Officer, wrote in 
August 1920 that, “To take any legal steps 
against him [Gandhi] now would be merely 
playing into his hands. If we leave him alone the 
non-cooperation movement with it his personal 
influence will die of inanition. I should however 
rather like to get our reasons into the public press 
and to make it known that we no longer regard 
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him as worth powder and shot. It might be put 
rather neatly, I think, the Government now refuse 
to “co-operate” with the Mahatma!”6  

Later during the Salt March of 1930 also 
the government decided not to take any action 
against the march so long as it was conducted 
peacefully. “So long as it is conducted peacefully 
there is no provision of law which permits 
prohibition of the March”7 But the government 
was forced to change its policy and resort to 
repression once it found that its authority was 
getting eroded. 

The issue of salt did not alienate the 
Congress Moderates. It had a widespread 
popular concern which helped in mobilizing a 
mass following. It had no divisive potential. It 
enabled the participation by different sections of 
the society. Large-scale participation of women 
was a notable feature of this movement. The 
movement really demonstrated the mass 
following of the Congress. 

The two-fold programme of Boycott and 
Civil Disobedience had a two-fold objective. The 
Boycott was directed against the ignorance and 
selfishness of the British public and the Civil 
Disobedience was directed against the 
arrogance and political stupidity of the 
Bureaucracy.8 Civil Disobedience came to an 
end with the Gandhi-Irwin pact of 1931.9 The 
movement which later resumed, sauntered on for 
two years and came to an end in 1934. Gandhi 
now turned his attention to the Constructive 
Programme.  

Gandhi worked at two levels. He worked 
with the Congress and also through his 
Constructive Programme. His strategy was 
based on a specific technique. Gandhi had 
shown an amazing degree of adaptability. He 
took up immediate issues at stake to organize the 
masses around these and through the specific 
issues he questioned the existence of the colonial 
authority. His Non-Cooperation and Civil 
Disobedience movements questioned the 
hegemony of the British power in India. His 
method was to slowly erode the British 
hegemony. So he did not make ‘unreasonable’ 
demands. Except during the Quit India 
movement, complete independence was not 
made the immediate demand. 

Gandhi prepared a comprehensive plan of 
action before starting a movement. He chose 

particular and inclusive issues.10 Gandhi chose 
immediate issues to start a movement. Except 
Quit India movement, which was a fight to the 
finish, no other movement had its declared aim 
as complete independence Swaraj. He chose 
“petty and collateral issue of Rowlatt Bills for the 
inauguration of Satyagraha, although there was 
before India the mammoth issue of Self-
Government……In 1920 when the Punjab 
tragedy and the Khilaphat wrong were made by 
him the issue on which to inaugurate the Non- 
co-operation movement, - not Swaraj.”11 

Gandhi launched movements only when 
he was convinced that masses would 
enthusiastically participate in them. Knowing the 
limitations of the masses he called off the 
movements whenever they were at low ebb. He 
kept masses active through his constructive 
programme. His constructive programme, which 
was intended to restructure the social and 
economic life of all Indians, was a vital part of his 
strategy. It was an attempt to strengthen Indian 
society socially and economically without 
depending on British power: “The constant 
internal strengthening of Indian society and its 
institutions was seen by Gandhi as leading to the 
inevitable end of British rule”12 

Gandhi’s fasts could also be considered as 
part of his strategy. The colonial government was 
of the opinion that Gandhi’s fasts were for 
political ends and in order to gain prestige.13 
With the exception of his first fast during the 
Ahmedabad Mill Strike in 1918, all other fasts 
coincided with serious internal crises in the 
Congress, usually due to dissensions over policy 
of violence or non-violence, when Gandhi’s 
leadership was seriously threatened; it resulted in 
immense increase in popularity and prestige of 
Gandhi at a time when this was most needed by 
him; enabled him to re-establish his personal 
ascendancy.  

For the purpose of organizing a mass 
movement, Gandhi tried to put much emphasis 
on the class conciliation. He totally rejected the 
notion of class struggles put forward by the 
leftists. For him the necessary and important 
struggle that had to be waged was the anti-
imperialist struggle. His attempt was to organize 
the masses in order to question the hegemony of 
the colonial power. His programmes were 
designed to forge a broad united front against the 
colonial power. Gandhian techniques were 
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equally against strife and internal conflicts. 
Gandhi deferred class revolution for the sake of 
achieving independence. Through his methods 
he tried to make the country fit for freedom 
though not for socialism14. 

Even though the leftists and the 
revolutionary terrorists also had their own 
programmes to mobilize masses they were not 
successful in their task. Kerala provides an 
example of a different kind of mobilization. In 
Kerala, mass mobilization took place based on 
class struggles and without Gandhism. Here it 
was the leftists who undertook the task of 
mobilizing the masses. Kerala had its own 

specific conditions and that were crucial to the 
leftist success. It shows the complexities and 
possibilities that existed within the national 
movement. 

The Indian national movement witnessed 
the evolution of a practical strategy in terms of 
the Gandhian method of struggle. He 
represented the needs of his time. His strategy 
was suited to the nature of semi-hegemonic state 
that existed in colonial India. His techniques and 
programmes were developed to meet the 
immediate social and political needs the success 
of which depended on the context in which it is 
applied.
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INFILTRATION OF COMMUNISTS INTO CONGRESS SOCIALIST PARTY 

S. Lalitha 

1930’s witnessed the rapid growth of 
socialist ideas within and outside the congress. 
In 1929 there was a great economic depression 
in the United States which gradually spread to 
the rest of the world. The world depression 
brought the capitalist system into disrepute and 
drew attention towards Marxism, Socialism and 
economic planning. Consequently social ideas 
began to attract more and more people, 
especially the young, the workers and the 
peasants.  

Socialist ideas:  

The masses wanted economic freedom. 
They had to create a new age in which all should 

work to the best of their abilities and take only 
what was absolutely necessary for them. The 
majority class must make organized efforts to put 
an end for all time, to poverty, ignorance, 
inequality, injustice, high handedness and 
exploitation going on in the world. The labour 
must have the right to enjoy all the fruits of his 
labour. Every one ought to get the necessary 
facilities to live and grow. The horrible 
distinctions such as master and servant, landlord 
and tenant, the rich and the poor, the employer 
and the employed must be obliterated. In short, 
the principle aim of socialists was to overturn the 
whole structure of society, wanted to bring about 
revolutionary changes and establish universal 
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MOB LYNCHINGS ON THE RISE: THE UNABATED FEAR AND VIOLENCE 
THAT HAUNTS INDIA TODAY 

P. Priyadarsini 

Mob Lynchings are so common in India 
today and the fear it creates in the minds of 
people continues unabated. Due to malice 
politics, the life and liberty of the people are being 
infringed upon everywhere. It involves a group of 
violent people attacking a person, on the lines of 
religion, caste based discrimination and targeting 
of a particular community. This paper intends to 
examine the increasing role of mobocracy in 
silencing the minorities and the so called ‘others’ 
of the society. Myths and Real life incidents from 
time immemorial have seen the power of the 
mobs attacking the poor and the marginalised 
sections of the societies.  

The recurrence of Mob killings in history 
would frighten anyone by the excruciating pain 
it inflicted upon the victims.It has found 
expression in the numerous plays and novels 
written in different times .The death of Farkhunda 
Malikzada, a 27 year old woman in Afganistan 
in 2015 sent shivers down our spines. She was 
attacked by an angry mob for being not religious 
and the police who initially tried to protect her 
and disperse the radical mob, but where 
overwhelmed by the mob’s number and fury.1 
Khalid Hossaini, a very famous Afgan author 
wrote that he felt depressed that a defenseless 
woman was beaten to death by a mob of men. 
Her body was dragged and burned in the bed of 
a dry river. 2 He lamented for the fact that it did 
not happen in a remote conservative village in 
Afghanistan but in Kabul, an urban city 

embodying what passes for progressive 
thoughts in Afghanistan. Way back in 2007, 
Hussaini had written a novel, A Thousand 
Splendid Suns, in which the protagonist 
Mariyam who got arrested by the Taliban was 
stoned to death. The novel speaks a lot about the 
suffering of women during the Taliban regime.3  

The word lynching which is used for mob 
killings originated in the US in the mid-18th 
century. Lynching is a pre-meditated extra 
judicial killing by a group. It is most often used to 
characterize informal public executions by a mob 
in order to punish an alleged aggressoror to 
intimidate a group. It is often conducted with a 
display of a public spectacle for maximum 
intimidation. 

In the US, lynching of Afro Americans 
became frequent in the re-construction era 
(1863-1877) . Abraham Lincoln’s emancipation 
of slaves had set free the blacks with a lot of civic 
rights. The white supremacist vision that 
intended to preserve the traditional cultural 
standards and elitism of the whites was at 
loggerheads with the emancipationist vision 
which sought total freedom for Afro Americans.4  

It would be interesting at this juncture to 
enquire about the history of violence in our own 
country. 5 The view that Indians are culturally 
non violent and our culture promotes peaceful 
coexistence dos not stand up for historical 
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scrutiny. There are ample evidences of enormous 
cruelty against demons and outcastes in 
Ramayana and Mahabharata. Wasn’t 
Shurpanaka, the demon mistreated by Rama, the 
Maryadapurushothama for her innocent 
proposal? The epic says the His brother 
Lakhshman chopped off her breasts and nose 
which left Shurpanaka embarrassed and 
humiliated. Characterising Indian culture as 
intrinsically peacable is thoroughly incorrect as 
we find our epics and scripture being totally 
unfair to shudras, women and downtrodden. 
Political violence in Ancient India written by the 
prominent historian Upinder Singh delves into 
the concept of nonviolence myth associated with 
ancient India. Singh argues that during the 
national movement Gandhi and Nehru helped to 
create a myth of non –violence in Ancient India 
that observes a troubled complex heritage.6  

However it seems to be strange that there 
is indeed no word for lynching in most Indian 
languages. This is inspite of the fact that in India 
the marginalised always had a tough going and 
were ghastly lynched even for very small crimes. 
Harsh Mander writes that Dalits have been 
lynched for growing a moustache, riding a horse 
or even building a two story home.7 He also 
writes that single women have frequently been 
lynched through centuries, branded as witches. 
Nowadays lynchings in the name of cow 
vigilantism is so common that it creates a fear 
psyche in the minds of all. Though it targets legal 
cow smugglers, but in some cases even licensed 
cow traders have swelled in the last couple of 
years A total of 63 cow vigilante attacks had 
occurred in India between 2010 and 2017.8 

Cow protection groups are gangs who 
patrol highways and roads at night, looking for 
trucks that might be smuggling cows across the 
state borders.9 These gangs are unorganised and 
are hard to control when it comes to the display 
of violence and anger10. Christoffer Jafferlot 
writes that the Gau Rakshaks do the jobs for 
some state governments. By letting vigilantes 
harass the minorities openly they keep 
majoritarian feelings satisfied. 11 They even were 
provided police uniforms to do such heinous 
crimes. After all the people’s will is beyond the 
law; it is the law. This is something the judiciary 
has started to internalise as shown by courts 
factoring the religious sentiments of the people 
(of the majority to be precise) in some of their 

decisions. The 2015 Dadri Mob lynchings, 2017 
Alwar mob lynchings and a lot more of the same 
type where the minority got targeted bear 
testimony to the patriarchal, feudal mind set of 
the powerful majority. The total undermining of 
laws in the Mohammed Akhlaq case at Dadri 
and the Pehlu Khan case at Alwar has truly 
resulted in the collapse of the constitutional laws. 

It would be of utmost interest at this 
juncture to enquire about lynchings in our own 
state of Kerala too. Experts say that only a 
specific section of people are targeted – Dalits, 
migrant workers, transgender People and 
women. Only those who belong to the above 
mentioned list or those who are from the lower 
strata of the society are victimised by mobs in 
this so-called progressive and 100% literate 
state. It has now become the norm in Kerala to 
blame migrant workers or tribals or transgender 
people or Dalits if something goes missing in any 
locality. Manik Roy from west Bengal was 
lynched to death for a silly allegation – stealing 
a hen. In 2018, a tribal man Madhu was lynched 
to death for stealing food in Attappady in 
Palakkad district.12 This incident triggered 
national outrage as the event went viral with the 
culprits themselves boasting the video of 
lynching in the social media.The rise of violence 
is a reflection of lawlessness and loss of moral 
quotient in the society and the recent trend has 
baffled social scientists. It is alarming to know 
that Kerala has reported the highest number of 
mob violence with respect to its population.13 An 
apparent atmosphere of impunity for attackers 
with the social media encouraging criminal 
elements to take law into their own hands has 
led to the increase in the lynching rates in the 
state. 

It is the duty of the state to ensure that the 
machinery of law and order functions effectively 
in maintaining peace, so as to preserve our 
quintessentially secular ethos and the pluralistic 
social fabric in a democratic set-up governed by 
rule of law. The state has to act positively and 
responsibly to safeguard and secure the 
constitutional promises to its citizens. The crowd 
is of a general perception that if judiciary and 
police administration cannot provide them 
justice, they should own it by themselves even if 
the person has committed a minor offence such 
as theft. Reviving the lost trust and faith of the 
people in judiciary and police system may help 
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to lower such horrendous crimes. It would be 
possible to an extent if lynching cases are dealt 
without politicising it. If India wants to be a 
progressive country, it need policy 

implementation that curtails mob lynching from 
its roots. An act that strictly punishes the culprit 
will only help to uphold the pluralist and secular 
ethos of the nation.

 

End Notes 

1. The Killing of FarkhundaMalikzada,’ The New york 
Times, 2.4.2015.  

2. ‘Afgan woman Farkhunda Lynched in Kabul for 
speaking out,’’ BBC 23.3.2015 

3. Hossaini Khalid ,A Thousand Splendid Suns 
,Bloomsbury, London ,2007 

4. ‘Ida B .Wells Bernett ,On Lynchings , Dover Publications, 
New York, 2014 

5. Arthur F Raper, The Tragedy of Lynching African- 
Americans, Dover Publications , 2003 

6. Singh Upinder, The political Violence in Ancient India, 
Harward University Press, Cambridge, England, 2017 

7. Mander, Op.Cit., 

8. Soutik Biswas, Why the Humble Cow is India’s Most 
Polarising Animal, BBC,5.11.2017 

9. Take urgent Steps to Stop Cow Vigilantism , The Times 
of India, 7.11.2017 

10. Cow boys and India, Protecting India’s Cows, The 
Economist, 16.8.2018 

11. Jafferlot Christophe, Over to the Vigilante, Indian 
Express, 25 7.2017 

12. Mathrubhumi, 23.2.2018 

13. Ibid

 

RADICAL AND RATIONALISTIC IDEOLOGIES IN SNDP YOGAM – A 
HISTORICAL PERSPECTIVE 

Dr. O.C Promod 

The 19th century Travancore witnessed 
many superstitious customs and rituals in 
society. Untouchability was a great problem in 
the entire Hindu community and the Brahmins 
were the only community skipped from it in India 
during those days. The system was introduced 
for the sake of minority group of Brahmins in 
society and crores and crores of majority class 
lower community suffered much in this system. 
It is a funny thing that, most of the lower class 
was not ready to occupy powers from Brahmins. 
It is the victory of Brahmin community to mould 
a lower-class society for the betterment of upper 
class community in the erstwhile Travancore 
region. The educated Brahmins also orally 
taught to the un-educated lower class that, it is 
sin to behave in manner-less to the upper class 
Brahmin community, because they are 
associated with supreme god!! By the system, 
each and every Hindu class have to maintain a 
specified distance from other communities. A 
king (if he is non-brahmin) shall maintain two feet 
from Brahmins, while Nairs 3 feet from them. 
Ezhavas maintain 12 feet and Pulayas keep a 
distance of 54 feet and Parayas 64 from the 
Brahmins.1 Another funny thing is that, most of 
them were happy, because most of them were 
superior among their lower classes. A dress code 
was also prescribed depending on the status of 
community. Education was restricted on the 

lower class and they had no right to enter their 
temples. Lower classes were taxed heavily on 
various accounts. 

 On this context, the Sree Narayana 
Darma Paripalana yogam (SNDP) was organized 
in 1904 on the grace of Sree Narayana Guru and 
his disciples. He had made verbal struggles 
against the prominent upper class sections in 
society during those days. To criticise the Hindu 
texts, were not only sin, but also a punishable 
crime in Travancore area during those days. 
Therefore nobody was ready to questioning the 
existing rules in society. Narayana Guru was the 
first person questioned the existing caste rules in 
the erstwhile Travancore. He strongly opposed 
the Chaturvarna system in Hindu society.2 That 
is why Narayana Guru is considered as the father 
of social reform movements in Kerala. He raised 
his voice against the predominance of the 
Brahmins in all spheres of life and he worked for 
the establishment of a classless and casteless 
society.3 He was born in an Ezhava family at 
Chempazhanthi in the erstwhile Travancore 
state. Ezhava community was a leading Hindu 
lower class community at Travancore region. 
After the formation of SNDP, Narayana Guru 
gave shelter to the all other lower class 
communities, who were even the lower status in 
social strata than Ezhavas. But SNDP was 



The co-adsorption of thymohydroquinone
dimethyl ether (THQ) and coumarin present in the
aqueous extract of Ayapana triplinervis on mild
steel and its protection in hydrochloric acid up to
323 K: computational and physicochemical studies

Jeeja Rani AT, a Asha Thomas,a Mathew Kuruvilla,b Muhammed Arshada

and Abraham Joseph *a

This study evaluates the corrosion inhibition property of the aqueous and alcoholic leaf extracts of the

medicinal plant Ayapana triplinervis. The major components in the extracts are thymohydroquinone

dimethyl ether (THQ) and coumarin. It is clear from the weight-loss studies that the water extract of the

leaves (AYW) is superior to the alcoholic extract (AYA) in terms of offering corrosion inhibition. The 96%

efficiency of 4% (v/v) AYW in 0.5 N HCl at room temperature changes to 84.62% at 323 K. The mixed-

type inhibition behaviour of AYW shows slight dominance in the anodic direction. Studies suggest the

multilayer adsorption of phytochemicals on the metal surface and that the adsorption follows the

Temkin model. Theoretical studies using DFT and BIOVIA Materials Studio investigations establish THQ

as a good inhibitor with high adsorption characteristics. Even though the concentration of coumarin in

the extract is low, its presence in the extract facilitates the adsorption of THQ on the metal surface,

which is evident from the MD simulation study. The changes in the surface topography and elemental

composition of the metal specimen in the inhibited and uninhibited solution are monitored by SEM and

EDX spectral studies. XPS data support the presence of both THQ and coumarin on the metal surface

and the existence of co-ordinate bonding between the metal's d orbital and the O atoms of THQ.

Theoretical and experimental studies support the mixed mode of adsorption of THQ as physisorption

followed by chemisorption.

1 Introduction

Corrosion, though undesirable, is an unavoidable natural
process leading to the destruction of metals and alloys. This
material deterioration leads to environmental pollution to
different extents including loss of resources, maintenance
problems, serious damage to the entire ecosystem, and
economic recession. In this context, researchers and scientists
all over the world are in search of better and viable remedies to
resolve these problems.1,2 The use of eco-friendly inhibitors is
one of the accepted strategies for managing material dissolu-
tion in aggressive environments. In the early days, we used
synthetic organic and inorganic compounds as corrosion
inhibitors. However, recent environmental issues have made
scientists and researchers focus on these issues before applying
different chemicals as corrosion inhibitors. Hence, research in
the area of corrosion inhibitors is targeted at environmentally

benign, economically viable, easily available, and more effective
materials in terms of efficiency over synthetic ones.3–5 Most of
these requirements could be met by the usage of plant extracts
as corrosion inhibitors. Extracts can be made from leaves,
stems, roots, bark, fruits, peels, seeds, owers, and from the
entire plant itself. The extracts serve as efficient inhibitors as all
plant parts are ‘reservoirs’ of many phytochemicals that possess
several heteroatoms, aromatic rings, electron-rich groups, and
heterocyclic ring systems. These phytochemicals alone or their
synergistic interaction make the plant extract an effective
inhibitor for different metals in different environments. These
organic inhibitors mitigate the corrosion rate mainly by getting
adsorbed on the metal surface through their polar functional
groups and multiple bonds, while inorganic inhibitors reduce
the corrosion rate by inuencing the anodic or cathodic
processes of corrosion.6 Vashi et al. demonstrated Bacopa
monnieri leaf extract as an efficient corrosion inhibitor for Al in
HCl. This inhibitor shows a maximum efficiency of 91.85% at
1.2 g L�1. EI-Housseiny et al. investigated the inhibition ability
of Cannabis plant extract as a mixed-type inhibitor for Zn in
0.5 M sulphuric acid using electrochemical methods. Umoren
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et al. carried out a comparative study on the inhibition efficacy
of ethanolic extracts of date palm leaves and seeds on carbon
steel in HCl. They found that the inhibitory action of the leaf
extract is superior to that of the seed extract.7 Electrochemical,
theoretical and gravimetric studies on the corrosion inhibition
ability of Holoptelea integrifolia leaf extract for mild steel
corrosion in 1 M HCl reported that the extract shows
a maximum efficiency of 93.91% at 400 mg L�1 and the mech-
anism involves adsorption that follows Langmuir monolayer
adsorption.8

Saxena et al. tested Cuscuta reexa fruit extract as a green
inhibitor for mild steel corrosion in 0.5 M H2SO4. The extract
contains the active component 3-methoxy-3,4,5,7-tetrahydroxyl
avone, which is responsible for the inhibitory action, and it
shows a maximum efficiency at an inhibitor concentration of
500 mg L�1.9 Fang et al. illustrated the inhibitive action of seven
plant-derived aromatic compounds, by cyclic voltammetry. They
found that all the seven compounds have the same electro-
chemical behaviour, which is attributed to their aromatic
structure.10 Deyab et al. conducted a green approach to establish
the corrosion inhibition properties of lemongrass extract on
carbon steel in oileld water. The extract shows maximum
inhibitory action at a concentration of 400 ppm. SEM, EDX and
FT-IR results conrm the presence of the extract on the carbon
steel surface. Through theoretical investigations, they demon-
strated that the most abundant components ‘neral’ and ‘gera-
niol’ have comparable adsorption tendencies on the Fe
surface.11 The corrosion inhibition behaviours of citrulline,
quercetin and bonducellin were studied theoretically for mild
steel corrosion. Among these, quercetin shows maximum effi-
ciency and citrulline shows the least inhibitory nature.12 Sal-
masifar et al. demonstrated the corrosion inhibition properties
of aquatic artichoke extract molecules using both electro-
chemical and computer modelling methods. The electro-
chemical methods show a maximum efficiency of 98.7% at
1000 ppm. The artichoke extract acts as a mixed-type inhibitor
and inhibits the corrosion rate via the physicochemical inter-
action that occurs between the adsorption lm and steel
surface. Bahlakeh et al. investigated the inhibitory behaviour of
mustard seed extract for mild steel corrosion in HCl solution
and found that it acts as a mixed-type inhibitor and shows
a maximum efficiency of 94% at 200 mg L�1 of extract.13

The current study focuses on the corrosion inhibition ability
of the aqueous leaf extract of the plant Ayapana triplinervis
(AYW) (Eupatorium ayapana Vent, Eupatorium triplinerve Vahl),
which belongs to the Asteraceae family. The leaves are a rich
source of aromatics, borne directly from the stem, are shaped
like a lance head, tapering to a point at each end and the stems
are reddish-brown. It is a traditional plant with considerable
antimicrobial, antifungal, anti-inammatory, antioxidant,
sedative and stimulant activities. Its oil is rich in thymohy-
droquinone dimethyl ether (THQ) and coumarins. GC/MS data
report that the essential oil contains 89.9% to 92.8% THQ.14 It is
assumed that the corrosion inhibition property of the leaf
extract is mainly due to the presence of the most abundant
phytochemical component of the leaves, i.e., THQ, which shows
greater corrosion inhibition ability when subjected to

theoretical calculations using Gaussian 09 and Materials Studio
soware analysis. This herb extract can be used as a tonic when
used in a smaller dosage but serves as a laxative in larger
quantities.15 It is used as an antihemorrhagic agent and to clean
ulcers.16 The aqueous extract is used as a cardiac stimulant,
which increases the rate of blood ow. Even bare fresh leaves
are used to cure wounds and stomach pain. The main phyto-
chemicals present in the leaves of Ayapana triplinervis include
essential oils and coumarins, along with ayapanin, ayapin,
stigmasterol, esculetin methylene ether, vitamin C, and caro-
tene. The volatile fraction of this extract is rich in THQ, while
the non-volatile fraction is enriched mainly with coumarins and
alkaloids. A total of seven coumarins were identied in the oil,
from which 7-hydroxy coumarin is responsible for its anti-
inammatory and anti-microbial activities, while the presence
of THQ is responsible for inhibiting the Zika virus.14 7-Hydroxy
coumarin also has anti-tumor and enzyme-inhibitory activity.
The presence of THQ along with coumarinmakes this extract an
effective traditional medicine as well as an effective inhibitor for
mild steel corrosion in acidic media.14,15,17–21

For a molecule to act as a good inhibitor, it is reported that it
should have the ability to both donate electrons to the vacant
d orbital of the metal and to accept back electrons from the
lled metal d orbital to its empty orbital. During their interac-
tion, the HOMO of the inhibitor acts as the electron donor to
the metal, while the LUMO as the electron acceptor from the
metal. Since the energy gap of the active component of AYW,
THQ, is comparable with that of mild steel, it is assumed that
the extract, which is enriched with THQ, can act as a good
inhibitor system for mild steel corrosion in an acidic environ-
ment. The electronic properties of the THQ molecule suggest
that it is the best inhibitor system for resisting mild steel
corrosion.

2 Materials and methods
2.1 Preparation of the extract

Ayapana leaves were washed thoroughly under running water,
shadow dried for about 28 days and then crushed into powder.
AYW (aqueous) and AYA (alcoholic) extracts were prepared by
reuxing 5 g of this powder with 100 mL water and ethanol at
95 �C and 65 �C, respectively, for about 3 hours. The residual
solution was kept overnight and ltered to obtain the respective
extracts.

2.2 Test solutions

0.5 N HCl solution was formulated using 12 mol L�1 concen-
trated hydrochloric acid (E Merk) and double-distilled water.
Then, different volumes of the AYW extract were added to the
hydrochloric acid solutions to prepare the electrolytic medium
for electrochemical studies.

2.3 Characterization of AYW

FT-IR analysis was performed on the AYW extract as well as on
the lm separated from the metal surface aer dipping it in an
electrolytic solution containing 28 mL AYW. Infrared analysis

© 2022 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2022, 12, 14328–14341 | 14329
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was performed using the KBr pelletized extract and the lm
with a Jasco IR spectrometer in the wavenumber range of 400–
4000 cm�1. UV-visible absorbance measurement of the extract
was performed using a Jasco spectrometer in the wavelength
region of 200–800 nm.

2.4 Gravimetric studies

Gravimetric analyses were conducted for mild steel coupons
under total immersion conditions at room temperature. Square
metal samples of the composition Fe (98.75%), C (0.20%), Mn
(1.0%), P (0.030%) and S (0.020%) with 3.6 cm2 area were used
for these studies. The metal specimens were cleaned as per
ASTM recommendations22 and weighed accurately before and
aer the immersion process. The volume of the inhibitor at
which it offers maximum inhibition efficiency was found at 303
K. From the weight loss obtained, the corrosion rate in mm per
year was calculated using eqn (1),

CRðmm per yearÞ ¼ KW

DAT
(1)

where K is a constant of value 8.76 � 104, D ¼ 7.86 g cm�3 is the
density, W is the weight loss expressed in grams and A is the
area of the metal specimen.

2.5 Electrochemical analysis

A Gill AC model no. 1475 potentiostat was used to monitor the
corrosion of the metal in corrosive media. Electrochemical
impedance spectroscopy, one of the simplest, most effective
and non-destructive electrochemical tools to monitor the
corrosion rate of a sample, was carried out by applying
a potential as a sinusoidal wave of 10 mV amplitude and the
response was measured as an AC between the working electrode
and auxiliary electrode. Before carrying out the electrochemical
measurements, the working electrode was immersed in the
electrolytic medium (with or without the inhibitor) for about
one hour to attain a steady state. For that, the open circuit
potential was recorded for the rst three minutes (potential
versus time) and it was ensured that there was not much vari-
ation in the potential value (<10 mV) with time. Electrochemical
analyses such as EIS and PDP were performed only aer
attaining the steady-state condition. In the electrochemical
impedance technique, a small potential of 10 mV was applied in
a frequency range of 0.1 Hz to 10 KHz to the system and the
responses were recorded and analysed by tting the non-linear
data to the equivalent Randle's circuit.

The impedance of the system is measured as

ZðuÞ ¼ VðuÞ
IðuÞ (2)

Since the applied potential and current response are sine
waves of the same frequency with a phase angle change, their
ratio is taken as the impedance, which is a complex number
with a real and imaginary part, i.e.

Z(u) ¼ Z1(u) + jZ2(u) (3)

The Nyquist plot was obtained by plotting the real part of
impedance on the X-axis and the imaginary part on the Y-axis.
The magnitude of the impedance was also obtained from the
Bode plots in which phase angle variation is plotted against
log(frequency). Various corrosion parameters were thus ob-
tained by tting the EIS data to an equivalent electrical circuit.

During the electrochemical polarization studies, the working
electrode was rst polarized cathodically followed by anodic
polarization by applying a potential of 250 mV from the corro-
sion potential. The polarization of the electrode surface resulted
in the ow of current due to the electrochemical reactions at the
electrode surface. Corrosion current density was obtained from
these plots by extrapolating both the cathodic and anodic
regions of the Tafel plots to the equilibrium corrosion potential.
The percentage efficiency is calculated from the corrosion
current density using the equation

IEð%Þ ¼ Icorr � Icorr
1

Icorr
� 100 (4)

where Icorr and Icorr
1 are the corrosion current densities of the

metal electrode in the blank and inhibited electrolytic media,
respectively.23–25

2.6 Theoretical studies

Quantum chemical methods and molecular modelling tech-
niques can be used for deriving the electron density functions in
molecular fragments and for a molecule as a whole. The
molecular structure and other electronic properties of mole-
cules are obtained by performing theoretical calculations using
the Gaussian 09 soware. In these calculations, the B3LYP
functional with double-zeta plus polarization and 6-311G(d,p)
basis set were employed. An idea about the inhibition ability of
the molecule is obtained from the various parameters calcu-
lated using the global descriptors of theoretical analysis as

IE ¼ �EHOMO (5)

EA ¼ �ELUMO (6)

DN ¼ cFe � cinh

2ðhFe þ hinhÞ
(7)

c ¼ IEþ EA

2
(8)

h ¼ IE� EA

2
(9)

where IE and EA represent the ionization enthalpy and electron
affinity of the inhibitor molecule, respectively, c and h are the
electronegativity and hardness, respectively, and DN refers to
the fraction of electrons transferred between the metal surface
and the inhibitor.

MC simulation is an important theoretical approach for
monitoring the interaction of an inhibitor with a metal
surface. BIOVIA Materials Studio calculations were performed
to get an idea about the mode of interaction between the
inhibitor and the metal surface as well as to have a glimpse of
the extent of interaction between them. The Fe(110) plane of
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iron built by the builder module of the soware is selected as
the adsorbent as it is the most stable plane, possessing a close-
packed structure. The maximum surface interaction with
larger molecules is possible only by enlarging the iron surface.
For that, 10 � 10 supercells were created with a thickness of 10
Å and using the adsorption locator module, the adsorption
process of the inhibitor on the metal surface was studied aer
geometry optimization using DMol3 calculation. The interac-
tion parameters were then calculated utilizing the COMPASS
force eld.

2.7 SEM, EDX and XPS studies

Surface characterization of the metal coupons dipped in 4% (v/
v) AYW taken aer 24 hours was done using XPS (PH1 5000
versa probe II, ULVAC-PHI Inc; USA) equipped with a micro
focussed monochromatic X-ray source with an energy of
1486.6 eV from Al-Ka. An X-ray source with a pass energy of
187.85 eV was needed to record the survey scan, while 46.95 eV
pass energy was required to record the deconvoluted spectra in
XPS. The SEM and EDX analyses of the mild steel coupons
immersed in blank and inhibited solution aer 24 hours of
immersion were carried out using a scanning electron micro-
scope (JEOL JSM 6380 LA). By comparing the topology of the
surface of the sample in blank and inhibited solutions, we can
nd out whether the metal is protected in the presence of the
inhibitor. By examining the EDX spectra, the surface composi-
tion of the samples in the presence and absence of the inhibitor
can be obtained.

3 Results and discussion
3.1 Spectral analysis

The FT-IR spectrum of the AYW extract was obtained in KBr
pellets using a Jasco IR spectrometer using the drop-casting
method in the wavenumber range of 400–4000 cm�1.

The Ayapana triplinervis extract is rich in many phytochem-
icals including THQ and coumarins, especially 7-hydroxy
coumarin in excess over others, as evident from the existence of
many peaks corresponding to different functional groups. The
sharp peak at 3433 cm�1 is due to the presence of the O–H
group in the extract. Two intense peaks are present at
2915 cm�1 and 2864 cm�1, which can be attributed to the C–H
stretching from an aliphatic group, representing the presence of
methyl and isopropyl groups in the extract. The band at
1632 cm�1 represents the presence of an aromatic ring and
C]O group in the extract. Another peak at 1374 cm�1 is for the
CH3 bending vibration. The broad peak at 1001 cm�1 is ascribed
to C–O–C stretching vibration and a weak band at 556 cm�1 is
due to the C–H bending vibration.26–28 The presence of THQ was
detected from the electronic spectrum with an absorption
maximum of 200–360 nm with an absorption maximum of
around 290 nm. AYW shows an absorption maximum at
279.01 nm, indicating the presence of THQ in the extract in the
wavelength range of 200–800 nm. These spectral data are
enough to show the presence of both THQ and coumarin in
AYW29,30 (Fig. 1).

3.2 Gravimetric analysis

The ‘gold standard’ weight-loss technique is the simplest and
most efficient corrosion monitoring technique, although its
sensitivity is limited to 0.1 mg. It is particularly useful when the
exposure period is extended to the order of weeks and months.
Weight-loss analyses were conducted separately for the water
and alcoholic extract of Ayapana triplinervis (AYW and AYA,
respectively) aer 24, 48, 72, 96, and 120 hours of immersion in
an aggressive acidic medium. From Fig. 2, it is clear that the
aqueous extract is superior in action to its alcoholic counterpart
in terms of resisting the corrosion process of mild steel in 0.5 N
HCl. Since the alcoholic counterpart, which is more expensive,
has less inhibition efficiency than the economically benign
water extract in inhibiting the mild steel corrosion in an acidic
medium, it has been excluded from further electrochemical
techniques. 4% (v/v) AYW exhibits about 94% efficiency even
aer 48 hours of immersion, and aer 120 hours, the inhibition
efficiency (IE) reduces to 89.50%. At the same time, the corro-
sion rate decreased from 0.278 mg cm�2 h�1 to 0.213 mg cm�2

h�1 for 4% (v/v) AYW on increasing the immersion time from 24

Fig. 1 (A) IR spectra of the AYW extract and coated film obtained from
the metal surface and (B) UV-visible spectra of AYW.

Fig. 2 Plot of IE vs. corrosion rate for AYW and AYA for different
immersion periods.
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to 120 hours. However, for the alcoholic counterpart, the inhi-
bition efficiency decreases from 92.10% to 91.27% on
increasing the immersion time from 24 to 48 hours. Aer 120
hours of immersion, the inhibition efficiency of 4% (v/v) AYA
decreases to 77.05% at room temperature. The weight-loss, CR
(mg cm�2 h�1) and IE (%) of AYW and AYA are given in Fig. 2.

3.3 Impedance spectroscopic studies

Randle's circuit was identied as the ideal electrochemical
circuit to t the electrochemical data obtained during the
analysis. However, some depressions were observed in the
Nyquist plot during the analysis. It was realized that the
phenomenon of ‘frequency dispersion’ (frequency dispersion is
a term describing various physical characteristics such as
surface roughness, inhomogeneity, grain boundaries, and
impurities) was the reason for such depressions and it was
rectied by placing a constant phase element of admittance Y0
in place of the double layer capacitance, as follows:

ZCPE ¼ 1

Y0

h
½ju�n�1

i
(10)

where u represents the angular frequency, j is an imaginary
number and n is the constant phase exponent. Hence, the
double layer capacitance incorporates the contribution from the
constant phase element as well, and it is calculated as

Cdl ¼ (Y0Rct
1�n)1/n (11)

The nature of the constant phase element depends on the
constant phase exponent. That is, the constant phase element
acts as a perfect capacitor when n is unity, as a resistor when n
equals zero and as an inductor when n approaches �1. The
addition of inhibitor solution to the blank electrolytic solution
causes a shi of the constant phase element towards a more
capacitive nature, which is evidenced from the n value change
(Table 1).

The Nyquist plot obtained for mild steel coupons in 0.5 N
HCl without and with various concentrations of AYW at

different temperatures is shown in Fig. 3. It is clear from the
gure that even aer adding 4% (v/v) AYW to the electrolytic
medium, the shape of the curve remains the same, which is an
indication of the constancy in the corrosion mechanism in the
presence or absence of an inhibitor. In the higher frequency
region, the Nyquist plot shows a capacitive loop due to the
presence of an electric double layer at the metal-solution
interface. On analysing Table 1, it is seen that there is an
opposite trend in the values of Rct and Cdl during the addition of
the inhibitor. This may be due to the formation of a protective
layer of phytochemicals on the metal surface. The inhibitor
molecules adsorb on the metal surface by replacing the water
molecules and other ions that had adsorbed there previously,
causing an increase in the thickness of the double layer at the
metal-solution interface. This event results in the decrease of
the double-layer capacitance value according to the Helmholtz
equation:

Table 1 EIS data for mild steel corrosion in blank and inhibited acidic electrolytic media at different temperatures

T (K) Cinh (%, v/v) Rct (ohm cm�2) Cdl (mF cm�2) Icorr (mA cm�2)
CR (mm per
year) Y0 n IE (%)

303 0 21.40 0.00053 1.2190 14.13 0.0014 0.77 —
1 30.11 0.00034 0.8664 10.04 0.0008 0.80 28.93
2 85.63 0.00020 0.3046 3.531 0.0005 0.82 75.01
3 298.9 0.00006 0.0873 1.012 0.0001 0.83 92.84
4 539.0 0.00007 0.0484 0.561 0.0002 0.79 96.03

313 0 12.05 0.00055 2.1650 25.09 0.0024 0.76 —
1 14.12 0.00046 1.8480 21.41 0.0013 0.83 14.66
2 40.35 0.00028 0.6465 7.493 0.0010 0.79 70.14
3 65.06 0.00019 0.4010 4.647 0.0006 0.81 81.48
4 84.38 0.00020 0.3092 3.583 0.0004 0.87 85.72

323 0 8.352 0.00096 3.1230 36.20 0.0037 0.77 —
1 9.746 0.00119 2.6770 31.02 0.0048 0.75 14.30
2 19.90 0.00041 1.3110 15.19 0.0015 0.79 58.03
3 27.19 0.00038 0.9594 11.12 0.0017 0.76 69.28
4 54.31 0.00020 0.4803 5.567 0.0006 0.81 84.62

Fig. 3 Nyquist plot for mild steel corrosion in 0.5 N HCl with and
without inhibitors at (A) 303 K, (B) 313 K, and (C) 323 K; and (D) %
relative error for the extracts at different temperatures.
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Cdl ¼ 3A30

d
(12)

where 3 and 30 denote the permittivities of the electrolytic
medium and free space, respectively. A is the surface area of the
metal electrode and d is the thickness of the double layer. The
decrease in Cdl value with the increase in inhibitor concentra-
tion may be due to the replacement of pre-adsorbed water
molecules, which have a high dielectric constant, with inhibitor
molecules of low dielectric constant on the metal surface as well
as an increase in the thickness of the double layer. In the
Nyquist plot, the difference of the real axis value in the low and
high-frequency regions corresponds to the charge transfer
resistance and from this value, inhibition efficiency is calcu-
lated as

IEð%Þ ¼ Rct
1 � Rct

2

Rct
1

� 100 (13)

where Rct
1 and Rct

2 represent the charge transfer resistances of
inhibited and blank corrosive media, respectively. With the
addition of an inhibitor to the blank, its charge transfer resis-
tance increases considerably. In the case of the 4% (v/v) addi-
tion of AYW to 0.5 N HCl, the Rct value increases from 21.40 U

cm�2 to 539.0 U cm�2 at room temperature, affording 96.03%
efficiency for the extract. At 313 K, the value increases from
12.05 U cm�2 to 84.38 U cm�2 and at 323 K, from 8.352 U cm�2

to 54.31 U cm�2, affording 85.72% and 84.62% efficiency,
respectively. Since corrosion is an electrochemical process,
whose rate is dependent on how fast the mass and charge are
transferred between the electrode and the electrolyte, the
adsorption of AYW blocks the easy transfer of both mass and
charge better than AYA, leading to the best corrosion
inhibition.31–35

3.4 Bode plots

Bode plots of metals in an acidic solution containing AYW at
different temperatures are shown in Fig. 4. Since the electrode–
electrolyte interface acts as a ‘leaky’ capacitor, there is a devia-
tion in phase angle from the perfect capacitance value of 90�.
When there are smaller deviations from 90�, the capacitive
response is high and hence the inhibition efficiency is also
high. This deviation is more pronounced for an uninhibited
solution, especially at a higher temperature. With the increase
in the concentration of the extract, the extent of adsorption of
phytochemicals on the metal surface increases, and the
increased surface coverage on the metal surface leads to the
broadening of the Bode plots (i.e., at higher concentration). It is
clear from Fig. 4 that the deviation from the perfect capacitive
angle is minimum for 4% (v/v) AYW at room temperature
(58.790) and maximum for the blank electrolyte at 323 K
(12.420).27,36

3.5 Tafel polarization studies

The general principle behind Tafel polarization studies involves
the excitation of the working electrode electrochemically by the
application of a potential sweep of �250 mV to Ecorr and then

measuring the current response in terms of potential or time
domain. In linear polarization, a linear relationship exists
between the applied potential and the current response as we
are perturbing the system by a small potential of 20–25 mV.
However, in Tafel polarization, the linearity is seen between the
potential and log current density at a potential of 50–70 mV far
from OCP. Anodic and cathodic polarizations create Tafel
regions and the extrapolation of the linear portions of these
curves to a single point will give the potential and the corre-
sponding current density, which are called the corrosion
potential and corrosion current, respectively. Once we obtain
the corrosion current, the inhibition efficiency can be calcu-
lated by eqn (4).

Anodic and cathodic polarization studies were conducted for
mild steel coupons immersed in 0.5 N HCl in the presence and
absence of different concentrations of AYW at three different
temperatures (Fig. 5). The corrosion parameters thus obtained,

Fig. 4 Bode plots for the mild steel specimen in blank and inhibited
solutions containing different concentrations of AYW at (A) 303 K, (B)
313 K, and (C) 323 K and (D) the equivalent Randle's circuit used to fit
the EIS data.

Fig. 5 Tafel plots for the mild steel specimen in blank and inhibited
solutions containing different concentrations of AYW at (A) 303 K, (B)
313 K, and (C) 323 K and (D) the variation of their % relative error with
temperature.

© 2022 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2022, 12, 14328–14341 | 14333
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such as corrosion current density, corrosion potential, and Tafel
slopes, are given in Table 3. It is clear from Table 2 and Fig. 5
that the incremental addition of inhibitors to the blank elec-
trolytic media considerably decreases the corrosion rate of the
metal. Corrosion inhibitors retard the corrosion rates of mild
steel by acting either as anodic or cathodic inhibitors. It is seen
that on adding different volumes of the extract to the electrolytic
medium, the current density (both anodic and cathodic)
decreases. It is also observed here that with the incremental
addition of the extract, the corrosion potential value shis
towards lower negative values at all temperatures, indicating an
anodic predominant mechanism for the inhibitor. That is, the
inhibitor system decreases the corrosion rate of mild steel
mainly by resisting the anodic dissolution process of mild steel.
Since the shi in Ecorr values remains within �85 mV, mixed
inhibition nature is attributed to the inhibitor system. That is, it
resists the corrosion process not only by retarding the anodic
reaction but also by preventing the cathodic hydrogen evolution
reaction. An irregular trend in the Tafel slopes is observed,
which again supports the mixed inhibition behaviour of AYW.
The corrosion current density of the sample decreases from
1.1791 mA cm�2 to 0.0497 mA cm�2 with the addition of only
4% (v/v) AYW to the reaction medium, showing its high inhi-
bition ability (95.78%) at room temperature. At the same time,
the corrosion rate decreases from 19.371 to 4.3649 mm per year
for the sample at room temperature. With further increase of
temperature to 313 K, no considerable increase in the corrosion
current and corrosion rate is observed in the presence of 4% (v/
v) AYW, giving a high efficiency of 81.36% at 313 K. AYW
decreases the corrosion rate by getting adsorbed on the avail-
able active sites of the sample, leading to lesser interaction with
the acidic electrolyte. However, on increasing the temperature,
the rate of desorption of the adsorbate layer from the surface
increases, exposing more active sites to the aggressive envi-
ronment. Moreover, with increase in temperature, the rate of
evaporation and degradation of the active organic components
of AYW on the metal surface may also increase, leading to
greater corrosion.37–41

3.6 Quantum chemical calculations

The donor–acceptor mechanism is responsible for the adsorp-
tion of an inhibitor molecule on a metal surface, i.e., electron-
rich sites of the inhibitor donate electrons to the metal
surface. The excess electrons in the metal surface will create
repulsive interaction and hence these electrons are donated
back from the metal surface to the electron-decient/vacant
antibonding orbitals of the inhibitor molecule. The electron-
rich centres include the heteroatoms and aromatic rings
present in the inhibitor molecule. The HOMO and LUMO of the
inhibitor molecule respectively afford the electron-donating
and electron-accepting centres.

The quantum chemical parameters obtained from the most
stable conguration of the active component THQ obtained by
Gaussian 09 are listed in Table 3. It is clear from the table that
the molecular parameters of THQ are responsible for the
extract's performance as a good corrosion-inhibitive system.
From Fig. 6, it is evident that the HOMO of THQ is located
mainly on O atoms and the aromatic rings, while the LUMO is
distributed over the C atoms. These centres of the HOMO and
LUMO are involved in interaction with the Fe surface to cause
the adsorption of the inhibitor molecule on the metal surface.
The high energy of the HOMO of THQ (�5.44716 eV) accounts

Table 2 Polarization parameters for mild steel corrosion in blank and inhibited acidic electrolytic media at different temperatures

T (K)
Concentration
of AYW (%, v/v) �Ecorr (mV) ba �bc Icorr (mA cm�2)

CR
(mm per year) IE (%)

303 0 524.62 238.81 338.54 1.1791 19.371 —
1 513.41 183.37 243.79 0.7604 14.426 35.51
2 514.33 135.63 157.92 0.2688 7.6903 77.20
3 451.56 89.176 147.96 0.0868 4.5079 92.64
4 458.8 86.835 132.59 0.0497 4.3649 95.78

313 0 523.09 262.71 302.82 1.7238 28.152 —
1 468.38 166.15 247.68 1.5029 26.45 12.81
2 450.79 120.4 202.12 0.5683 13.553 67.03
3 438.75 103.96 189.49 0.3332 10.417 80.67
4 514.33 129.36 150.4 0.2418 7.330 85.97

323 0 463.89 226.16 297.64 1.9815 33.534 —
1 508.83 237.22 231.83 1.7672 27.802 10.82
2 455.95 129.58 223.65 1.0129 21.234 48.88
3 500.87 123.48 204.7 0.7410 16.091 62.60
4 456.8 113.02 184.71 0.3693 11.725 81.36

Table 3 Global parameters for the active components THQ and
coumarin present in AYW obtained from B3LYP/6-311G(d,p)

Parameters THQ Coumarin

Total energy (a.u.) �618.72177 �497.1482
EHOMO (eV) �5.44716 �6.74269
ELUMO (eV) �0.228575 �2.13119
DE (eV) 5.21858 4.6115
IE (eV) 5.44716 6.74269
EA (eV) 0.22857 2.13119
Dipole moment (D) 0.23490 4.7775
c 2.83786 4.43694
h 2.60929 2.30575
DN 0.79756 0.55579
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for its capacity to donate electrons to the vacant d orbital of Fe.
At the same time, the low energy of the LUMO (�0.228575 eV)
validates its tendency to accept the electrons from the lled
metal d orbital to its empty p orbital. Hence, the energy required
to remove the electrons from the outermost orbital is very low
(obtained from its energy gap), which accounts for its high
inhibition ability. The inhibitor molecule considerably retards
the corrosion process of iron by transferring a larger fraction of
electrons from it to the metal surface. The inhibition ability has
a direct relationship with this fraction transferred according to
Lukovit's theory. The inhibitor has a great ability to bind with
the so Fe surface (in acid media), which is evidenced by its low
hardness value, and which eventually leads to the adsorption
phenomena according to Pearson's HSAB theory. The lower
dipole moment value of the inhibitor facilitates its accumula-
tion on the metal surface, leading to better inhibition ability.
The second active component present in AYW is coumarin,
which is also a good inhibitor as evidenced by its electronic
molecular structure obtained through DFT calculations (Fig. 7).
The presence of THQ alone or its synergistic interaction with
the other minor components, mainly coumarins, makes the
extract a more efficient corrosion inhibitor for mild steel
corrosion. The active components THQ and coumarin present
in AYW are separated by a distance of 2.22235 Å on the metal
surface aer adsorption12,27,28,34,41–45 (Fig. 8).

3.7 MD simulations

MD simulations were carried out separately for THQ, coumarin,
and THQ and coumarin together (THQ + CU) on the Fe(110)
plane in a homogeneous environment using the BIOVIA Mate-
rials Studio package to gather information on the most
favourable interaction. The result obtained is presented in
Table 4.

From the table, it is clear that the combination (THQ + CU)
has maximum adsorption on the metal surface, followed by
THQ, and lastly coumarin. Although coumarin is found to be
quite suitable for inhibition according to the DFT studies, THQ
acts as the main contributor of AYW's corrosion inhibition
because of the lower concentration of coumarin in AYW. The
binding energy values are also higher for the combination (THQ
+ CU) than for THQ and hence it is conrmed that the
adsorption process of THQ is supplemented and enhanced by
coumarin. The total energy value of THQ obtained from DFT
calculations is found to be 10.9725 kcal mol�1. However, when
it gets adsorbed on the metal surface, the total energy of the
system becomes negative (�83.6693 kcal mol�1), which means
that THQ is highly stabilised on the metal surface compared to
its free state of existence in AYW. Rigid adsorption energy (a
type of binding energy, i.e., the energy released when molecules
are adsorbed on the metal surface before its optimisation
procedure) is also maximum for the combination, indicating
that these clusters of molecules are preferred more on the
surface than their individual existence. The 3D atomistic dE/dNi
is also a representation of the energy of the adsorbate–adsor-
bent system. The negative value of energy indicates that the
adsorption characteristics of the adsorbate are prominent in
a given adsorbent. It is evident from Fig. 9 that the adsorption
and surface coverage of AYW are maximum on the mild steel
surface when the coumarin is arranged in parallel and THQ in
a vertical orientation. All the data obtained aer MD simula-
tions show that even though the concentration of coumarin is

Fig. 6 (A) Optimized geometry, (B) HOMO, and (C) LUMO of THQ.

Fig. 7 (A) Optimized geometry, (B) HOMO, and (C) LUMO of
coumarin.

Fig. 8 Optimized geometry of THQ and coumarin separated by an
intermolecular distance of 2.2223 Å.

© 2022 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2022, 12, 14328–14341 | 14335
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small in AYW compared to THQ, its combination with THQ
makes it an excellent combination to offer corrosion protection
to mild steel in 0.5 N HCl.46–50

3.8 Adsorption isotherm

The phenomenon of adsorption is considered an effective
contributor that retards the corrosion rate of metals in acidic
electrolytic media containing organic inhibitor molecules. The
physicochemical aspects of such a reaction at a specied
temperature can be well illustrated using the thermodynamic
adsorption parameters. To evaluate these, various adsorption
isotherms like Langmuir, Temkin, and Freundlich are plotted
separately for the corrosion process of mild steel in HCl
medium containing different concentrations (%, v/v) of AYW.
Insight regarding the ease of a process can be drawn by ana-
lysing the thermodynamic parameters. The magnitude and sign
of both the heat and entropy of adsorption also inuence the
spontaneity of a reaction.51 The best tted isotherm is selected
using its R2 values for different adsorption isotherms, and in
this case, among the three isotherms, Temkin is found to be the
best one with a regression constant close to unity, and obeys the
equation

q ¼ ln CR + Kads (14)

Table 5 shows the thermodynamic adsorption parameters
derived at various temperatures. It is seen that the Kads values
are positive, showing the feasibility of adsorbing the constitu-
ents of AYW on themild steel surface. It is also seen that with an
increase in temperature, the equilibrium is shied to the
adsorption side rather than the desorption side. Table 5 also
presents the variation in Gibbs free energy with temperature
and in this case, the values are negative and point to the ease of
the expected adsorption reaction. Here the values are below
20 kJ mol�1, and hence it may be concluded that the adsorption
of active phytochemicals present in AYW on the mild steel
surface is a feasible process that follows physisorption, not by
a mere physical force but through a substantial contribution
from a type of co-ordinate interaction between the metal and
active components of AYW. This is because Fe has a great
tendency to form co-ordinate bonds with heteroatoms like O
and N. Since AYW is rich in these atoms, co-ordinate interac-
tions are very well possible between Fe and AYW, which are
sufficiently strong and hence stable even at reasonably high
temperatures.52,53 Since the adsorption isotherm obtained is of

Fig. 9 Snapshots showing the adsorption of (A), (B) THQ; (C), (D) coumarin; and (E), (F) both THQ and coumarin of AYW on the mild steel surface
using the BIOVIA Materials Studio software.

Table 4 Adsorption parameters obtained from the MD simulations of THQ, coumarin and their combination

Molecule Total energy (eV)
Adsorption
energy (eV)

Rigid adsorption
energy (eV)

Deformation energy
(eV) dE/dNi

THQ �83.6693 �94.6419 �95.7429 1.10106 �94.6419
Coumarin �94.4323 �77.1024 �65.6780 �11.4244 �77.1024
THQ + coumarin �182.5147 �172.1930 �158.6195 �13.5735 �172.1930
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the Temkin-type, it suggests the multilayer adsorption of
phytochemicals on the metal surface. The rst layer of phyto-
chemicals is formed on the metal surface by mild physisorption

followed by the formation of the second layer through strong co-
ordinate covalent bond-mediated chemical adsorption
(Fig. 10).54

3.9 Kinetic studies

Arrhenius and transition state plots were drawn to obtain
kinetic information about the corrosion process involving mild
steel and 0.5 N HCl in the presence of AYW (Fig. 11). The perfect
t for the data implies the reliability of the results. From the
slopes of the plot, the activation energy values were calculated
for the blank and inhibited solutions. The activation energy is
higher for the inhibited solutions and the value increases with
increasing inhibitor concentration. In an inhibited solution
with a greater extract concentration, the metal has to overcome
higher energy barriers to get corroded in acidic solution, while
in the uninhibited solution, the metal has to face a smaller
energy barrier to get corroded. Hence, the metal suffers greater
corrosion in both blank and inhibited solutions with lower AYW
concentrations due to the lower activation energy barrier. It is
therefore seen that the higher activation energy value obtained
in the presence of the optimum concentration of the inhibitor is
an indication of the decrease in the corrosion rate. The thin
coating of phytochemicals formed through the adsorptive
interaction prevents the transfer of both matter and energy,
eventually leading to corrosion retardation. The variation in the
values of enthalpy and entropy with temperature is included in
Table 6. The enthalpy values are positive and increase with
increasing inhibitor concentration. The result conrms the
endothermic nature of the dissolution process. The entropy
values for the blank solution are negative, but for 4% (v/v) AYW,
the values are highly positive, suggesting the formation of an
activated complex during the corrosion inhibition process, and
the disorder goes on increasing when the reactants get trans-
formed to products.

Table 5 Thermodynamic adsorption parameters of AYW on the mild steel specimen in 0.5 N HCl solution

Acid concentration Temp. (K)

R2

Kads (M
�1) DG0

ads (kJ mol�1)Langmuir Temkin Freundlich

0.5 N HCl 303 0.51769 0.93037 0.85951 3.00444 �12.89144
313 �0.12913 0.87280 0.77919 4.66962 �14.46468
323 �0.09546 0.96843 0.86615 5.86200 �15.53762

Fig. 10 Temkin, Langmuir and Freundlich adsorption isotherms for
the mild steel specimen immersed in 0.5 N HCl solution containing
AYW at different temperatures.

Table 6 Kinetic parameters of corrosion inhibition by AYW in 0.5 N HCl at different temperatures

Acid concentration
Inhibitor concentration
(%, v/v)

Arrhenius plot
(ln(CR) vs. 1000/T) Transition state plot (ln(CR/T) vs. 1/T)

Ea (kJ mol�1) DS0a (kJ mol�1) DH0
a (kJ mol�1) Ea � DH0

a (kJ mol�1)

AYW 0.5 N HCl 0 38.3405 �107.8990 34.8203 3.5202
1 46.0388 �85.7058 42.3384 3.7004
2 59.3484 �52.3583 55.2190 4.1294
3 97.7415 61.6779 92.6995 5.0420
4 93.9357 46.0842 89.1545 4.7812

Fig. 11 Arrhenius and transition state plots for mild steel corrosion in
the blank and inhibited solutions containing different concentrations
of AYW at different temperatures.

© 2022 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2022, 12, 14328–14341 | 14337
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Activation energy is more important in kinetic studies and its
difference from the enthalpy of the corrosion process is
constant, suggesting the unimolecular nature of the metal
dissolution process (Fig. 12).52,55

3.10 Surface analysis

3.10.1 SEM and EDX analysis. The EDX spectra of bare
metal and the metal immersed in 0.5 N HCl solution containing
4% (v/v) AYW are shown in Fig. 13. It is seen that the EDX
spectrum of the bare metal is almost similar to that of the metal
in the presence of AYW. On analysing the EDX spectra in detail,
it is observed that the weight percentages of C and Fe in both
specimens are almost equal, i.e., for bare metal, the weight
percentages of C and Fe are 6.26% and 93.29%, and for the

metal dipped in an acidic electrolyte containing AYW, they are
6.85% and 93.15%, respectively, aer 24 hours of immersion.
The metal specimen when dipped in 0.5 N HCl containing AYW
is very similar to the fresh uncorroded metal specimen,
conrmed from the EDX spectra of both samples. This clearly
shows that AYW resists the acid dissolution of metal and the
loss of iron as ferric ions and ferric hydroxides is prevented to
a greater extent. Additionally, it is interesting to note that there
is a slight increase in the carbon content of the inhibited metal
specimen due to the adsorption of active phytochemicals from
AYW onto the metal surface.11,56

3.10.2 XPS analysis. The surface elemental distribution of
the metal specimen dipped in inhibitor solution (0.5 N HCl with
4% (v/v) AYW) was investigated using XPS. A protective coating
of AYW is evident from the XPS spectra (both survey scan and
deconvoluted spectra) of the mild steel specimen dipped in
AYW, which are shown in Fig. 14.

On analysing the deconvoluted spectra of C 1s, four peaks
are observed giving different proles for the carbon on the
metal surface.

The peak with a binding energy of 284.74 eV is attributed to
C–C and C–H bonds. The second peak at 286.65 eV refers to the
ethereal oxygen, i.e., C–O–C groups in THQ and coumarin. The
282.83 eV peak is responsible for the unsaturated C]C bond
and the fourth peak at 288.66 eV is responsible for the carbonyl
group (C]O of coumarin).57 The O 1s spectrum with three
deconvolutions at 530.67 eV, 532.21 eV and 533.07 eV shows
that O is observed in three different bonding environments. The
one with a binding energy of 530.67 eV attributes to Fe–O
bonding strategies.

Here, Fe–O bonding may have resulted from the co-ordinate
type of interaction between the lone pair of O and the vacant
d orbital of the metal.27 The second peak at 532.21 eV is ascribed
to the presence of carbonyl oxygen. Hence, this peak represents
the C]O bonding of the coumarins of AYW. The third one with
a binding energy of 533.07 eV corresponds to the oxygen of the
ethereal groups, i.e., the C–O–C of both THQ and coumarins.

The Fe 2p spectrum also has two major peaks at 711.90 eV
(Fe 2p3/2) and 725.55 eV (Fe 2p1/2). The rst peak represents the
Fe–O bond as it has been already conrmed from the O 1s
deconvolution. The Fe–O bond arises mainly due to the exis-
tence of co-ordinate bonding between Fe (metal surface) and

Fig. 12 SEM images of (A) the bare metal sample, (B) the metal sample
dipped in 0.5 N HCl, and (C) and (D) the metal sample dipped in 0.5 N
HCl containing 4% (v/v) AYW taken after 24 hours of immersion. SEM
images of the mild steel coupons before immersion, when immersed
in 0.5 N HCl and when immersed in 0.5 N HCl containing 4% (v/v) AYW
are given in figure. The micrographs show that the surface is seriously
damaged when dipped in 0.5 N HCl containing no inhibitor. It is clearly
shown that the metal samples dipped in 0.5 N HCl containing AYW is
protected and the surface is smoother and resembles the bare metal
coupons without undergoing any corrosive damage. There are many
cracks observed for the sample immersed in 0.5 N HCl, but such types
of pits and cracks are not as prominent in the bare metal sample and
for the sample immersed in 0.5 N HCl containing AYW as well, which
reveals the protective ability of AYW against mild steel corrosion.

Fig. 13 EDX spectra of (A) the bare metal sample and (B) the metal
sample dipped in 0.5 N HCl containing 4% (v/v) AYW taken after 24
hours of immersion.

Fig. 14 XPS spectra: (A) survey scan spectrum and the deconvoluted
profiles of (B) C 1s, (C) O 1s and (D) Fe 2p for mild steel coupons dipped
in 0.5 N HCl containing 4% (v/v) AYW after 24 hours of immersion.
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the O atoms of inhibitor molecules. The second peak at
725.55 eV was contributed by the Fe 2p1/2 of the iron oxides. The
various oxide species that could be identied on the surface
include Fe2O3, Fe3O4 and FeO.36,46 Hence, it can be concluded
that the major constituents of AYW (THQ and coumarin) are
adsorbed on the metal specimen aer 24 hours of immersion in
0.5 N HCl containing 4% (v/v) AYW. There is also evidence for
the formation of co-ordinate bonding between the metal's
d orbital and the oxygen atoms of THQ. Although the concen-
tration of coumarin is low in AYW when compared with that of
THQ, it is also adsorbed with THQ on the metal surface through
synergistic interaction to offer extra protection to the metal
against acid attack.37,58

3.11 Mechanism of inhibition

The inhibitive action of AYW can be ascribed primarily to the
adsorption of THQ from AYW on the metal-electrolyte interface
by the replacement of pre-adsorbed water molecules (evidenced
from the reduction in Cdl value shown in Table 2). In acidic
electrolytic media, THQ undergoes protonation to form the
THQ-H+ entity (protonation occurs mainly at the more electro-
negative center). The Fe surface also undergoes oxidation in
0.5 N HCl to form Fe2+ ions. Through the characteristic
adsorption phenomena, the Cl� ions from HCl get attached to
the Fe2+ surface. Through the coulombic force of attraction, the
protonated THQ is attracted to the negatively charged chloride
ions on the metal surface, causing the adsorption of THQ-H+ on
themetal surface. The increased surface coverage of THQ on the
metal surface causes the desorption of other ions (corrosion
enhancers) adsorbed previously on the metal surface. Mean-
while, THQ-H+ accepts the free electrons generated during the
oxidation process of iron from the metal surface. Simulta-
neously, the aromatic ring and the electron-rich oxygen atoms

of THQ donate its p and lone pair of electrons to the empty
d orbital of Fe, forming a co-ordinate type bond with the metal
surface. The bonding and the back bonding of the THQ mole-
cule by the donation and acceptance of electrons with the metal
surface lead to better adsorption of it on the metal surface,
enhancing the corrosion resistance of mild steel in HCl media
(Fig. 15).59–61

4 Conclusions

(1) AYW is a more efficient corrosion inhibitor for mild steel in
0.5 N HCl than its alcoholic counterpart. The 4% (v/v) AYW
extract has an efficiency of 96% at 303 K and with an increase in
temperature, the inhibition efficiency goes on decreasing and
reaches a value of 84.62% at 323 K.

(2) The decrease in inhibition efficiency with increasing
temperature suggests that the predominant mechanism of
adsorption is physisorption.

(3) The activation energy values support the formation of
a co-ordinate-type complex between the Fe surface and THQ
and coumarin.

(4) Adsorption studies point out that multilayer adsorption
of phytochemicals occurs on the metal surface during the
exposure and the adsorption isotherm follows the Temkin
model.

(5) PDP studies suggest the mixed-type behaviour of AYW
since both the anodic and cathodic slopes vary with a more
prominent shi towards lower potential values on adding the
inhibitor solution, indicating anodic predominance rather than
the cathodic hydrogen evolution process.

(6) The adsorption and inhibitive action of THQ is evident
from the theoretical calculation of global descriptors using DFT
and the BIOVIA Materials Studio soware. These calculations

Fig. 15 Mechanism of the corrosion inhibition of mild steel in HCl medium by THQ in AYW.

© 2022 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2022, 12, 14328–14341 | 14339
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support the observation that the coumarin in AYW, though low
in concentration, facilitates the adsorption of THQ on the metal
surface. THQ and coumarin present in AYW sit at a distance of
2.2223 Å on the metal surface aer adsorption. The combina-
tion of THQ and coumarin affords maximum efficiency since it
allows for maximum surface coverage due to the vertical
orientation of THQ and the horizontal arrangement of
coumarin.

(7) SEM and EDX analyses assure that corrosion of the mild
steel surface is greatly prevented in 0.5 N HCl in the presence of
AYW. The surface topography as well as the elemental compo-
sition of the surface almost match those of the uncorroded
metal specimen.

(8) XPS data affirm the presence of both THQ and coumarin
on the surface of the metal sample. XPS spectral analysis also
supports the formation of co-ordinate-type bonding between
the metal's d orbital and the oxygen atoms of THQ.

(9) Both theoretical and activation energy value calculations
agree with the assumption that the adsorption of THQ on the
metal surface is initiated through physisorption and is
completed through chemisorption.
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ABSTRACT 

 
Ultra-structural elucidation of feeding injury inflicted by the vegetable mite, Tetranychus neocaledonicus Andre 

on the leaves of cassava was done following TEM technique to elucidate anatomical damage and for a detailed 

investigation into the fine structural changes to Manihot esculenta Crantz leaves following spider mite feeding. 

The gravity of injury caused to the host leaves was found to increase proportionately with the progressive 

feeding of the vegetable mites. Leaves with high infestation had marked reduction in thickness following 

disruption of epidermis and reduction of palisade and spongy mesophyll tissues. Further, there was decline in 

numerical abundance of cells and organelles like chloroplasts, coagulated protoplasts, structural aberrations at 

the cellular level, increased space in the mesophyll layers, extensive disruption of the palisade coupled with 

damage to adjacent cells that were not directly attacked by the mites. 
 

Keywords: Vegetable mite; Tetranychus neocaledonicus; Manihot esculenta; chlorophyll; palisade; 

transmission electron microscopy. 

 

1. INTRODUCTION 
 

Tetranychids top the list of mites as pests owing to 

their ubiquitous presence and its damage potential to 

crops [1,2]. The potential of spider mites to rapidly 

build up population density, to replenish all the 

available nutrients and induce irreparable damages 

to host tissues to attain pest status have been 

reported world-wide [3-5]. The vegetable mite, 

Tetranychus neocaledonicus has emerged as a 

predominant mite representative invading majority of 

the vegetable plants surveyed. The occurrence of 

heavy infestation of vegetable mites proves beyond 

doubt, the potential of mite invasion under field 

conditions. As invasive species, they are potentially 

harmful and destructive, more so because of their 

microscopic size and cryptic behavior; hence 

generally overlooked by farmers in the field and the 
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damage induced by them are usually assessed on the 

basis of their feeding response. T. neocaledonicus 

have specialized mouth apparatus with a paired 

needle-like elongated retractable cheliceral stylets 

adapted to piercing mode of feeding (Alberti and 

Kitajima, 2014). The stylet lacerate the leaf tissue of 

cassava plants and the mite sucks up oozing the 

contents from plant cells. The point of sucking of sap 

is marked by the appearance of white chlorotic spot 

(Liesering, 1960; Zhurov et al., 2014). When the 

population attains peak, these spots coalesce forming 

chlorotic patches. The infected leaves had bronzed 

nature and the areas from where the chlorophyll has 

been removed appeared pale in colour. Continuous 

feeding by all the active mite stages, resulted in 

stippling, yellowing and crinkling of leaves followed 

by premature leaf abscission, branch die back and 

even death of the plant.  

 

As invasive species, Tetranychus neocaledonicus 

inflict deleterious effects on host tissues in a trice 

more so because of their microscopic size, cryptic 

behavior, high fecundity, extremely short life cycle, 

polyphagous nature and their ability to develop 

resistance against a number of 

insecticides/acaricides [7,8]. The astounding ability of 

phytophagous mites to colonize host plants, inflict 

internal injury, cause photosynthetic decline, languish 

stomatal conductance and reduce transpiration rates 

has led to considerable economic loss to agriculturists 

[5,6,10-20]. A largely untapped area of spider mite 

research is the anatomical and cytological damage 

elucidation of host tissue resulting from the feeding 

pattern of T. neocaledonicus. Manihot esculenta 

Crantz (cassava), the current host of the vegetable 

mite is one of the most important energy sources for 

the low-income calorie-deficient population in 

Kerala, India. It also stands out as the major 

horticultural export product adding to the economic 

growth of the state [21,22].  

 
By unraveling the intensity of damage induced by 

natural vegetable spider-mite population, this study 

aims to provide insight on anatomical, biochemical 

and cytological alterations in host leaf tissues, a 

relatively unstudied area. Oftentimes the interactions 

between spider mite and host are difficult to 

disentangle as the relative contribution of mite versus 

plant defence mechanisms is incognito. The current 

paper focuses on the level of intervention of the pest 

Tetranychus neocaledonicus in causing detrimental 

effects to the host plant cassava. Researches by 

acarologists across the globe has unveiled the crucial 

role of plant mites in altering plant defense 

mechanisms and highlighted the complex plant-spider 

mite relations [23-25]. Hence, an understanding of 

Tetranychus neocaledonicus feeding at the cellular 

level, following TEM studies, becomes critical for 

understanding the mite-host interactions and opening 

the path for future studies in line with IPM. 

 

2. MATERIALS AND METHODS 
 

Studies were conducted during the summer months 

(Feb-May) at Kozhikode district of Kerala. Study 

plots (Experimental and control plots) were set 

with adequate spacing (100 m) in green houses 

well protected from other pests. Cassava stem 

cuttings were collected and grown with utmost care 

in both the plots. The stock culture of Tetranychus 

neocaledonicus was maintained on cassava leaves in 

the lab by leaf flotation technique (Sangeetha and 

Ramani, 2007). The experimental plants were 

artificially infested by the mite adults by stapling 

infested leaf bearing 100mites/leaf on fully 

expanded host leaves. Transmission electron 

microscopic (TEM) studies were conducted on well 

differentiated infested and control host leaves.  
 

Transmission electron microscopic (TEM) 

studies: Leaf disc (approximately 20 mm diameter) 

from experimental and control cassava plants were 

fixed using 3% glutaraldehyde in phosphate buffer 

of pH-7.2 for I day. The fixed tissues were immersed 

in buffered 1% osmium tetroxide for 1.5 hours. 

This followed dehydration in ethanol series (70%, 

80%, & 90%); 2% uranyl acetate in 95% ethanol; 

and absolute ethanol for 1 hour each. Clearing for 

10-15 minutes was done twice in propylene oxide. 

Infilteration and embedding was done in araldite–

propylene oxide and araldite–DDSA–DBP– DMP 

mixture. Ultra-thin sections (800 Å) were taken 

using Leica Ultra-Cut U6 microtome (Leica, 

Vienna, Austria) and staining done using uranyl 

acetate and lead citrate (Kuo, 2007). The TEM 

studies of the prepared samples were done with a 

Biotwin Technai Spirit Transmission Electron 

Microscope (80 kV) (FEI, Eindhoven, The 

Netherlands). The relevant areas were captured and 

presented as figures. 
 

3. RESULTS 
 

Control [Uninfested] cassava leaves – Un-infested 

host leaves reflected delineated intact upper 

epidermal layer exhibiting clear protoplast exactly 

demarcated from underlying palisade layer (Figs. 

1,3). The palisade cells were seen to lay in close 

proximity and filled with granular protoplasm. The 

spongy parenchyma cells (Figs. 3,5) also enclosed 

fine granular cytoplasm containing organelles viz., 

nucleus, mitochondria, chloroplasts (Figs. 7,11). 

The observed number of chloroplasts per cell area 

averaged 5.9 in palisade and 2.9 in spongy layers 

respectively.

https://www.frontiersin.org/articles/10.3389/fpls.2016.01105/full#B3
https://www.frontiersin.org/articles/10.3389/fpls.2016.01105/full#B3
https://www.frontiersin.org/articles/10.3389/fpls.2016.01105/full#B27
https://www.frontiersin.org/articles/10.3389/fpls.2016.01105/full#B50
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Figs. 1–6. Transmission electron micrographs of leaves of Manihot esculenta healthy and mite 

infested by T. neocaledonicus: 

1. Upper epidermis of healthy M. esculenta leaf exhibiting protoplast; UE: upper epidermis; 

2. Upper epidermis of a mite infested M. esculenta leaf showing irregular and distorted 

epidermal cells; UE: upper epidermis; 

3. Cross-section of a healthy leaf showing upper epidermis and closely packed palisade parenchyma 

cells; UE: upper epidermis, PP: palisade parenchyma; 

4. Cross-section of a mite infested leaf showing palisade parenchyma cells reduced in number and 

punctured with large intercellular spaces; PP: palisade parenchyma, PC: punctured cells, ES: 

empty space; 

5. Clearly differentiated spongy parenchyma cells of a healthy leaf; SP: spongy parenchyma, LE: 

lower epidermis; 

6. Collapsed spongy parenchyma cells of a mite infested leaf with long intercellular spaces and fewer 

chloroplasts; SP: spongy parenchyma, ES: empty space, LE: lower epidermis, PC: punctured cells 
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Figs. 7–12. Transmission electron micrographs of leaves of Manihot esculenta healthy and mite 

infested by T. neocaledonicus: 

7. Spongy chloroplast of a healthy M. esculenta leaf; CH: chloroplast, LE: lower epidermis; 

8. Spongy chloroplast of a mite infested M. esculenta leaf showing fewer chloroplasts; CH: 

chloroplast, LE: lower epidermis; 

9. Chloroplast of a healthy leaf surrounded by fine granular cytoplasm; CH: chloroplast, CV: central 

vacuole; 

10. Unattacked cells of a mite infested leaf showing reduced chloroplasts surrounded by coagulated 

cytoplasm; CH: chloroplast, CP: cytoplasm; 

11. Chloroplasts of healthy leaf surrounded by a definite outer membrane; CH: chloroplast; 

12. Chloroplast of a mite infested leaf without an outer membrane, altered stromal thylakoids, and 

coagulated protoplast 
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Experimental [vegetable mite-infested] cassava 

leaves: Experimental leaves depicted severe 

morphological and anatomical aberrations. The 

cells of the upper epidermal layer were severely 

distorted and irregular (Fig. 2). Extensive 

alteration in the tissues of the mesophyll was 

observed since the vegetable mites targeted mostly 

the palisade layer. A yet another significant 

observation was the deleterious effects of feeding 

at the chloroplast level marked by the reduction in 

the number and content of chloroplasts in the 

neighbouring unaltered cells (Fig. 9) apart from the 

spider mite attacked cells of experimental leaves 

(Figs. 8,10). The intensity of damage induced was 

directly proportional to mite-feeding intensity. 

Attacked cells were completely dilapidated and 

shrunken following mite feeding. The adjacent 

apparently unattacked and unpunctured cells were 

also observed in partially shrunken condition (Figs. 

4,6) with coagulated protoplasm or without any 

contents (Figs. 10,12). Reductions in the number 

of cells in the palisade parenchyma together with 

extended empty spaces and punctured state of cells 

were noticed in experimental leaves (Fig. 4). The 

cells in the spongy parenchyma were also 

punctured and collapsed with wide intercellular 

spaces in between (Fig. 6). The non-infested cells 

in close proximity with attacked cells enclosed 

intact organelles though minimal damage was 

observed in higher magnification. An interesting 

feature noticed within these cells was coagulation 

of cytoplasm (Fig. 10) and disruption in the cell 

structure. The degeneration of organelles including 

nucleus increased with number of spider mite 

infestation on each leaf with time. Further, the 

marginal membrane lining the cell organelles 

seemed discontinuous and damaged beyond repair 

(Figs. 10,12). Continuous extensive feeding 

resulted in the bronzing of infested leaves. 

Alteration of stromal thylakoids resulted from 

degenerative processes at the chloroplast level 

(Figs. 10,12). 

 

4. DISCUSSION 
 

The findings of the current TEM studies have proved 

the critical impact of vegetable mite feeding on 

cassava at the cellular levels. Though work on this 

line is yet to gear up, few acarologists, Blair & 

Groves [26], Avery & Briggs [10,11], Tanigoshi & 

Davis [13], Kielkiewicz [27], Park & Lee [16] and 

Sangeetha et al. [28] have reported epidermal layer 

distortion in mite attacked leaves as recorded in the 

current work. According to Avery & Briggs [10], 

these flattening and distortions were mere artifacts. 

However, in contrast to the present findings, the 

authors reported that there occurred no cytoplasmic 

coagulation following spider mite feeding. The 

possible reason could be the practical inability to 

detect distortion using light microscopy at the 

epidermal layer. Observations made by 

Bensoussan et al. [29] also suggested that the 

unpunctured cells surrounding the damaged cells 

remained alive with no apparent damage. Park and 

Lee [16] also recorded damage to the neighbouring 

unattacked parenchyma cells on cucumber plants 

infested by Tetranychus urticae Koch. Studies on 

Tetranychus urticae feeding on the leaves of 

strawberry by Kielkiewicz [27] also reflected 

cellular alterations in mesophyll cells adjacent to 

directly punctured cells. Marked reduction in the 

number of chloroplasts from 5.9 to 2.6/cell area 

and 2.9 to 1.5/cell area respectively of palisade 

and spongy parenchyma, was recorded in the 

current study. Contrary to this, Sances et al. 

[30,31], recorded that mite feeding injury from 

abaxial surface of the strawberry leaf offered 

minimal injury to the top palisade cellular layers 

which harbored enormous number of chloroplasts. 

However, the observations Boulanger [9] and 

Mothes & Seitz [14] appeared contrary to this. 

Cells directly punctured by spider mites showed 

instability of stromal thylakoids and chloroplast 

membrane. This detectable change was the 

consequence of prolonged feeding by all the active 

mite stages [27]. Reduction of photosynthetically 

active organelles like chloroplasts in unattacked 

cells caused decline in the photosynthetic rate and 

metabolic activities, although the cells were not 

directly punctured by the mite [13,14,16,32]. 

Further, these cells failed to participate further in 

the metabolic activities of the host plant. Analysis 

of the gut content of Tetranychus neocaledonicus 

revealed the occurrence of chloroplast remains 

bearing the key photosynthetic engines, the 

thylakoid granules and other organelles. 

Probability of salivary secretions of the mite as 

factor responsible for the cytological effects of 

feeding injury on unattacked cells of cassava could 

be deciphered from the current study. Similar 

findings were recorded by Mothes and Seitz [14] 

on the impact of salivary secretions of Tetranychus 

urticae on adjacent unpunctured cells, in the 

dissolution of the cell contents, and increase in the 

permeability of cell walls. The current study also 

recorded mechanical destruction of 

photosynthetically active cells by the feeding of 

spider mites to average 100 cells/min. Several 

authors have reported that chlorosis is the most 

obvious injury symptom of leaves and is indicative 

of chlorophyll loss affecting photosynthesis [17-

19]. The mite-infested leaves showed severe 

reduction in the total chlorophyll contents at very 

high mite population densities [33,34]. The current 



 
 
 
 

Kaimal; UPJOZ, 43(9): 41-47, 2022 

 
 

 
46 

 

study also caters to the cytological aberrations as a 

result of mite feeding as observed by several authors 

on different host plants. Contrary to the 

observations made by Tanigoshi and Davis [13], 

the chloroplast distortion to a cup-shape or swollen 

thylakoids in apparently uninfested leaf cells [13] 

was not observed in cassava leaves during the 

study.  
 

5. CONCLUSION 
 

The vegetable mite, Tetranychus neocaledonicus, is 

a dreadful pest of cassava as evidenced from the 

current investigation. Spider mite attack induced 

severe mechanical damage to the cassava leaf 

tissues. This coupled with deleterious indirect 

effects on unattacked leaf cells of the host served to 

impart additive effect on the feeding injury of the 

mite, Tetranychus neocaledonicus on cassava leaves. 

Due to the microscopic size of Tetranychus 

neocaledonicus, it was rather impossible to unravel 

the metabolic queries that arose from feeding 

damage on cassava plants. In-depth research on 

this line is warranted to unveil mite-plant reactions 

of feeding and to touch upon possible routes for 

integrated pest mite management and biocontrol 

strategies in controlling spider mite populations that 

would help persuade agriculturists to deviate from 

traditional chemical methods.  
 

DISCLAIMER 
 

The products used for this research are commonly 

and predominantly usproducts in our area of research 

and country. There is absolutely no conflict of interest 

between the authors and producers of the products 

because we do not intend to use these products as an 

avenue for any litigation but for the advancement of 

knowledge. Also, the research was not funded by the 

producing company rather it was funded by personal 

efforts of the authors. 
 

ACKNOWLEDGEMENTS 
 

I am grateful to Dr. N Ramani, Professor (Retd.), 

Division of Acarology, University of Calicut for her 

valuable suggestions, moral support and constant 

encouragement and UGC for the financial grant-in-

aid support.  
 

COMPETING INTERESTS 
 

Author has declared that no competing interests exist. 
 

REFERENCES 
 

1. Jeppson LR, Keifer HH, Baker EW. Mites 

Injurious to Economic Plants. University of 

California Press, Berkley, Los Angeles, CA. 

1975;614. 

2. Krantz GW, Lindquist EE. Evolution of 

phytophagous mites (Acari). Ann Rev 

Entomol. 1979;24:121–158. 

3. Dermauw W, Pym A, Bass C, Van Leeuwen T, 

Feyereisen R. Does host plant adaptation lead 

to pesticide resistance in generalist herbivores? 

Curr opi Ins Sci. 2018;26:25–33. 

4. Devi M, Challa N, Mahesh G. Important mite 

pests of temperate and subtropical crops: A 

review. J Entomol Zool St. 2019;7(4):1378-

1384. 

5. Liu B, Davies K, Hall A. Silicon builds 

resilience in strawberry plants against both 

strawberry powdery mildew Podosphaera 

aphanis and two-spotted spider mites 

Tetranychus urticae. PLoS ONE. 

2020;15(12):e0241151. 

6. Pillai KS, Palaniswami MS. Spider mites of 

Cassava, Technical Bulletin Series 1, CTCRI, 

Kerala. 1985;20. 

7. Pillai KS, Palaniswami MS. Spider mites of 

Cassava, Technical Bulletin Series 1, CTCRI, 

Kerala. 1985;20. 

8. Pillai KS, Palaniswami MS. Economics on the 

control of Spider mites on Cassava. Entomon. 

1983;8(4):373 – 375. 

9. Boulanger LW. The effect of European red 

mite feeding injury on certain metabolic 

activities on red delicious apple leaves. Maine 

Agri Forest Res. 1958;570:1–34. 

10. Avery DJ, Briggs JB. The aetiology and 

development of damage in young fruit trees 

infested with fruit tree red spider mite, 

Panonychus ulmi (Koch). Ann Appl Biol. 

1968a;61:277–288. 

11. Avery DJ, Briggs JB. Damage to leaves caused 

by fruit tree red spider mite, Panonychus ulmi 

(Koch). J Hort Sci. 1968b;43:463–473. 

12. Hall FR, Ferree DC. Influence of two spotted 

spider mite populations on photosynthesis of 

apple leaves. J Econ Entomol. 1975;68:517–

520. 

13. Tanigoshi LK, Davis RW. An ultrastructural 

study of Tetranychus mcdanieli feeding injury 

to the leaves of ‘Red Delicious’ apple (Acari: 

Tetranychidae). Int J Acarol. 1978;4:47–56. 

14. Mothes U, Seitz KA. Fine structural alterations 

of bean plant leaves by feeding injury of 

Tetranychus urticae Koch (Acari: 

Tetranychidae). Acarol. 1982;23:149–157. 

15. Candolfi MP, Boller RE, Wermelinger B. 

Influence of two-spotted spider mite 

Tetranychus urticae, on gas exchange of Pinot 

noire grapevine leaves. Vitis. 1992;31:205–

212. 

16. Park YL, Lee JH. Leaf cell and tis sue damage 

of cucumber caused by two-spotted spider mite 



 
 
 
 

Kaimal; UPJOZ, 43(9): 41-47, 2022 

 
 

 
47 

 

(Acari: Tetranychidae). J Econ Entomol. 

2002;95(5):952–957. 

17. Landeros J, Guevara LP, Badii MH, Flores AE, 

Pamanes A. Effect of different densities of the 

two-spotted spider mite Tetranychus urticae on 

CO2 assimilation, transpiration and stomatal 

behavior in rose leaves. Exp Appl Acarol. 

2004;32:187–198. 

18. Reddall A, Sadras VO, Wilson LJ, Gregg PC. 

Physiological responses of cotton to two-

spotted spider mite damage. Crop Sci. 2004; 

44: 835– 846. 

19. Klamkowski K, Sekrecka M, Fonyodi H, 

Treder W. Changes in the rate of gas exchange, 

water consumption and growth in strawberry 

plants infested with the two-spotted spider 

mite. J Fruit Ornl Pl Res. 2006;14:155–            

162. 

20. Zhurov V, Navarro M, Bruinsma KA, Arbona 

V, Santamaria ME, Cazaux M. Reciprocal 

responses in the interaction between 

Arabidopsis and the cell-content-feeding 

chelicerate herbivore spider mite. Pl Physiol. 

2014;164:384–399. 

21. Hillocks RJ, Thresh JM, Bellotti AC. Cassava: 

Biology, Production and Utilization. CABI 

Publishing, Wallingford, UK. 2002; 343. 

22. Edison S, Anantharaman M, Srinivas T. Status 

of Cassava in India An Overall View. CTCRI, 

St. Joseph’s Press Thiruvananthapuram. 

2006;172. 

23. Kant MR, Sabelis MW, Haring MA, Schuurink 

RC. Intraspecific variation in a generalist 

herbivore accounts for differential induction 

and impact of host plant defences. Proc. Royal 

Society B of Biol Sci. 2008;275:443–                 

452. 

24. Wybouw N, Zhurov V, Martel C, Bruinsma 

KA, Hendrickx F, Grbic V. Adaptation of a 

polyphagous herbivore to a novel host plant 

extensively shapes the transcriptome of 

herbivore and host. Mol EcoL. 2015;24:4647–

4663. 

25. Villarroel CA, Jonckheere W, Alba JM, Glas 

JJ, Dermauw W, Haring MA. Salivary proteins 

of spider mites suppress defenses in Nicotiana 

benthamiana and promote mite reproduction. 

Pl J. 2016;86:119–131. 

26. Blair CA, Groves JR. Biology of the fruit tree 

red spider mite Metatetranychus ulmi (Koch) in 

South – East England. J Hort Sci. 1952;27:14–

43. 

27. Kielkiewicz M. Ultrastructural changes in 

strawberry leaves infested by two-spotted 

spider mites. J Econ Entomol. 2002;95(5):952–

957. 

28. Sangeetha GK, Ramani N. Biological studies 

of Tetranychus neocaledonicus (Andre) (Acari: 

Tetranychidae) infesting Moringa oleifera 

Lam. Bull Pure Appl Sci. 2007;26A(2):51–   

57. 

29. Bensoussan N, Santamaria Jeppson ME, 

Zhurov V, Diaz I, Grbić M, Grbić V. Plant-

herbivore interaction: Dissection of the cellular 

pattern of Tetranychus urticae feeding on the 

host plant. Fr Pl Sci. 2016;7:1105. 

30. Sances FV, Wyman JA, Ting JP. 

Morphological responses of strawberry leaves 

to infestations of twospotted spider mite. J 

Econ Entomol. 1979a;72:710–713. 

31. Sances FV, Wyman JA, Ting JP. Physiological 

responses to spider mite infestations on 

strawberries. Environ Entomol. 1979b;8:711–

740. 

32. Sangeetha GK, Sheeja UM, Ramani N. 

Ultrastructural elucidation of leaf damage on 

cassava induced by Oligonychus biharensis 

(Hirst) (Acari: Tetranychidae). Int J Acarol. 

2010;37(1):108 – 115 

33. Haq MA and Sumangala K. Acarine regulators 

of water hyacinth in Kerala (India). Exp Appl 

Acarol. 2003;29:27–33. 

34. Sivritepe N, Kumral NA, Erturk U, Yerlikaya 

C, Kumral A. Responses of grapevines to two-

spotted spider mite mediated biotic stress. J 

Biol Sci. 2009;9(4):311–318. 

__________________________________________________________________________________________ 
© Copyright MB International Media and Publishing House. All rights reserved.  



178 

International Journal of Entomology Research 

www.entomologyjournals.com 

ISSN: 2455-4758 

Received: 23-05-2022, Accepted: 08-06-2022, Published: 25-06-2022 

Volume 7, Issue 6, 2022, Page No. 178-180 

    Distribution patterns of soil mite (Acari: Oribatida) communities in Mukurthi 

National Park, Tamil Nadu, India 

Salahudeen M1*, Gunasekaran C2, Rajasekar P3, Julie E4, Mohamed Ashik M5 
1 Department of Zoology, Jamal Mohamed College, Tiruchirappalli, Tamil Nadu, India  

2 Department of Zoology, Bharathiar University, Coimbatore, Tamil Nadu, India  
3 Assistant Professor, Department of Zoology, Jamal Mohamed College, Tiruchirappalli 

4 Assistant Professor, Department of Zoology¸ Providence Women’s College, Calicut, Kerala, India 
5 Jamal Mohamed College, Tiruchirappalli, Tamil Nadu, India  

 

 

 

Abstract 

Soil fauna contribute valuable ecosystem functions in forest and grasslands. The present study focused on 

Oribatid mite distribution patterns from the Mukurthi National Park, Western Ghats, India. The recent studies of 

mites and other arthropods in natural environments are considered with less priority. Concerning studies of mite 

community structures in forest fragments, few important studies were developed in Nilgiri Biosphere Reserve. In 

order to study the diversity and abundance of Oribatid mites, soil samplings were carried out during four seasons 

in 25 study plots of five major study sites namely 1. High altitude Grasslands, 2.Pine plantations, 3.Deciduous 

forest, 4.Shola forest and 5.Thorn forest. Among the total of 46 species belonging to 20 genera across 19 

families was recorded, Highest abundance with 1233 individuals/500g soil of oribatid mites was observed in 

Shola forest and less abundance was observed in Thorny forest with 373 individuals/500 g soil. The analysis was 

done using statistical software SPSS 20.0 and PAST. As the result holds the significant effects on diversity of 

mites in the study area by the edaphic factors, anthropogenic activities may be reduced and conservation 

measures need to be with high priority. 

 

Keywords: soil mites, abundance, diversity, mukurthi national park, shola forest, anthropogenic activities 
 

 

Introduction 

The soil ecosystem contains less studied but often contains abundant groups of Mesofauna, like soil mites and 

other Microarthropods (Coleman and Whitman 2005) [1]. Orbatid mites (Oribatida, Arachnida) are abundant 

animal decomposers and (Wehner, K., Heethoff, M., and Bruckner, A. (2018) [2] and most diverse suborders of 

Sarcoptiformes. nearly 16,000 species are described (Schatz, et al., 2011) [3] The primitive groups of these mites 

deserve more attention, as they exert an incredible impact on the decomposition process and subsequent 

enhancement of soil fertility through their Macrophytophagous habit (Ramani and Haq, 2001[4], Alphonsa and 

Haq, 2005) [5]. Type of forest is also a concern of soil mite density and firmly it differs among forest 

Microhabitat. 

 

Study Area 

The Mukurthi National Park is situated on the Western Ghats in Nilgiris, Tamil Nadu. Its geographical location 

is the between (MNP: 11 º 26' to 76º 10' to 11º22' N and 76º38' E) extent of the park in 78.48 km. A total of 22 

plots distributed over MNP, Nilgiri Biosphere Reserve viz., 1. High Altitude Grasslands, 2. Pine Plantations, 3. 

Deciduous Forest, 4. Tropical Wet Evergreen Forest (Shola), 5. Tropical Dry Deciduous Forest was surveyed 

during the present study period for the collection of adequate number of soil/litter samples. Regular/intermittent 

sampling was made covering different seasons, for subsequent extraction and recovery of the most common and 

locally important Oribatid mite populations. 

 

Extraction of Mites 

Five samples were taken in each study sites 5x5x4. The soil and litter samples were subjected to extraction in the 

laboratory. The process of extraction was carried out in an Open brass funnel apparatus following the extraction 

principles of Berlese (1905) [6] and Tullgren (1918) [7]. The extracted mites in the vials were transferred into 

Petridishes and sorted out using a fine needle and camel hair brush No.1 under 32x magnification of a Carl Zeiss 

stereomicroscope. Well cleared specimens were mounted on microscopic slides for microscopic examination. 

 

Statistical analysis  

The analysis was done using statistical software SPSS version 20.0 and PAST. 
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Results  

A total of 46 soil mite species belonging to 20 genera across 19 families was found in five different sites. 

Allogalumna pellucida, Tegeocranellus laevis, Scheloribates praeincisus, Oppia kuehnelti, Lamellobates 

reticulatus was the most dominant species in all the study sites.  

The result of the study reveals that Shola forests have the highest abundance (1233 individuals) of Oribatid mites 

in comparison with the other vegetations. Less abundance was observed in Thorny forest (373 individuals). The 

abundance of species also more in the site 4 (1233), followed by site 1 (913), site 3 (727), site 2 (494) and site 5 

(373). Species richness is more in site 1 and site 4 (22), less species richness in site 2 (10 species). 

 

Diversity Indices  

The diversity indices showed in the table 3. Shola forest (Site 4) was characterized by the maximum oribatid 

diversity (H'= 3.064), Minimum Shannon index was found in Pine plantations (site 2: H'= 2.266). These sites 

were different with vegetation patterns. The oribatid mites are evenly distributed in all sites of MNP. The 

evenness of oribatid distribution is ranged between 0.9122 and 0.9682 in MNP. The percentage variation was 

calculated for the occurrence of Oribatids in MNP in all sites. It shows more species average number of species 

in Shola forest (56.04) and less in thorny forest (33.90).  

Present study clearly states that oribatid mite diversity is low in the pine plantations (H’= 2.266), rich diversity is 

noted in the sholas (H’=3.064) and grasslands (H’= 2.099). Shola forests can be defined as stunted evergreen 

wood, of high elevation, commonly occurring in the higher hills of south India (the nilgiris, anamalais an Palani 

hills) from above 1525m to 2450m (Puri 1960) [8]. This rich oribatid mite diversity in sholas is driven because 

there is no human intervenes in MNP.  

 

Discussion 

The soil mite diversity is higher in the composite vegetative ecosystem than monoculture plantation. Forest types 
have significantly affects the density and diversity of the Oribatid mites (Corral-Hernández et al., 2012) [9]. The 
Oribatid mites are sensitive to ecological changes. They get adopted in the different sites according to the 
vegetation types and human induced anthropogenic events. If the mites get suitable environmental factors, such 
as temperature and humidity, the species richness becomes accelerated. Previous studies (Echude D et al., 2019) 

[10] have showed more soil arthropod population during June month, which have more rainfall. In Mukurthi 
National Park Pine plantation brings down the mite population due to cultivation pattern. Arthropod community 
diversity and abundance have shown large influence done by environmental situations and these are related to 
the type of crop and cultivation techniques followed in the field (Hance 2002) [11]. 
Many hydroelectric projects like upper Bhavani, Kundha, Pykara, Avalanche, Mukurthi etc and other 
developmental activities where at the expense of the sholas and grasslands of MNP. These types of activities 
have diminished the richness of mites in forest lands drastically. Forest department have planted pine plantations, 
which have less mite diversity and density than other sites in MNP. Hence the distribution of Oribatids is 
majorly affected. The similar results were published in urban areas of Brazil, which showed a reduction in 
Hymenoptera species diversity and abundance over a 6 year period as exotic plants invaded (Laroca and Orth, 
2002) [12]. 
Distribution of Oribatid species is also influenced by the seasons. Study shows the high abundance was observed 
on Monsoon (June to September). Oribatid mites are move against the light and heat, towards the inner layers of 
the earth surface during winter seasons. We further assume local weather and seasonality of community structure 
to influence distribution pattern of oribatid mite species and cause reproductive cycle in adult mites (Wehner et 
al., 2018) [2]. As previous studies (Echude D et al 2019) [10] reported such rainfall and vegetation are good 
predictors of soil arthropods abundance in a particular ecosystem. Rainy season favors abundance of Oribatids. 
Adrianne Kinnear., and David Tongway., (2004) [13] reported in their study that Oribatid mites were present only 
during spring season. Present study supports this statement that in rainy season mean of oribatid mites in MNP is 
329±69, but 141.4±28 during summer days. An attempt has been made to analyse the impacts of human 
anthropogenicity and seasonal variations among the mite composition in MNP. This documentation of Oribatids 
is urgent need of the hour to preserve Western Ghats below ground biodiversity. 

 

Conclusion 

Soil biota plays important functioning roles in maintaining ecological balance in forest biomes majorly as 

decomposers. Our present investigation suggests climatic variations and vegetative patterns influence the health 

of soil mite in the selected Mukurthi National Park, Western ghats. Reliable steps to be taken on anthropogenic 

activities, which affect the populations of mite communities in the area. This aspect deserves much attention 

made on conservation strategies to increase soil mite diversity in the MNP. Further studies on implementing 

culturing steps for the mites in increasing richness need to be considered in future. 
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a b s t r a c t

In this work, Cobalt Oxide (CoO) was prepared by co-precipitation method by taking 1:3M of Co
(NO3)2�6H2O and NaOH. Synthesis of Manganese dioxide (MnO2) was done by reduction of potassium
permanganate (KMnO4) with aqueous sulphuric acid (H2SO4) by hydrothermal process. For making the
coin cell capacitor CoO and MnO2 were spin-coated on the thin copper sheet which was used as the cur-
rent collector, PEDOT: PSS poly (3,4 – ethylene dioxythiophene) as electrolyte and cellulose paper as a
separator. Scanning electron microscopy (SEM) analysis has been employed to study surface morphology
and to confirm the formation of nanoparticles. An image analysis approach using ImageJ has been used to
measure the percentage of porosity from the SEM micrographs. The parameters like specific capacitance,
energy density, and power density were calculated from the CV measurements and were compared.
When both electrodes are MnO2, it has a specific capacitance of 33.57 F/g, the energy density of
16.84 J/g, and power density of 4.21 W/g and when both electrodes are CoO it has a specific capacitance
of 29.19 F/g, the energy density of 14.59 J/g and power density of 3.65 W/g. But one side with MnO2 and
the other side with CoO electrode shows a specific capacitance of 44.92 F/g, an energy density of 22.46 J/g,
and a power density of 5.62 W/g.
Copyright � 2022 Elsevier Ltd. All rights reserved.
Selection and peer-review under responsibility of the scientific committee of the 9th National Conference
on Condensed Matter Physics and Applications

1. Introduction

The replacement of batteries and ordinary capacitors with
supercapacitors can be considered as a notable benchmark of the
enormous growth in the field of science and technology. Even
though much progress has taken place in terms of their energy
storage, employing higher surface area electrodes and thin dielec-
trics to achieve greater capacitance, further research on superca-
pacitors is a must to enhance its properties. Electrodes we have
used here are Manganese Oxide and Cobalt Oxide because of their
high theoretical specific capacitance, good chemical, thermal sta-
bility, and Cobalt Oxide has excellent electrochemical behavior in
alkaline as well as organic electrolyte and has the ability to interact
with the ions of the electrolyte [1]. These transition metal oxides
have rich redox properties involving multiple oxidation states
[2,4]. But the specific capacitance of the cobalt oxide- and
manganese-based metal oxide supercapacitor strongly depends
on the morphology, surface area, and pore-size distribution [3],
which in turn depends on the effect of the preparation parameters.

Different crystal structure of MnO2 including a-, b-, c-, d-, and k-
MnO2 shows different energy storage properties [5]. The main
drawback of MnO2 as a supercapacitor electrode is its poor capac-
itance retention with respect to cycling time and literature shows
that the capacitance of the MnO2 electrode decreases less than 50%
after 200 cycles [6–7]. To overcome the drawbacks of MnO2, the
co-existence of two-phase MnO2 materials [8–9], electrolytic
MnO2 particles [10], showing improved electrochemical perfor-
mance due to the synergy effect. To address these difficulties, we
present nanostructured and extremely porous cobalt oxides with
a high specific surface area, which provide more active sites for
electrode/electrolyte interactions. Furthermore, the porous shape
of the electrodes allows for better exploitation of the active mate-
rials while also accommodating volume variations during electro-
chemical operations, which is important for long cycle life.

2. Experimental

2.1. Synthesis of cobalt oxide

Cobalt oxide (CoO) nanoparticles were prepared by the co-
precipitation method by taking a 1:2M ratio of Co (NO3)2�6H2O

https://doi.org/10.1016/j.matpr.2021.12.111
2214-7853/Copyright � 2022 Elsevier Ltd. All rights reserved.
Selection and peer-review under responsibility of the scientific committee of the 9th National Conference on Condensed Matter Physics and Applications
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and NaOH. 2 M of 10 ml NaOH solution was added dropwise to 1 M
of 10 ml Co (NO3)2�6H2O solution for 2 h under constant magnetic
stirring at room temperature. It was then kept undisturbed for a
day. Cobalt hydroxide settled down at the bottom of the beaker,
which was separated by using a centrifuge machine. The residue
obtained is then slow calcinated in a hydrogen atmosphere by
using a muffle furnace at 353 K for 8 h. Black-colored crystalline
cobalt oxide was obtained which was then powdered using an
agate motor.

2.2. Synthesis of manganese dioxide

Manganese dioxide (MnO2) powders were obtained from the
reduction of potassium permanganate (KMnO4) with sulphuric
acid (H2SO4) during hydrothermal treatment. The chemical reac-
tion of potassium permanganate and H2SO4 can be formulated as,

MnO4
� + 8Hþ + 5e� !Mn2þ + 4H2O ! 2MnO2 + 8Hþ

4 gm KMnO4 was dissolved in 2.5 M of 200 ml sulphuric acid,
and the aqueous solution was heated at 80 �C for one hour, on a
magnetic stirrer. The precipitate was formed and the color of the
solution changed during the reaction. The reaction was monitored
by the color change, from purple to brown. The system was then
naturally cooled to room temperature. The obtained product was
washed thoroughly with de-ionized water to remove possible ions
and then dried at 60 �C for 50 h.

2.3. Preparation of coin cell film type capacitor

A thin metallic sheet of copper (Cu) of thickness � 0.11 mm is
used and is cut into a circle of diameter of 1.5 cm so as to be
enclosed as a coin cell. MnO2 and CoO powders were crushed well
using a mortar and pestle and were spin-coated on the copper cur-
rent collector. A mixture of PEDOT: PSS and cellulose paper was
taken as the separator. The copper-coated with the transition
metal oxides was taken as the electrode and was separated with
the separator and was put into an encapsulated assembly as shown
in Fig. 1.

3. Results and discussions

3.1. Surface morphology and porosity

A scanning electron microscope (SEM) was employed to gain
information on the microstructural features of these electrodes.
Further quantitative analysis of SEM micrographs was done to
quantify the average pore area and the percentage of porosity
using ImageJ software [11], according to the procedure described

in Ref. [12]. Fig. 2(a-d) shows the SEM images of MnO2 and CoO
and images transformed by following the image analysis procedure
within the ImageJ program. The SEM image was analyzed in differ-
ent steps such as setting a scale for a 2D SEM image, removing
noise using Gaussian blur filter, and setting threshold (Fig. 4c-b).
Eventually, the binary image was subordinated to automatic iden-
tification and counting the number of particles, the average size of
nanoparticles estimated using ImageJ through the analyze particle
tool. The average particle size of the MnO2 and CoO was found to
be 132.86 and 157.87 nm respectively and the percentage of poros-
ity was 12% and 34% respectively. The controlled growing mecha-
nism of cobalt oxide (CoO) in the hydrogen atmosphere may be one
of the reasons why the cobalt oxide electrode is more porous com-
pared to the manganese dioxide electrode even though both are
having almost the same particle size.

3.2. Electrochemical performance

The performance of the coin cell was evaluated using CV mea-
surements by varying the voltage from 0 to 1 V, with steps of
0.1 V in 4 s, with a scan rate of 0.025 V/s. The specific capacitance
was estimated from the CV according to the equation [3]

SpecificCapacitanceðCspÞ ¼
R
idv

2 �m � v � DV F=g ð1Þ

Where i is instantaneous current in CV, dV is differential volt-
age, m is mass of active material on both the electrodes, v is scan
rate, DV is voltage window and

R
idV is the area bounded by CV

curve. Using the specific capacitance calculated from the CV
curves; energy density is calculated using the formula (2)

EnergydensityðEÞ ¼ CspðDVÞ2
2

ð2Þ

Power density can be calculated using the GCD curves as shown
in equation (3),

Powerdensity ¼ E
Dt

ð3Þ

E is energy density and Dt is the discharge time
The CV measurements graph of coin cell capacitors with differ-

ent combinations of electrodes is as shown in Fig. 3. The specific
capacitance, energy density, and power density of these coin cell
capacitors were calculated using the formula given and are shown
in Table 1. Capacitor with one side cobalt oxide (CoO) electrode
and other side electrode manganese dioxide (MnO2) were showing
larger specific capacitance value compared to both side same elec-
trode. Manganese dioxide electrode on both sides of the coin cell
capacitor shows 15.3% better specific capacitance and power den-
sity compared to both side cobalt oxide electrode and the reason
for the excellent performance of MnO2 electrode in a supercapaci-
tor is well described in many literatures [7–10]

Another important electrochemical aspect of any capacitor is its
cycling stability, which is an essential criterion for establishing its
endurance before it can be employed in storage devices. Fig. 4
shows the cycling stability of the three different coin cell capaci-
tors after 100 cycles by varying the voltage from 0 to 1 V.

CoO Electrode reveals outstanding cycling behaviors with the
capacitance retention about 91.2% of its initial capacitance was
achieved after cycling, indicating the excellent kinetic reversibility
of the electrode. Comparing the electrochemical performance of
the MnO2 electrode CoO has better cycling stability. Porosity has
been found to play a key role in enhancing electrochemical perfor-
mance. Due to the controlled growing mechanism of CoO in the
hydrogen atmosphere, the as-prepared electrodes are more porous
compared to MnO2 electrodes allowing for faster ion diffusion andFig. 1. Coin cell capacitor.

Ann Sandra Sebastian, A. Sobha and R. Sumangala Materials Today: Proceedings 55 (2022) 52–55

53



enhancing the utilization of the active material during electro-
chemical processes [13]

4. Conclusions

A cost-effective, slow chemical method was used to prepare
nanostructured metal oxide thin film electrodes at ambient condi-
tions. The nano-size and the porosity were confirmed by means of
SEM and ImageJ software. Coin cell capacitor electrodes fabricated
using cobalt oxide (CoO) electrode on one side and manganese

Fig. 2. (a-d): (a & b) original 2D SEM micrographs of manganese dioxide and cobalt oxide, (c&d) ImageJ processed image to measure porosity.

Fig. 3. Cyclic voltammetry graph of coin cell capacitors.

Table 1
Comparison of thin-film capacitor combinations.

Electrode Specific Capacitance F/g Energy
Density J/g

Power
Density W/g

MnO2-MnO2 33.67 16.83 4.21
CoO - CoO 29.2 14.60 3.65
MnO2 - CoO 44.92 22.46 5.62

Fig. 4. Cycling stablility of different coin cell capacitors.
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dioxide (MnO2) electrode on the other side showed a larger specific
capacitance value (44.92 F/g), higher energy density (22.46 J/g),
and better power density (5.62 W/g), compared to coin cell capac-
itors fabricated using both sides of MnO2 and both sides of CoO
electrode. Due to this slow processing mechanism in the hydrogen
atmosphere, the as-prepared cobalt oxide electrodes became more
porous nanostructures, which maximize the electrochemical per-
formance of manganese dioxide by allowing for faster ion diffu-
sion, good stability during charge–discharge cycling (less than
10% decay after 100 cycles), and therefore enhancing the utiliza-
tion of the active material during electrochemical processes. Here,
MnO2 provides a source of high specific capacitance and energy
density, while cobalt oxide ensures excellent cycle performance,
so their combination becomes the preferred choice for coin cell
capacitors.
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a b s t r a c t

The easily available coconut shell was used to make activated carbon that has a high specific capacity and
good cyclability. Carbonation of the precursor was done at about 400 �C in a char reactor of limited oxy-
gen supply followed by chemical activation at 800 �C with KOH (Carbon: Activator: 1:5) and physical acti-
vation with N2 to further enhance the property of activated carbon. Polymer PEDOT: PSS (3,4-ethylene
dioxythiophene)/dielectric 0.05 wt% zirconium doped Barium titanate (BaTiO3) composite were used as
separators. The electrical properties of the capacitor were measured using KEYSIGHT E4980AL precision
LCR meter. The specific capacitance, energy density, and power density of capacitors were calculated
from the cyclic voltammetry graph. The stacked capacitor has specific capacitance, energy density, and
power density as 11.92F/g, 5.96 J/g, and 1.49 W/g.
Copyright � 2022 Elsevier Ltd. All rights reserved.
Selection and peer-review under responsibility of the scientific committee of the 9th National Conference
on Condensed Matter Physics and Applications

1. Introduction

Research in the area of supercapacitors is a must to replace the
widely used battery technology because they offer several disad-
vantages like high dimensions, large internal resistance, poor
power density, and transient responses, etc. Supercapacitors have
high energy density, long cycle life, fast charging and discharging,
good safety performance and they are pollution-free. Even though
much research in the area of supercapacitors is there for the opti-
mization of electrode materials [1], separators [2], to increase the
power, efficiency, and longevity of supercapacitors, further
research in this field is a must. We had approached a different
method for the fabrication of the separator and for activating the
carbon electrode. The separator prevents the device from short cir-
cuit and it stores the electrolyte into its pores and it passes the ions
during the charging and discharging process. The performance of
the supercapacitor depends on the material of the separator used
since power density and energy density are affected by the ionic
conductivity of the separator [3]. The electrodes must have good
conductivity, high-temperature stability, chemical inertness, high
corrosion resistance, and high surface areas per unit volume and
mass [4]. Since supercapacitors store charge in these electrodes,

it is important to choose a wise electrode. Activated carbon is cho-
sen as the electrode material because of its high surface area, low
cost, stability, and electrochemical performance [5]. Activated car-
bon itself being a porous electrode, the micropores enhance the
charge transfer process, and the surface area and stability account
for the high capacitance value [6]. Activated carbon can be
obtained from various sources like coconut shells, wood, sugar-
cane, etc. [7–9], and for the present study, we have prepared the
activated carbon from coconut shells which were easily available
in our region Kerala, India.

2. Experimental

2.1. Preparation of activated carbon electrode

We prepared the activated carbon from the coconut shell which
was easily available. Hemicellulose, cellulose, and lignin constitute
the coconut shell which makes them the activated carbon resource.
Thus, it can be used as water adsorbents, air treatments, and elec-
trodes. Compared to other eco-friendly materials, coconut shell-
based activated carbon has a high surface area, porosity, and con-
ductivity. The coconut shell collected were made free from the
meat and fiber and properly cleaned. They were washed to remove
the dirt and dried properly. It was then broken into small pieces.
Coconut pieces are inserted into a ‘char- reactor’, a metal container

https://doi.org/10.1016/j.matpr.2021.12.178
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provided with very few vent holes and properly enclosed to allow
the limited supply of oxygen. Carbonation of the precursor was
done at about 400 �C in a char reactor of limited oxygen supply
and powdered. The charred coconut shell was made into a fine
powder using mortar and pestle. Chemical activation was carried
out at 800 �C with KOH (Carbon: Activator: 1:5) with a stirring
speed of 100 rpm for two hours and it was followed by physical
activation with N2. Nitrogen gas was channeled with a flow rate
of 100 cc/min for one hour to further enhance the property of acti-
vated carbon. The activated carbon was cooled by channeling CO2

to the reactor [10].

2.2. Preparation of PEDOT:PSS(3,4-ethylenedioxythiophene)/dielectric
separator

Zirconium doped barium titanate was synthesized by the sol–
gel method. Detailed procedure for preparation of BaTiO3 ceramic
powders has been described in our previous paper [11]. In addition
to the above-mentioned procedure, zirconium was doped with
barium titanate by doping different wt% of zirconium (IV) iso-
propoxide isopropanol into titanium (IV) isopropoxide as Ba
(ZrxTi(1-x)) O3(x = 0.,0.05,0.10,0.15 and 0.2), during the reaction
to optimize the amount of zirconium in the matrix [12]. Polymer
PEDOT:PSS(3,4-ethylene dioxythiophene)/dielectric 0.05 wt% zir-
conium doped Barium titanate (BaTiO3) composite, mixed in the
ratio 4:1 was used as separators.

2.3. Preparation of thin-film type capacitor

A thin metallic sheet of copper (Cu) of thickness �0.11 mm is
cut into a circle of diameter of 1.5 cm so as to be enclosed in a coin
cell. Activated carbon is crushed well using a mortar and pestle and
binder is added drop by drop until it becomes a slurry. This is
coated by the doctor blade technique on the copper collector plate
through which electrical contact is taken. Two such units are taken
and stacked, one over the other, with a thin layer of separator
between them. One molar solution of sodium sulfate is injected
into the assembly as an electrolyte using a syringe. This unit forms
a single capacitor. One more such layer can be placed on top of it to
form a double layer capacitor with a parallel connection. More and
more layers can be added to get triple-layer and so on configura-
tions. The assembly is designed in such a manner that it can be
encapsulated in a case, to form a coin cell as shown in Fig. 1(a)
and (b).

3. Results and discussions

3.1. Electrical parameters of thin-film coin cell type capacitors

Electrical properties of the fabricated capacitors like capaci-
tance, conductivity, quality factor, dissipation factor were mea-
sured using KEYSIGHT E4980AL precision LCR meter and are
shown in Fig. 2(a-d). There was a decrease in the value of capaci-
tance with an increase in frequency in an exponential manner
(Fig. 2(a)). At lower frequency, it is found that the increase in
capacitance value is not directly proportional to the increase in
the number of layers as expected. As the number of layers
increased, the capacitance increased nearly six times. This nonlin-
ear increase in capacitance value is quite an interesting result
which may be due to the separator PEDOT: PSS BaTiO3 composite.
It is reported that BaTiO3 due to its spontaneous polarisation,
enhances the Seebeck coefficient of PEDOT: PSS by filtering low
energy charge carriers, and the increase in conductivity is attribu-
ted to secondary doping of PEDOT: PSS by BaTiO3 [2,13].

Conductance increases slightly with an increase in frequency
and it reaches saturation, i.e., the conductance value is not much
dependent on frequency for single and double layers. A slight
increase in dissipation with an increase in frequency was observed

Fig. 1 (continued)

Fig. 1. (a): Coin cell single and (b) double layer.

Fig. 2. (a,b): Variation of Capacitance with frequency & Variation of conductivity
with frequency. (c&d): Variation of dissipation factor with frequency & Variation of
a quality factor with frequency.
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in multi-layered capacitors, but in a single layer, it decreases with
an increase in frequency, and exactly reverse was observed in qual-
ity factor measurement Fig. 3(a&b).

The performance of the supercapacitor coin cell was evaluated
by making use of a two electrode configuration. The specific Capac-
itance was estimated from the CV according to the equation

Specific Capacitance ðCspÞ ¼
R
idv

2 �m � v � DV F=g ð1Þ

where i is instantaneous current in CV, dV is differential voltage, m
is mass of active material on both the electrodes, v is scan rate, DV
is voltage window,

R
idV is the area bounded by CV curve. Specific

capacitance is calculated using equation (1) and a multiplying factor
of 2 for the single electrode and 4 for the double electrode etc.
Energy density and power density were calculated using equations
(2) and (3) respectively.

Energy density ðEÞ ¼ CspðDVÞ2
2

ð2Þ

Power density can be calculated using equation (3),

Power density ¼ E
Dt

ð3Þ

E is energy density and Dt is the discharge time
Cyclic Voltammetry curves of scan window 0 to 1 volt at a scan

rate of 0.025 V/s for coin cell capacitors are shown in Fig. 3. The
specific capacitance is calculated by measuring the area under
the curve and voltage window using origin software. Like capaci-
tance, the specific capacitance value of coin cell capacitors was also
showing the same nonlinear behavior as the number of layers
increases. The triple-layer was showing the value more than tries
compared to the single layer. The values of specific capacitance,
energy density, and power density of triple-layer are 11.92F/g,
5.96 J/g, 1.49 W/g respectively.

Fig. 2 (continued)

Fig. 2 (continued)

Fig. 2 (continued)

Fig. 3. CV graph of coin cell capacitors.

E. Mariya James, A. Sobha and R. Sumangala Materials Today: Proceedings 55 (2022) 73–76

75



4. Conclusions

The activated carbon prepared from the coconut shell with the
increased surface area has enhanced the electrode properties. The
PEDOT: PSS itself being a good thermoelectric polymer, its proper-
ties were further enhanced by 0.05 wt%Zr doped BaTiO3. The sep-
arator PEDOT: PSS Poly (3,4-ethylene dioxythiophene)/dielectric
0.05 wt%Zr doped BaTiO3 composite has enhanced the storage
capacity, conductivity, and charge transfer in the coin cell film type
capacitor. The assembled coin cell film capacitor has a specific
capacitance of 11.92F/g, an energy density of 5.96 J/g, and a power
density of 1.49 W/g. At low frequency, the capacitance increased
nearly six times as the number of layers increased.
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A B S T R A C T   

Calix[4]resorcinarenes is a macrocyclic molecule that serves as a host for various metal ions and neutral mol-
ecules. The anisotropic nature of this molecule makes it attractive as a nonlinear optical material. Herein, we 
report the remarkable developments in nonlinear absorption and competent optical limiting action of non-
covalently functionalized phenylcalix[4]resorcinarene (PCR) graphene oxide (GO) compared to its constituent 
compounds. The Fourier transform infrared spectrum, Raman spectrum, photoluminescence spectrum, and 
UV–Visible absorption spectrum of the composite (PCR-GO NC) reveal the modified optical properties of PCR. 
The nonlinear optical studies were investigated by z scan technique using Q switched Nd: YAG laser operating at 
532 nm with 7 ns pulse width. Reverse saturable absorption primarily contributes to the absorptive nonlinearity 
of PCR and PCR-GO NC in the nanosecond regime. Compared to the bare PCR sample, an elevated nonlinear 
optical (NLO) response is observed for the nanocomposite (PCR-GO NC), and the enhancement factor in the 
absorptive nonlinearity is found to be 3.4. Moreover, the optical limiting behaviour of PCR-GO nanocomposite 
(limiting threshold value - 0.91 J/cm2) is highly impressive compared to many of the benchmark results, making 
it suitable for making laser safety devices that can protect the human eye and devices from laser-induced 
damages. The phenomenally enhanced NLO behaviour of the nanocomposite could be derived from the com-
bined effect of nonlinear absorption, photoinduced charge transfer between PCR and GO, and the intensified 
local field effect produced by GO.   

1. Introduction 

Materials with desirable nonlinear optical properties play a crucial 
role in optoelectronic and photonic applications such as memory de-
vices, optical signal processing, optical limiting, and optical switching 
[1–3]. Third-order optical nonlinearity finds prime importance among 
the nonlinear processes because the refractive index variation induced 
by the intense light is fundamental to all-optical switching and 
computing. Organic materials and inorganic semiconductors are desir-
able materials for modifying light intensity and are thus explored in 
photonics [4]. Inorganic materials are better candidates to act as optical 
limiters from nanosecond to continuous-wave regimes [5–7]. However, 
poly conjugated organic materials have gained the attention of re-
searchers because their structure-property relations permit reframing 
the design of molecules with a fast optical response, high nonlinearity, 

and high damage threshold [8–10]. Fluorescent organic compounds are 
essential for developing low-cost optoelectronic devices [11]. Organic 
materials with outstanding nonlinear optical properties are designed by 
fine-tuning suitable donor and acceptor pairs through noncovalent in-
teractions such as hydrogen bonding, π-π stacking, and charge-transfer 
interactions [12,13]. Thus, the quest for suitable organic chromo-
phores for all-optical communication is always highly motivational. 

The present study aims to identify the optical nonlinearity of phe-
nylcalix[4]resorcinarene (PCR), a macrocycle synthesized from resor-
cinol and benzaldehyde in the presence of a p-toluene sulphonic 
acid-catalyzed reaction following green chemistry protocol. One of the 
methods for developing an optical system with desirable nonlinear 
properties is via material architecture, in which distinct materials are 
combined to form a composite material. Herein, we present the synthesis 
of a novel composite material, PCR-GO nanocomposite, and study its 
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enhanced nonlinear optical effects resulting from the noncovalent 
interaction of PCR with graphene oxide (GO), by means of the z scan 
technique. 

Calix[4]resorcinarenes is an attractive class of cyclic oligomers 
consisting of four resorcinol units connected by a methylene bridge [14, 
15]. It was prepared by the condensation between para-substituted 
resorcinol and aldehydes under acidic conditions [16,17]. It has 
unique structural characteristics such as a broad upper edge, a thin 
lower edge, and a central annular part. They are widely studied in 
host-guest chemistry because the edges can be modified with various 
functional groups and act as versatile hosts for different guest molecules 
[18,19]. Their ability to form a guest-host complex permits them to find 
applications in the field of sensors, nonlinear optical materials, and the 
design and delivery of drugs [20–23]. 

Graphene oxide (GO) is a hybrid material with broad fluorescence 
(ultraviolet - near-infrared) due to its heterogeneous atomic and elec-
tronic structure. One can finalize the bandgap of GO for a specified 
spectral range by varying the proportion between sp2 and sp3 carbon 
atoms and hence decide its NLO properties because the sp2 domains 
resemble π conjugated electrons [24]. There are many reports in the 
literature related to the nonlinear absorption of GO in the nanosecond 
and picosecond regimes [25]. 

This report consistently examines the linear and nonlinear optical 
properties of the phenylcalix[4]resorcinarene graphene oxide nano-
composite (PCR-GO NC). To the best of our knowledge, nonlinear op-
tical studies of phenylcalix [4]reorcinarene are not reported in the 
literature so far. In the first part of the report, we discuss the linear and 
NLO properties of PCR, and the second part focuses on how the NLO 
property of PCR got modified under the nanocomposite formation with 
GO. Calix [4]resorcinarene molecule can form polymers by intermo-
lecular hydrogen bonds between hydroxyl groups. Oxygen-containing 
functional groups in GO make them suitable to combine with organic 
and inorganic materials to form hybrids and composites with attractive 
properties [26–28]. There are reports in the literature that the van der 
Waals forces and/or π-π interactions are the leading causes of the non-
covalent functionalization of GO with organic molecules [29]. In the 
noncovalent functionalization, the extended π system of graphene 
nanostructures is not disrupted, and hence it is crucial for various ap-
plications. The properties of PCR and GO mentioned above allow 
nanocomposite formation of PCR with GO. 

2. Materials and methods 

Phenylcalix[4]resorcinarene(PCR), the sample studied in this report, 
was synthesized by grindstone technology, an efficient and environ-
mentally friendly method for synthesizing organic compounds without 
solvent [30,31]. The supplementary information gives the synthesis 
details of PCR, and the molecular structure of PCR is shown in Fig. 1. All 
chemicals used in the study were spectroscopic grade. Dimethyl Sulf-
oxide (DMSO) is the solvent used for the complete analysis [32]. 1 mg of 
PCR was dissolved in 1 ml of DMSO. 1 mg of Graphene Oxide (GO) was 
separately dispersed in 2 ml of DMSO by ultrasonication for 30 min. 
PCR-GO NCs are prepared by mixing GO percentages such as 10% and 
20% at 0.5 mg/ml concentration with PCR at 1 mg/ml concentration 
and ultrasonicated for 30 min. The prepared samples were labeled as 
PCR-GO NC[GO@10%] and PCR-GO NC[GO@20%]. Concentrations of 
the prepared PCR and PCR-GO NC were updated in such a manner to get 
linear transmittance around 70% at 532 nm for z scan measurements. 

The absorption spectra of the samples were measured using a UV–Vis 
double beam Spectrophotometer (UV- 2450 Shimadzu). The Photo-
luminescence (PL) spectra were recorded using Horiba scientific 
Fluoromax-4C Spectrofluorometer. The time-correlated single-photon 
counting method was used for the measurements of fluorescence life-
time. FTIR-ATR spectroscopy (Jasco FTIR-4700) was used to identify the 
functional groups and chemical changes during the composite forma-
tion. Raman spectrum was recorded using Horiba scientific Raman 

spectrometer. 
The NLO properties of the samples were studied by z scan analysis 

developed by Sheik Bahae et al. [33]. It is an extensively used, most 
sensitive experimental technique for studying NLO properties [34]. The 
sample was placed on a computer monitored translational stage and 
moved along the direction of a laser beam from − 20 mm to 20 mm 
around the focus in predetermined steps. The excitation source is Q 
switched Nd: YAG laser (Quanta Ray INDI-40) having 7 ns pulse width 
operating at 532 nm. The transmitted beam was focused on the sample 
using a convex lens of focal length 15 cm. The spot size and Rayleigh 
range of the Gaussian laser beam were evaluated to be 17 μm and 1.7 
mm, respectively. The sample was taken in a quartz cuvette of 1 mm 
optical path length to ensure the validity of thin sample approximation. 
The reference beam and the transmitted beam energies through the 
sample were measured by two identical pyroelectric detectors (RjP-735, 
Laser probe.corp. USA), and the ratio was recorded by the energy ratio 
meter (Rj-7620, Laser probe. corp. USA). Single-shot pulses were fired 
onto the sample during each translational stage. Recorded data were 
plotted against the sample position and were fitted numerically to the 
corresponding theoretical model. The entire transmitted light through 
the sample is detected in open aperture (OA) z scan analysis. The 
signature of nonlinear absorption and optical limiting values can be 
extracted from OA transmitted data. 

3. Results and discussion 

3.1. Linear optical absorption and fluorescent spectra analysis 

The normalized optical absorption spectra of PCR, GO, and PCR-GO 
NC are shown in Fig. 2 (a). The absorption spectra of PCR and PCR-GO 
NC consist of an intense peak around 290 nm and a less intense peak at 
259 nm corresponding to the allowed S0→S1 and S0→S2 transitions; both 
transitions arise mainly due to the π →π* transitions. Apart from this 
allowed transition, there is a weak absorption band from 330 nm to 540 
nm, which may be due to the n→π* transition. From the UV–Vis spec-
troscopic studies, it is clear that GO has a dominated absorption at 249 
nm, corresponds to the π →π* plasmon peak and a shoulder around 290 
nm, which may be due to the n→π* transition of C––O [26]. The π→π* 
plasmon peak arises from sp2 clusters and chromophore linking units 
such as C––C, C––O, and C–O bonds [35]. Due to the noncovalent 
interaction of PCR with GO confirmed from the FTIR spectra, π→ π* and 
n→π* interactions of GO shift toward a longer wavelength, resulting in 
an increased absorbance at 259 nm in the composite. The observed 

Fig. 1. Molecular structure of phenylcalix [4]resorcinarene.  
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changes in optical absorption of PCR-GO NC indicate that the energy 
levels of nanocomposite are restructured by the interaction between the 
PCR and GO. 

The normalized absorption and emission spectra of PCR are pre-
sented in Fig. 2 (b), where emission corresponding to an excitation 
wavelength of 259 nm is the mirror image of the absorption spectrum. 
The symmetric nature of absorption and emission spectra indicates 
similar vibration levels in the S0 and S1 states of PCR. Stokes shift of PCR 
dissolved in DMSO is 34 nm. PCR showed an emission maximum at 324 
nm, and a less intense peak at 392 nm corresponds to excitation at 259 
nm. But, it exhibited an emission peak only at 324 nm corresponding to 
excitation at 290 nm. 

The emission spectra of PCR at excitation wavelengths 290 nm, 460 
nm, and 532 nm and that of PCR-GO NC at an excitation wavelength of 
290 nm and 460 nm are shown in Fig. 3. PCR exhibits an emission peak 
centered at 556 nm corresponds to excitation at 532 nm. The intense 
emission of PCR in the visible region makes it suitable to act as a cost- 

effective source for displays and lighting applications [36]. PCR-GO 
NC with 10% GO doesn’t make significant changes in the emission 
compared to PCR. However, PCR-GO NC with 20% GO reveals intense 
emission compared to PCR at 290 nm and 460 nm. GO exhibits two types 
of photoluminescence; one is the broad emission in the visible to the 
near-IR range [37], and the second is the blue emission that corresponds 
to excitation at UV light [26,38]. The size of sp2 clusters of GO decides 
the local energy gap and thus the wavelength of emitted fluorescence. 
Loh et al. reported that emission in the ultraviolet–visible region could 
arise from sp2 clusters with sizes less than 1 nm [39]. From Fig. 3, we can 
see an enhanced broad emission from PCR-GO NC in the visible region 
centered around 540 nm corresponding to excitation at 460 nm. From 
the absorption and emission spectra of PCR and GO, there is a clear 
sufficient overlap between the absorption spectrum of GO and the 
emission spectrum of PCR, which suggests that there may be energy and 
or charge transfer between PCR and GO [40]. Even though PCR gave 
sound emission corresponding to excitation at 532 nm, the composite 
didn’t exhibit any emission corresponding to 532 nm, indicating that 
fluorescence quenching happened in PCR-GO NC, which may be due to 
energy and/or charge transfer between PCR and GO. 

3.2. FTIR analysis 

Fourier transforms infrared (FTIR) spectroscopy is used to identify 
the compositional changes during the composite formation. Fig. 4 shows 
the FTIR spectrum of PCR, GO, and PCR-GO NC[GO@20%] from 500 to 
4500 cm− 1. The FTIR peaks of GO are consistent with the literature [41]. 
The peaks in the spectrum of PCR were identified as consistent with the 
literature [42] and are as follows: Strong and broad absorption around 
3458 cm− 1 indicate stretching of hydrogen bond O–H group, strong 
absorption at 3000 cm− 1 and 2908 cm− 1 corresponds to asymmetric 
stretching of CH2 and symmetric stretching of CH3. A medium absorp-
tion at 1643 cm− 1 implies stretching of C––C of aromatic rings. Ab-
sorption with solid intensity at 1413 cm− 1 is due to a methylene bridge 
(CH2 bend), indicating the occurrence of cyclization. However, in the 
spectrum of PCR-GO NC, the first, fourth, and fifth peaks mentioned 
above offer an upshift to 3471, 1663, and 1426 cm− 1, respectively. The 
change in absorption intensity at these wavenumbers suggests structural 
changes happened due to composite formation. The observed shift in 
PCR-GO NC to higher wavenumbers indicates that bond strength in-
creases due to the interaction between GO and PCR. The wide, intense 
band of OH in PCR changed from strong to a narrower medium band in 

Fig. 2. (a) Normalized Absorption spectra of PCR, GO, and PCR-GO NC (b) 
Normalized absorption spectra (left) and emission spectra (right) of PCR 
(excitation wavelength in nm are given in brackets). 

Fig. 3. Emission spectrum of PCR and PCR-GO NC (Excitation wavelength in 
nm are given in bracket). 
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PCR-GO NC, indicating a decrease in the intermolecular hydrogen 
bonding interactions in the compound. The absorption intensity of ar-
omatic rings at 1663 cm− 1 decreases from medium to weak, implying 
that greater resonance happened in PCR-GO NC than in pure PCR. The 
observed changes in PCR-GO NC suggest a noncovalent functionaliza-
tion between GO and PCR. 

3.3. Raman spectrum analysis 

The Raman spectrum of GO and PCR-GO NC are shown in Fig. 5, 
where the observed G band results from an in-phase vibration of sp2 

bonded carbon atoms at an excitation wavelength of 785 nm. There are 
literature reports that the Raman shift exhibits the charge transfer effect 
on an aromatic hydrocarbon [43–45]. From Fig. 5, it is clear that the G 
band of PCR-GO NC shows a 6 cm− 1 shift compared to pure GO, and it 
confirms the charge transfer from the potential donor system PCR to the 
GO. 

3.3.1. Fluorescence lifetime measurements 
We employed time-correlated single-photon counting (TCSPC) to 

measure the inherent fluorescence lifetime of fluorophores [46]. Fluo-
rescent lifetime is calculated from the slope of the decay curve using the 

least square curve fitting. Promt gives the instrument response in the 
absence of the fluorophore. The multiexponential mode of decay in the 

presence of emission from more than one excited state is given by I(t) =

∑n

i=1
Ai exp

(
− t/τi

)
Where Ai and τi are the amplitudes and decay time of 

the n exponential components of the fluorescent decay. The collective 
decay time is given by τ =

∑
Ai τi. 

The fluorescence lifetime profile of PCR and PCR-GO NC[GO@20%] 
in DMSO solvent is studied by collecting the emitted light at 392 nm and 
557 nm, as shown in Fig. 6, which are the emissions peak corresponding 
to the excitation wavelengths 290 nm and 532 nm, respectively. The 
fluorescent lifetime of PCR exhibits tetra exponential decay, and that of 
PCR-GO NC is triexponential decay. The lifetime and amplitudes of each 
component are given in Table 1. The collective fluorescent lifetime of 
PCR corresponding to emission at 392 nm is 48,300 ± 1 ns, and that of 
PCR-GO NC is 15.5 ± 1 ns, whereas at 557 nm lifetime of PCR is 3.2 ± 1 
ns and that of PCR-GO NC is 2.3 ± 1 ns. 

3.4. Nonlinear optical characterization 

OA z scan measurements of PCR were carried out to analyze the 
nonlinear optical absorption (NLA) properties. The observed normalized 
transmittance versus z position at input intensity of 0.42 GW/cm2 and 
3.77 GW/cm2 was presented in Fig. 7, where the symbols indicate the 
experimental data. The normalized transmittance of PCR decreases 
when it approaches the focus of the lens, where the intensity is 
maximum, suggesting intensity-dependent behavior and thus indicating 
NLA. We checked the transmittance variation of the solvent, and the 
sample did not exhibit any z scan signature revealing that the solvent 
had no contribution to the observed NLO properties of PCR. The primary 
contribution to NLA is from saturable absorption (SA) and/or reverse 
saturable absorption (RSA). The measured normalized transmittance of 
PCR decreases with an increase in input fluence and thus exhibits RSA 
behavior. Generally, RSA occurs due to nonlinear mechanisms such as 
two-photon absorption (TPA), excited-state absorption (ESA), free car-
rier absorption (FCA), nonlinear scattering, or the combination of any of 
these processes [47]. 

PCR shows the absorption peak at 290 nm, a shoulder at 259 nm, and 
a weak absorption around 532 nm, suggesting the occurrence of TPA 
and ESA. The best numerical fit obtained for the pulse propagation 
describing the intensity variation is given by 

Fig. 4. FTIR spectrum of GO, PCR, and PCR-GO NC[GO@20%]  

Fig. 5. Shift in the G bands of the Raman spectrum of PCR- GO NC[GO@20%] 
to GO. 

Fig. 6. Fluorescence decay profiles of PCR and PCR-GO NC[GO@20%] (exci-
tation wavelengths in nm are given in the bracket). 
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 dI
dz

= −

{
α0

1 + I/Is

+ βeff I

}

 I  

where α0 is the linear absorption coefficient, I is the input beam in-
tensity, Is is the saturation intensity, and βeff is the effective two-photon 
absorption coefficient, which has contributions from ESA and pure TPA. 
The fitted OA z scan data with βeff and Is as the fitting parameters are 
shown in Fig. 7 with the solid curve [33,47]. We repeated the experi-
ment for higher energy (3.77 GW/cm2) and found that the extent of 
normalized transmittance decreases with an increase in intensity. The 
imaginary part of third-order optical nonlinearity is related to βeff and is 
presented in Table 2 for the samples [47,48]. 

To solidify the principal contributions of RSA to the observed NLA 
behavior of PCR, we evaluated the absorption cross-section of the 
ground and excited states. The excited state cross-section (σ2) was 
evaluated by the equation β = Nσ2

E , Where N is the concentration (in units 
of cm− 3) and E is the photon energy [49,50]. The ground state 

absorption cross-section (σ0) estimated from the linear absorption co-
efficient α = σ0NAC, where NA and C are the Avogadro’s number and 
concentration respectively. The obtained value for σ2 is 1.49 × 10− 18 

cm2, and σ0 is 2.73 × 10− 19 cm2; the absorption cross-section of the 
excited state is higher than that of the ground state, which confirms that 
RSA is the primary mechanism behind the NLA behavior of PCR. 

ESA, the prominent contribution to the NLO behavior of PCR, can be 
explained with the help of a standard five-level model shown in Fig. 8. 
The molecules in the ground state can get excited to the singlet state S1 
upon the excitation of a laser pulse and get further excited (ESA) to the 
higher-lying excited singlet state S2. The molecules in S1 can either 
decay to the ground state (S0) or make the inter-system transition to the 
triplet states T1, from where they get excited to the higher triplet state 
T2. From the emission spectrum of PCR, it was clear that PCR had an 
excited state corresponding to the excitation at 290 nm and 532 nm. The 
lifetime evaluated using the TCSPC technique at 392 nm exhibited a long 
life compared to lower excited states at 557 nm of PCR(Table .1). The 
long lifetime possessed by the excited state of PCR on excitation with 7 
ns laser pulse leads to a higher population in the T1 state, and hence 
promotes the ESA to arise from the triplet to triplet transition. Thus the 
observed nonlinearity exhibited by PCR is primarily due to ESA, even 
though the contributions from TPA cannot be neglected since it has a 
definite absorption at 259 nm. 

Normalized transmittance of the prepared PCR-GO nanocomposites 
(PCR-GO NC[GO@10%], and PCR-GO NC[GO@20%]) at an input beam 
intensity of 0.42 GW/cm2 is shown in Fig. 9 (a). The observed trans-
mission curve is symmetric about the focus and depth of the valley 
becoming more profound with an increase in GO percentage, indicating 
the presence of nonlinear absorption and optical limiting. Thus, the 
composite formation considerably improved the NLO property of PCR, 
and the best modified NLO behavior was achieved for PCR-GO NC with 
20% GO. Fig. 9(b) shows the OA z scan traces of GO, PCR, and PCR-GO 
NC at 0.42 GW/cm2. GO exhibit RSA property at 0.42 GW/cm2 (Fig. 9 
(b)) and SA property at 0.027 GW/cm2 (inset of Fig. 9(b)). This type of 
intensity-dependent switching of NLA activity in GO was reported 
earlier by Liu et al. [25]. The mechanism behind the observed SA ac-
tivity of GO is due to the bleaching of the ground state population, and 
that of RSA is due to both TPA and ESA. Since GO has dominant ab-
sorption at 249 nm and weak absorption at 532, there is a good prob-
ability of TPA and ESA occurring on exciting with 532 nm pulses. 

OA z scan studies of PCR-GO NC (Fig. 9(b)) reveal the enhanced NLA 
activity compared to its constituents. The NLO parameters of the pre-
pared composites and that of the parent compounds are given in Table 2. 
We observed a 3.4 times enhancement in the NLA coefficient of PCR-GO 
NC[GO@20%] compared to pure PCR on exciting at 0.42 GW/cm2. The 
significant improvement in NLA of the NC may be due to increased 

Table 1 
Result of the analysis of fluorescence decay profiles of PCR and PCR-GO NC 
[GO@20%]  

Emission 
wavelength 
(nm) 

τ1 (ns) τ2 (ns) τ3 (ns) τ 4 (ns) Collective 
lifetime (τ ±
1)ns 

PCR[392] 0.7 
(0.003%) 

2.7 
(0.01%) 

21.9 
(0.007%) 

4835671 
(99.98%) 

48,300 

PCR[557] 0.3 
(25.7%) 

1.9 
(16.4%) 

4.3 
(55.9%) 

19.9 
(2.0%) 

3.2 

PCR-GO NC 
[392] 

0.9 
(31.9%) 

3.77 
(29.8%) 

36.8 
(38.3%) 

– 15.5 

PCR-GO NC 
[557] 

0.7 
(49.4%) 

2.7 
(43.5%) 

10.6(7%) – 2.3  

Fig. 7. Open z scan traces of PCR corresponds to an input beam intensity of 
0.42 GW/cm2 and 3.77 GW/cm.2. 

Table 2 
Obtained NLO parameters of the compound at input beam intensity 0.42 GW/ 
cm.2.  

Compound Nonlinear 
absorption 
coefficient (βeff) 
10− 10 m/W 

Imaginary nonlinear 
susceptibility 
10− 11 (e.s.u) 

Optical 
limiting 
threshold 
J/cm2 

PCR 4.4 1.53 – 
GO 7.1 2.49 1.90 
PCR-GO NC 

[GO@10%] 
6.5 2.27 1.92 

PCR-GO NC 
[GO@20%] 

14.8 5.18 0.91  
Fig. 8. Five level energy diagram of a typical dye molecule, with S0 the ground 
state, S1 & S2 are the excited singlet states, and T1 & T2 are the excited 
triplet states. 
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resonance structures of the composite compared to pure PCR, which is 
confirmed from the FTIR spectrum and leads to the increased delocal-
ization of π electrons, which will enhance the net dipole moment of the 
composite. The local field, which is the actual field experienced by the 
molecule in a material system, plays a crucial role in deciding the 
nonlinear interactions of the material system [51]. The composite ma-
terial, in which host/guest or both belong to nonlinear materials, is 
expected to demonstrate enriched NLO properties because the electric 
field from the incident laser beam is distributed nonuniformly among 
the components [52]. In a composite, a local field created by one 
element can modify the response of the other. Moreover, PCR-GO NC 
exhibit an enhanced broad emission centered at 540 nm corresponding 
to excitation at 460 nm. The field induced by the laser beam provides an 
enriched local field effect to the composite and thereby boosts the NLO 
property of PCR. 

Pietraszkiewicz et al. reported that calix [4]resorcinarene is a po-
tential electron donor and can form charge-transfer complexes with 
electron-deficient molecules [53]. There is enough study in the litera-
ture regarding the charge transfer complexes between GO and 
electron-donating organic molecules [54,55]. Georgakilas et al. 
reviewed the covalent and noncovalent functionalization of GO and 
Graphene with organic molecules [29,45]. Moreover, the shift in the G 
band value of the Raman spectrum confirms the charge transfer between 
PCR and GO. Since PCR is hydrophobic and has an extended π system, 
Van der Waals forces and π-π interactions play a crucial role in the 
noncovalent functionalization of PCR with GO, which is confirmed by 

the FTIR spectrum of PCR-GO NC. The noncovalent functionalization 
and the efficient fluorescent quenching of PCR-GO NC could result in 
photoinduced electron transfer from electron donor PCR to the acceptor 
GO. Thus the enhanced nonlinear absorption of PCR-GO NC (3.4 times 
compared to PCR) could be attributed to the combined effect of the local 
field induced by GO near the laser excitation wavelength and the 
photoinduced charge transfer between PCR and GO. 

Optical limiting (OL) curves present the normalized transmittance 
versus input fluence extracted from OA z scan analysis. Optical limiters 
exhibit constant transmittance at low input fluence and reduced trans-
mittance at high input fluence [56–58]. Primary mechanisms behind the 
OL action of material include TPA, RSA, nonlinear scattering, etc. [59, 
60]. 

OL efficiency of the sample is recognized by its optical limiting 
threshold, which is the input fluence at which the normalized trans-
mittance reduces to half of its initial value. As shown in Fig. 10, the 
optical limiting property of PCR-GO NC is effectively modified 
compared to GO and PCR at an input intensity of 0.42 GW/cm2. The 
optical limiting threshold value of PCR-GO NC[GO@20%] is found to be 
0.91 J/cm2, which is much better than many reported values of hybrid 
systems like GO-AG composite [61], GO-Fe3O4 [62], GO + porphyrin 
[63,64], and many graphene-based materials [65–67] in the nanosecond 
regime at 532 nm. 

Table .3 compares the OL threshold value of the present study with 
reported values of composites made up of GO in the literature. The 
outstanding optical limiting performance of PCR-GO NC[GO@20%] 
could be originated from the combined effect of photoinduced charge 
transfer between PCR and GO, the NLA mechanism such as TPA, ESA, 
and the local field effect produced by GO. An exceptional optical 
limiting threshold value of PCR-GO NC makes it an excellent choice for 
the optical limiting purpose at 532 nm. 

4. Conclusions 

In summary, we studied the nonlinear absorption and optical 
limiting behavior of phenylcalix [4]resorcinarene graphene oxide 
nanocomposite (PCR-GO NC) using a single-beam z-scan technique with 
pulsed laser radiation at 532 nm in the nanosecond regime. The emissive 
nature of PCR is improved remarkably by its interaction with GO, and 
the composite exhibits fluorescent quenching at 532 nm. The FTIR 
spectra confirmed the noncovalent functionalization between PCR and 
GO. The shift in the G band of PCR–GO NC compared to GO from the 
Raman spectra verified the charge transfer between PCR and GO. ESA, 

Fig. 9. (a) OA Z scan signature of PCR-GO nanocomposite with different per-
centages of GO at 0.42 GW/cm2 (b) OA Z scan signature of PCR, GO, and PCR- 
GO NC at an input intensity of 0.42 GW/cm2, (Inset: OA Z scan signature of GO 
at 0.027 GW/cm2). 

Fig. 10. Optical limiting curves of PCR, GO, and PCR-GO NC at input intensity 
of 0.42 GW/cm.2. 
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along with TPA, is the dominant mechanism behind the observed 
nonlinear absorption of PCR and PCR-GO NC. The effective two-photon 
absorption coefficient of PCR-GO NC[GO@20%] was enhanced by 3.4 
times compared to PCR. The composite displayed a competing optical 
limiting threshold value of 0.91 J/cm2. Enhanced NLO performance of 
noncovalently functionalized PCR-GO NC compared to pure GO and PCR 
could be derived from the combined effect of RSA, photoinduced charge 
transfer between PCR and GO, and the local field effect produced by GO. 
Thus the synthesized PCR-GO NC is a promising nonlinear material with 
an outstanding optical limiting threshold suitable for exploring future 
optoelectronic and photonic applications. 

CRediT authorship contribution statement 

Siji Alappattu John: Conceptualization, Methodology, Formal 
analysis. Simi Pushpan K: Resources. Raman Namboodiri Cherillath 
Kandamangalam: Formal analysis, Investigation. Chandrasekharan 
Keloth: Conceptualization, Methodology, Validation, Investigation, 
Resources. 

Declaration of competing interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgments 

Siji A J is grateful to Dr. Subila K B, School of chemical science, 
Mahatma Gandhi University Kerala and Dr. Kavitha Manniledam, Dept. 
of Chemistry, Zamorin’s Guruvayurappan College, Kozhikode, for the 
suggestions and support during the work. 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.optmat.2022.112557. 

References 

[1] S.M. Hendrickson, A.C. Foster, R.M. Camacho, B.D. Clader, Integrated nonlinear 
photonics: emerging applications and ongoing challenges [Invited], J. Opt. Soc. 
Am. B 31 (12) (2014) 3193, https://doi.org/10.1364/josab.31.003193. 

[2] Y. Wang, X. Xie, T. Goodson, Enhanced third-order nonlinear optical properties in 
dendrimer − metal nanocomposites, Nano Lett. 5 (12) (2005) 2379–2384. 

[3] P. Sudheesh, N.K.S. Narendran, K. Chandrasekharan, Third-order nonlinear optical 
responses in derivatives of phenylhydrazone by Z-scan and optical limiting studies- 
influence of noble metal nanoparticles, Opt. Mater. 36 (2) (2013) 304–309, 
https://doi.org/10.1016/j.optmat.2013.09.014. 

[4] N.P. Purayil, V. Kakekochi, U.K. Dalimba, C. Keloth, All-optical diode action 
through enhanced nonlinear response from polymeric photonic crystal 
microcavity, ACS Appl. Electron. Mater. 4 (1) (2022) 138–148, https://doi.org/ 
10.1021/acsaelm.1c00896. 

[5] N. Priyadarshani, T.C.S. Girisun, S.V. Rao, “In fl uence of sintering time on 
switching of the femtosecond nonlinear optical properties of CuNb 2 O 6, Opt. 
Mater. 66 (2017) 534–541, https://doi.org/10.1016/j.optmat.2017.02.060. 

[6] C. Babeela, T.C.S. Girisun, Low temperature phase barium borate : a new optical 
limiter in continuous wave and nano pulsed regime, Opt. Mater. 49 (2015) 
190–195, https://doi.org/10.1016/j.optmat.2015.09.018. 

[7] M. Saravanan, T.C.S. Girisun, Enhanced nonlinear optical absorption and optical 
limiting properties of superparamagnetic spinel zinc ferrite decorated reduced 
graphene oxide nanostructures, Appl. Surf. Sci. 392 (2017) 904–911, https://doi. 
org/10.1016/j.apsusc.2016.09.109. 

[8] M.V. Vijisha, J. Ramesh, C. Arunkumar, K. Chandrasekharan, Nonlinear optical 
absorption and refraction properties of fluorinated trans-dicationic pyridinium 
porphyrin and its metal complexes, Opt. Mater. 98 (October) (2019) 1–6, https:// 
doi.org/10.1016/j.optmat.2019.109474. 

[9] X. Liu, Z. Yang, D. Wang, H. Cao, Molecular structures and second-order nonlinear, 
Crystals 6 (158) (2016), https://doi.org/10.3390/cryst6120158. 

[10] G.R. Desiraju, Crystal engineering . From molecules to materials q, J. Mol. Struct. 
656 (2003) 5–15, https://doi.org/10.1016/S0022-2860(03)00354-5. 

[11] J.R. Sheats, et al., Organic electroluminescent devices, Science 273 (5277) (1996) 
884–888, https://doi.org/10.1126/science.273.5277.884. 

[12] S. Anandan, S. Manoharan, N.K.S. Narendran, T.C.S. Girisun, A.M. Asiri, Donor- 
acceptor substituted thiophene dyes for enhanced nonlinear optical limiting, Opt. 
Mater. 85 (2018) 18–25, https://doi.org/10.1016/j.optmat.2018.08.004. 

[13] T.D. Rani, M. Rajkumar, A. Chandramohan, Synthesis , crystal structure , 
photoluminescence , thermal , laser damage threshold and DFT calculations of, 
Opt. Mater. 100 (2020), 109614, https://doi.org/10.1016/j.optmat.2019.109614. 

[14] C.D. Gutsche, B. Dhawan, H. Kwang, Properties of the calixarenes from p-tert- 
Butylphenol, J. Am. Chem. Soc. 103 (13) (1981) 3782–3792. 

[15] R.E. Sardjono, A. Kadarohman, A. Mardhiyah, Green synthesis of some calix [ 4 ] 
resorcinarene under microwave irradiation, Procedia Chem. 4 (2012) 224–231, 
https://doi.org/10.1016/j.proche.2012.06.031. 

[16] F. Davis, C.F.J. Faul, S.P.J. Higson, Calix[4]resorcinarene-surfactant complexes: 
formulation, structure and potential sensor applications, Soft Matter 5 (14) (2009) 
2746–2751, https://doi.org/10.1039/b905349b. 

[17] P. Santoso, C. Anwar, Jumina, D. Siswanta, Suharso, K. Ohto, Synthesis of a Novel 
calix[4]resorcinarene-Chitosan hybrid, Orient. J. Chem. 34 (1) (2018) 30–37, 
https://doi.org/10.13005/ojc/340103. 

[18] L. Eddaif, L. Trif, J. Telegdi, O. Egyed, A. Shaban, Calix[4]resorcinarene 
macrocycles: synthesis, thermal behavior and crystalline characterization, 
J. Therm. Anal. Calorim. 137 (2) (2019) 529–541, https://doi.org/10.1007/ 
s10973-018-7978-0. 

[19] A.R. Kongor, V.A. Mehta, K.M. Modi, Calix-based nanoparticles: a review, Top. 
Curr. Chem. 374 (3) (2016) 1–46, https://doi.org/10.1007/s41061-016-0029-z. 

[20] L. Mutihac, J.H. Lee, J.S. Kim, J. Vicens, Recognition of amino acids by 
functionalized calixarenes, Chem. Soc. Rev. 40 (5) (2011) 2777–2796, https://doi. 
org/10.1039/c0cs00005a. 

[21] E. Brouyère, J.L. Brédas, Theoretical investigation of the second-order nonlinear 
optical properties of calix[4]arene molecules, Synth. Met. 71 (1–3) (1995) 
1699–1700, https://doi.org/10.1016/0379-6779(94)03010-4. 

[22] Y.M. Jang, C.J. Yu, J.S. Kim, S.U. Kim, Ab initio design of drug carriers for 
zoledronate guest molecule using phosphonated and sulfonated calix[4]arene and 
calix[4]resorcinarene host molecules, J. Mater. Sci. 53 (7) (2018) 5125–5139, 
https://doi.org/10.1007/s10853-017-1930-8. 

[23] R. Rodik, V. Boyko, V. Kalchenko, Calixarenes in bio-medical researches, Curr. 
Med. Chem. 16 (13) (2009) 1630–1655, https://doi.org/10.2174/ 
092986709788186219. 

[24] X.F. Jiang, L. Polavarapu, S.T. Neo, T. Venkatesan, Q.H. Xu, Graphene oxides as 
tunable broadband nonlinear optical materials for femtosecond laser pulses, 
J. Phys. Chem. Lett. 3 (6) (2012) 785–790, https://doi.org/10.1021/jz300119t. 

[25] Z. Liu, Y. Wang, X. Zhang, Y. Xu, Y. Chen, J. Tian, Nonlinear optical properties of 
graphene oxide in nanosecond and picosecond regimes, Appl. Phys. Lett. 94 (2) 
(2009), https://doi.org/10.1063/1.3068498. 

[26] G. Eda, M. Chhowalla, Chemically derived graphene oxide: towards large-area 
thin-film electronics and optoelectronics, Adv. Mater. 22 (22) (2010) 2392–2415, 
https://doi.org/10.1002/adma.200903689. 

[27] W.K. Chee, H.N. Lim, N.M. Huang, I. Harrison, Nanocomposites of graphene/ 
polymers: a review, RSC Adv. 5 (83) (2015) 68014–68051, https://doi.org/ 
10.1039/c5ra07989f. 

[28] G. Muruganandi, M. Saravanan, G. Vinitha, M.B.J. Raj, T.C.S. Girisun, Barium 
borate nanorod decorated reduced graphene oxide for optical power limiting 
applications, Opt. Mater. 75 (2018) 612–618, https://doi.org/10.1016/j. 
optmat.2017.11.017. 

[29] V. Georgakilas, et al., Functionalization of graphene: covalent and noncovalent 
approach, Chem. Rev. 112 (11) (2012) 6156–6214. 

[30] A. Khaskel, P. Gogoi, P. Barman, B. Bandyopadhyay, Grindstone chemistry: a 
highly efficient and green method for synthesis of 3,4-dihydropyrimidin-2-(1H)- 
ones by l-tyrosine as an organocatalyst: a combined experimental and DFT study, 
RSC Adv. 4 (67) (2014) 35559–35567, https://doi.org/10.1039/c4ra05244g. 

[31] A. Thangamani, Grindstone chemistry: an efficient and green synthesis of 2-amino- 
4H-benzo[b]pyrans, J. Appl. Adv. Res. 2 (2) (2017) 78–85, https://doi.org/ 
10.21839/jaar.2017.v2i2.65. 

[32] B. Anjali, H.M. Chawla, Synthesis and applications of chromogenic calix [ 4 ] 
resorcinarene derivatives, Res. J. Chem. Environ. 18 (2014) 2. 

[33] M. Sheik-Bahae, A.A. Said, T.H. Wei, D.J. Hagan, E.W. Van Stryland, Sensitive 
measurement of optical nonlinearities using a single beam, IEEE J. Quant. Electron. 
26 (4) (1990) 760–769, https://doi.org/10.1109/3.53394. 

[34] M. Rumi, J.W. Perry, Two-photon absorption: an overview of measurements and 
principles, Adv. Opt Photon 2 (4) (2010) 451, https://doi.org/10.1364/ 
aop.2.000451. 

[35] Q. Lai, S. Zhu, X. Luo, M. Zou, S. Huang, Ultraviolet-visible spectroscopy of 
graphene oxides, AIP Adv. 2 (3) (2012), https://doi.org/10.1063/1.4747817. 

Table 3 
OL threshold value of PCR-GO NC in comparison with few reported values of the 
composites of GO in literature.  

Structure OL threshold (J/cm2) Pulse width and wavelength 

PCR-GO NC[GO@20%] 0.91 7 ns, 532 nm 
Ag-GO NC [61] 6.4 10ns, 532 nm 
GO-Fe3O4 [62] 3.7 5ns, 532 nm 
Au + Porphyrin 4.3 7ns, 532 nm 
GO + Porphyrin [63] 1.9 7ns, 532 nm  

S.A. John et al.                                                                                                                                                                                                                                  

https://doi.org/10.1016/j.optmat.2022.112557
https://doi.org/10.1016/j.optmat.2022.112557
https://doi.org/10.1364/josab.31.003193
http://refhub.elsevier.com/S0925-3467(22)00591-2/sref2
http://refhub.elsevier.com/S0925-3467(22)00591-2/sref2
https://doi.org/10.1016/j.optmat.2013.09.014
https://doi.org/10.1021/acsaelm.1c00896
https://doi.org/10.1021/acsaelm.1c00896
https://doi.org/10.1016/j.optmat.2017.02.060
https://doi.org/10.1016/j.optmat.2015.09.018
https://doi.org/10.1016/j.apsusc.2016.09.109
https://doi.org/10.1016/j.apsusc.2016.09.109
https://doi.org/10.1016/j.optmat.2019.109474
https://doi.org/10.1016/j.optmat.2019.109474
https://doi.org/10.3390/cryst6120158
https://doi.org/10.1016/S0022-2860(03)00354-5
https://doi.org/10.1126/science.273.5277.884
https://doi.org/10.1016/j.optmat.2018.08.004
https://doi.org/10.1016/j.optmat.2019.109614
http://refhub.elsevier.com/S0925-3467(22)00591-2/sref14
http://refhub.elsevier.com/S0925-3467(22)00591-2/sref14
https://doi.org/10.1016/j.proche.2012.06.031
https://doi.org/10.1039/b905349b
https://doi.org/10.13005/ojc/340103
https://doi.org/10.1007/s10973-018-7978-0
https://doi.org/10.1007/s10973-018-7978-0
https://doi.org/10.1007/s41061-016-0029-z
https://doi.org/10.1039/c0cs00005a
https://doi.org/10.1039/c0cs00005a
https://doi.org/10.1016/0379-6779(94)03010-4
https://doi.org/10.1007/s10853-017-1930-8
https://doi.org/10.2174/092986709788186219
https://doi.org/10.2174/092986709788186219
https://doi.org/10.1021/jz300119t
https://doi.org/10.1063/1.3068498
https://doi.org/10.1002/adma.200903689
https://doi.org/10.1039/c5ra07989f
https://doi.org/10.1039/c5ra07989f
https://doi.org/10.1016/j.optmat.2017.11.017
https://doi.org/10.1016/j.optmat.2017.11.017
http://refhub.elsevier.com/S0925-3467(22)00591-2/sref29
http://refhub.elsevier.com/S0925-3467(22)00591-2/sref29
https://doi.org/10.1039/c4ra05244g
https://doi.org/10.21839/jaar.2017.v2i2.65
https://doi.org/10.21839/jaar.2017.v2i2.65
http://refhub.elsevier.com/S0925-3467(22)00591-2/sref32
http://refhub.elsevier.com/S0925-3467(22)00591-2/sref32
https://doi.org/10.1109/3.53394
https://doi.org/10.1364/aop.2.000451
https://doi.org/10.1364/aop.2.000451
https://doi.org/10.1063/1.4747817


Optical Materials 131 (2022) 112557

8

[36] L.J. Rothberg, A.J. Lovinger, Status of and prospects for organic 
electroluminescence, J. Mater. Res. 11 (12) (1996) 3174–3187, https://doi.org/ 
10.1557/JMR.1996.0403. 

[37] Z. Luo, P.M. Vora, E.J. Mele, A.T.C. Johnson, J.M. Kikkawa, Photoluminescence 
and band gap modulation in graphene oxide, Appl. Phys. Lett. 94 (11) (2009), 
https://doi.org/10.1063/1.3098358. 

[38] G. Eda, et al., Blue photoluminescence from chemically derived graphene oxide, 
Adv. Mater. 22 (4) (2010) 505–509, https://doi.org/10.1002/adma.200901996. 

[39] K.P. Loh, Q. Bao, G. Eda, M. Chhowalla, Graphene oxide as a chemically tunable 
platform for optical applications, Nat. Chem. 2 (12) (2010) 1015–1024, https:// 
doi.org/10.1038/nchem.907. 

[40] J.R. Lakowicz, Principles of Fluorescence Spectroscopy, third ed., Springer, 2006. 
[41] Khalili Dariush, Graphene oxide: a promising carbocatalyst for the regioselective 

thiocyanation of aromatic amines, phenols, anisols and enolizable ketones by 
hydrogen peroxide/KSCN in water, New J. Chem. 37 (2013) 1–3, https://doi.org/ 
10.1039/c3nj00000x. 

[42] S.N. Handayani, H. Ekowati, Irmanto, D.N.A. Aprilia, S. Utami, Synthesis of 
phenylcalix[4]resorcinarena sulfonate and it’s application as an antioxidant, in: 
AIP Conference Proceedings vol. 2237, 2020, https://doi.org/10.1063/5.0006139. 

[43] C.F. Zhang, Z.B. Huang, X.W. Yan, H.Q. Lin, Charge transfer effect on Raman shifts 
of aromatic hydrocarbons with three phenyl rings from ab initio study, J. Chem. 
Phys. 150 (7) (2019) 8, https://doi.org/10.1063/1.5082792, 0. 

[44] V.V. Bruevich, T.S. Makhmutov, S.G. Elizarov, E.M. Nechvolodova, D.Y. Paraschuk, 
Raman spectroscopy of intermolecular charge transfer complex between a 
conjugated polymer and an organic acceptor molecule, J. Chem. Phys. 127 (10) 
(2007), https://doi.org/10.1063/1.2767266. 

[45] V. Georgakilas, et al., Noncovalent functionalization of graphene and graphene 
oxide for energy materials, biosensing, catalytic, and biomedical applications, 
Chem. Rev. 116 (9) (2016) 5464–5519, https://doi.org/10.1021/acs. 
chemrev.5b00620. 

[46] D. Phillips, R.L. Christensen, Time correlated single-photon counting (tcspc) using 
laser excitation, Instrum. Sci. Technol. 14 (3–4) (1985) 267–292, https://doi.org/ 
10.1080/10739148508543581. 

[47] R.L. Sutherland, D.G. McLean, S. Kirkpatrick, Handbook of Nonlinear Optics, 
second ed., Marcel Dekker, 2003. 

[48] S. Edappadikkunnummal, S.N. Nherakkayyil, V. Kuttippurath, D.M. Chalil, N. 
R. Desai, C. Keloth, Surface plasmon assisted enhancement in the nonlinear optical 
properties of phenothiazine by gold nanoparticle, J. Phys. Chem. C 121 (48) (Dec. 
2017) 26976, https://doi.org/10.1021/acs.jpcc.7b06528. –26986. 

[49] P.P. Kiran, D.R. Reddy, A.K. Dharmadhikari, B.G. Maiya, G.R. Kumar, D.N. Rao, 
Contribution of two-photon and excited state absorption in ‘axial-bonding’ type 
hybrid porphyrin arrays under resonant electronic excitation, Chem. Phys. Lett. 
418 (4–6) (Feb. 2006) 442–447, https://doi.org/10.1016/j.cplett.2005.10.139. 

[50] C.K.R. Namboodiri, et al., Enhanced two photon absorption cross section and 
optical nonlinearity of a quasi-octupolar molecule, J. Photochem. Photobiol. Chem. 
314 (2016) 60–65, https://doi.org/10.1016/j.jphotochem.2015.08.016. 

[51] R.W. Boyd, J.J. Maki, J.E. Sipe, Local field effects in enhancing the nonlinear 
susceptibility of optical materials, Nonlinear Opt. 1 (1992) 63–76, https://doi.org/ 
10.1016/b978-0-444-89304-8.50010-9. 

[52] R.W. Boyd, Influence of local field effects on the nonlinear optical properties of 
composite materials, Proc. SPIE 2524, Natl. Sci. Found. Forum Opt. Sci. Eng. 2524 
(1) (1995) 136–141, https://doi.org/10.1117/12.219566. 

[53] O. Pietraszkiewicz, M.K. Kozbiał, M. Pietraszkiewicz, ChargeTransfer complexes 
involving calix[4]Resorcinarenes: potential candidates for non-linear optics, Adv. 
Mater. Opt. Electron. 8 (1998) 277–284. 

[54] G. Xin, H. Wang, N. Kim, W. Hwang, S.M. Cho, H. Chae, Investigation of charge- 
transfer complexes formation between photoluminescent graphene oxide and 
organic molecules, Nanoscale 4 (2) (2012) 405–407, https://doi.org/10.1039/ 
c1nr11062d. 

[55] A. Stergiou, G. Pagona, N. Tagmatarchis, Donor-acceptor graphene-based hybrid 
materials facilitating photoinduced electron-transfer reactions, Beilstein J. 
Nanotechnol. 5 (2014) 1580–1589, https://doi.org/10.3762/bjnano.5.170. 

[56] C. Babeela, N.K.S. Narendran, M. Pannipara, A.G. Al-Sehemi, T.C. Sabari Girisun, 
Excited state absorption assisted optical limiting action of Fe decorated γ-BBO 
nanorods, Mater. Chem. Phys. 237 (2019), https://doi.org/10.1016/j. 
matchemphys.2019.121827. 

[57] T.A. Hegde, A. Dutta, T.C. Sabari Girisun, M. Abith, G. Vinitha, Intensity tunable 
optical limiting behavior of an organometallic cesium hydrogen tartrate single 
crystal, J. Mater. Sci. Mater. Electron. 30 (20) (2019) 18885–18896, https://doi. 
org/10.1007/s10854-019-02245-5. 

[58] K. Kamatchi, S. Sriram, K. Sangeetha, E. Anuranjani, M. Durairaj, T.C. Sabari 
Girisun, Enhanced third-order nonlinear optical properties of methyl orange dye- 
doped potassium penta borate octa hydrate (MOPPB) single crystals using CW 
diode laser for optical limiting applications, J. Mater. Sci. Mater. Electron. 32 (11) 
(2021) 15171–15181, https://doi.org/10.1007/s10854-021-06067-2. 

[59] T.M. Remya, E. Shiju, P.P. Shandev, K. Chandrasekharan, S. Haridas, P. 
A. Unnikrishnan, Enhanced nonlinear absorption and efficient optical limiting 
action of a few 1,3,4-oxadiazole-based donor–acceptor systems, J. Mater. Sci. 56 
(4) (Feb. 2021) 3035–3048, https://doi.org/10.1007/s10853-020-05472-y. 

[60] B. Anand, A. Kaniyoor, S.S.S. Sai, R. Philip, S. Ramaprabhu, Enhanced optical 
limiting in functionalized hydrogen exfoliated graphene and its metal hybrids, 
J. Mater. Chem. C 1 (15) (Apr. 2013) 2773–2780, https://doi.org/10.1039/ 
c3tc00927k. 

[61] S. Biswas, A.K. Kole, C.S. Tiwary, P. Kumbhakar, Enhanced nonlinear optical 
properties of graphene oxide-silver nanocomposites measured by Z-scan technique, 
RSC Adv. 6 (13) (2016) 10319–10325, https://doi.org/10.1039/c5ra21000c. 

[62] X. Zhang, X. Zhao, Z. Liu, W. Zhou, Nonlinear optical and optical limiting 
properties of graphene oxide – Fe3O4 hybrid material, J. Opt. 13 (2011), 075202, 
https://doi.org/10.1088/2040-8978/13/7/075202. 

[63] V. Mamidala, L. Polavarapu, J. Balapanuru, K.P. Loh, Q. Xu, W. Ji, Enhanced 
nonlinear optical responses in donor- acceptor ionic complexes via photo induced 
energy transfer, Opt Express 18 (25) (2010) 25928–25935. 

[64] Y. Xu, et al., A graphene hybrid material covalently functionalized with porphyrin: 
synthesis and optical limiting property, Adv. Mater. 21 (12) (2009) 1275–1279, 
https://doi.org/10.1002/adma.200801617. 

[65] G. Muruganandi, M. Saravanan, G. Vinitha, M.B.J. Raj, T.C.S. Girisun, Effect of 
reducing agents in tuning the third-order optical nonlinearity and optical limiting 
behavior of reduced graphene oxide, Chem. Phys. 488 (489) (2017) 55–61, 
https://doi.org/10.1016/j.chemphys.2017.03.002. 

[66] Z.B. Liu, X.L. Zhang, X.Q. Yan, Y.S. Chen, J.G. Tian, Nonlinear optical properties of 
graphene-based materials, Chin. Sci. Bull. 57 (23) (2012) 2971–2982, https://doi. 
org/10.1007/s11434-012-5270-4. 

[67] L. Tao, et al., Silver nanoparticle-decorated graphene oxide for surface-enhanced 
Raman scattering detection and optical limiting applications, J. Mater. Sci. 53 (1) 
(2018) 573–580, https://doi.org/10.1007/s10853-017-1501-z. 

S.A. John et al.                                                                                                                                                                                                                                  

https://doi.org/10.1557/JMR.1996.0403
https://doi.org/10.1557/JMR.1996.0403
https://doi.org/10.1063/1.3098358
https://doi.org/10.1002/adma.200901996
https://doi.org/10.1038/nchem.907
https://doi.org/10.1038/nchem.907
http://refhub.elsevier.com/S0925-3467(22)00591-2/sref40
https://doi.org/10.1039/c3nj00000x
https://doi.org/10.1039/c3nj00000x
https://doi.org/10.1063/5.0006139
https://doi.org/10.1063/1.5082792
https://doi.org/10.1063/1.2767266
https://doi.org/10.1021/acs.chemrev.5b00620
https://doi.org/10.1021/acs.chemrev.5b00620
https://doi.org/10.1080/10739148508543581
https://doi.org/10.1080/10739148508543581
http://refhub.elsevier.com/S0925-3467(22)00591-2/sref47
http://refhub.elsevier.com/S0925-3467(22)00591-2/sref47
https://doi.org/10.1021/acs.jpcc.7b06528
https://doi.org/10.1016/j.cplett.2005.10.139
https://doi.org/10.1016/j.jphotochem.2015.08.016
https://doi.org/10.1016/b978-0-444-89304-8.50010-9
https://doi.org/10.1016/b978-0-444-89304-8.50010-9
https://doi.org/10.1117/12.219566
http://refhub.elsevier.com/S0925-3467(22)00591-2/sref53
http://refhub.elsevier.com/S0925-3467(22)00591-2/sref53
http://refhub.elsevier.com/S0925-3467(22)00591-2/sref53
https://doi.org/10.1039/c1nr11062d
https://doi.org/10.1039/c1nr11062d
https://doi.org/10.3762/bjnano.5.170
https://doi.org/10.1016/j.matchemphys.2019.121827
https://doi.org/10.1016/j.matchemphys.2019.121827
https://doi.org/10.1007/s10854-019-02245-5
https://doi.org/10.1007/s10854-019-02245-5
https://doi.org/10.1007/s10854-021-06067-2
https://doi.org/10.1007/s10853-020-05472-y
https://doi.org/10.1039/c3tc00927k
https://doi.org/10.1039/c3tc00927k
https://doi.org/10.1039/c5ra21000c
https://doi.org/10.1088/2040-8978/13/7/075202
http://refhub.elsevier.com/S0925-3467(22)00591-2/sref63
http://refhub.elsevier.com/S0925-3467(22)00591-2/sref63
http://refhub.elsevier.com/S0925-3467(22)00591-2/sref63
https://doi.org/10.1002/adma.200801617
https://doi.org/10.1016/j.chemphys.2017.03.002
https://doi.org/10.1007/s11434-012-5270-4
https://doi.org/10.1007/s11434-012-5270-4
https://doi.org/10.1007/s10853-017-1501-z


Extended protection of mild steel in molar HCl using the Garcinia Indica
fruit rind extract (GIW) and iodide ions; electrochemical, thermodynamic
and kinetic studies

Asha Thomas, Jeeja Rani AT, Abraham Joseph *

Department of Chemistry, University of Calicut, Calicut University, P O, Kerala, India

A R T I C L E I N F O

Keywords:
GIW
KI
Synergism
Monte-Carlo
EIS

A B S T R A C T

The extended protection of mild steel in hydrochloric acid (HCl) media at four different temperatures using the
synergistic interaction of a nontoxic, green corrosion inhibitor Garcinia Indica fruit rind (GIW) and potassium
iodide (KI) is discussed in this paper. The investigations are mainly carried out using weight loss and electro-
chemical studies. The corrosion inhibition property of the aqueous extract is due to the presence cyanidin an-
thocyanins such as cyanidin 3-glucoside and cyanidin sambubioside and o-hydroxy citric acid. By the addition of
200 ppm of KI to 4% GIW extract, the efficiency increased from 89% to 90% at 303K but the increase is
appreciable at 333K from 74% to 81%. The results explain the charge transfer controlled reactions of corrosion
inhibition and proves the mixed type characteristic of GIW/KI pair. The adsorption process is found to be mainly
the physisorption of GIW/KI pair. Monte-Carlo simulations of the constituent molecules reveal an increase in
binding energy when GIW adsorbed along with KI.

1. Introduction

Nature has always surprised human beings by its beauty, variety and
adaptability. Millions of naturally occurring organic compounds with
their structural complexity and biodegradability has enchanted the sci-
entific world and found their applications in the medicinal and industrial
field. These molecules are present in all parts of the plants such as leaves,
stems, roots, bark, fruits, etc. In the present scenario the scientific world
concentrates on various strategies to reduce environmental pollution and
promotes the use of green materials for various applications. Corrosion
engineers and chemists who are engaged in the research work on
corrosion mitigation have found great usage of natural products as
corrosion inhibitors [1–5]. Corrosion is the deterioration of a material
from its pure form to oxides or sulphides is a quite natural phenomenon
of coming down to a lower energy state. Mild steel, a low carbon alloy
finds its applicability in the construction field because of its vulnerability
to be made into components such as nuts, bolts, and other essential
machinery but its susceptibility to corrosion is very high. HCl is found to
be more appealing in the cleaning of these materials known as acid
pickling. For the pickling process, 0.5 M to 2 M HCl is used and most of
these processes take place around 30 �C to 60 �C [6]. The reduction of
corrosion in this process is done by adding small quantity of inhibitors.

Many of the inorganic ions such as chromates, phosphates were used
earlier as corrosion inhibitors gave way to organic compounds due to
their availability, non-toxicity, and biodegradability. Corrosion moni-
toring is usually done using weight loss measurements and electro-
chemical studies. Additionally, the theoretical calculations on the
component molecules of natural products give an idea about the mech-
anism of inhibition. Corrosion inhibition by most of the inhibitors occurs
by adsorption on the metal surface to a varying degree either as a
monolayer or as a multilayer. The adsorption isotherms and kinetic
studies give a deeper description of the adsorption process. In this study,
we have investigated the synergistic effect of Garcinia Indica fruit rind
extract and iodide ions. Garcinia Indica is a tropical tree found in the
Western Ghats [7] of India. All parts of the tree especially the fruit are
nutritionally rich and possess diverse medicinal properties [8]. Garcinia
indica fruit rind extract (GIW) is completely soluble in HCl and provides
inhibition efficiency around 87% at room temperature [9]. Literature
showcases the synergistic effect of KI with a variety of natural products
and organic compounds [2,10–16]. It is a common practice to modify the
inhibitor composition to improve the inhibition efficiency. Iodide ions
act synergistically with organic compounds with positive charges by a
co-adsorption process. The cyanidin anthocyanins remain as oxonium ion
at acidic pH [17]. Considering this probability of GIW extract to give
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better inhibition efficiency along with KI inspire us to study the effect of
iodide ions on the active components of GIW extract.

2. Experimental

2.1. Preparation of GIW extract

A 10% of GIW aqueous extract of the dried fruit rind is prepared by
refluxing it for 3 h at 90 �C and is filtered to get the stock solution. The
diluted stock solution was used for the study. Pure KI is purchased from
Fisher Scientific.

2.2. Electrodes and electrolyte

1 M (E. Merck) Hydrochloric Acid was used as the electrolyte and
mild steel specimens of 98.75% Fe,0.2% C, and 1% Mn,0.03% P, and
0.02% Swith 2x1.8 cm2 area and 1 cm2 is used for weight loss studies and
electrochemical studies respectively.

2.3. Methods

2.3.1. wt loss studies
This analysis is the simplest and accurate method for screening

corrosion. The loss in weight of the specimens after dipping in the blank

Table 1
Weight loss data of mild steel in 1 M HCl with GIW/KI pair for 24 h.

0ppm KI 50 ppm KI 100 ppm KI 200 ppm KI

Volume of the inhibitor(V/V%) CR (mg/cm2.h) %IE CR (mg/cm2.h) %IE CR (mg/cm2.h) %IE CR (mg/cm2.h) %IE

Blank 14.70 –

1% 0.7453 91.29 0.7361 90.96 0.7511 90.77 0.6817 91.63
2% 0.5810 93.98 0.5567 94.23 0.5423 94.38 0.4537 95.30
3% 0.5081 94.56 0.4560 95.61 0.4594 95.58 0.4074 96.08
4% 0.5069 95.27 0.5104 95.09 0.4756 95.42 0.4181 95.97

Fig. 1. The Nyquist plot obtained for GIW &KI synergistic pair at (a) 303K (b) 313K (c) 323K and (d) 333K in 1 M HCl.
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and the solution containing GIW extract and KI for 24 h are determined
using sensitive electronic balance. Prior to weighing the specimens are
washed and cleaned as per ASTM recommendations. From the data ob-
tained efficacy of inhibition (%) and rate of corrosion (CR) in mg cm-2h-1

are calculated using the equations

%η¼ 100�
�
W} �W

0

W}

�
(1)

CR¼W
At

(2)

where W} is the weight loss of specimens in the blank and W
0
is the

weightloss of specimens in the inhibited solutions after immersing for
24 h and W is the weight loss of a specimen in solution.

2.3.2. Electrochemical impedance spectroscopy
It is a technique for studying the electrode corrosion without

destroying the specimen. An electrochemical work station (ACM Gil AC
Model No.1475) with three electrodes set up consists of saturated
Calomel electrode, Platinum electrode and metal specimens as the
reference, counter, and the working electrode is used for these studies. In
the impedance spectroscopic studies, a small amplitude wave of 10 mV of
0.1 to 10000Hz frequency AC signals are applied on the system and the
response obtained as the impedance for the charge transfer is analysed to
calculate inhibition efficiency (%η) and other values are computed from
the inbuilt software. The % η is calculated using equation (3) as

%η¼ 100�
�
Rct � R*

ct

Rct

�
(3)

where Rct and R*ct are the charge transfer resistance of the inhibited and
the uninhibited solution. In order to attain reproducibility, the experi-
ment is repeated for 5 times. The standard deviations and% relative error
is also calculated.

2.3.3. Potentiodynamic polarisation technique
Here the polarisation of the metal electrode at the corrosion potential

(Ecorr) is done by varying the Ecorr 250 mV anodically and 250 mV
cathodically at a scan rate of 60 mV/min. The Tafel region of the
polarisation curve is extrapolated to obtain corrosion current density.
When the electrode is at Ecorr there is no net flow of current. When
polarisation occurs, this response is measured between the working
electrode and the counter electrode. From the Icorr, efficiency (%η) is
calculated as follows

%η¼ 100�
�
Icorr � I*corr

Icorr

�
(4)

where Icorr and I*corr are the corrosion current densities (mA/cm2) of the
uninhibited and the inhibited solution.

2.3.4. Surface analysis
To evaluate the changes in the surface morphology, AFM (NITEGRIA)

and SEM (EVOL 18 Carl Zeiss) images are taken. They give an idea about
surface roughness before and after the corrosion process.

3. Results and discussion

3.1. Components of the extract

The fruit rind mainly contains two water-soluble cyanidin anthocy-
anins, hydroxy citric acid, and a polyisoprenylated benzophenone known
as garcinol which is isolated by hexane extraction. The presence of an-
thocyanins is detected in the UV–Visible spectrum [9]. Theoretically, it is
already proved that cyanidin anthocyanins can act as efficient inhibitor
for mild steel in acid environment [18]. These studies prompted us to go
deeper into the experimental details. It is found in the literature that most
of the organic acids act as corrosion inhibitors and hence the acidic
components of GIW [13].

3.2. Weight loss analysis

The effect of adding various concentrations of KI (50ppm–200 ppm)
to different concentrations of GIW extract in 1MHCl for 24 h at room
temperature is studied using weight loss analysis and the results are
summarised in Table 1. The protection capacity is increased by the
addition of 50 ppm to 200 ppm of KI to GIW extract. The increase in
inhibition efficiency is due to the synergistic interaction of the constit-
uent molecules and KI. Addition of KI considerably decreases the corro-
sion rate (CR) too. From the observations of the weight loss analysis, it is
concluded that as the concentration of the KI increases the efficiency
increases and therefore for electrochemical studies, combinations of GIW
with 200 ppm KI is considered.

3.3. EIS analysis

Fig. 1 gives Nyquist plots for GIW and 200 ppm of KI at various
temperatures. These plots have only one capacitive loop indicating that
the corrosion of mild steel in the blank and the inhibited solution is

Table 2
EIS and PDP data of mild steel dipped in 1 M HCl with and without GIW/KI pair at different temperatures.

EIS DATA PDP DATA

Conc. of inhibitor Rct (Ohm.cm2) Cdl (μF/cm2) IE% Standard Deviation -Ecorr(mV) Ba (mV) -Bc (mV) Icorr (mA/cm2) IE%

303K Blank 15.18 1046 – – 473 169 182 1.4053 –

KI(200 ppm) 22.47 1797 32.40 0.0956 448 118 190 1.0373 26.18
3%GIW þ KI 111.3 663.4 85.06 0.0392 455 74 149 0.1578 88.77
4%GIW þ KI 138.7 400.2 89.05 0.0440 345 74 116 0.1360 90.32

313K Blank 11.90 977.4 – – 474 202 201 1.4989 –

KI(200 ppm) 22.69 2161 47.55 0.0567 463 80 101 0.8938 40.36
3%GIW þ KI 90.43 740.4 87.12 0.0089 439 82 84 0.2027 86.47
4%GIW þ KI 101.3 268.4 88.25 0.0241 428 81 85 0.1527 89.83

323K Blank 9.902 1085 – 424 102 107 2.0016 –

KI(200 ppm) 15.86 1918 37.56 0.0863 443 93 115 1.0802 46.03
3% GIW 38.98 403 74.59 0.0291 455 74 97 0.3738 81.32
3%GIW þ KI 43.20 1312 77.07 0.0076 420 62 92 0.3391 83.05
4%GIW þ KI 74.60 660.4 86.72 0.0085 346 76 108 0.3590 82.06

333K Blank 6.65 1571 – – 468 106 115 2.1629 –

KI(200 ppm) 18.30 651.8 63.66 0.0091 460 95 92 0.7696 64.43
3% GIW 17.72 839.9 62.47 0.0345 440 91 128 0.7394 66.74
3%GIW þ KI 27.12 1297 75.47 0.0896 459 88 77 0.6636 69.31
4%GIW þ KI 28.19 1113 76.41 0.0093 436 108 145 0.4011 81.45
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controlled by the charge transfer process [19]. The diameter of the
semicircle increases with an increase in the concentration of the inhibitor
shows the charge transfer process becomes difficult with the addition of
the inhibitor assuring the synergistic interaction. Comparison of the
Nyquist plot of GIW and GIW in combination with KI (Fig. 1) revealed
that the diameter of the Nyquist plot and its depressed nature is better
enhanced for the GIW/KI pair compared to GIW. The depression of the
semicircles is usually attributed to impurities, grain boundaries, surface
roughness, etc known as frequency dispersion [20].In such cases, CPE(-
constant phase element) is introduced instead of double-layer capaci-
tance(Cdl) [12]. The impedance by the CPE is given as

ZCPE ¼ 1
Y0 ðjωÞn (5)

Cdl ¼ Y0 ðωÞn�1 (6)

where Y0 is the numerical value of CPE, j is the imaginary number and ω
is the angular frequency given as 2πfmax where fmax is the frequency at
which the y (imaginary) component of impedance spectrum has the
maximum value, n is the inhomogeneity constant, and can have values
between 0 and 1(n¼1, represent an ideal capacitor, n¼0, pure resistance,
and n¼-1 an inductor). The parameters obtained are given in Table 2.
Contrary to the usual observation it is seen that the addition of KI

increases both charge transfer resistance and double layer capacitance
(Cdl). The values of the Cdl at 303K for 4% GIW is 177.0 μF and for 4%
GIW þ KI is 400.2 μF, whereas at 313K the values are 251.3 μF and
268.4 μF. The values of Cdl at 323K are 304.7 μF and 660.4 μF and at
333K the values are 358.3 μF and 1113 μF [21]. The increase in the Cdl
shows the better barrier to the charge transfer causing reduction in
corrosion. This behaviour could better explain with equation7as

Cdl ¼ 1
ωðRctÞ (7)

where ω¼ 2πf, f is the frequency at which the imaginary part of the
impedance spectrum has the maximum value [22]. The perusal of the
Fig. 1 reveals that though Rct of the synergistic pair increases the f max of
the synergistic pair is low compared to GIW extract alone. As fmax is lower
for a solution containing GIW/KI than the solutions with GIW alone the
Cdl increase for the synergistic pair [19,23].

3.4. PDP studies

The values of corrosion current density (icorr), Tafel constants (βa and
βc) are obtained by Tafel extrapolation of the current potential curve to
the corrosion potential (Ecorr) are given in Table 2. The polarisation
curves consist of anodic and cathodic curves obtained by applying an
overvoltage þ250 and -250 from the rest potential. These curves are

Fig. 2. The PDP plots for GIW/KI pairs at (a) 303K (b) 313K (c) 323K and (d) 333K in 1 M HCl.
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linear only at a high overvoltage and the linear portions of the curves are
extrapolated to Ecorr to determine the current density. In general, the
extrapolation of the polarisation curve to obtain the Tafel constants is
often difficult due to the nonlinearity of the polarisation curves under
actual experimental conditions. The disparity in the anodic curve is
attributed to the formation of passive film by corrosion products. The
shortening of the linear part of the cathodic polarisation curve is due to
the development of concentration polarisation by slow diffusion of oxi-
dising species in the static electrolyte [24]. However, from Fig. 2 it could
be observed that there are considerable linear portions for both anodic
and cathodic curves. The Ecorr of the inhibited solutions is shifted to less
negative value compared to the blank solution and especially of the
synergistic pairs (Fig. 2). Yet the shift in Ecorr values of the inhibited
solutions is less than �85mV approving the mixed type behaviour of
GIW/KI pair affecting both the anodic metal dissolution than the
cathodic hydrogen evolution [25]. Corrosion current densities decrease
with an increase in the concentration of the inhibitor indicating the
inhibitory action of the GIW/KI pair. The addition of inhibitor reduces
both anodic and cathodic current densities and act as a mixed inhibitor
[26].

3.5. Synergism between GIW and KI

The synergism between GIW and KI offers additional inhibitory ac-
tion on mild steel in hydrochloric acid due to the interaction of the chief
constituents of the extract with KI, especially with positively charged
species. Larger size and ease of polarizability make iodide ion the best
candidate for the synergistic action among the halide ions. The fruit rind
extract contains orthocitric acid, cyanidin glucoside and cyanidin sam-

bubioside. Their combined effect makes GIW extract an efficient inhibi-
tor for mild steel in acidic medium. Further, the addition of iodide ion to
these compounds enhances the efficiency of the system. Cyanidins being
positively charged in acidic solution (they exist as oxonium ion) they can
freely interact with a nucleophile such as iodide ions. The presence free
OH groups on ortho hydroxy citric acid make it capable of protonation
and thus it can strongly interact with iodide ions. The iodide ions which
are pre-adsorbed on the metal attract constituent compounds and form a
better protective covering on the metal surface. The weight loss calcu-
lation, electrochemical impedance and the potentiodynamic polarisation
studies show that the inhibition efficiency and surface coverage (θ) is
improved by the addition of KI to GIW extract (Table 2). In Fig. 2(c) and
(d) it is evident that the addition of KI to 3%GIW extract shifted the Ecorr
to nobler values. The extent of the synergism can be evaluated by
calculating the synergism parameter(S). It is given by the following
equation

S¼ 1� I1þ2

1� I*1þ2
(8)

where I1þ2 is the sum of efficiencies of GIW extract(I1) and KI(I2) and
I*1þ2 the efficiency of the mixture of GIW and KI [24]. The values of
synergism parameter calculated using electrochemical results are given
in Table 3. The synergism parameter, S, gives some insight into the mode
of interaction between the chief constituents GIW and KI. If its value is
greater than one a cooperative adsorption of the molecules is expected
and there will be an interaction between the molecules whereas when it
is less than one it is due to competitive interaction between the molecules
and no interaction between the constituents and KI is expected [27,
28].The iodide ion improves the inhibition property by a co-adsorption

Table 3
The values of CPE constant and synergism parameters for GIW/KI pair at different temperatures.

EIS PDP EIS PDP

Temp(K) Conc. (V/V%) GIW n(CPE constant) GIW þ200ppmKI n(CPE constant) GIW GIW þ200ppmKI Synergism parameter

303 3% 79.16 0.43 85.06 0.61 84.11 88.77 1.29 1.24
4% 87.42 0.77 89.05 0.60 89.78 90.32 1.34 1.27

313 3% 81.99 0.73 87.12 0.55 74.99 86.47 1.33 1.33
4% 83.11 0.77 88.25 0.72 78.04 88.63 1.33 1.32

323 3% 74.59 0.74 77.07 0.63 81.32 83.05 1.44 1.52
4% 83.94 0.61 86.72 0.52 76.22 82.06 1.40 1.49

333 3% 62.47 0.68 75.47 0.59 66.66 69.31 1.65 1.89
4% 80.54 0.70 76.41 0.60 74.66 81.45 1.88 1.69

Fig. 3. The PDP plots for blank and 4% GIW þ KI (200 ppm) at different temperatures.
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mechanism. In competitive adsorption the iodide ion and the organic
molecule, take different sites for adsorption and in cooperative adsorp-
tion the organic molecules will be adsorbed on a layer of iodide ions
which are already adsorbed on the metal surface. In some cases, both can
occur together. The synergism parameters given in Table 3 are greater
than one supports the cooperative adsorption of GIW/KI pair. The mild
steel surface is believed to be positively charged in acidic solution and the
approachability of positively charged organic species (cyanidins) is
enhanced by the iodide ion acting as plug point for organic molecule
[25].

3.6. Effect of temperature

3.6.1. From polarisation studies
Fig. 3 gives PDP curves of blank (1 M HCl) and 4%GIW/KI combi-

nation at four different temperatures. As the temperature increases the
corrosion current density increases in the case of blank as well as
inhibited solutions. For the inhibited solution the curves are similar
concluding that the mechanism of corrosion inhibition is unaltered with
increase in temperature. Though the corrosion rate is accelerated with
temperature rise, compared with the corresponding blank, the icorr of the
inhibited solution is considerably reduced. This proves the inhibition
capacity of GIW/KI pair even at moderate temperatures. With the in-
crease in temperature the corrosion rate increases and inhibition effi-
ciency decreases. This is because rise in temperature leads to desorption
of the inhibitor molecules from the metal surface, fragmentation of the
inhibitor etc.

3.6.2. From EIS studies
The Nyquist, Bode and phase angle plot of 4% GIW/200 ppm KI pair

for four different temperatures from 303K to 333K is given in Fig. 4. The
Nyquist plot shows a considerable decrease in the charge transfer resis-
tance (Rct) with an increase in temperature explaining the inadequacy of

Fig. 4. (a) The Nyquist, (b) % relative error (c) Bode magnitude and (d) Bode phase angle plots for 4% GIW þ KI (200 ppm) at different temperature.

Fig. 5. Adsorption isotherm for GIW/KI pair in 1 M HCl at various
temperatures.
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GIW/KI pair for corrosion inhibition at a temperature above 333K. The
increase in temperature generally decreases the Rct and increase Cdl. This
could be explained as the increased thermal movement of molecules with
an increase in temperature and which negatively affecting the adsorption
process of the inhibitor on the metal surface and hence for a reduction in
the corrosion rate happens. A single time constant of phase angle plots at
intermediate frequencies advocate that corrosion inhibition is a charge
transfer controlled process (Fig. 4(c)). The deviation of the phase angle
shift from 900 indicates the deviation from pure capacitance behaviour
and this shift is increased to the maximum value at 333K (25.080) indi-
cating the weakened capacitance behaviour of adsorbed species. Fig. 4(b)
shows the relative % error the result obtained for 4%þKI at four different
temperatures.

3.7. Adsorption studies

Adsorption of plant extracts are generally considered as a substitution
of water molecules from the electrode surface by the active organic
constituents from the electrolyte side. The adsorption of these molecules
can be studied by drawing the adsorption isotherms such as Freundlich,
Temkin, Langmuir, and Frumkin isotherms with some modifications and
best-fitted isotherm is taken in to account for further studies. For the
synergistic pair of GIW and KI the best isotherm is Langmuir model [29].
Here the concentration of the mixture (Cinh) of GIW and KI are taken
along the X axis and the corresponding Cinh/θ along the Y axis is given in
Fig. 5. The value of Kads, a measure of the strength of adsorption is
calculated using

Cinh

θ
¼Cinh þ 1

Kads
(9)

where Cinh is inhibitor concentration, θ is surface coverage given as IE
%/100.

Kads obtained as reciprocal of the intercept is related to the free energy
of adsorption (ΔG) by the relationship

ΔG¼ � 2:303RT logð55:5Kads Þ (10)

where R is the universal gas constant, 55.5 is the concentration of water
molecules in mol/L. ΔG usually measurers the spontaneity and feasibility
of the reaction. The calculated values are given in Table 4 reveals that
Kads show reversal trend with temperature. The inference is that as the
temperature increases the strength of adsorption decreases because the
desorption process becomes more prominent and the inhibition capacity
decreases. The negative values of the free energy of adsorption conclude
(ΔG) that the adsorption is almost spontaneous. When the values of ΔG
are lesser than -20 kJ/mol physisorption could be the mode of adsorption
and if it is above -40 kJ/mol it could be chemisorption. In this study, the
values pinpoint to physisorption by the electrostatic force of attraction
between the molecule and charged metal surface.

3.8. Kinetic parameters

A better knowledge of the nature of adsorption and the effect of
temperature can be studied from the kinetic data. Rise in temperature
cause desorption, decomposition, etching of the inhibitor, and a relative
decrease in inhibition efficacy [30]. By calculating the kinetic parameters
such as activation energy (Ea), enthalpy of activation (ΔHa), and entropy
of activation (ΔSa) using Arrhenius and transition state equations as
follows

log CR¼ log A� Ea

2:303RT
(11)

and

log
�
CR
T

�
¼

��
log

R
Nh

��
þ
�

ΔSa
2:303R

��
� ΔHa

2:303RT
(12)

Slope of the plot of lnCR against 1/T gives Ea
2:303RT, the slope, and the

intercept of a plot of ln(CR/T) versus 1/T gives ΔHa and ΔSa as given
below.

Slope¼ ΔHa

2:303R

Table 4
The adsorption parameters of GIW/KI at different temperatures.

303K 313K 323K 333K

Kads�
103

ΔG0
ads Kads�

103
ΔG0

ads Kads�
103

ΔG0
ads Kads�

103
ΔG0

ads

27.07 -18.43 27.00 -19.03 22.70 -19.17 15.8 -18.76

Fig. 6. (a).Arrhenius plot (b) the transition state plot for GIW/KI synergistic pair.
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and

Y intercept¼
�
log

�
R
Nh

�
þ ΔSa
2:303R

�

In general, the increase in enthalpy of activation with an increase in
inhibitor concentration reflects the lesser corrosion rate, for higher Ea
implies greater energy barrier to be crossed to cause corrosion and as-
sumes physisorption while lower values of Ea with respect to blank so-
lution affirms chemisorption. The higher values of ΔHa for the inhibited
solution indicate endothermic behaviour towards ionisation of Fe to
Fe2þ.The positive values of ΔSa point out more disorder and negative
values imply ordering of inhibitor molecules on the metal surface in the
activated complex form [31,32].Arrhenius plot and transition state plot
of GIW/KI pair is given in Fig. 6(a) and (b). Temperature is an important
factor that affects the corrosion inhibition properties of GIW/KI pair. In
the present study, the Ea of blank is19.4 kJ/mol, and the inhibited

solutions activation energy given in Table 5 is much higher than that of
the blank. This approves the difficulty to bring about corrosion by
overcoming a high energy barrier in the presence of inhibitor and also
confirms physisorption as the mode of adsorption. Greater Ea values of
the synergistic pair show the difficulty to cause corrosion. The positive
value of enthalpy shows the endothermic nature of metal dissolution. The
negative value of entropy of activation (ΔSa) implies a decrease in the
randomness of the activated complex than the reactants in the rate
determining step.

3.9. Monte Carle simulations

A deeper understanding of the adsorption pattern of the molecules
can be obtained by Monte Carle simulations. The simulations are done
using the Biovia Material studio 2017 software. Fe (110) plane is selected
for the studies. Cyanidin (CY), the core moiety of cyanidin glucoside and
cyanidin sambubioside, and o-hydroxy citric acid (OHC) are selected for
the studies. Fig. 7 gives the different adsorption pattern of CY and OHC
on Fe (110) plane. Both CY and OHC are not flat on the metal surface. O-
hydroxycitric acid is vertically arranged with its free acidic group
pointing towards the metal and acts as a nucleophilic centre, where as
cyanidin's benzene ring is closer to the iron surface. Fig. 7(e) shows the
adsorption pattern of cyanidin and o-hydroxy citric acid together on the
Fe(110) plane. In Fig. 7(f)CY and OHC and iodide ions are adsorbed
together on the metal surface. In all these cases the orientation of the
molecules is different and the energy of interaction is calculated to know

Table 5
Kinetic parameters of GIW/KI pair.

Inhibitor
concentration

Ea(kJ/
mol)

ΔHa(kJ/
mol)

ΔSa(kJ/
mol)

Ea-Ha(kJ/
mol)

3%GIW 31.63 28.99 -136.59 2.64
4%GIW 32.66 30.02 -138.38 2.64
3%þKI(200 ppm) 46.74 44.10 -92.70 2.64
4%þKI(200 ppm) 38.79 36.15 -152.81 2.64

Fig. 7. (a) CY (b) adsorption mode of CYon Fe(110) (c) OHC(d)the adsorption mode of OHCon Fe(110) plane (e) combined adsorption of CY and OHC (f) combined
adsorption of CY, OHC and iodide ions.
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the favourable adsorption of these molecules on the metal surface. The
energy of interaction (Ei) is calculated as

Ei ¼Etotal � ðEFeð110Þ þEadsorbate Þ (13)

where Etota lis the sum of adsorbate energy and adsorption energy [33].In
this study, the energy of the substrate Fe(110) is taken as zero [34].
Higher negative values of adsorption energy and energy of interaction
indicate strong adsorption on the metallic surface. Binding energy is the
negative of interaction energy should be more positive for an efficient
adsorption process.

Ebinding ¼ � Einteraction (14)

The values obtained and calculated (Table 6) reveals that the binding
energy of the system increases when it adsorbs cyanidin, ortho hydroxy
citric acid and KI. The higher values of binding energy of the combined
system (OHC/CY/I-) indicate the effective binding of the constituent

molecules and the iodide ions together than the individual molecules.
The presence of aromatic systems, hetero atoms and pi electrons of the
system increase the interaction capacity and thus increase the binding
energy. The higher positive binding energy value of CY over OHC assures
the better adsorbing capacity of cyanidin compared to citric acid [35].

3.10. AFM and SEM analysis

The AFM and SEM images of the metal samples are taken after dip-
ping them in the corrosive medium in the absence and presence of the
inhibitor for 24 h. Fig. 8 gives the AFM images of mild steel immersed in
1MHCl containing 4% GIW and 4%GIW/200 ppm KI. The morphology of
the metal samples is analysed using roughness calculation. The average
roughness of the metal sample dipped in GIW/KI pair is increased to
39 nm from that of 6 nm for the steel sample dipped in acid containing
GIW. The increase in roughness is due to the presence of iodide ions
which hinders the free movement of the AFM tip [36].This is in

Table 6
The energy parameters obtained by material Studio calculations.

System Einh(Kcal/mol) ETotal(Kcal/mol) Eads(Kcal/mol) Ei(Kcal/mol) Eb (Kcal/mol)

CY 32.77 -178.84 -211.61 -146.06 146.06
OHC 2.49 -123.79 -115.31 -121.29 121.29
CY þ OHC 35.26 -304.86 -308.04 -261.60 261.60
CY þ OHC þ iodide ions 75.51 -895.49 -971.01 -819.98 819.98

Fig. 8. The 3D and 2D AFM images of mild steel in 1 M HCl containing GIW and GIW/KI pair after dipping in 24hours
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agreement with the EIS value affirming depressed nature of the semi-
circles of Nyquist plot of GIW/KI pair. Fig. 9 gives the SEM images of steel
samples dipped in 1MHCl. Fig. 9(a) is the SEM image of the blank clearly
show that the immersed metals are damaged severely. The SEM image of
the metal dipped in the GIW shows a layer of constituent molecules on
the metal surface. The SEM image of the metal dipped in GIW/KI pair
clearly (Fig. 9(c) exhibits a better protective film on the surface giving
rise to better surface coverage [37].

3.11. Mechanism

The chemisorbed halide ions can act as a bridge between organic
molecules and the metal surface. Most of the cation type organic
molecules act synergistically with KI. The synergism can be due to
interaction between the molecules of inhibitor formulations or by an
interaction between the ions of the aqueous phase and one of the in-
hibitor molecules. The mechanism of iodide ion adsorption is believed
to be the adsorption of iodide ion on the positively charged metal
surface followed by taking up of positively charged organic molecules
from the double layer by these iodide ions [15]. Another thought
suggests that the adsorption of ion-pair formed between iodide and the
inhibitor happens on the metal surface [14]. Therefore, it could be
concluded that the cyanidin molecules which are positively charged in
the acidic solution and the free OH groups of o-citric acid are pro-
tonated in the acidic solution are adsorbed from the double layer on to
the iodide ion layer and this ion pair increases the thickness of the
double layer, and improves the charge transfer resistance and surface
coverage.

4. Conclusions

GIW/KI pair acts as a synergistic pair improving the protection ca-
pacity of GIW towards mild steel in acidic medium. The temperature
negatively affects the inhibition capacity indicating the physisorption as
the major mode of adsorption. The EIS studies ensure the charge transfer
controlled inhibition of GIW/KI pair and polarisation studies prove the
mixed type behaviour of the inhibitor. The Monte Carlo simulations of
the constituent molecules show the pattern of adsorption of these mol-
ecules on the metal surface. The best-fit isotherm is Langmuir adsorption
isotherm and affirms physisorption as the mode of adsorption.
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a b s t r a c t

The work focuses on the corrosion inhibition behavior of the aqueous and alcoholic extracts of Garcinia
Cambogia fruit rind (GCW and GCA) for the mild steel in an acid environment. Garcinia cambogia is a
medicinal plant, whose corrosion inhibition property is evaluating for the first time in this study. Since
the plant is readily available, eco-friendly, and cost-effective is considered as a good candidate for corro-
sion inhibition. The fruit rind of Garcinia Cambogia is rich in cyanidin, garcinol, and many organic acids
including hydroxy citric acid, malic acid, ascorbic acid and tartaric acid and hence the extracts are slightly
acidic with a pH of around 5. Under this pH condition cyanidin shows a single peak at 287 nm. Cyanidins
like other anthocyanins exists in various structural forms in aqueous solution depending on the pH of the
solution and at a pH, about 5.5 it changes to the colorless hemiacetal form from flavylium cationic form,
with a band around 280–290 nm. But the alcoholic extract shows an absorption maximum at 208 nm rep-
resenting the presence of hydroxy citric acid in the extract. It also exhibits a shoulder peak at 284.49 nm
confirming the presence of cyanidin in the alcoholic extract too. Hence the presence of these compounds
was confirmed through the IR and UV spectral studies. The electronic spectra confirm the literature say-
ing that the GCW is enriched with cyanidin while GCA contains mainly hydroxy citric acid as the major
active constituent along with a smaller fraction of cyanidin, which make them efficient inhibitor systems.
The inhibition efficiency of both GCW and GCA for mild steel in HCl was initially evaluated through the-
oretical calculations and then experimentally using impedance spectroscopy and polarization analysis. It
is found that 4(V/V %) GCW has an efficiency of 91.50% at room temperature and the same concentration
of GCA has 92.85% efficiency, validating the better inhibition ability of GCA than GCW in acidic medium.
Tafel polarization studies recommend that the inhibition ability of GCW on mild steel corrosion is by
retarding the cathodic evolution process of hydrogen while for GCA, the inhibition is through resisting
the anodic dissolution process of the metal. Hence Tafel studies suggest mixed-type inhibition nature
for the extracts towards mild steel corrosion. The adsorption active components of the extracts follow
Langmuir monolayer adsorption. Theoretical studies support the effective role of the active constituents
of the extract and their adsorption on the metal surface through co-ordinate type interaction and back
donation of electrons from the metal to the inhibitor molecules. Surface studies support the inference
that the adsorption of the active species of GCW and GCA on the metallic surface with greater tendency
for GCA.

� 2021 Elsevier B.V. All rights reserved.

1. Introduction

Mild steel is low carbon steel with a wide range of applicability
mainly in oil wells and pipelines. Compared to other steels and
alloys it is ductile, machinable, weldable, magnetic and has less
tensile strength. It is not possible to harden or strengthen during

heating and quenching processes. However, it readily undergoes
corrosion in an acidic environment, but when properly coated it
resists its oxidation. Besides all these properties it is relatively
affordable which makes it acceptable for many applications [1].
HCl is a highly corrosive mineral acid, mainly applied in the pick-
ling process of steel, in the treatment of oil-wells, chemical clean-
ing process etc. As it is highly reducible, it causes the corrosion of
metals when in contact. Chromium content in mild steel is very
low and hence it doesn’t form a protective passive coating when
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subjected to acid attack. Without the existence of this layer, mild
steel would undergo rapid corrosion, pitting, and stress corrosion
cracking in presence of the mineral acids. Since Chromium is extre-
mely dangerous, its introduction is not recommended to protect
the metal from corrosion. As corrosion prevention is an expensive
procedure, researchers all over the world are in search of many
strategies like material design, modification of solution and opera-
tions, usage of corrosion inhibitors, and coating to curb corrosion.
Among these, the most effective and economically benign method
is the usage of adequate corrosion inhibitors. But the usage of syn-
thetic inhibitors containing chromate, phosphate, etc. has been
banned by many organizations due to the dangerous environmen-
tal issue caused by them. Hence in the current scenario, the
researchers are switching their research to environmentally
friendly inhibitors [2]. Plant extracts are considered as the rich
source of many active organic molecules, which can serve as effi-
cient corrosion inhibitors. So, by switching to plant extracts we
are using cheap, easily available, ecofriendly, bio-degradable and
efficient corrosion inhibitors which are ’Green’ in the field of corro-
sion science rather than the toxic and expensive synthetic ones.
Plant extracts are rich in compounds containing aromatic rings,
heteroatoms like N, S, O, P and many unsaturated bonds containing
pelectrons. Due to the presence of these atoms and groups, they
interact with metal surfaces effectively and get adsorbed offering
protection to the steel surface in the aggressive acidic media. The
tendency of a particular phytochemical to get adsorbed on the
metal surface intact depends on the strength and type of corrosive
medium, structure and concentration of the inhibitor molecule, the
surface properties of the metal, the orientation of the inhibitor on
the metal surface, temperature etc. [3-5]. Table.1 summarize the
results of some of the recent studies in this direction. Yi Fang
et al extracted seven aromatic compounds from plant extracts
and characterized them electrochemically at different pH using
multi-walled carbon Nanotubes. These phytochemicals are studied
for the corrosion inhibition and mitigation processes. Both theoret-
ical and experimental analysis was carried out on Philodendron
Chinese Schneid (PCS) bark extract as an efficient inhibitor of car-
bon steel corrosion in 1 M HCl. Electrochemical studies on the PCS
revealed it as a mixed inhibitor. The equilibrium configuration and
binding energies of the constituents on the metal surface were
obtained by performing molecular dynamics simulations [6]. Jacek
Ryl et al investigated bee products as efficient corrosion inhibitors
for Al in different environments and found that bee pollen is an
effective inhibitor in alkaline medium. Abdallah et al presented
the natural nutmeg oil as a green corrosion inhibitor for carbon
steel in 1 M HCl solution using chemical, electrochemical and com-
putational studies. The extract shows an inhibition efficiency of
94.73% at a 500 ppm oil concentration. Here corrosion process
can be regarded as a charge transfer controlled process indicated
by a single capacitive loop. It is also established that the extract
is a pitting inhibitor and allows the Langmuir adsorption model

[7]. The corrosion inhibition behavior of azo compounds for carbon
steel in 1 M HCl shows an inhibition capacity of 81% at an inhibitor
concentration of 1x0-3M [8]. Arej. S.Al-Gorair et al reported expired
paracetamol as an effective inhibitor for the pitting corrosion of
carbon steel in 1 M H2SO4 solution [9]. The synergistic interaction
between the B-surf biosurfactants (AsS and ArS) and Zn2+, Al3+, and
Ce4+ for the steel alloy in NaCl solution was studied by Ahmed
Fawzy et al. The adsorption of active molecules follows the Lang-
muir model and physical adsorption of these biosurfactants are
considered as the main cause for inhibition efficiency [10]. The
usage of traditional medicines has become fascinating due to their
scientific application in various fields and also for their time-
honored usage. In India, the usage of these plants is highly
demanding because of their lower cost, widespread applicability,
availability, and safety. Nowadays we are focusing our research
on medicinal plants whose anti-corrosive activity is monitoring
apart from their medicinal usage. The current work is to illustrate
the corrosion inhibition properties of a very important plant, i.e.,
Garcinia Cambogia fruit rind aqueous and alcoholic extracts (GCW
and GCA).

The Garcinia Cambogia is a yellow or purple colored fruit tradi-
tionally used as a medicine, and also in cooking. The fruit rind is
enriched with mainly hydroxy citric acid, garcinol, isogarcinol,
cyanidin, tartaric acid, malic acid and ascorbic acid. Due to the
presence of these constituents, garcinia cambogia has several
medicinal applications. It is used as a medicine to treat various
ulcers, inflammations, obesity, tumors, rheumatism, gastrointesti-
nal disorders, and oral diseases of livestock. It is also used as
anti-fungal, anti-bacterial, and as a best anti-oxidant with a high
hypoglycemic effect. Many synthetic products based on garcinia
is available in the market as it reduces the body weight due to
the facilitation of increased carbohydrate metabolism through
thermogenic action which is attributed to hydroxy citric acid
(HCA), the main content of fruit rind of garcinia. Hence from the lit-
erature review, it can be treated as a natural boon to treat various
diseases including obesity, heart diseases, and high cholesterol
[11-15]. The work explores the corrosion inhibition property of
the aqueous and alcoholic extract of an easily available, medici-
nally rich, eco-friendly and efficient fruit rind. It is well understood
that organic acids are the best inhibitors for the corrosion of mild
steel in acid environments due to the presence of various organic
acids, and heteroatoms. The main reason for the variation in the
inhibition activities of these extracts are due to the diversity of
heterocyclics and other phytochemicals present in and also the
aromatic rings and unsaturated bonds, through which the inhibi-
tors are adsorbed on the metal surface. The extract used in this
study is a popular ayurvedic medicine and hence safer in terms
of environmental pollution.

On the background of theoretical chemistry, we can evaluate
the corrosion inhibition properties of organic molecules. Gaussian
09 calculation is an effective tool to investigate the mechanism of

Table 1
Corrosion inhibition studies of various plant parts under different corrosion conditions.

SI.No Inhibitor Highlights Ref.

1 Dioscorea septemloba 2 g/L of organic phase extract has an efficiency of 72.1% at room temperature while
the same quantity of the water phase extract has only 65.3% efficiency for carbon steel in 1 M HCl.

[2]

2 Artemisia herba alba(essential oil) It exhibits 88% efficiency at1g/L of oil for stainless steel in 1 M H3PO4. [6]
3 Gloriosa superba seed Inhibitor has an efficiency of 93.84% at 700 mg/L for carbon steel in H2SO4. [7]
4 Luffa cylindrical leaf The percentage IE was 87.89% at optimum inhibitor concentration. [8]
5 Thevetia Peruviana flower It shows a maximum efficiency of 91.24% at 200 mg/L. [9]
6 Banana peel extract. Reports an efficiency of 87% for the peel extract for mild steel in HCl [10]
7 sunflower seed hull Reported a maximum efficiency of 98% at a concentration of 400 ppm. [11]
8 Saraca ashoka seed The presence of Epicatechin is the cause for the inhibition efficiency [12]
9 Tamarind fruit pulp Exhibits 88% efficiency for mild steel in 1 M HCl. [13]
10 Glycyrrhiza glabra leaves Shows 88% efficiency for mild steel HCl media. [14]
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inhibition. The objective of the work focuses firstly on theoretical
calculations of various parameters of constituent molecules of Gar-
cinia Cambogia using Gaussian 09 software and Biovia material
studio packages. From the results, it is observed that the extract
has good corrosion inhibition ability and further it was evaluated
experimentally using a various electrochemical techniques like
electrochemical impedance spectroscopy and Tafel polarization
techniques. The surface examination of the mild steel coupons
immersed in the GCW extract was evaluated using EDX and SEM
and XPS analytical techniques.

2. Materials and methods

2.1. Theoretical analysis

Geometry optimization of the constituents of GCWwas theoret-
ically done using the Density Functional Theory (DFT) with B3LYP
using atomic orbital basis set, 6-311G* in Gaussian 09 software. In
Gaussian 09 a hybrid version of both DFT and Hartree-Fock (HF);
B3LYP is used for the energy calculation. B3LYP represents Beck’s
3-parameter function and Lee-Yang-Parr non-local correlation
function. Using these methods electronic properties of inhibitor
molecules can be calculated which is responsible for their inhibi-
tion efficiency towards metal corrosion. In DFT analysis we are
using the electronic density rather than wave function for the cal-
culation of energies of the inhibitor molecules.

Molecular dynamics simulation was also performed on these
molecules using Biovia material studio software to ascertain the
adsorption mode of inhibitors on the metal surface. For this, we
employed DMol3 for the optimization of the inhibitor. Here the
selected plane of Fe is Fe (110) as the adsorbent because it is the
most stable plane having maximum interaction with the inhibitors
based on the COMPASS force field with a periodic boundary [16].

2.2. Materials preparations

Metal specimens of 1c.m2 exposed area with composition Fe
(98.75%), C (0.20%), Mn (1.0%), P (0.030%), and S (0.020%) are used
for both electrochemical impedance analysis and polarization
studies. Before the electrochemical reactions, the metal specimens
were rubbed with emery paper of grade 100, washed with soap,
acetone and finally with distilled water as recommended by ASTM.
Blank electrolyte solution (0.5 N HCl) for the analysis was also pre-
pared by diluting con. HCl of analytical grade provided by Merck
with the appropriate quantity of distilled water. Usually for clean-
ing and acid pickling HCl solutions of 0.5 M to 2.5 M is used. Since
the research is focussing on environmentally benign strategies, the
wastage of large quantity of acids after the experiments could be
minimized. Also, the natural corrosion of steel due to the presence
of environmental acidity falls in the concentration range of 0.5 to
1 N. Hence, we bring down the acid concentration to 0.5 N HCl.

2.3. Preparation of Garcinia cambogia extracts

Garcinia cambogia fruit rind was collected, dried and ground to
powder. From this 10 mg was accurately weighed, and boiled with
100 mL of double distilled water and 100 mL ethanol fitted with a
water condenser for about 3 h at 95 �C and 65 �C respectively to get
the aqueous and alcoholic essence of Garcinia Cambogia. The resul-
tant solutions were kept overnight, cooled, and filtered to get the
test solutions, GCW and GCA. Usually, the plant extract concentra-
tion (as the inhibitor) is expressed either in ppm or as volume per-
centage solutions. Since we are carrying out electrochemical
reactions in a setup of 700 mL capacity, 1 V/V% means 7 mL inhi-
bitor in 700 mL electrolytic solution. Various volume percentage

solutions of the aqueous and alcoholic extracts are used in the
acidic electrolytic medium to monitor the corrosion behaviour of
mild steel samples.

2.4. Characterisation of the extracts

An abstract idea about the various phytochemicals of the aque-
ous and alcoholic extract of Garcinia Cambogia was obtained
through a detailed literature review. However, the presence of
these active constituents was confirmed by taking the vibrational
and electronic spectra of both GCW and GCA using Jasco IR spec-
trometer and Jasco UV–Visible spectrometer respectively. IR spec-
tral measurements were done using KBr pelletized dried extract in
the range 400–4000 cm�1 and UV–visible absorbance within 200–
800 nm.

2.5. Gravimetric analysis

Weight-loss measurements involve the measurement of
weight-loss occurred for the metal specimen in the presence and
absence of various inhibitor concentration for a specified time
interval in a corrosive environment. From the weight-loss hap-
pened the corrosion rate and the inhibition efficiency can be calcu-
lated using the equations

CR ¼ 534 �W
D � A � t ð1Þ

IE ¼ W1 �W11

W1 ð2Þ

whereW is the weight-loss measured in mg, D and A are the density
and area of the metal specimen expressed in g/c.m3 and c.m2

respectively and t is the immersion time in hours. W1 is the weight
loss that occurred for the blank electrolyte andW11 for the inhibited
solutions.

2.6. Electrochemical impedance spectroscopy

The corrosion inhibition behavior of plant extract on a metal
dipped in an acidic electrolytic solution can be explained with
the help of Randle’s circuit. In this technique potential perturbation
is applied across the working electrode and calomel electrode by a
sine wave of 10 mV amplitude to maintain current–voltage linear-
ity, which is modelled by Randle’s circuit to measure the corrosion
process in terms of solution resistance, charge-transfer resistance,
double-layer capacitance (for charge transfer controlled systems)
etc. Here a phase change occurs between the applied potential
and current response measured. Hence the resistance that
occurred here can be termed as impedance and mathematically it
is a complex number due to the phase change. Nyquist plot or
Cole-Cole plot is a representation of the real part of impedance ver-
sus its imaginary part at a particular frequency. Real axis impe-
dance value at a higher frequency is termed as solution
resistance and the same value at low frequency is the total of the
solution resistance and charge transfer resistance; from their dif-
ference charge transfer resistance can be calculated and the inhibi-
tion efficiency is correlated to charge transfer resistance as,

IE %ð Þ ¼ R0
ct � R1

ct

R0
ct

X100 ð3Þ

Where R0
ct and R1

ct are the charge transfer resistance of blank and
inhibited electrolytic solution [17]. The experiments have been car-
ried out in a stagnant mode at room temperature and the same on
increasing the temperature may turn to dynamic by itself. This stag-
nant condition is maintained to control the overflow of oxygen
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through the corrosive medium as it has some negative impact on the
metallic corrosion. The increase in corrosion rate at elevated temper-
ature may be due to the disturbance in the stagnant nature and oxy-
gen flow along with other reasons. All the electrochemical analyses
(EIS and PDP) were repeated three times to warrant reproducibility
of the data obtained.

2.7. Polarization studies

The general principle behind the polarization studies involves
excitation of the working electrode electrochemically by the appli-
cation of a potential sweep of �250mV to Ecorr and then measuring
the current response in terms of potential or time domain. During
the Tafel polarization method potential sweep of 250 mV is first
applied anodically and then cathodically at a scan rate of 60 mV/
min so that in a single step itself corrosion process can be moni-
tored. Since we are using a potential very much higher than Ecorr
(high overvoltage) in both directions, Tafel regions are set up in
both directions from which various electrochemical corrosion
kinetic parameters can be drawn using the linear extrapolation
method. Hence corrosion potential, corrosion current, anodic and
cathodic Tafel slopes etc. can be determined by extrapolating ano-
dic and cathodic Tafel plots to Ecorr, and from these values, inhibi-
tion efficiency can be calculated using the equation,

IE %ð Þ ¼ I1corr � I2corr
I1corr

ð4Þ

Where I1corr and I2corr are the corrosion current expressed in mA/cm2

for blank and inhibited solutions respectively [18-20].

2.8. Surface analysis

The surface properties of metals can be well explained with the
help of SEM along with EDX. The types of elements present on the
metal surface along with their distribution and concentration can
be obtained through the EDX spectral analysis, while information
regarding the surface topology is obtained through the SEM
images. During SEM analysis, an idea about the difference in the
atomic number of the element is achieved from its backscattered
electrons while secondary electrons give insight to surface topog-
raphy. Apart from SEM, in the EDX technique, the electron beam
hits the inner electrons having lower energy, which creates a pos-
itively charged hole by the ejection of the inner electrons; simulta-
neously electrons from the outer orbital are transferred to the
inner orbital. Since the electrons are moved from the higher energy
level to the lower energy level, there is an ejection of energy in the
form of X-rays. The energy of these X-rays is characteristic of a par-
ticular atom. From the energy and intensity of the ejected X-rays,
information regarding the type and concentration of elements
can be deduced.

3. Results and discussion

3.1. Analysis of global descriptors

Geometry optimization and single point energy of molecules
using Gaussian 09 software emphasise the calculation of various
global descriptors on which the inhibition efficiency is calculated.
The electronic properties of inhibitors have a key role in predicting
the inhibition mechanism. The corrosion inhibition ability of mole-
cules primarily depends on electron pair availability on the inhibi-
tor molecules to get adsorbed on the metal surface and these
electronic properties of molecules are well explained in terms of
the Global descriptors such as EHOMO, ELUMO, DE, hardness, dipole
moment etc. For a molecule to act as a good inhibitor it is reported

that it can have the ability both to donate electrons to the vacant
orbital of the metal and at the same time back acceptance of elec-
trons to its empty orbital from the filled metal ’d’ orbital. From this
highest HOMO value is for garcinol, which indicates its greater ten-
dency to donate electrons towards the metal surface. Among these,
the lowest LUMO value is for cyanidin molecule emphasising its
tendency to accept electrons back towards its orbital from the
metal surface, making it an efficient inhibitor system. Molecules
with a lower energy gap can act as a better inhibitor system; since
the energy to remove an electron from the last occupied orbital is
very small. In this case, garcinol is the best inhibitor and then
comes ascorbic acid and hydroxy citric acid (HCA) based on the
energy gap. The ionization potential (I), electron affinity (A), the
fraction of electrons transferred between the inhibitor and the
metal surface (DN), absolute electronegativity (v) and absolute
hardness values are calculated for all the active components of
both GCA and GCW by considering the Koopman’s theorem using
the following equations,

I ¼ �EHOMO ð5Þ

A ¼ �ELUMO ð6Þ

DN ¼ /� vinh

2ðgFe þ ginhÞ
ð7Þ

v ¼ I þ A
2

ð8Þ

g ¼ I � A
2

ð9Þ

where ɸ is the work function. According to Lukovit’s theory, if
DN < 3.6, when the electron-donating ability of a molecule
increases, its inhibition ability also increases. Since the DN value
for HCA, garcinol, ascorbic acid, malic acid and tartaric acid are
below 3.6 all tend to donate electrons to the vacant ’d’ orbital of
the metal, and they bound to the metal surface creating a barrier
to corrosion. At the same time, cyanidin has a negative value for
DN indicating its great tendency to accept electrons back to its
empty orbital from the metal ’d’ orbital. Hence a synergic interac-
tion is possible here between the metal surface and constituent
molecules of Garcinia. Among the constituent molecules of garcinia
cambogia, the molecule with a lower hardness value is (maximum
softness) for garcinol and then ascorbic acid. According to Pearson’s
HSAB concept, the interaction of garcinol (soft) with Fe2+ (in acidic
medium, soft) is a kind of soft–soft interaction. Dipole moment val-
ues of all the active phytochemicals of GCA and GCW are far higher
than that of water (1.85D), implying better replacement of pre-
adsorbed water molecules from the metal surface by these phyto-
chemicals giving better adsorption characteristics. From Table.2, it
is seen that the molecule with the maximum dipole moment is
cyanidin and hence it has very high inhibition due to increased
dipole–dipole interactions. Global electrophilicity index is calcu-
lated for all the molecules of GCW and GCA and found that cyanidin
has the highest value which again confirms its tendency to accept
electrons from the metal.

It is very tedious to calculate the corrosion inhibition property
theoretically for a natural product as it contains many active phy-
tochemicals. It is the synergic interaction of these constituents that
makes the extract an efficient inhibitor beyond the normal
expected value. From theoretical calculations, it seems that the
active constituents resist the process of corrosion of mild steel by
various processes and parameters like donation of electrons, accep-
tance of electrons, higher softness, low energy gap, high HOMO
value, low LUMO value, and high dipole moment value etc. It
doesn’t matter which constituent of it has maximum inhibition
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efficiency based on various parameters, as far as a plant extract is
concerned. The extract can resist corrosion of mild steel due to the
presence of listed active components in garcinia cambogia. Opti-
mized geometry, HOMO and LUMO of these molecules are enlisted
in Fig. 1 and Fig. 2 respectively [16,21-27].

3.2. Monte Carlo simulations

The interaction of inhibitors on the metallic surface was
explored using MC simulations. The adsorption of inhibitor mole-
cules on the mild steel surface was simulated by carrying out the
MC simulation studies, maintaining a classical force field on the
potential energy surface. The force field used to study the accurate
and simultaneous chemical properties of molecules is COMPASS.
The first process in the simulation study was the construction of
a suitable adsorbent plane from the pure crystal. Then the adsor-
bate molecule is introduced near the plane followed by its geome-
try optimization to get a configuration with minimum energy.
After the optimization process using the COMPASS field, a system
in which an adsorbent loaded with an inhibitor molecule can be
simulated [28]. The most preferred adsorbate on Fe (110) plane
is theoretically investigated by carrying out Monte Carlo Simula-

tions on various constituents in Garcinia. This theoretical study
focuses on low energy interaction sites in a molecule with Fe
(110) plane. During the process of simulation, the inhibitor mole-
cules are continuously rotated and translated to the Fe surface, and
configuration with minimum energy was found to have maximum
adsorption on the Fe surface. The energy of a particular arrange-
ment of atoms on the mild steel surface is called the total energy
of the molecule. The negative sign of this energy represents a
’bound state’ of inhibitor on the metal surface [29]. The adsorption
energy can be considered as the sum of rigid adsorption energy and
deformation energy for a molecule. The molecule with the lowest
total energy can act as a better inhibitor. The quantity (dE/dNi) is
also the energy of the adsorbate-adsorbent system when one of
the adsorbate molecules is removed from the assembly. The mole-
cule with the highest adsorption energy strongly adsorbed on the
metal surface leading to greater inhibition efficiency. It is also
investigated that the molecules having the highest adsorption
energy also have the highest binding energy on the Fe (110) plane.
The highest rigid adsorption energy for a molecule indicates the
energy released when the molecule is being adsorbed on the metal
surface before its optimisation process. Hence high rigid adsorp-
tion value for a molecule indicates the molecule is firmly adsorbed

Table 2
Global parameters for the active molecules present in both GCW and GCA obtained from DFT calculation using B3LYP/6-311G (d, p).

Parameters HCA Cyanidin Garcinol Ascorbic Acid Malic Acid Tartaric Acid

Total Energy(au) �835.5431 �1023.6459 1930.7906 �684.8193 �532.3544 �607.5909
EHOMO(eV) �7.71277 �11.4137 �6.06948 �6.43166 �8.14761 �8.02870
ELUMO (eV) �1.25607 �3.32304 �2.10343 �1.08464 �1.12518 �1.15212
DE(eV) 6.4567 8.09066 3.96605 5.34702 7.02243 6.87658
I (eV) 7.71277 11.4137 6.06948 6.43166 8.14761 8.02870
A (eV) 1.25607 3.32304 2.10343 1.08464 1.12518 1.15212
Dipole moment (D) 5.1044 6.3075 4.8107 5.3735 2.2082 2.5769
v 4.4844 7.3683 4.0864 3.7581 4.6363 4.5904
DN 0.3896 �0.045 0.7346 0.6063 0.3365 0.3504
Hardness

(ƞ= DE/2)
3.2283 4.0453 1.9830 2.6735 3.5112 3.4382

ɸ 1.5573 3.3552 2.1052 1.3206 1.5304 1.5321

Fig. 1. Optimised geometries of the constituents of GCW and GCA; (A) hydroxy citric acid, (B) ascorbic acid, (C) garcinol, (D) tartaric acid, (E) cyanidin and (F) malic acid.
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on the metal surface. The snapshots showing the arrangement of
inhibitors on the metallic surface depicts their parallel orientation
on the Fe (110) plane, giving maximum surface coverage by the
inhibitors which may be the reason for their inhibition ability.
The increased negative energy for the adsorbate-adsorbent system
indicates its better stability. The negative sign of the adsorption
energy is also an indication of a feasible substitution of pre-
adsorbed water molecules from the metallic surface by the active
phytochemicals of Garcinia. Its high magnitude corresponds to
high surface interaction between these molecules and the Fe sur-
face. From these calculations, it is assumed that both garcinol
and cyanidin have maximum interaction with the Fe surface
although all other components also have positive interaction with
the metal surface making the extract an efficient inhibitor due to
the presence of these phytochemicals. The differential adsorption
energy value depends on the strength of adsorption which comes
out as a result of the large molecular size of the inhibitors that
enables maximum surface coverage [30].

The inhibition efficiency of a molecule depends mainly on its
size and structure. Since garcinol and cyanidin have larger size,
they got adsorbed significantly and effectively and reduce the rate
of corrosion. Although the size of HCA is small when compared
with garcinol and cyanidin, it has maximum adsorption energy
than the two. Hence HCA adsorbed to a greater extent on the metal

surface, resisting the process of corrosion. Since the amount of HCA
is higher in GCA than GCW, GCA has better inhibition efficiency
than its water counterpart. Moreover, these three molecules con-
tain aromatic systems and many oxygen atoms which makes them
efficient inhibitors for mild steel corrosion [29,31,32]. Adsorption
parameters for the constituents of garcinia cambogia obtained from
MD simulation are enlisted in Table.3 and the Snapshots showing
the adsorption of the active molecules of garcinia cambogia on
mild steel in Fig. 3.

3.3. Chemical examination of the extract

The chief constituents of the fruit rind of garcinia cambogia are
hydroxy citric acid, cyanidin, garcinol, ascorbic acid, malic acid and
tartaric acid, identified by a detailed literature survey. The aqueous
extract is slightly acidic with a pH of around 5 due to the presence
of these organic acids. Under high acidic conditions, (i.e., pH = 0.4)
cyanidin shows peaks around 528 nm and 287 nm in electronic
spectra. But on increasing the pH of the solution to about 5, the
peak at 528 nm disappears and a single peak around 287 nm is
retained. Thus, our extract indicates the presence of cyanidins in
the aqueous extract from the electronic spectra. Though our
extract is acidic, it retards the corrosion process of mild steel due
to the presence of these active compounds in the extract.

Fig. 2. Frontier molecular orbital density distribution (HOMO and LUMO) of A and B (HCA), C and D (Ascorbic acid), E and F (Tartaric acid), G and H (Malic acid), I and J
(Garcinol) and K and L (Cyanidin).

Table 3
Adsorption parameters for the constituents of GCW and GCA obtained from MD simulation.

Molecule Total energy Adsorption energy Rigid adsorption energy Deformation energy dEad/dNi

Hydroxy citric acid �88.6915 �851.1146 �72.3134 �12.8012 �85.1146
Cyanidin �118.5805 �151.3580 �118.5290 �32.8289 �151.3580
Garcinol �291.5924 �2934.4 �205.2833 �2729.14 �2934.42
Ascorbic acid �43.6733 �74.5432 �63.1413 �11.4019 �74.5432
Malic acid �87.5651 �62.232 �55.0943 �7.1383 �62.2327
Tartaric acid �28.8194 �65.9600 �53.4530 �12.5070 �65.9600
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Cyanidins like other anthocyanins exist in various structural
forms in aqueous solutions depending upon the pH of the solution.
It exists as flavylium cation, quinonoid form, as two hemiacetal

forms and also as two chalcone forms. Among these, which struc-
ture predominates is mainly depends on the pH of the medium. At
pH 4–6 hydration reaction takes place on flavylium cation (AH+)

Fig. 3. Snapshots showing the adsorption of the active molecules of garcinia cambogia; (A) tartaric acid, (B) hydroxy citric acid, (C) garcinol, (D) ascorbic acid, (E) malic acid,
and (F) cyanidin on mild steel surface using Biovia material studio software.

Fig. 4. UV–visible spectra of (A) GCW (B) GCA, (C) IR spectra of GCW extract and coated film and (D) IR spectra of GCA extract and coated film obtained from the metal
surface.
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and subsequent ring-opening reaction to form pale yellow
coloured cis-chalcone. At pH 0.4, Cyanidin exists in an aqueous
solution as flavylium cation. But on an elevation of; pH to 5.5 fla-
vylium cationic form shifts to colourless hemiacetal form and to
quinonoid bases which has a band around 280–290 nm. The posi-
tively charged pyrilium ring undergo nucleophilic addition reac-
tion of water which results in the formation of hemiacetal form
[33,34]. Garcinia cambogia alcoholic extract shows an absorption
maximum at 208 nm representing the presence of HCA in the
extract. From the literature review, it is found that the amount of
HCA in GCA is very high. i.e., one gram of GCA contains about
0.5 g HCA. It also exhibits a shoulder peak at 284.49 nm which
may be due to the presence of cyanidin in the extract. Hence the
major active constituent is HCA in the alcoholic extract and cyani-
din in the aqueous extract revealed from the electronic spectrum,
which would be responsible for their inhibition ability [35].

On analysing the FT-IR spectrum of the aqueous and alcoholic
extracts, it is seen that the above-mentioned molecules are present
in both extracts. Due to the presence of 5 AOH groups in cyanidin,
and also due to the presence of HCA the IR spectrum shows a broad
peak at 3400 cm�1 corresponds to AOH stretching frequency. A
band around 2926 cm�1 is ascribed to C-H stretching frequency.
Peaks around 1630 cm�1 represent C@O stretching frequency and
aromatic rings in the extract. The peak at 1373 cm�1 belongs to
CH3 bending vibration. CAOAC stretching vibration in the extract
is confirmed by a peak at 1021 cm�1. Bands at 617 cm�1 and
582 cm�1 represents out of plane bending vibrations of unsatu-
rated CAC bonds. The presence of aliphatic aldehyde is also con-
firmed in GCA by an absorption peak around 1721 cm�1. (Fig. 4)
[23,36,37].

3.4. Weight loss analysis

With an increase of exposure time from 24 h to 120 h the
weight loss for mild steel in the inhibited and uninhibited solution

enhances. No further hike in the inhibition efficiency is observed
after attaining the optimum concentration of the inhibitor in the
electrolytic medium. The weight loss data and the variation of inhi-
bition efficiency for the mild steel coupons in 0.5 N HCl solution
containing different concentrations of inhibitor solution are listed
in Table 4. As the inhibitor concentration increases more molecules
from the inhibitor get adsorbed on the metal surface leading to a
lesser corrosion rate.

3.5. Electrochemical impedance spectroscopic analysis.

Before carrying out the electrochemical corrosion monitoring,
the working electrode is immersed in the electrolytic medium
(with or without the inhibitor) for about one hour to attain steady
state. For that, open circuit potential was recorded for the first
three minutes (potential versus time) and ensure that there is
not much variation in the potential value(<10 mV) with time
(Fig. 5). Only after attaining the steady-state condition, we are
advised to perform the other electrochemical analysis like EIS
and PDP. The electrochemical process taking place on the metal
side is due to the flow of electrons and at the electrolytic side is
by the ions. Since the size of ions is very much higher than elec-
trons, more space is required to neutralize equivalent electrons.
The thickness of the double layer increases on adding inhibitor at
the metal-solution interface, which results in decreased current
flow and hence to increased corrosion inhibition properties. Since
the electrochemical system under consideration is an activation
controlled one, the polarization resistance (Rp) can be replaced
by the charge transfer resistance (Rct). Moreover, the capacitor here
can also be treated as a double-layer capacitance, Cdl which
encounters opposite charges, separated at the metal-electrolyte
interface. In the double-layer capacitance, the metal and the elec-
trolyte form two parallel plates with a single layer of the water
molecule as the dielectric medium separating the two. An ideal
Randle’s circuit was used for the impedance analysis and during

Table 4
Gravimetric parameters for mild steel in 0.5 N HCl containing the aqueous and the alcoholic extract of Garcinia Cambogia.

Immersion time (h) Inhibitor Cinh

(V/V%)
Weight loss (mg) CR(mg/cm2.h) IE (%)

24 GCW Blank 477.9 5.5312 –
1 109.5 1.2673 77.08
2 78.1 0.9039 83.65
3 50.8 0.5879 89.37
4 36.9 0.4270 92.27

72 Blank 511.0 1.9714 –
1 129.8 0.5007 74.59
2 99.5 0.3838 80.52
3 61.4 0.2368 87.98
4 58.5 0.2256 88.55

120 Blank 586.2 1.3569 –
1 149.1 0.3451 74.56
2 120.4 0.2787 79.46
3 81.2 0.1879 86.14
4 70.4 0.1629 87.99

24 GCA Blank 477.9 5.5312 –
1 101.2 1.1712 79.01
2 70.1 0.8113 85.33
3 41.2 0.4768 91.37
4 31.2 0.3611 93.47

72 Blank 511.0 1.9714 –
1 116.2 0.4483 77.26
2 80.4 0.3101 84.26
3 56.3 0.2172 88.98
4 40.2 0.1550 92.13

120 Blank 586.2 1.3569 –
1 145.6 0.3370 75.16
2 102.4 0.2370 82.53
3 73.4 0.1699 87.47
4 49.5 0.1145 91.55
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the analysis, some depressions are seen in the Nyquist plot which
can be attributed to the frequency dispersion phenomena that
arises due to surface inhomogeneity [38], which are avoided by
placing a constant phase element comprised of Y0 and ‘n’ in place
of Cdl. i.e.,

ZCPE ¼ 1
Y0

jx½ ��1
n

h i
ð10Þ

The contributions from this constant phase element also should be
considered while measuring the double layer capacitance value and
is given as,

Cdl ¼ Y0R
1�n
ct

� �1=n
ð11Þ

where ZCPE represents the impedance of the constant phase ele-
ment. Y0 measures the easiness of the current flow through the
device, Rct is the charge transfer resistance and x is the angular fre-
quency. An imaginary factor is represented by the letter j, and ’n’ is
called the CPE exponent, which is an indicator of the surface mor-
phology of the metal. The constant phase element deviates from

the perfect capacitor to a resistor when the value of ‘n’ changes from
1 to �1. For the blank electrolytic solution, the value of ‘n’ is very
less than the inhibited solution, revealing its reduced capacitive
response and greater tendency to impart corrosion for mild steel
in HCl. I.e., for the highly inhibited solution, the value is close to
unity, and not exactly equal to unity, and hence the system behaves
as a ‘leaky capacitor’ rather than a perfect capacitor. For example, in
blank 0.5 N HCl, the value of ’n’ is 0.61 s at 303 K, but for 4 V/V% GCA
and GCW, the values are 0.85 s and 0.70 s respectively. The greater
capacitive response for GCA than GCW indicates its greater corro-
sion inhibition ability.

Fig. 6 shows Nyquist plots for mild steel corrosion in 0.5 N HCl
in presence of 4(V/V %) of GCW and GCA at three different temper-
atures 303,313 and 323 K. On increasing the concentration of the
extracts, the inhibition efficiency (IE) also increases which is
ascribed to the increase in the thickness of the double-layer at
the metal-solution interface. This eventually leads to the adsorp-
tion of inhibitors on the metal surface. This adsorption is taken
place by the replacement of adsorbed water molecules from the

Fig. 5. Variation of OCP with time for the mild steel specimen immersed in various concentrations of GCW and GCA at room temperatures.

Fig. 6. Nyquist plot for mild steel corrosion in 0.5 N HCl containing with and without inhibitors at (A) 303 K, (B) 313 K, (C) 323 K, (D) % relative error for 4 V/V% extracts at
different temperatures, and (E) Equivalent Randle’s circuit used to fit EIS data.
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metal surfaces by the inhibitor molecules. In the garcinia extracts,
many active molecules have a greater affinity with the metal sur-
face to get adsorbed, leading to decreased charge transfer process
at the metal-solution interface resulting in a lesser corrosion rate.
There is a tremendous hike in the Rct value from 16.23 X/cm2 to
191.1 X/cm2 on adding 4 V/V % GCW extract to 0.5 N HCl solution
at 303 K, from 12.55 X/cm2 to 69.50 X/cm2 at 313 K and from
8.422 X/cm2 to 34.96 X/cm2 at 323 K. At the same time, the corre-
sponding shift in Rct values for GCA is from 16.23 X/cm2 to
227.3 X/cm2 at 303 K, from 12.55 X/cm2 to 81.87 X/cm2 at
313 K and from 8.422 X/cm2 to 49.71 X/cm2 at 323 K. We can
see that the corrosion rate (CR) for uninhibited solutions increases
from 18.63 mm/year to 35.90 mm/year when we move from 303 to
323 K. But on the addition of 4(V/V %) of GCW, the corresponding
change is from 1.582 to 8.648 mm/year, and for GCA it is from
1.330 mm/year to 6.082 mm/year revealing the better efficiency
of GCA than GCW as a corrosion inhibitor. 4(V/V %) GCW extract
has 91.51% inhibition efficiency at 303 K, which decreases to
75.90% on increasing the temperature to 323 K. At the same time
4(V/V %), GCA has 92.85% efficiency at room temperature and it
only reduces to 83.05% at 323 K. Moreover, there is a decreasing
trend in the Cdl value on increasing the inhibitor concentration
[26,39-41] (Table.5.). Although the theoretical calculations support
cyanidin as a better inhibitor than hydroxy citric acid, its relative
quantity is less in GCW when compared to HCA in GCA. Moreover,
a small amount of cyanidin is also present in GCA, (on reviewing
the electronic spectrum of GCA) making it an efficient corrosion
inhibition system than GCW.

3.6. Bode plots

Bode plots represent the frequency response of a corrosive sys-
tem and are usually an asymptotic approximation of frequency
response using linear segments. Fig. 7 shows the Bode phase angle

plot of blank electrolyte and 4(V/V %) of GCW and GCA added solu-
tions at three different temperatures. Since the system behaves as
a leaky capacitive system and not a perfect capacitor, the phase
angle deviated from 900 (the perfect phase angle for a perfect
capacitor) at the electrode–electrolyte interface. This deviation is
maximum for blank electrolytes, preferably at a higher tempera-
ture. On the addition of the extracts of Garcinia capacitive response
increases resulting in a lesser corrosion rate. For the blank elec-
trolyte at 303 K, the phase angle is 15.200. But on adding 4(V/V
%) of GCW and GCA, the phase angle increased to 42.810 and
49.090 respectively. Similarly, on increasing the temperature by
10 �C, the phase angle for blank and inhibited solutions are
(GCW and GCA) 11.670 and 35.870, 37.270respectively. From these
phase angle plots, it is concluded that the rate of corrosion is
greater in blank solution and an increase of temperature facilitates
the corrosion process to a considerable extent [23,25]. Bode phase
angle plot also reveals that the inhibition ability is greater for the
alcoholic extract than the aqueous extract from their phase angle
deviations.

3.7. Electrochemical polarization method

The Tafel polarization method is one of the fast and easiest
techniques used to measure the corrosion rate by applying a
potential sweep of �250mV to the working electrode irrespective
of the rates of cathodic and anodic processes. Through this tech-
nique, various corrosion rate monitoring parameters like Icorr, Ecorr,
ba, bc, etc. can be obtained. In potentiodynamic polarization stud-
ies, the relationship between the current and potential at the
metal-electrolyte interface can be monitored either by scanning
the potential keeping the current a constant or vice-versa. Here
the potential is scanned at a constant rate between the working
electrode and the reference electrode and at periodic intervals cur-
rent is measured between the auxiliary and the working electrode.

Table 5
EIS data for mild steel corrosion in 0.5 N HCl containing GCW and GCA at different temperatures.

T
(K)

Inhibitor Volume of inhibitor
(V/V %)

Rct
(Ohm/Cm2)

Cdl
(F/ Cm2)

I corr
(mA/Cm2)

CR
(mm/yr)

Y0 n IE (%) Standard deviation

303 GCW 0 16.23 0.00158 1.607 18.63 0.0016 0.61 – –
1 41.16 0.00062 0.6338 7.346 0.0019 0.69 60.56 0.0546
2 69.73 0.00009 0.3741 4.336 0.0001 0.93 76.72 0.0094
3 104.1 0.00009 0.2506 2.904 0.0001 0.90 84.41 0.0140
4 191.1 0.00036 0.1365 1.582 0.0008 0.70 91.51 0.0082

313 0 12.55 0.00139 2.079 24.09 0.0073 0.60 – –
1 25.05 0.00048 1.041 12.07 0.0012 0.79 49.90 0.0074
2 36.88 0.00053 0.7073 8.198 0.0013 0.76 65.97 0.0080
3 61.31 0.00028 0.4255 4.931 0.0014 0.74 79.53 0.0081
4 69.50 0.00039 0.3754 4.350 0.0009 0.75 81.94 0.0085

323 0 8.422 0.00056 3.097 35.90 0.0042 0.62 – –
1 13.76 0.00064 1.896 21.97 0.0018 0.78 38.79 0.0070
2 17.52 0.00061 1.489 17.26 0.0019 0.75 51.92 0.0066
3 26.30 0.00126 0.9919 11.50 0.0046 0.62 67.97 0.0080
4 34.96 0.00035 0.7462 8.648 0.0012 0.72 75.90 0.0066

303 GCA 0 16.23 0.00158 1.607 18.63 0.0016 0.61 – –
1 59.02 0.00075 0.4420 5.123 0.0031 0.54 72.50 0.0076
2 87.43 0.00005 0.2984 3.458 0.0000 0.94 81.43 0.0060
3 151.2 0.00068 0.1725 2.000 0.0021 0.80 89.26 0.0068
4 227.3 0.00010 0.1148 1.330 0.0001 0.85 92.85 0.0070

313 0 12.55 0.00139 2.079 24.09 0.0073 0.60 – –
1 32.35 0.00032 0.8064 9.346 0.0007 0.82 61.20 0.0076
2 54.85 0.00036 0.4756 5.512 0.0008 0.77 77.11 0.0084
3 74.26 0.00019 0.3513 4.071 0.0005 0.78 83.09 0.0052
4 81.87 0.00026 0.3186 3.693 0.0007 0.75 84.50 0.0078

323 0 8.422 0.00056 3.097 35.90 0.0042 0.62 – –
1 16.51 0.00083 1.580 18.31 0.0032 0.68 48.98 0.0079
2 20.78 0.00082 1.255 14.55 0.0026 0.71 59.47 0.0070
3 34.82 0.00026 0.7495 8.683 0.0007 0.78 75.81 0.0083
4 49.71 0.00020 0.5248 6.082 0.0005 0.79 83.05 0.0075
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Fig. 7. Bode plots for (A) 0.5 N HCl, (B) 0.5 N HCl containing 4(V/V %) GCW and (C) 0.5 N HCl containing 4 V/V% GCA at three different temperatures.

Table 6
Polarization parameters for mild steel corrosion in 0.5 N HCl containing GCW and GCA at different temperatures.

Inhibitor T
(K)

Cinh (V/V %) -Ecorr

(mV)
ba -bc I corr

(mA/cm2)
CR (mm/yr) IE (%) Standard

deviation

GCW 303 0 480.6 179.66 233.09 1.3519 27.213 – –
1 471.6 170.99 249.67 0.8040 16.355 40.52 0.0556
2 495.18 135.3 212.92 0.3245 8.2616 76.00 0.0084
3 479.82 113.36 183.99 0.2167 7.2928 83.97 0.0434
4 484.98 111.98 177.11 0.1838 6.6132 86.40 0.0080

313 0 478.84 252.46 281.32 1.7793 31.551 –
1 474.74 134.62 218.73 0.8688 18.561 51.17 0.0099
2 467.17 124.0 198.27 0.6138 15.351 65.50 0.0078
3 479.09 140.28 186.48 0.4539 11.287 74.48 0.0084
4 472.2 97.585 159.56 0.3080 10.614 82.68 0.0086

323 0 477.51 200.19 232.55 1.8876 33.672 – –
1 473.07 138.18 243.22 1.4618 30.277 22.55 0.0076
2 480.97 151.26 216.43 1.1123 23.323 41.07 0.0062
3 474.63 128.66 180.52 0.7743 16.463 58.97 0.0029
4 470.9 120.14 162.83 0.5750 15.403 69.53 0.0070

GCA 303 0 480.6 179.66 233.09 1.3519 27.213 – –
1 482.52 170.23 215.48 0.6606 15.29 51.13 0.0062
2 485.37 110.82 193.89 0.2567 9.9515 81.01 0.0064
3 482.45 110.1 183.86 0.2174 8.9093 83.91 0.0056
4 487.07 79.78 166.13 0.1213 6.1957 91.02 0.0058

313 0 478.84 252.46 281.32 1.7793 31.551 – –
1 481.34 149.05 222.16 0.88264 19.408 50.39 0.0061
2 482.61 142.24 198.9 0.59136 14.413 66.76 0.0073
3 484.23 127.09 177.91 0.40686 12.883 77.13 0.0059
4 492.71 101.49 168.73 0.23419 8.1253 86.83 0.0056

323 0 477.51 200.19 232.55 1.8876 33.672 – –
1 487.13 195.93 251.75 1.5727 29.271 16.68 0.0081
2 472.9 153.96 216.85 0.99339 23.578 47.37 0.0079
3 485.66 141.46 195.18 0.64744 16.981 65.70 0.0076
4 488.31 124.85 186.62 0.46855 14.225 75.17 0.0074
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It is seen that a linear relationship existed between the potential
and log (current density) at a potential far above the OCP. i.e., at
50–70 mV. Hence the system under consideration can be regarded
as an ’activation controlled’ system. The extrapolation of these lin-
ear portions of the anodic and cathodic region to a single point,
which is Ecorr, where the sum of the oxidation current is exactly
equal to the reduction current. The current density corresponding
to this potential is termed as Icorr, from which the rate of corrosion
can thus be calculated according to the Eq. (4). From Table 6 and
Fig. 8, it is clear that on adding different volumes of the extract
to the medium the current density (both anodic and cathodic)
decreases. On the incremental addition of GCW to the blank elec-
trolytic solution, the shift is towards negative Ecorr values at all
temperatures, favoring the cathodic inhibition, where the inhibi-
tors resist the corrosion process by retarding the evolution of

hydrogen. But for GCA the inhibition is through the anodic mech-
anism, i.e., it retards the corrosion process of mild steel by prevent-
ing the dissolution of Iron, evidenced by the shift of corrosion
potential to higher negative values. But the shift in Ecorr values is
within �85mV ; suggesting mixed inhibition behavior for both
the systems which is supported by the values of Tafel slopes also.
There are irregular trends in Tafel slopes due to the adsorption of
various phytochemicals from the extract on the mild steel surface.
Corrosion current value for blank electrolyte at 303 K is
1.3519 mA/cm2, which is increased to 1.8876 mA/cm2 at 323 K.
But on the addition of 4(V/V %) GCW, the values are 0.1838 mA/
cm2 and 0.5750 mA/cm2 respectively, giving an inhibition effi-
ciency of 86.40% and 69.53%. Similarly, by the addition of 4(V/V
%) GCA the shift is from 0.1213 mA/cm2 to 0.4685 mA/cm2 giving
91.02% and 75.17 %efficiency. The corrosion rate for blank elec-

Fig. 8. Tafel plots for mild steel corrosion in 0.5 N HCl containing with and without inhibitors at (A) 303 K, (B) 313 K, (C) 323 K and (D) % relative error for 4(V/V %) GCW and
GCA extracts at different temperatures.

Fig. 9. Langmuir adsorption isotherm for (A) GCW, (B) GCA in 0.5 N HCl at three different temperatures.
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trolyte is 27.213 mm/year at 313 K, which is reduced to
6.1957 mm/year by the addition of 4(V/V %) of GCA at room tem-
perature. These results reveal the capacity of GCA as a better can-
didate to replace traditional toxic corrosion inhibitors [42,43].

3.8. Adsorption studies

The primary criteria for a molecule to be a good corrosion inhi-
bitor is its ability to replace the pre-adsorbed water molecule from
the metal surface and get adsorbed on the surface, considering
equal surface energy to all sites and no interaction between the
adsorbate molecules. Upon this process, the number of active sites
exposed to acidic environments decreases resulting in a lesser cor-
rosion rate. Different isotherms were plotted for the validation of
the results and here Langmuir adsorption isotherm seems to be
the best-fitted one with regression co-efficient and slope closer
to unity (Fig. 9), and the equation is given as,

Cinh

h
¼ 1

Kads
þ Cinh ð12Þ

This relationship satisfies the equation of a straight line with Y-
intercept equal to reciprocal of Kids, the equilibrium constant of
adsorption. From Table 7, it is seen that the phytochemicals from
Garcinia cambogia firmly adsorbed when the temperature is low.
With increasing temperature more molecules get enough kinetic
energy to desorb from the metal surface leading to lesser adsorption
efficiency [25,44-47]. Table 7 shows that the equilibrium constant
of adsorption is higher for the alcoholic extract of garcinia than
their aqueous counterpart. The greater adsorption tendency of phy-
tochemicals of alcoholic extract or their relative abundance in the
alcoholic extract may be the reason for their increased surface cov-
erage on the metal surface. This ultimately resulted in a lesser cor-
rosion rate, as the exposed area of the metallic surface considerably
decreases by this adsorption process [28,48].

3.9. Effect of activation energy on corrosion

Arrhenius and transition state plots can be used to monitor the
kinetic parameters during the corrosion process. The Arrhenius
equation can be written as,

Table 7
Thermodynamic adsorption parameters of GCW and GCA on mild steel specimen at different temperatures.

Inhibitor Langmuir Adsorption Isotherm

Temp (K) R2 Slope Intercept K ads (M�1)

GCW 303 0.99308 1.08852 0.53254 1.87779
313 0.99163 1.19226 0.69998 1.42861
323 0.96911 1.29004 1.33840 0.74716

GCA 303 0.99708 1.07176 0.33063 3.02452
313 0.99855 1.16920 0.33190 3.01295
323 0.97745 1.18615 0.98618 1.01401

Fig. 10. Arrhenius (A and C) and Transition state plots (B and D) for GCW and GCA at different temperatures.
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CR ¼ Ae�Ea=RT ð13Þ
Where CR is the corrosion rate, A is the Arrhenius constant and Ea is
the activation energy needed for the metal dissolution. Similarly,
the Transition state equation can be written as,

CR ¼ RT
Nh

eDS=R:e�DH=RT ð14Þ

By using these two plots (Fig. 10), activation parameters like Ea,
DSa, DHa etc. were calculated and presented in Table.8. From
Table.8, it is clear that with the increase in the concentration of
the inhibitor the activation energy for metal dissolution also
increases due to the development of an energy barrier with a higher
concentration of inhibitor. The hike in the activation energy values
with inhibitor concentration can be rationalized as better adsorp-
tion of phytochemicals on the metal surface during its exposition
in the inhibited media. As a result, the acid molecules have to suffer
a greater energy barrier to induce corrosion. On increasing the tem-
perature more acid molecules get enough thermal energy to cross
over this barrier and cause greater corrosion. The enthalpy of acti-
vation is positive and increases with an increase of inhibitor con-
centration which supports the endothermic nature of metal
dissolution which unequivocally attributes to chemisorption [49].
This accounts for the deceleration of the anodic dissolution process
leading to corrosion. Since the difference between activation energy
and enthalpy of activation is almost a constant value approximately
equal to RT, affirms the unimolecular nature of the corrosion pro-
cess, without a change in the dissolution process. The entropy of
activation also increases for the inhibited system than the blank
electrolyte, which assumes the formation of an activated complex
in the rate-determining step of the corrosion process. Here entropy
is increasing because the entropy of the system as a whole increase
when reactants are converted to activated complexes by the
replacement of pre-adsorbed water molecules from the metallic
surface. The more ordered arrangement of inhibited molecules is
expected on the metal surface as a consequence of ’association’.
The negative value of DSa supports the above assumption [50-53].

3.10. Surface analysis

3.10.1. SEM and EDX spectral analysis
SEM images of mild steel coupon immersed in the inhibited

solution containing 4(V/V %) Garcinia extracts (both aqueous and
alcoholic) are almost comparable with that of bare metal. However,
the image of the metal specimen immersed in 0.5 N HCl has a clear
indication of severe damage due to the aggressive corrosion that
occurred. In Fig. 11 it is clear that the surface of metal dipped in
medium containing GCW and GCA is immensely covered with dif-
ferent phytochemicals from the extract through adsorption on the
metal surface, its exposed area in an aggressive environment is

reduced, showing its greater potency to resist the corrosion. EDX
spectra of mild steel surface before immersion in 0.5 N HCl and
those dipped in 0.5 N HCl and 0.5 N HCl containing 4(V/V %)
GCW are shown in Fig. 12. From the spectra, it is understood that
the weight percentage of ‘O’ is higher in the specimen dipped in
0.5 N HCl (3.79) and 0.5 N HCl containing 4(V/V %) GCW (9.1) than
the bare metal piece (0). This is due to the formation of iron oxides
on the surface of the metal during the time of exposition in acidic
electrolytic media. But in the inhibited solution the weight per-
centage of oxygen is more, which can be ascribed to the adsorption
of the active phytochemicals of GCW containing several oxygen
atoms like cyanidin, garcinol, hydroxy citric acid, malic acid, tar-
taric acid, ascorbic acid etc. on the metal surface. The weight per-
centage of ‘Fe’ is highest in the bare sample (93.29), then comes the
sample dipped in the 0.5 N HCl containing 4(V/V %) GCW (87.47)
and least with 0.5 N HCl (78.88). This is due to the loss of iron as
its chlorides and hydroxides during the rusting process in the
HCl. With the addition of the inhibitor to the blank electrolytic
media, the rusting process of iron is very much reduced which is
evidenced by its higher weight percentage of ‘Fe’ and ‘O’ than in
the blank electrolytic media. Just like in SEM, the EDX spectra of
metal in inhibited solution is also similar to the bare metal sample
[39].

3.10.2. XPS analysis
The elemental composition of the adsorbed layer which offers

resistance to the metal from corrosion was obtained through the
XPS technique. The XPS spectra of the adsorbed layer on the metal
obtained after dipping it in 0.5 N HCl containing 4(V/V %) GCA is
presented in Fig. 13. It is found that HCA is the main active compo-
nent present in GCA, which prevent the anodic dissolution of Fe,
leading to lesser corrosion. The elemental scan spectra of O, C
and Fe and their quantification obtained from the full scan XPS
gives an insight into the chemical state of the elements and hence
their composition on the protective adsorbed layer.

The deconvoluted spectra of C1s can be squared into three
peaks representing three chemical states of C on the adsorbed
layer. The one with binding energy 284.18 could be ascribed to
CAC, C@C, and CAH bonding, the second peak at 286.67 eV consti-
tute C@O bonding and enol grouping. The presence of O@CAO
grouping is evident from the peak with binding energy at
288.85 eV. The elemental scan of O also gives two peaks. The char-
acteristic peak at 532.25 eV attributes organic C@O grouping and
the second at 534.06 represents organic CAO linkages. The elemen-
tal scan spectrum of Fe comprises peaks for bare metal and their
corrosion products. The presence of FeAO bonding is represented
by the peak at 711.84 eV. This may either be due to the presence
of Fe2O3 or due to the co-ordinate bonding operated between
HCA and the iron surface. The peak at 714.51 eV indicates the exis-
tence of Fe (OH) 3. 724.87 eV peak is ascribed to Fe 2p1/2 of the iron

Table 8
Kinetic parameters of corrosion inhibition by GCW and GCA in 0.5 N HCl at different temperatures.

Inhibitor concentrationCinh (V/V %) Arrhenius plot (ln CR vs 1000/T) Transition state plot (ln (CR/T) vs 1/T

Ea

(kJ/mol)
DSa0

(kJ/mol)
DHa

0

(kJ/mol)
Ea- DHa

0

GCW 0 8.69710 �197.0077 6.1980 2.4991
1 24.88031 �146.6015 22.9420 1.9383
2 42.28608 �93.6081 40.4850 1.801
3 33.13619 �125.5051 31.1890 1.947
4 34.42295 �121.9771 32.4910 1.931

GCA 0 26.61577 �143.9561 23.33168 3.28409
1 51.76944 �73.8419 47.81458 3.95486
2 58.21878 �57.2842 53.97250 4.24628
3 59.69111 �56.19773 55.52492 4.16619
4 62.05037 �50.88234 57.93706 4.11331
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oxides. The presence of FeOOH is also represented by the peak with
a binding energy of 727.87 eV. The survey scan spectra of the
immersed specimen give the percentage composition of the ele-

ments on the surface. On analyzing the data, it is clear that almost
99% of the specimen is covered by the C and O atoms. i.e., the sur-
face is entirely covered by HCA of GCA, exposing only 0.9% Fe sur-

Fig. 11. SEM images of (A) bare metal, (B) metal dipped in 0.5 N HCl, (C) metal dipped in 0.5 N HCl containing 4(V/V %) GCW (D) metal dipped in 0.5 N HCl containing 4(V/V%)
GCA, after 24 h of exposition.

Fig. 12. EDX spectrum of (A) bare metal, (B) metal dipped in 0.5 N HCl, and (C) metal dipped in 0.5 N HCl containing 4(V/V %) GCW, after 24 h of exposition.
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face in the acidic medium. Hence it is proven that the inhibitor
inhibits the corrosion process of mild steel by getting adsorbed
on the steel surface thereby giving a lesser exposition of the steel
surface in acidic medium to get corroded [32,54-56].

4. Mechanism of inhibition

The inhibition property of a molecule depends mainly on its
ability to get adsorbed on the metal surface. The adsorption ability
in turn depends upon various parameters like the strength of acid,
nature of acid, charge, size, dipole moment etc. of the inhibitor
molecule and also on the charge, nature (i.e., whether hard or soft)
etc. of the metal surface on which adsorption is taking place.
Organic molecules like cyanidin (CY), garcinol (GA), hydroxy citric
acid (HCA) etc. from the extract undergo protonation in an acidic
medium, to form their protonated forms CY-H+, GA-H+, HCA-H+.
At the same time, the mild steel surface also acts as a soft species
in an acidic environment, which is proven from its open circuit
potential value and corrosion potential value. The Cl- ions then
get attached to the soft Fe2+ surface initially through electrostatic
interaction, creating an excess negative charge on the solution side.
This simulates the adsorption of the protonated inhibitors on the
metal surface through physisorption creating a MAClACYAH+,
MAClAGAAH+, and MAClAHCAAH+ layer on the metal preventing
its oxidation. As a result, there is competition between these ions
and H+ at the cathodic site and the cathodic evolution of hydrogen
becomes slower, which retards the corrosion process. At the same
time, the adsorption of these ions on the metal surface retards the
dissolution process of iron in an acidic medium which also leads to
protection of the mild steel from the process of corrosion just like
what is happening in barrier protection. After the hydrogen evolu-
tion process, the inhibitor returns to its original form and donates
electron pairs from their hetero atoms and aromatic ring to the
vacant ’d’ orbital of Fe. At the same time, there is evidence from
the theoretical studies that cyanidin accept electrons from the

filled metal orbital to its vacant anti-bonding orbitals. This dona-
tion and acceptance (Chemisorption) strengthen the stability of
the adsorbed molecules on the metal surface. Some recent reports
suggest that the presence of the carboxylic group facilitates the
adsorption process. There are four organic acids in garcinia namely
ascorbic, malic, citric, and hydroxy citric acid, and hence the possi-
bility of adsorption and surface interaction is maximum to offer
corrosion protection to mild steel [23,35,48,57-60].

5. Conclusions

Garcinia Cambogia fruit rind aqueous and alcoholic extracts act
as good corrosion inhibitor for mild steel in 0.5 N HCl. Electronic
spectra support the presence of the active components cyanidin
in GCW and hydroxy citric acid in GCA. Biovia material studio cal-
culation affirms the high adsorption ability of hydroxy citric acid,
garcinol and cyanidin from their high adsorption energy. Global
descriptors calculation using Gaussian 09 software declares all
the six active components of Garcinia Cambogia as excellent corro-
sion inhibitors. 4(V/V %) GCA has 92.85% efficiency at room tem-
perature whereas the same volume percentage GCW has 91.51%
efficiency. Tafel extrapolation suggests mixed inhibition behavior
for both the extracts. Thermodynamic adsorption studies support
Langmuir monolayer adsorption of constituents of Garcinia cam-
bogia on the mild steel surface. Bode phase angle plot also supports
the inhibition ability of the extracts from its phase angle deviation.
It also encounters the greater inhibition efficiency for GCA than
GCW based on phase angle deviation. Tafel polarization studies
validate that the inhibition mechanism of GCW is operated by
retarding the cathodic evolution process of Hydrogen while for
GCA, it is by inhibiting the anodic dissolution process of iron. Sur-
face morphology monitoring techniques like SEM, EDX, and XPS
clearly shows that the surface of mild steel in inhibited solutions
are highly protected.

Fig. 13. The XPS spectrum showing (A) survey scan spectrum and deconvoluted profiles of (B) C 1 s (C) O 1 s and (D) Fe 2p for mild steel coupon dipped in 0.5 N HCl
containing 4(V/V%) GCA after 24 h of immersion.
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Abstract 

In India we have the system of conventional farming practices handed down from 
generation to generation from ancient period since Indus Ganges civilisation.  But the 
traditional knowledge and practices were not capable enough to yield enough to support the 
large and growing population. The dependence for food items on other countries created the 
need for self-sufficiency through modernisation of agriculture. The green revolution changed 
the food production scenario of the nation. Country now becomes changed to afood exporting 
nation from depending on import of food for mass population. But this change has created lot 
of impact on environment, which is detrimentfor the well-being of the people. So the need for 
an appropriate method suitable to our requirements is being felt for long time.  Organic 
farming is the recent development which is considered as the best alternative to the 
conventional system, which suffered from the ill effects of chemical usage. But organic 
agriculture was designed for welfare without any harm on the environment. This paper 
considers the important factors that support organic agriculture and the major issues faced by 
this new initiative.  

Keywords: Sustainable, Conventional farming, Organic farming, adoption, attitude, barrier 

Introduction 

Despite of the excessive use of modern chemical fertilizers and pesticides, the yield 
from conventional agriculture had reported a declining trend. The high use of chemical 
fertilizers had reflected in the depletion of natural resources, poor quality of soil, decline in 
water holding capacity of soil,  loss of soil fertility, decline in soil productivity, deficiency of 
micro nutrients and organic matter, increased input requirement and reduced nutritious crop 
availability. The over use of chemical fertilizers and pesticides are tied up with potential 
health hazards. It leads to the harmful toxin residues and components enter in to the food 
chain and deteriorate the ecology. Thus excessive use of chemical fertilizers and pesticides in 
conventional farming is a threat to man and his environment. Hence, farming practices which 
enhances the soil productivity and maintains the quality of crops are necessary for a 
sustainable agriculture. In the present scenario, the best alternative is found to be organic 
farming which can solve many of the problems associated with conventional farming. 
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Farmers, policy makers and sensitive citizens had realized the benefits and importance of 
organic farming. The importance of farmer’s willingness to shift from conventional farming 
and their preparedness to adopt organic farming is much more important than mere 
realization of its importance. In this background, it is essential to understand the factors that 
motivates farmer’s to adopt organic farming and also it is equally important to recognize the 
barriers encountered by farmer’s in following organic farming.  

 

Objectives of the study 

The study focuses of the following main objectives,  

1. To examine the motivational and decisional factors that influences the attitude of 
farmers in adopting organic farming.  

2. To understand the factors that stand as barriers in adopting organic farming by 
farmers. 

3. To evaluate the trend in organic farming over the years 

Literature Review 

Study conducted by Shinogi K.C. on the factors behind the Shift to Organic 
Agriculture in Kerala identified four important factors that prompted farmers to shift from 
conventional way of farming to organic farming. They are ecological factor, positive factors 
which attracted them towards organic farming, lure of export and financial support from 
government. Among these factors the study ranked ecological factor as the first and financial 
support from the government as the least.  

Dr. Suresh Patidar conducted a study in Madhya Pradesh about organic farming 
culture in the state and concluded that there exist significant relationships between farmer’s 
age, benefits, educational qualification, social aspects and awareness about organic farming. 

In their article, Janjhua  Yasmin,  Chaudhary  Rashmi,  Deopa  Varnika 
and  Kumar  Krishan highlighted that adoption of organic farming was found difficult for 
farmers due to lack of required skills and knowledge.  

Research methodology 

To address the objectives of the research, 150 samples were selected using simple 
random sampling method. Primary data were collected from the randomly selected farmers of 
Kodenchery, Pullurampara and Thiruvambadi using survey method.   

Concept of Organic Farming 

The term Organic farming indicate the incorporation of natural elements such as soil, 
water, microbes and waste products, forestry infarming production mechanism. Today it is 
recognised as the ideal mechanism for justifiableutilisation of natural resources, which is 
underthe way of extinction due to the increaseduse as food and feedstock for agriculture-
linked industry. In India also importance were given to organic farming methods in the wake 
of increasing environmental issues. 
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The International Federation for Organic Agriculture Movement’s (IFOAM) 
describesorganic farming as a farming mechanism which conserves the basic nature of soil, 
ecosystems and its different inhabitant. Unlike the use of inputs with adverse effects organic 
farming relies on ecological processes, biodiversity and cycles which are adapted to local 
conditions. 

Over a decade ago itself, Organic movement had its origin but it failed to achieve the 
expected acceptance and adoption. So organic farming is the combination ofscience, 
innovation, and tradition to merit thenature and to promote fair-minded relationships and 
quality of life among all. Such farming excludes synthetic chemical fertilizers. Development 
of an economically self-sustainable farming practice is the main objective of organic farming 
which conserves the natural resources and enhances the quality of environment and food 
production. The Ultimate goal of organic agriculture is to promote and develop agricultural 
practices that are sustainable and in harmony with nature. The increased demand for organic 
crops and food products from consumers is the vehicle for the development of organic sector.  

Need of organic Farming 

Organic methods discard the use of dangerous synthetic materials as fertilizers and 
pesticides. It uses the techniques which are not harmful for the nature in general. It creates a 
sustainable lifestyle for living beings as, in this method all kinds of agricultural products are 
produced organically. In organic farming the bio- component of the soil is nurtured, through 
cherishing the microbial inhabitants that release, transform, and transfer nutrients. In organic 
farming feed soil biota is protected and soil organic matter with cover crops, compost, and 
biologically based soil amendments are created.  

By insisting plant nutrition and management pest are controlled and diseases are 
prevented in organic farming. . Through the methods like crop rotation, mechanical tillage, 
and hand-weeding, as well as through cover crops, mulches, flame weeding, and other 
methods weeds are controlled considerably. Different soil organisms, usefulinsects and birds 
are used to control pests.  

Organic farming can be introduced easily even bythe traditional farmer.  They can 
reduce the agriculture expense considerably by switching to the organic farming. It helps the 
farmers to avoid the use of expensive chemical fertilizers and pesticides, to minimize soil 
erosion and to increase production.  Regardless of minimal price differences, many 
consumers purchase organically grown products, as it is healthy, natural and high in quality.  

Initiatives of Organic Farming in India 

Organic farming was practiced in India from early days itself. Indian farmers tilled 
their land by using organic residues like composts and cow dung instead of chemicals. 
Government introduced schemes like National Programme for Organic Production (2001), 
Paramparagat Krishi Vikas Yojna (2015), Mission Organic Value Chain Development for 
North Eastern Regions (2015), Capital Investment Subsidy Scheme (2004),mNational 
Mission on Oilseeds and Oil Palm (2014),National Food Security Mission(2007) over the 
years to promote the organic farming activities.  
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Madhya Pradesh, Maharashtra and Rajasthan are the major states were organic farming 
became important. In terms of area under organic cultivation country share is meagre, ranked 
top in terms of number of organic farmers. In the year 2020 number of organic farmers in the 
country were 1.9 million, 1.3 per cent of total agricultural landholders.The so called farmers 
who lives in hilly remote locations, are not included in this figure. 

Land under organic cultivation 

Many authors have investigated the nature and quantity of land pattern on organic 
farming.. In the year 2018, 71.5 million hectares of land were used for organic farming across 
the world. With 35.6 million hectares of organic agricultural land, Australia comes in the top, 
followed by Argentina and China. In 2020 total area under organic farming1 is 3.67 million 
Hectare in India. Among the 29 states Madhya Pradesh has covered largest area under 
organic certification. During 2016, Sikkim2 converted its entire cultivable land for organic 
cultivable. Many states like Andhra Pradesh, Himachal Pradesh, Kerala, Uttarakhand, 
Mizoram, Nagaland and Arunachal Pradesh have stated their willingness to become nature 
friendly states through organic farming. 

Table 1: Organic Farming area and number of producers 

Year 
Area  [ha] No of Producers 
World India World India 

2000 14980991 2775 252040 1426 
2001 17302299 41000 380661 5661 
2002 19879439 37050 437246 5147 
2003 25765459 73500 379931 5147 
2004 29973069 114037 491166 5147 
2005 29246059 185937 678598 48846 
2006 30173401 432259 909380 141904 
2007 31509670 1030311 1239096 195761 
2008 34472530 1018469 1391568 340000 
2009 36270553 1180000 1806927 677257 
2010 35713927 780000 1564348 400551 
2011 36670679 1084266 1766789 547591 
2012 36832974 500000 1906916 600000 
2013 43067952 510000 1954034 650000 
2014 48694674 720000 2063935 650000 
2015 50365075 1180000 2233825 585200 
2016 58090567 1490000 2539671 835000 
2017 69411457 1780000 2925492 1093288 
2018 71172783 1938220 2781011 1149371 
2019 72285658 2299222 3135436 1366226 

          Source: World Organic Agriculture: Statistics and Emerging Trends 2020 

The table above shows the amount of organicfarming area and number of organic 
producers over the years from 2000. It is evident that the area and number of registered 

 
1(registered under National Programme for Organic Production) 
2more than 75000 ha 
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producers across the world increases over the years. But the area under cultivation declines 
and shows a negatives growth rate in the years 2010, 2013 and 2014.it is shown in the figure 
below. 

Figure 1 
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Organic production and marketing 

Organic farming is an alternative method to avoid the issues related with 
sustainability, global warming and food security. Such nature friendly systems are based on 
specific criterionmarked for food production and generating an agro ecosystem in the society. 
The basic principles like health, environment protection, care for others, sustainability etc. 
guide people across the world to switch their pattern of production by using organic method. 
This new system requires technical,   economic   and   commercial   incentives   to the 
farmers to move on to organic   production. 

Marketing the products will provide the link between the producers and the 
consumers. In most instances, consumers are not informed on the benefits of using organic 
products and most of them will only compare the prices of the food products as they do not 
know its benefits. Conscientization    and   knowledge   of   the   characteristics   of   the   
organic   products,   their   benefits   and   utilities   in connection   with   the   quality,   the   
health   and   the   protection   of  the   environment is important. 

As a major country with large components in agricultural baskets, organic products 
occupy a dominant role in bringing foreign earning. The major organic exports items of the 
country compriseslinseeds, benne, soybean, tea, medicinal plants, rice and pulses. Many 
initiatives were undertaken to enhance the demand for such products both in domestic 
markets and abroad. 

Figure 2 
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Factors affecting farmer’s attitude towards organic farming 

The importance and merits of organic farming are realized by the farmers. Even 
though they are very much aware of the advantages of organic farming, the attitude and 
readiness to shift from conventional to organic farming is far more important. Farmer’s 
attitude towards organic farming depends largely upon several decisional factors like 
knowledge about organic farming, education level, age and cognitive component such as 
facts and belief regarding organic farming. Benefits associated with organic farming also 
attributes to the attitudinal change in adopting organic farming such as concern about soil and 
human health, protection of environment, protect soil quality and food safety. It is noted that 
increased demand for organic high quality food products and commitment towards 
environment also motivates farmers to follow organic methods in farming. The realization 
that organic farming is the right way to conserve and protect land and environment had made 
farmer’s attitude in favor of organic farming. The study realizes that economic benefits 
associated with organic farming is having a greater impact on attitude of farmers towards 
organic farming. Reduction in cost of farming, less use of expensive fertilizers and chemicals, 
increase in income and input availability within the same land. Farmers opined that increased 
demand for organic food crops enable them to receive high market price for their produce. 
They considered organic farming as less risky when compared to conventional farming. From 
the responses of farmers, high prices of organic farming and reduction in input cost are the 
first ranked factors that influenced the attitude of farmers to adopt organic farming.  

Barriers to adopt organic farming 

The study identified that, apart from all the social, health and economic benefits of 
organic farming there are certain barriers associated with the adoption organic farming which 
restricts farmers from shift towards organic farming. It is noted that lack of information about 
resistant varieties and lack of knowledge about appropriate practices in organic farming were 
a major challenge faced by farmers. Many responded that, preparation of inputs like bio-
fertilizers and composts are not an easy task and are time consuming. Some of the farmers 
opined that non availability of inputs as major problem faced. While some farmers responded 
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that less yields and lesser possibilities to control pests, insects and diseases which enables 
higher chances for crop failure de-motivates them from adopting organic farming. Another 
problem faced by small scale farmers are financial and technical instability.  

Empirical analysis 

Empirical analysis was conducted on the growth rate of the area of organic cultivation 
and number of registered producers in the country and across the world. 

Table 2: Result of empirical analysis 

Tools of measurement 
Area under cultivation No of Producers 
India World India World 

 Mean  0.353667  0.082834  0.132681  0.361312 
 Median  0.233262  0.050843  0.121695  0.172837 
 Maximum  2.692921  0.259349  0.412321  2.250258 
 Minimum -0.77405 -0.024554 -0.14416 -0.52521 
 Std. Dev.  0.692801  0.077634  0.151417  0.630015 

The average growth rate was comparatively higher in India with respect to area under 
cultivation of organic farming. It is 0.35 in the country while only 0.08 internationally. Wide 
fluctuation also indicated by large maximum and minimum values in the country. Variations 
were not significant internationally with regard to area under cultivations.  

It was found that growth rate of number of producers who have registered as organic 
farmers, was lower in the country while comparing it with the number of organic producers in 
the world. The larger differences in the maximum and minimum values of the average world 
growth rate indicate the stable growth in the number organic producers in the country.  

 

Conclusion 

Apart from the barriers and problems faced by farmers in adopting organic farming, it 
is considered as an approach which diminishes the harmful and adverse effects of 
conventional farming. The demand of consumers towards organic products is increasing 
rapidly and will tend to increase more in future. Since the study reported favorable attitude of 
farmers towards organic farming, farmers will adopt organic farming very soon. A thorough 
understanding of the problems faced by organic farmers and formulation of appropriate 
policies are needed since the study also identified the problems and barriers reported by some 
of the respondents.  
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ABSTRACT 
 
Studies on the life table parameters of the spider mite, Tetranychus ludeni Zacher infesting Amaranthus tricolor 
was initiated in the laboratory following detached leaf culture method at 30 + 5oC and 70 + 2% RH. The 
respective durations recorded for pre-oviposition period, oviposition period and post-oviposition period were 
0.75 + 2, 10.5 + 0.8 and 0.75 + 2 days respectively. The total number of eggs laid by an adult female averaged 
91.65 + 3.9 eggs. Life span was recorded to be 11.75 + 0.7 days. Durations of both sexual and parthenogenetic 
reproduction were 10.04 + 0.28 days and 9.65 + 0.20 days respectively. Shorter duration of development was 
observed for parthenogenetic development in comparison to that of sexual reproduction. Male:female sex ratio 
was recorded to be  1-2: 10. A cognitive aspect that reflected was the addition of a new host plant to the so far 
enlisted hosts for the mite, T. ludeni. 

 
Keywords: Amaranthus tricolor; spider mite; T. ludeni; moulting; longevity and reproduction. 

 
1. INTRODUCTION 
 
The tetranychid mite (spider mite) Tetranychus ludeni 
is a dreadful pest owing to their ubiquitous presence 
and destructive potentials to a wide range of 
economically important plants [1-4]. As invasive 

species, they inflict deleterious effects on host tissues 
because of their microscopic size, cryptic behaviour, 
high fecundity, extremely short lifecycle, 
polyphagous nature and pesticide resistance crops 
[5,6,1,3,7,8]. This astounding ability of T. ludeni to 
colonize host plants to replenish all the available 
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nutrients, inflict internal injury, stippling, bronzing 
and chlorosis, cause  photosynthetic decline, languish 
stomatal conductance and reduce transpiration rates 
has led to considerable loss to agriculturists.                         
Apart from direct damages, T. ludeni is known                        
to act as vectors of plant viral diseases viz., (DEMV) 
[9].  

 
The current host plant of T. ludeni, Amaranthus 
tricolor L. (Amaranthus, collectively known as 
amaranth), is a cosmopolitan genus of rapidly-
growing annual herbs noted for its brilliantly coloured 
foliage, variegated in shades of red, green, or yellow. 
Although several species are often considered as 
weeds, amaranths are valued world-wide as leafy 
vegetables and ornamentals. The red spinach, A. 
tricolor belonging to family Amaranthaceae is an 
annual, broadleaved, erect herb, growing up to 1.25m 
high and is cultivated in Asia for its edible leaves and 
seed. The simple (often purplish) leaves of spinach 
are used either raw or in its steamed form in the 
preparation of salads, soups and stews. The leaves are 
rich in proteins (3.5%), carbohydrates (6.6%), 
minerals (calcium, iron, magnesium, phosphorus, 
potassium, zinc, copper and manganese) and vitamins. 
The leaves owing to their medicinal value are also 
used against external inflammation, diuretics 
(treatment for bladder distress) and to control 
haemorrhage following abortion. The whole plant is 
known for its astringent property and a decoction of 
old plants when taken internally improves vision and 
strengthens the liver. Leaves of A. tricolor showed 
signs of heavy infestation of the spider mite, T. ludeni 
and therefore the plant was duly considered for 
regular collection for biological studies. 

 
The current paper focuses therefore on the 
developmental aspects of T. ludeni on A. tricolor as a 
preliminary step to plan intervention tools for IPM for 
T. ludeni control. Selection of A. tricolor as the host 
plant was done owing to the heavy intensity 
colonization and high degree of damage induced by T. 
ludeni as well as the uniform presence of the plant 
throughout the study area coupled with their supreme 
economic status to mankind. The meticulous planning 
of a proper IPM strategy demands a thorough 
knowledge of the biology, ecology and behavior of 
the mite under consideration. 

 
2. MATERIALS AND METHODS 
 
Studies were initiated during the months of September 
- May in the Acarology division, University of 
Calicut, Kerala.  Rearing of the spider mite, T. ludeni 
was done following detached leaf culture method 
[10]. Expanded leaves at 2 months of age excised 
from A. tricolor grown in green houses were placed 

with their adaxial surface facing upwards on moist 
cotton bed kept in petridishes. When the leaves 
showed signs of loss of vitality, they were replaced 
with fresh ones usually after 2 to 3 days interval. 
Adult T. ludeni females (approx. 25) were transferred 
to the petridishes containing fresh host leaves 
immediately after collection from the field. The 
colonies were maintained in the laboratory under 
standard conditions in an environmental growth 
chamber set at 30 + 5oC and 70 + 2% RH. Studies on 
sexual development were done by introducing few 
males in each of the culture set along with females. 
Observations on the different aspects viz., oviposition, 
incubation, hatching, duration of developmental 
stages, quiscence and moulting was done using 
Magnus stereozoom trinocular research microscope at 
6hr time intervals. The results were statistically 
analysed, tabulated and presented as mean + SEM. 
Identification of the species was done by running 
appropriate taxonomic keys and confirmation of 
species was done based on the morphological 
structure of the male aedeagus, which is the 
diagnostic feature for species level identification 
[11,5]. 

 
3. RESULTS  
 
3.1 Oviposition 
 
T. ludeni females showed preference to the adaxial 
leaf surface. No site-specific selection was noticed in 
the case of oviposition. Prior to egg deposition, adult 
females constructed webbing from silk threads 
released from a pair of glands near their mouth. Egg 
deposition followed a random pattern and were often 
seen glued over the surface of the webbing. Freshly 
laid eggs were spherical, transparent and colouless. 
They turned pale yellow the following day and later to 
orange on the final day of oviposition. The larval 
gnathosoma, eye spots and legs could be easily 
perceived through the egg case few minutes prior to 
the intitiation of the hatching process. The durations 
of pre-oviposition, oviposition and post-oviposition 
periods of T. ludeni were recorded to be 0.75 + 2 
days, 10.5 + 0.8 days and 0.75 + 2 days respectively 
on A. tricolor (Table 1).  
 

Table 1. Duration (in days) of pre-oviposition, 
oviposition and post-oviposition periods of T. 

ludeni on A. tricolor 
 
Pre-
oviposition 

Oviposition Post-
oviposition 

0.75 + 2 10.5 + 0.8 0.75 + 2 
n = 35 
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3.2 Fecundity and Longevity 
 
The total number of eggs laid by adult T. ludeni 
during its reproductive phase was noted minimum on 
the firat and second days of oviposition. However, 
fecundity attained peak on the sixth day following 
which a slow but steady decline was obseerved from 
the seventh day to the least on the last day of 
oviposition. The peak daily egg production on the 
sixth day was 20.9 + 0.32 eggs and the least number 
was 23.2 + 0.17 eggs on the final ovipositing day. 
Fecundity per female of T. ludeni on A. tricolor 
averaged 91.65 + 3.9 eggs. Further, it was also 
observed that the mated females exceeded in their 
fecundity levels in comparison to the fecundity rate as 
shown by the virgin females (Table 2). The duration 
of life span of T. ludeni averaged 11.75 + 0.7 days on 
A. tricolor. The longevity of mated recorded less than 
virgin females viz., 11.2 + 0.01 days and 12.75 + 0.2 
days respectively (Table 3). 

 
3.3 Hatching 
 
Hatching process was initiated by the appearance of a 
slit near the apical margin of the egg along                         
with an increase in the size at the equatorial                     
region. The slit further deepened as the furrow 
laterally moved to meet mid ventrally. The                     
wriggling movements of the emerging larva                    
further aided the process and the egg cases after 
hatching was found to separate as two distinct halves. 
The entire sequence of events culminated in 10 - 12 
minutes duration. Range of hatchability of eggs was 
92%. 

 
3.4 Duration of Developmental Stages (Table 

3) 
 
3.4.1 Incubation period 
 
The period between egg laying and hatching                             
of T. ludeni was observed to be 3.4 + 0.02                            
days on A. tricolor. During this period significant 
changes were noticed in the shape and colour of the 
eggs ranging from transparent nature to orangish 
tinge. 
 
3.4.2 Larval period 
 
Larval period extended from the emergence of larva 
from the egg to the transformation of inactive 
quiescent stage. The larva is the smallest life stage, 
creamy white coloured, with red prominent eye spots 
and 3 pairs of legs. The larva soon after emergence 
remained motionless for around 10 minutes before it 
initiated feeding. The larva with its piercing mouth 

parts sucked the leaf sap and the feeding process was 
evident from the rotational movement of the leaf sap 
in the abdomen of the larva. A change to greenish 
yellow colour was also observed by the end of the 
active larval life. The duration recorded was 1.0 + 
0.03 day. Soon after the active life of larva ceased, it 
stopped feeding and entered into an inactive stage or 
the first quiescence. This followed moulting and 
emergence of the first nymphal stage called 
protonymph. 
 
3.4.3 Protonymphal period 
 
The first stage nymph called protonymph showed 
increased size than the larval stage and had 4 pairs of 
legs. Soon after emergence, the body was pale yellow 
with green dots on its dorsolateral region. After a few 
minutes of inactivity, the protonymph initiated 
feeding, the pattern of which was similar to that of the 
larva. The protonymphal active period lasted for 1.1 + 
0.01 days. This followed the beginning of the second 
quiescent phase and the subsequent moulting into the 
deutonymphal stage. 
 
3.4.4 Deutonymphal period 
 
The quiescent protonmphal stage culminated with the 
emergence of the last instar nymph or the 
deutonymph. Deutonymphal stage showed great 
similarity with the adult and hence marked sexual 
dimorphism could be perceived at this stage. It is 
larger in size than the protonymph and the                      
feeding activity began 10 minutes after                            
moulting was completed. The deutonymphal                    
period on A. tricolor averaged 1.5 + 0.02 days.                      
AT the end of deutonymphal active life, third 
quiescence and moulting process into the adult stage 
followed.  
 

3.5 Adult Stages 
 
Adults of T. ludeni could easily be distinguished 
owing to marked morphological differences. Males 
appeared to be lesser in number, pale yellow in 
colour, small sized and spindle shaped with tapering 
abdomen. They were found gregariously moving 
faster than the large sized females who were red 
coloured and with rounded abdomen. The males 
emerged earlier than females and were found 
guarding the female quiescent deutonymph to mate as 
soon as the deutonymph moults into the adult. The 
males had no role other than reproduction and hence 
were found to mate multiple times with different 
females.  
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Table 2. Fecundity and rate of daily egg production of T. ludeni on A. tricolor 
 

Number of eggs laid on different days of oviposition Total number of eggs laid 
1 2 3 4 5 6 7 8 9 10 
5.0+0.1 9.2+0.31 11.8+0.2 15.2+0.5 17.6+0.1 20.9+0.3 18.3+0.9 12.2+0.4 8.2+0.5 3.2+0.17 98.2 + 5.5 Mated female 
3.2+0.2 5.1+0.22 8.3+0.42 12.9+0.7 14.2+0.5 17.5+0.3 10.8+0.9 6.6+0.55 2.2+0.4 1.0+0.05 85.1 + 2.2 Unmated female  
Mean + SEM 91.65 + 3.9 

n = 35 
 

Table 3. Duration (in days) of development and longevity of T. ludeni on A. tricolor 
 

Egg Larva 1st Quiescence Proto-nymph 2nd Quiescence Deuto-nymph 3rd Quiescence Total duration Longevity 
3.4+0.02 1+0.03 0.75+0.05 1.1+0.01 1+0 1.5+0.02 1+0 9.75+0.08 11.75 + 0.7 
3.01+0.06 1.08+0.03 0.71+0.04 1.10+0.02 1+0 1.75+0.05 1+0 9.65+0.20 

Parthenogenesis  
12.75 + 0.2 
Unmated 

3.13+0.05 1.12+0.02 0.78+0.05 1.26+0.08 1+0 1.75+0.08 1+0 10.04+0.28 Sexual 11.2 + 0.01 Mated 
n = 35 
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3.6 Quiescent Periods 
 
Quiescent period is a period of zero activity in the life 
cycle of T. ludeni. The mite showed three stages of 
quiescence, one at the end of active life of each 
developing stage. Quiescence is marked by the 
appearance of a covering over the body surface which 
appeared opaque in the initial stage and later on 
turned shiny just few minutes prior to moulting. 
During this period, T. ludeni folded its third pair of 
legs under the hysterosoma and the first two pairs 
were projected forwards. A unique feature of the 
tendency of aggregation was exhibited by T. ludeni 
during all the three quiescent periods. The active 
stages prior to entering quiescence opted for a 
secluded safe site preferably near the crevices of the 
mid rib on the foliage and in the shelter of the 
webbing.  They then moved in close proximity and 
settled close to each other. As more larval and 
nymphal quiescent stages joined from different 
directions the colony of quiescent individuals 
acquired a circular shape. The durations of the 3 
quiescent stages of T. ludeni were recorded to be 0.75 
+ 0.05, 1.00 + 0 and 1.00 + 0 day respectively.  
 

3.7 Moulting 
 
Moulting is the emergence of the subsequent life stage 
from the preceding life stage with an inactive stage of 
transition or quiescence in between. Aggregation as 
observed in T. ludeni culminated with moulting. A 
split that appeared on the mid-dorsal region extended 
either side to meet mid-ventrally. The active 
movements of the forelimbs of the emerging stage 
tampered the posterior half of the mouting skin. The 
entire process took an average time of 20 minutes for 
completion. However, the anterior part of the exuviae 
remained inatact due to the backward movement of 
the mite during emergence. Scattered white exuviae 
could be seen on the leaf surface in enormous 
numbers.   
 

3.8 Mating 
 
Sexual reproduction was done by copulation where 
the males inserted its aedeagus to the vagina of the 
female by bending its hysterosoma over that of the 
female. Mating was completed in 10 minutes and 
soon after the process the males moved away in 
search of new adult females. 
 

3.9 Total Duration of Development 
 

Developmental stages followed the same pattern as in 
other Tetranychid representatives. They showed 
sexual and parthenogenetic modes of reproduction. 
The sequence of events in both kinds of reproduction 

was identical. However, parthenogenesis yielded only 
males while sexual reproduction resulted in both 
sexes in the ratio of 1-2 male:10 females. The average 
durations of development of were 9.75 + 0.08 days 
and that of parthenogenesis versus sexual 
reproduction were 10.04 + 0.28 and 9.65 + 0.20 days. 
Shorter duration of development was observed in 
parthenogenesis compared to that of sexual 
reproduction.  
 

4. DISCUSSION 
 
Though the pattern of development and sequence of 
events matched other Tetranychid mites, T. ludeni 
exhibited a unique behavior of the phenomenon called 
aggregation. This behavior throws light on the 
unmatched cohesive nature of the colony unlike other 
spider mites who prefer to enter quiescence solitarily. 
[12,3,13,14]. Tetranychid mites show a general 
preference of depositing eggs close to the midrib or 
major veins of the host leaves [15,7]. However, the 
spider mite T. ludeni had no such ovipositional site 
preference [14]. The reason for the ovipositional 
pattern of laying eggs randomly could be the tough 
nature of the silken web secreted by T. ludeni that 
provided adequate protection to the delicate eggs and 
the life stages.  
 
The pre-oviposition and oviposition periods of T. 
ludeni recorded by Puttaswamy and Channa 
Basavanna [16] on brinjal leaves were 0.98 day and 
10.85 days. This is almost in concordance with the 
present results. On the contrary, the post-oviposition 
periods reported by the authors were three times 
greater up to 2.4 days. The same authors [17,18] 
observed the pre-oviposition, oviposition and post-
oviposition periods at 19.3oC - 28.4oC and 53% - 88% 
RH as 1.54 days, 12.75 days and 3.61 days 
respectively. In the current study, the rate of 
oviposition in T. ludeni attained the highest record on 
the 6th day. However, oviposition rate reached peak 
earlier on the 4th day in T. evansi [19], later in the 7th 
day in T. urticae [20] and 9th day in T. ludeni [21]. 
Life span of mated females was found lower than that 
of unmated females. This highlighted negative 
implication of copulation on the life span of the mite 
T. ludeni. It was also influenced by the rate of daily 
fecundity [3,13]. Greater the rate of oviposition, lesser 
was the longevity of females as recorded in the 
current investigation. 
 

The process of hatching and the formation of slit 
closely resembled the pattern in T. neocaledonicus 
[14,7]. Unlike other Tetranychid mites, fluid 
expulsion from the egg was observed at the time of 
hatching in T. ludeni. Moulting and mating process of 
T. ludeni shared similarities with many other spider 
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mites as reported by several authors [11,1]. T. ludeni 
males showed great preference for unmated females 
who were more gregarious and were stationed on the 
foliage for extended periods than the mated females. 
This enhanced the chances for more copulation 
opportunities. T. ludeni copulated multiple times with 
mature females unlike many spider mites where single 
mating was recorded. A radical behaviual change 
from this normal nature was recorded in T. ludeni 
wherein the same female engaged in multiple mating 
with different males [21,12,22].  
 
The occurance of arrhenotoky has been observed in 
several tetranychid mite species [14,7]. Such dual 
reproductive tendency is a means to increase the male 
population that is otherwise always less in the field. 
The sequence of processes however matches in the 
two kind of mechanisms. All the progeny were found 
to be males in the case of parthenogenetic 
development while in the sexual reproduction both 
males and females were produced with a sex ratio of 2 
males:10 females. The total durations of development 
of T. ludeni as recorded by Mallik and 
ChannaBasavanna, 1983 (22.2 days) seemed contrary 
while that observed by Singh et al., [23] (10.16 days) 
seemed to coincide with the present findings of T. 
ludeni on A. tricolor. 
 
A significant observation on the unique pattern of 
aggregation was noted in T. ludeni. This throws light 
on the ontogeny of T. ludeni since it was repeatedly 
observed at the onset of every quiescent period 
[24,21,14]. In-depth investigation in anticipated for 
future research on these lines to have a better 
understanding of their behavioual pattern under the 
influence of pheromones.  
 

5. CONCLUSION 
 

Biological studies of T. ludeni on A. tricolor clearly 
reflects on the potential of the mite to rise to the status 
of major pest. The spider mite completed on an 
average 3-4 generations in the laboratory conditions 
as well as in the field and build their population well 
above the threshold level in no time. The deleterious 
damage caused to the plant is visible to naked eye 
only at a very later stage of infestation, which is yet 
another reason for the serious economic loss to 
growers. Hence control of such harmful pests is the 
need of the hour particularly for a state like Kerala 
where agriculture is the major source of income for 
the majority. A cognitive aspect that elucidated from 
the present study was the occurrence of the mite on a 
rich leafy vegetable crop A. tricolor as a new host 
record to the existing list of hosts of T. ludeni. Further 
exploration of the possibility of new host arenas 
should be necessitated so as to protect the agricultural 

wealth of our state from being exploited by these 
dreadful pests.  
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The feminisation of youth: Rahman’s stardom in Malayalam 
cinema of the 1980s
Aparna Nandakumar

Department of English, Providence Women’s College, Kozhikode, India

ABSTRACT
Anchored on the figure of the young Malayalam film actor Rahman 
and his mercurial rise to popularity in the 1980s, this paper argues 
that ‘youth’ bears within itself the desire to transcend the gender 
barrier and fashion a shared sensibility and subjectivity that reaches 
its peak in the neoliberal moment, thus signifying a new metrosex-
ual, even androgynous, subject who is able to speak for the aspiring 
global citizens of the region. Rahman signifies a break in the tradi-
tional, hegemonic imagination of South Indian masculinity that is 
rooted in the region, and instead stands for the new configuration 
of cosmopolitan youth that emerged in the 1970s and 1980s as 
a result of the migration to the Persian Gulf and the inflow of money 
and consumer goods from there – a category of youth whose self- 
fashioning was inflected in a significant way by their consumption 
practices. Certain representational techniques also resulted in 
a queering or androgyny of the youthful figure that he personified, 
suggesting the liminality of gendered identity in youth. Apart from 
textual analyses of a selection of his films, I also draw on popular 
reportage around his stardom in the form of news reports and 
gossip columns published in the leading Malayalam film weekly, 
Naana, in the 1980s. While the former helps to outline the repre-
sentational function of Rahman’s body in film narratives, the latter 
supplements this with data on how the ways in which his figure was 
imagined and received, both within the industry and among fans, 
contributes to fashioning a new youth subjectivity.

KEYWORDS 
Youth; gender; stardom; 
Rahman; Malayalam cinema; 
neoliberalism; Gulf migration

Introduction

The interconnections between the concept of youth and the socially/culturally con-
structed category of gender are complex ones. On the one hand, ‘youth’ has been 
invisibly – and sometimes quite visibly – marked as masculine in its invocations, 
particularly in relation to its rebellious or revolutionary nature. This can be seen in 
the early Birmingham school’s work on youth subcultures, and is highlighted by 
feminist scholars like Angela McRobbie who had to insist that such subcultural 
study open itself up to the experiences of young women as well. On the other hand, 
‘youth’ has always faced a certain degree of feminisation due to being contrasted with 
a mature iteration of masculinity and characterised as vulnerable as much to ‘social 

CONTACT Aparna Nandakumar aparna.nandakumaran@gmail.com Department of English, Providence Women’s 
College, Kozhikode, Kerala 673009, India

SOUTH ASIAN POPULAR CULTURE                    
https://doi.org/10.1080/14746689.2021.1965318

© 2021 Informa UK Limited, trading as Taylor & Francis Group

http://www.tandfonline.com
https://crossmark.crossref.org/dialog/?doi=10.1080/14746689.2021.1965318&domain=pdf&date_stamp=2021-08-11


evils’ such as drinking, drug abuse, and gang activities, as to physical and emotional 
violence. In the mid- to late-20th century, this gendered mapping of youth was firmly 
along the axes of the masculine/feminine binary as it existed in society, with mascu-
linity being a more desirable characteristic, and femininity something to be disavowed 
or left behind. This relation to gender identity was held to be true for both men and 
women.

However, in recent years, especially in the neoliberal era, we can see a heightened 
visibility of feminised figures in popular media – from the growing influence of young 
women in all fields, to the androgynous, ‘metrosexual’ fashions and hairstyles gaining 
popularity with men, reaching its epitome in K-Pop idol groups like BTS. Even LGBTQ+ 
movements have become, not just more visible, but more acceptable for mainstream 
society, especially in the visual realm of films, television dramas, and popular media 
reportage, a fitting example being the global popularity of the East Asian genre of Boys’ 
Love television dramas. This is of course in sharp contrast to the various ways in which 
women, gay people, and trans people still continue to undergo discrimination and 
persecution in society. How do we make sense of this ‘feminisation’ of youth? The 
French activist group Tiqqun had identified the figure of the ‘Young Girl’ as an agent 
of neoliberalism and consumer culture. To Tiqqun, the Young-Girl is not a gendered 
concept but ‘simply the model citizen as redefined by consumer society since World War 
I, in explicit response to revolutionary menace . . . a polar figure, orienting, rather than 
dominating, outcomes’ (Tiqqun 15).

On the other hand, the trans scholar Andrea Long Chu reconceptualises ‘femaleness’ 
in relation to desire with the help of psychoanalytic theory thus: ‘Femaleness is 
a universal sex defined by self-negation, against which all politics, even feminist 
politics, rebels. Put more simply, everyone is female and everyone hates it’ (Chu 14). 
Thus, ‘female’ in Chu’s conceptualisation can refer to men or women. Regardless of 
either biologically assigned or identified gender, ‘female’ refers to ‘any psychic opera-
tion in which the self is sacrificed to make room for the desires of another’ (Chu 14). 
One feature common to both Tiqqun’s and Chu’s conceptualisation is the insistent 
clarification that neither the attractive figuration of the ‘Young-Girl’ in contemporary 
visual media and consumer culture, nor the psychic dimension of the ‘female’, is to be 
identified with the empirical category of women actually existing in society. Rather, it is 
purely a discursive category – as Tiqqun describes it, ‘Hypostasized Youth and 
Femininity, abstracted and recoded into Youthitude and Femininitude’ (Tiqqun 16) – 
which, so long as it performs its regulatory function for neoliberalism, may be found in 
actual social actors who are neither empirically young nor female such as the Pope. 
Combining these two theorisations, one might venture to argue that the increasing 
visibility and cultural power of the figure of feminised youth indicates the psychic 
evacuation of desire in consumers at the same time that neoliberalism presents not just 
its consumer products but its entire economic, moral, and psychic framework as the 
ideal objects of desire. In this paper, I wish to look in detail at one particular moment 
in this movement towards the feminisation of youth – the moment where neoliberal 
processes begin to make their presence felt in regions like India, even before the 
economy was formally opened up to the forces of globalisation and liberalisation – 
with special reference to a youthful figure that emerged in the popular cinema of 
Kerala.

2 A. NANDAKUMAR



Youth in Malayalam cinema: A brief history

Young people were represented in popular Malayalam cinema from the beginning, but 
the characteristics we identify with ‘youthfulness’ developed very slowly. It is not that 
‘youth’ was invented in the 1980s. Early Malayalam cinema saw youth incarnated as the 
prodigal young Nair man portrayed by Sathyan in Mudiyanaya Puthran (The Prodigal 
Son, dir. Ramu Karyat, 1961), the dapper, urbane youth of Prem Nazir attired in crisp 
shirts and trousers or bell-bottoms, and the almost excessive masculinity of the action 
hero Jayan. However, there is a significant difference between the presence of young 
people in diegetic spaces and the representative role allocated to them. While studying 
Malayalam films of the 1950s like Neelakkuyil (The Blue Cuckoo, dir. P. Bhaskaran and 
Ramu Karyat, 1954), Newspaper Boy (dir. P. Ramdas 1955), and Rarichan Enna Powran 
(dir. P. Bhaskaran, 1956), Jenson Joseph points out the rhetorical devices employed by 
the Leftist films of the 1950s which depicted Dalit or subaltern characters as women, 
children, and the aged in an attempt to make the reformative project of these films 
more palatable to the middle-class spectator, and to contain the rebellious potential 
that would have arisen if these characters were mature adults (Joseph, 107–108; 124). 
Joseph makes this point with reference to the conventional representational strategies 
that assign social agency only to mature men (Joseph, 108). From this discussion, we 
can infer the relative invisibility of youth as agential subjects in Malayalam films of the 
1950s and 1960s.

The late 1970s and 1980s arguably marked the time when young people and the 
experience of youth itself emerged visibly as central to narratives in popular Malayalam 
cinema. Several different youthful figures emerged in the representational spaces of 
Malayalam cinema, ranging from the introspective and introverted protagonists por-
trayed by Venu Nagavally, to the vulnerable, upper-caste youth portrayed by Vineeth, to 
the disturbed angry young man played by Ashokan, to the short-lived disco-dancing 
sensation caused by Raveendran, to the dashing westernised youth portrayed by Rahman. 
This was also the time when young women’s lives also proliferated the screens, portrayed 
by actors like Shobha and Jalaja in the late 1970s, and Nadia Moidu, Karthika, Shobana, 
Lizzie, and many others in the 1980s. Young people were also enthralled by the martial 
arts films starring Babu Antony in the 1990s, and the ‘alien’ sensibility of his tall, 
muscular frame, long hair and beard, and the ensembles of jeans, jackets, shoes, and 
sleeveless T-shirts that were most associated with his figure. An important, new config-
uration of youthfulness emerges in the comedy films or ‘laughter-films’ (Rowena) of the 
1980s and early 1990s, in which a new category of hitherto unrepresented, ‘non-elite’ or 
subaltern masculine figures (mostly composed of unemployed young men) elaborate 
their struggles and fashion their selves, in the context of the advent of globalization 
brought on in large part by the migration of large sections of socially disadvantaged men 
to the Persian Gulf. In the late 1990s and early 2000s, Kunchacko Boban emerged as 
a ‘chocolate hero’, sporting the traditional moustache but attired mostly in Western 
casual wear and marking out a space for himself through energetic dance scenes. Apart 
from all these, Malayali youth have also at various times been influenced by youth icons 
from the Tamil film industry, including Kamal Hassan in the 1970s, Rajnikanth from the 
1980s onwards, Prabhudeva in the 1990s, and Dhanush in the 2000s. From the 2010s, 
youth has again come to occupy centre-stage in Malayalam cinema with the advent of 
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a range of films helmed by young directors and scriptwriters, starring young actors, and 
elaborating various aspects of youthful existence in contemporary times.

What is significant in this brief historicisation, however, is a certain shift in imagining 
youth with the advent of consumerism in the 1970s and 1980s through the cultural and 
economic transactions with the Persian Gulf and, later, exposure to neoliberal economic 
and social conditions through the opening up of the Indian economy from the 1990s 
onwards. This paper aims to trace the significance of this shift, characterised by what 
I will call the feminisation of youth, by studying the figure of the young actor Rahman.

Youthfulness as androgyny: Rahman’s alternative masculinity

To understand a defining moment in the reconfiguration of youthfulness in Malayalam 
cinema, I will focus on Rahman, a young actor who entered the Malayalam film industry 
in the early 1980s, at a time when Mammootty and Mohanlal were in the process of 
emerging as stars. Born Rashin Rahman in Abu Dhabi and educated at a boarding school 
in Ooty, this slightly built teenager entered Malayalam cinema at the age of sixteen and 
assayed a variety of roles representing various aspects of youth, beginning from his debut 
at the age of 16 in Koodevide (Where is the Nest? dir. Padmarajan, 1983). The youthful 
roles he played ranged from the vulnerable romantic to the hardened juvenile delinquent, 
from a wayward Naxalite to a disco-dancing sensation. His popularity is also attested by 
the amount of space devoted by film magazines to images of him, and news and gossip 
about him. He was one of the most popular male lead stars of the time, not merely for 
youth but also for ‘family audiences’, but his popularity started waning by the end of the 
decade. He took a hiatus from the industry and spent most of the 1990s working in Tamil. 
He was able to make intermittent comebacks as an action hero in the mid-1990s and 
2000s in Mazhavilkoodaram (dir. Siddhique Shamir, 1995), King Solomon (dir. Balu 
Kiriyath, 1996), and Abraham and Lincoln (dir. Pramod Pappan, 2007). He acted as 
a ‘side hero’ alongside Mammootty in Black (dir. Ranjith, 2004) and Rajamanickam (dir. 
Anwar Rasheed, 2005), and regained some of his popularity in the 2010s with his 
performance in films like Traffic (dir. Rajesh Pillai, 2011, Bachelor Party (dir. Amal 
Neerad, 2012) and Mumbai Police (dir. Rosshan Andrrews, 2013), all of which featured 
ensemble casts, but he was never able to regain the star position he occupied in the 1980s.

In this paper, I focus on the significance of the youthful figure of Rahman’s star 
persona in the 1980s. I try to sketch out the specificity of Rahman as a youth icon, and 
identify certain important strands in the evolution of a youthful subjectivity. Through 
a study of some of Rahman’s films, while drawing equally on popular film reportage, 
gossip columns, etc., I analyse how he signifies an alternative, cosmopolitan masculinity 
opposed to the rooted masculinity of regional heroes, and how his figure serves to infuse 
an element of androgyny into the imagination of youthfulness.

The term ‘hegemonic masculinity’ has been used to refer to a ‘culturally idealised form 
[which] is both personal and a collective project, and is the common sense about 
breadwinning and manhood. [I]t is exclusive, anxiety-provoking, internally and hier-
archically differentiated, brutal and violent. It is pseudo-natural, tough, contradictory, 
crisis-prone, rich and socially sustained’ (Donaldson, 645). However, it would be disin-
genuous to confuse hegemonic masculinity with an excess of masculinity. Studies of 
lower-class masculinities in the developing world have shown that an excessive positivity 
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of the body actually prevents a total identification with the figure of the ideal citizen, 
which is ‘disincorporated’ (Dhareshwar and Srivatsan 1996). ‘Youth’ is positioned in 
between these two configurations of masculinity: while remaining disincorporated, it is 
however differently imagined than the hegemonic or ‘adult’ masculinity of a region, 
which is rooted in the region. It is by placing Rahman’s figure in this conceptual frame-
work that I attempt to explore the contours of an alien, rootless figure of youth that fits 
the ideal of the cosmopolitan consumer.

With his unusually tall and lanky frame, wavy hair, clean-shaven youthful looks sans 
the emblematic Malayali moustache, his Western outfits, and the disco-dancing 
sequences he frequently performed in his films, Rahman stood to signify a new paradigm 
shift in the visual representation of youth in Malayalam cinema. His Gulf background 
also arguably invested him with a certain exotic otherness, producing him as a new 
symbol, a new signifier for the elaboration of which new meanings and new narratives 
had to be found. Rahman’s figure emerges as quintessentially cosmopolitan, but unlike 
the rooted, interiorised cosmopolitanism of literary heroes like Madhavan from 
O. Chandumenon’s novel Indulekha in the late colonial period, or in the existential 
protagonists of Malayalam literature in the sixties and seventies, Rahman’s is 
a cosmopolitanism based almost entirely on the visible consumption of material goods 
such as sunglasses, motorcycles, and Western casual wear, and of an indulgence in an 
urban lifestyle that includes listening to or playing Western music, playing tennis, etc. 
These lifestyle signifiers are of course marked by class position, even while they are more 
than mere reflectors of class. The proliferation of such material goods and cultural 
products can be traced back to the effects of the Gulf migration in the region that resulted 
in the flow of cash into the economy, the availability of foreign cultural products and 
consumer goods, and a subculture of shared consumption, especially among young men 
(C. Osella and F. Osella).

Though a large part of Rahman’s oeuvre from the 1980s consists of supporting roles 
(playing a younger brother or a subordinate) to Mammootty and Mohanlal, the number 
of pages dedicated to him in popular film magazines like Naana affirm that he was a star 
in his own right. Many of the films in which Rahman acted included romantic ‘tracks’ 
that featured Rahman singing, dancing and romancing away with young actresses of the 
time like Rohini and Shobhana, with whom he was often paired in gossip. It is interesting 
that many of these ‘tracks’ appeared in family melodramas, indicating the attractiveness 
that Rahman’s screen persona posed for the ‘family’ audience. Apart from the obvious 
allure of the star as a sex symbol for young men and women, this is also suggestive of the 
fact that the youth figure that Rahman epitomised finds its place within the affective, 
emotional realm of the family.

Pleasure and enthusiasm in the youthful body

In addition to gracing the cover page of the film magazine Naana, dressed in a glittering 
colourful costume with his co-star Rohini in a still from a disco-dancing sequence, 
Rahman was even featured in one of its glossy centre-spreads, which usually only 
featured glamorous actresses like Silk Smitha at the time. In this centre-spread, we can 
see a trouser-less Rahman coyly pulling down his long shirt while smiling at the camera. 
This kind of a sexual objectification of a male star was rarely seen in Malayalam film 
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magazines of that time. The centre-spread of Naana was usually a space for the male gaze 
to indulge its fantasies. Positioning Rahman within this space accomplishes a certain 
reconfiguration of his figure, stripping him (at least temporarily) of his assigned mascu-
line role as ‘bearer of the look’ (Mulvey, 12) and instead making him an object of the gaze 
and thus the site where visual pleasure is generated. Taking the cover image and the 
centre-spread together, we get a complex picture of Rahman’s appeal both as a dashing 
heterosexual romantic hero and as a sexualised, even feminised, object of desire. This 
androgynous representation leads to a peculiar queering of the youthful hero-figure he 
portrayed.

Such an elaboration of Rahman’s body can also be seen in the film Kaanamarayathu 
(Out of Sight, Dir. I.V. Sasi, 1984) in which he assayed the supporting role of Baby, 
a young urban man who falls in love with the heroine Sherly (Shobhana) but who is 
rejected in favour of the hero, played by Mammootty. The song ‘oru madhurakkinavin 
lahariyil’ (‘intoxicated by a sweet dream’), noted for the rapid percussion in the music 
composed by Shyam, and picturized on Rahman and Shobhana, was one of the highlights 
of the film. It gained great popularity with the youth and was even remixed to feature 
Prithviraj in the 2011 film Tejabhai and Family. Interestingly enough, even though 
Rahman’s character remains overshadowed by Mammootty in the film’s narrative, the 
song video, which is a visualization of Baby’s daydreams, brings the imaginary romance 
between Sherly and Baby to the fore. Even more interestingly, the scenes of Shobhana and 
Rahman frolicking in a park and the rain are interspersed with scenes of Rahman joyfully 
singing in his bedroom. As the video progresses, Rahman takes off his shoes, his t-shirt, 
and his pants, and ends up singing and dancing in the shower. The elaborate shots of 
Rahman in the shower are particularly noteworthy as they draw on a long tradition in 
Indian cinema of depicting young women singing and dancing in the shower, in the rain, 
or under waterfalls. Taking this sequence, along with the aforementioned centre-spread 
of Nana in which Rahman poses in a long shirt with no pants, we can see the complex 
inscriptions of gender and sexuality onto Rahman’s body.

That Rahman was a youth sensation with a particular appeal for young women was 
well documented in popular film journalism of the time. A laudatory article in Naana 
titled ‘Rahman abhinayam padichu’ (Rahman has learnt to act) says, ‘He became the thrill 
of the youth, especially of women. Wherever Rahman went, female students and career 
women would surround him, forgetting everything else’ (Nana 15 [2], 14). Rahman’s 
glamour and sex appeal is subtly alluded to in the film Gayathridevi Ente Amma. His 
character Appu, while visiting a friend (Rohini) in a women’s college in Bangalore, is told 
by her that her friends kept enquiring about him. ‘They all say you look like Amitabh’, 
she teases, drawing the viewer’s attention to a comparison between Rahman and the 
superstar of Hindi cinema, Amitabh Bachchan. The comparison, possibly arising because 
of a similarity in physique – both are tall, gangly, with similar haircuts and clean-shaven 
faces – serves to underline the fact that Rahman’s body was able to symbolise the 
cosmopolitan youth represented in Hindi cinema by Amitabh Bachchan.

However, this comparison does not fully succeed in equating Rahman’s youthful 
masculinity with the gruff masculinity of Bachchan who was by then famous as the 
‘angry young man’ of Hindi cinema. An article in Naana titled ‘Rahmanum aaradhika-
marum’ (‘Rahman and his female fans’) recounts an instance when Rahman visited 
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St. Teresa’s College, Ernakulam – a women’s college in an urban location which was 
famous/notorious in popular imagination for its image of modern, outgoing women:

When Rahman reached the college compound, the girls forgot themselves in their joy. They 
came running towards their dream boy. They encircled Rahman, who had stepped out of the 
car. Rahman tried to escape from their midst. Finally, Rahman disappeared into the crowd 
of girls.

Suddenly, the associate director Madhu Vaippil and the producer Rajan Prakash arrived to 
free Rahman from the girls. At that time, one could see red paint [lipstick] smeared all over 
Rahman’s body. He kept rubbing his lips and cheek with his right hand. After getting back 
into the car, Rahman said: ‘My God! I didn’t expect this. What a strong grip!’ (Naana 13 
[12], 28)

This anecdote serves two purposes. On a surface level, it shows the extent of Rahman’s 
popularity among young women. However, on a deeper level, there is a subtle note of 
mockery that invites us to observe how Rahman is unable to be in control of the situation. 
Being rendered helpless by a mob of girls and having to be ‘rescued’ from them is 
suggested to be an indignity to his masculinity.

Of course, these anecdotes cannot be taken as indications that Rahman’s fan base was 
an exclusively female one. Rahman’s body is not fetishised in ‘oru madhurakkinavin’ by 
being subjected to a lingering gaze as the action star Jayan’s muscular body is fetishized in 
the famous scene from Sharapanjaram (dir. Hariharan, 1979) in which the heroine’s gaze 
allows the viewer to linger on Jayan’s physique. Thus, without disavowing the sexual 
desirability of Rahman’s body to viewers of both sexes, we need to also ask what sexual 
desirability itself might be a signifier for – perhaps, the vitality and energy of youth. This 
speculation gains weight when we consider the fact that many of the ‘dance steps’ in ‘oru 
madhurakkinavin’ and several other song sequences in which Rahman acted were, 
technically speaking, not part of any dance form. What comes through in these sequences 
is not the image of a singer or dancer (though Rahman portrayed both in several films) 
but the vibrancy of youth itself, portrayed through energetic movements to tunes 
characterised mainly by rapid percussion.

Indeed, it is interesting to note that Rahman acted as a singer and/or dancer in several 
films. ‘Oru madhurakkinavin’ was only the first of several song videos which consolidated 
Rahman’s stardom as a dancer. Rahman and Rohini, an actress with whom he was often 
paired onscreen and in gossip columns alike, sizzled in songs like ‘D.I.S.C.O’ from Ee 
Thanalil Ithiri Neram (Awhile in this Shade, dir. P.G. Vishwambaran, 1985), a scene from 
which was used on the cover of Nana (Image 1). He is shown in Kaliyil Alpam Kaaryam 
watching a music concert on television, and later dancing feverishly in a club. Rahman 
even appears in a minuscule cameo in Aayiram Kannukal (A Thousand Eyes, dir. Joshiy, 
1986) as a singer/dancer performing an English song ‘Dreams can come true’, high-
lighting the heroine’s ability to foresee murders in her dreams. Rahman’s disco-dancing 
sequences also invite comparisons to Rishi Kapoor and Mithun Chakraborty, who 
epitomised the disco age in Hindi cinema.1 The repeated portrayal of Rahman as 
a singer or dancer conflates youthfulness with singing (Western music) and dancing 
(disco and similar styles). One reason for this is perhaps the fact that the youth 
subcultures that arose in many Western, industrial societies in the post-second world 
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war era were based on musical genres like jazz, rock and roll, rock music, etc., and 
therefore singing and/or dancing serve as shorthand signifiers of youthful enthusiasm.

The vulnerable masculinity of youth

Gossip columns about Rahman also abounded, from criticising him for arrogance to 
rumours about affairs with actresses like Rohini to even the bizarre speculation that he was 
turning into a woman and was undergoing cosmetic breast surgery. Let us take the last 
instance first. Naana 13 (17) reported the rumour that Rahman had been called back home 
to Abu Dhabi by his parents and that he was kept under house arrest (‘Rahman veettu 
thadangalil’ [‘Rahman under house arrest’]) because his family got to know about his 
alleged affair with Rohini, an actress who co-starred with him in several movies. This story 
was given in a 2-page spread (4–5), and each page includes an inset. On page 4, below the 
main story, there is an image of Rohini sitting in a thoughtful pose beside a river, with the 
caption ‘Rohini, waiting for Rahman’ (‘Rahmaneyum kaathu Rohini’). On page 5, there is 
a different story marked ‘Latest news’, titled ‘An operation for Rahman?’ (‘Rahmanu 
Operation?’), which contradicts the earlier story by saying that Rahman was actually called 
back to Abu Dhabi for a surgery that would reduce the size of his breasts:

Rahman returned to Abu Dhabi in a hurry because his chest was growing like a woman’s, 
and he needed to correct it surgically. Now, his surgery has concluded comfortably.

When a famous Malayalam director asked him to pose shirtless in front of the camera, 
Rahman showed reluctance. Following this, Rahman himself told the director about his 
breast development with some embarrassment. (5)

A subsequent issue, Naana 13 (20), featured an interview with Rahman, again in a two- 
page spread, titled ‘I have not become a woman: Rahman’ (‘Njan pennayittilla: Rahman’), 
in which Rahman is reported as having denied both rumours – that of being in 
a relationship with Rohini, and that of ‘turning into a woman’.

Apart from the bizarre and salacious nature of these articles, there are two features of 
interest here. The most striking is of course the space devoted to discussions around the 
actor’s alleged breast development. Like placing Rahman in the centre-spread, this is also 
a way in which his figure is feminised – but this time, in a more directly physical manner. 
If the former was a means of subtly positioning him as an object of the (male) gaze, the 
latter is a much more direct assault on his ‘maleness’. The second feature of interest is the 
seemingly contradictory nature of the stories: on the one hand, Rahman’s femininity is 
emphasised while on the other hand, his heterosexuality (an important component of 
hegemonic masculinity) is reaffirmed when he is rumoured to be in a relationship with an 
actress. But even in that narrative, the notion of being ‘under house arrest’ effects a kind 
of feminizing; culturally, ‘house arrest’ in a romantic context is a notion associated more 
with young women than with men, as it signifies a helplessness and dependence on the 
family that is more generally understood as a part of the female experience. There is 
a definite pleasure that the magazine – and presumably a certain section of its reader-
ship – takes in feminising Rahman. There may be industry-related reasons for that; 
however, that does not deny the discursive reconfiguration of the young male actor’s 
body as strikingly lacking in ‘male-ness’.
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In the course of this analysis of the actor’s masculinity, it is pertinent to note that many 
of the roles that Rahman acted in serve as foils to the main hero, usually played by either 
Mohanlal or Mammootty, and thus serve to foreground the rooted, hegemonic mascu-
linity associated with these stars. In Kaliyil Alpam Kaaryam (Something Serious, 
Something Light, dir. Sathyan Anthikkad, 1984), Rahman appears in a small role as the 
younger brother of the hero (played by Mohanlal), a teenager who is depicted as 
constantly engaged in ‘Westernised’ activities like playing badminton and dancing in 
clubs. This role is meant to highlight by opposition the Gandhian reserve of the hero’s 
character. In Kariyilakkattu Pole (Like Dry Leaves Borne in the Wind, Padmarajan, 1986), 
he plays Anil, again the younger brother of the hero (again played by Mohanlal) but this 
time, he is also the actual perpetrator of the murder that his police officer brother is 
investigating unsuccessfully. The movie ends with Anil’s suicide and his brother burning 
his confession note, his belief in his own integrity shaken by Anil’s revelation. In Ivide 
Thudangunnu (It Starts Here, dir. J. Sasikumar, 1984), he plays a young man who is 
beaten up on his honeymoon while his wife is raped, and is avenged by the wife’s brother, 
played by Mohanlal. In Thammil Thammil (Between Us, dir. Sajan, 1985), a movie 
starring Mammootty, his character is married to the hero’s sister (Shobhana), and 
experiences a fatal kidney failure; Mammootty’s character donates his kidney but himself 
succumbs and dies at the end of the film as a result of his sacrifice.

Rahman’s vulnerable, boyish characters in these films were not merely a means to 
highlight by opposition the masculinity and maturity of the heroes; we can also read in 
them a sense of preciousness that arises precisely because of their vulnerability – just as 
the preciousness of youth as a life-stage is closely related to its ephemerality and 
transience. The films themselves were extremely melodramatic, many of them being 
part of the genre of family-oriented melodramas that were popular in the 1980s. These 
films vouch for the attraction that youthfulness poses for the middle-class ‘family’, 
a euphemism usually used to refer to a feminine subjectivity.

Youth and anger

Another aspect of Rahman’s persona that I wish to pursue here is the portrayal of 
delinquency, teenage anger and rage in his films. His first film, Koodevide, shows him 
as Ravi Puthooran, a rich brat, an enfant terrible who is reformed by the love of his 
teacher Alice (Suhasini). In Charithram (History, dir. G.S. Vijayan, 1989) and Sunil 
Vayassu 20 (Sunil Age 20, dir. KS Sethumadhavan, 1986), he acts as a drug-abusing 
juvenile delinquent. Many of his characters are clearly isolated from their families, mostly 
upper-class, and this leads to his character’s delinquency in much the same way as we see 
upper- or middle-class teenagers turning into delinquents in Hollywood films like Rebel 
without a Cause (dir. Nicholas Ray, 1955). The sociological studies of delinquent youth in 
the mid-20th century in Europe and America ‘regarded youth rebellion as representative 
of a general alienation from hegemonic culture rather than as the product of particular 
political desires’ (Gair, 31–32). This sense of alienation is what produced moral panic 
related to youth in most societies. However, we do not see that kind of moral panic being 
generated in relation to the figure of Rahman in the popular film commentary of that 
time, even though he represented the desires of a new generation of young people who 
were increasingly alienated from the hegemonic values and lifestyle of the traditional 
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culture of the region and starting to immerse themselves in a cosmopolitan consumer 
culture. Part of the reason might be that the potential for moral panic is contained and 
rendered non-threatening or even exotic by the subtle representations of the actor’s 
immaturity, his non-conformation to hegemonic masculinity in the region, and the 
constant reminders of his alienness from the region. However, the non-threatening 
nature of this figure also owes much to the general acceptance that consumer culture 
had started to gain in the region, mainly due to the inflow of consumer goods from the 
Gulf countries in the 1970s and 1980s.

This kind of teenage anger is given a completely different outlet in Ithiri Poove 
Chuvanna Poove (Tiny Flower, Red Flower, dir. Bharathan, 1984), in which the constant 
conflict with his strict elder brother Balagopal (Mammootty), a policeman, drives Unni 
(Rahman) away from his family and into a Naxalite group. Unni is seen reading books by 
Mao Tse Tung and Che Guevara, and painting a poster of Che Guevara. He and his 
friends are also shown dressed in Western wear (jeans, T-shirts, jackets, shoes) while 
participating in marches, breaking out a comrade from police custody, and making 
exhortative speeches in front of groups of working-class men, who are portrayed as 
dark, thin, and shirtless. Though it is Balagopal whose word is law in the family, we can 
see that the aged father (Madhu), the mother who loses her mental balance (K.R. Vijaya) 
and the younger sister (Shobhana) are all sympathetic towards Unni. This shows the 
ambiguous attitude of middle-class Malayali society towards the figure of the Naxalite 
revolutionary, an object of mingled fear and desire. On the one hand, the Naxalite figure 
is tamed and his violent disruptive energies contained by depicting him as a wayward 
teen. On the other hand, the aged parents’ and sister’s sympathy also locates him firmly 
within an affective realm which challenges the linear, rational ethics of the law, signified 
by Balagopal. Interestingly enough, Balagopal too leaves the domain of law behind 
temporarily and enters this affective terrain through an indulgence in his grief for causing 
his brother’s death – a trope quite similar to that seen in Koodevide, in which Captain 
Thomas (again played by Mammootty) is reclaimed by the narrative after he kills the 
schoolboy Ravi Puthooran (Rahman) out of sexual jealousy, through an indulgence in 
Thomas’s guilt and pain. The sacrifice of youth seems to lead to a peculiar kind of 
catharsis for adults. Similarly, the sacrifice of Unni’s mother, who gets accidentally 
gunned down in a shootout between policemen and Naxalites, becomes a trope whereby 
the conflict between the legal mechanism and popular rebellion – narrativised here as the 
conflict between the mature adult man and the youth – is resolved in the affective realm.

A bizarre scene in Ithiri Poove Chuvanna Poove also demonstrates the feminisation of 
youth through the figure of Rahman. Unni and his friends, as part of their awareness- 
building activities, perform a street play satirising the cruelties of feudal landlords. Unni 
appears in this scene in drag, as a demure, sari-clad peasant woman whom the landlord 
attempts to rape in a long-drawn-out song sequence. The lascivious landlord manages to 
divest the ‘woman’ of her sari, leaving her in her blouse and petticoat. Suddenly, Unni 
folds up his petticoat skirts like a mundu, throws away his long-haired wig, and starts 
beating up the landlord. The other characters of the play join in. When the crowd breaks 
apart, the landlord is transfigured into an effigy. Unni takes off his blouse, throws it on 
the effigy, and stamps on it. The scene ends with the players burning the landlord’s effigy. 
While the other moustache- and beard-sporting young men are dressed either in various 
costumes or in jeans and shirts, the clean-shaven Unni is chosen to be depicted as the 
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only woman character in the play – that too, a vulnerable peasant woman character. This 
is the kind of gender-bending role that is usually assigned to minor characters, or comic 
characters who traverse the narrative in the shadow of the hero, not for the male 
protagonist. Though this scene is a comic interlude in an otherwise serious narrative, it 
is significant that this scene feminises Unni, distancing him from the rest of the young 
male revolutionaries, and marks him out as vulnerable. On the contrary, Ravi is por-
trayed as perfectly aware of his choices and their consequences, exploiting Unni’s family 
members’ emotions for the sake of his movement, even while he experiences some degree 
of resultant guilt.

Thus, the film attempts to resolve the contradiction between two different versions of 
masculinity – the benevolent-patriarchal, hegemonic masculinity of Balagopal and the 
dangerous, explosive, youthful masculinity of Ravi and the other revolutionaries – by 
introducing a third one: the vulnerable youthful figure of Unni, who is positioned in 
between these two extremes of the ideal citizen and the rebel, and needs protection from 
both in the form of maternal affection. Unni’s figure serves us rebellion on a contained 
and socially acceptable scale, thus helping to disavow the temptation of an actual social 
revolution.

Youth and modernity

One of the most interesting films that Rahman acted in was Pappan Priyappetta Pappan 
(Pappan Dear Pappan, dir. Sathyan Anthikkad, 1986), which literally infuses youthful-
ness into different non-youthful bodies, giving rise to several occasions of playfulness and 
merriment. In this film, Rahman plays Padmakumar alias Pappan, a young man who was 
killed on the eve of his wedding, but who negotiates with Kaalan, the god of death 
(portrayed by Thilakan) for a week’s time back on earth to trace his killers. Since his own 
body has been hidden away by the murderers, Pappan is forced to inhabit the bodies of 
other recently deceased men while investigating his own murder. This leads to hilarious 
scenes like an eighty-year-old man, also named Pappan (Bahadur), humming a few bars 
from Boney M’s hit disco single ‘Ra Ra Rasputin’ and swearing in English after being 
possessed by the hero’s spirit. After the first two bodies prove unsatisfactory, he is given 
the body of a recently deceased police officer, Circle Inspector Devadas (Mohanlal) and it 
is in Mohanlal’s persona that the rest of the investigation is carried out and the murderers 
are finally served their just desserts. This is a highly playful move, in which the star 
charisma of both Mohanlal and Rahman are fused. Mohanlal’s character, a macho police 
officer, devoted to his wife and child, accidentally shaves off his trademark moustache 
after his body is inhabited by Pappan, and he is also shown carousing with several women 
in a song sequence. Devadas is portrayed as a man of morality and integrity, a stickler for 
rules and regulations, and the film delights audiences with the spectacle of Mohanlal 
slowly loosening up, discarding his khaki uniform for jeans and sunglasses, and encoura-
ging arrested cabaret dancers to showcase their dancing skills inside the police station. 
On the other hand, it is the physical and moral strength of Mohanlal’s star charisma that 
allows Pappan to discover and rout his enemies. Here, we can see that the presence of 
Mohanlal as the rooted, mature, Malayali hero emphasizes in contrast the fleeting, 
vulnerable ephemerality that Rahman’s youthfulness represented. But we can also see 
these two different kinds of stardom supplementing each other.
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The shaving of Devadas’s moustache is also an important point to be considered. 
Traditionally speaking, the moustache is supposed to be the symbol of Malayali mascu-
linity, one that has been associated with male protagonists and of course antagonists from 
the early days of Malayalam cinema (as indeed seems to be the case in South Indian 
cinema generally). It is one of the symbols of rootedness in the regional or linguistic 
community., which is integral to the fashioning of the South Indian male star. According 
to M. Madhava Prasad, ‘The [South Indian male] star is taken to represent the linguistic 
community for whom his films were made’ (Prasad, 41). Scholars of South Indian cinema 
like S.V. Srinivas have also emphasised the historical importance of ‘nativity’ for these 
films – a concept that has varied meanings ranging from local colour to ‘a hold-all 
category for the attempt by the south Indian film industries to create a diegetic space that 
is at once distinct from and related to the (Indian) “national” one’ (Srinivas, 35). Stars like 
Mammootty and Mohanlal have shaven off their moustache for certain roles, especially 
in art house films, but the very gesture of shaving off the moustache was seen as 
performative by their fans – a testament to the actors’ dedication to their roles. 
Rahman, on the other hand, sported the ‘no-moustache’ look as his trademark. The 
few Malayalam films in which he appeared with a moustache during the 1980s are 
exceptions rather than the rule. On the other hand, when he acted in Tamil films, or 
when he resurfaced in Malayalam cinema during the 1990s and 2000s as an action hero, 
he can be seen sporting a thick black moustache, just like other male stars.

This contrast between Mohanlal and Rahman is not as stark as it seems. For instance, 
consider the film Poomukhappadiyil Ninneyum Kaathu (Waiting for You on the Front 
Steps, dir. Bhadran, 1986), a tragic love story about star-crossed lovers, in which Rahman 
plays the rooted, idealistic youngster while Mohanlal plays a negative character, 
a menacing stranger with all the affectations of undesirable modernity (he is introduced 
on a motorcycle in Western attire, incongruously chewing paan while listening to music 
on a Sony Walkman and making lascivious gestures at a completely unknown woman) 
who threatens the fragile happiness of the lead pair. This film makes the gesture of 
a symbolic divide between youth and those trappings of consumeristic modernity usually 
attributed to it; the lead pair is rooted in the region, unlike the wicked uncle portrayed by 
Mohanlal, even as they are modern in their outlook. Their eventual, inevitable suicide is 
as much a rejection of the affluent lifestyle of their parents as it is of the narrow-minded 
conventionality of their unending suspicions and spousal conflicts. This film can be read 
as an instance of how the category of youth is used to mediate the distinction between 
two different notions of modernity – the ‘desirable’ modernity of outlook signified by the 
young lovers, and the ‘undesirable’ modernity of style and consumption that inheres in 
the figure of the wicked uncle.

Conclusion

To sum up, the following then are the most significant features of Rahman’s stardom: 
First, Rahman’s fans were avowedly young women, but he was portrayed in film 
magazines and gossip columns more as a glamorous young female star of the time was 
portrayed, and cutting remarks made on his immaturity and aspersions cast on his 
masculinity. He was a youth sensation, but he was also alien to the dominant Malayali 
public imagination of masculinity and by extension of stardom, which required a certain 
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amount of rootedness. At the same time, the ‘family audience’ evinced a strong attraction 
towards this persona of youth, as is clear from the fact that most of his famous disco- 
dancing sequences were part of the narratives of family melodramas. The excesses of 
youthfulness were often purged or chastened through illness and death, but at the same 
time, these excesses were celebrated. We may also note the parallels between the 
characters he portrayed and the vivacious, midi-clad, badminton-playing young heroines 
of the time played by Karthika, Shari, Lizzie, and Shobhana, as well as the differences – 
these heroines usually invited celebration rather than censure, suggesting that rootedness 
was a less urgent, or at least differently configured, characteristic in the way young 
women were imagined.

In this paper, I have tried to point out the complex nature of the Malayalam-speaking 
region’s engagement with the modernity of youth by examining the process of gendering 
that this category is subjected to, with reference to the emergence of Rahman as a youth 
icon in Malayalam cinema of the 1980s. In the 1980s and 1990s, the metaphorical figure of 
youth is shaped by practices of consumption in the wake of the inflow of material goods 
into the region from the world, first as a result of large-scale migration to the Gulf countries, 
and then as a result of economic liberalisation policies. Consumer goods like Western 
apparel, sunglasses, motorcycles, and other accessories, when paired with the consumption 
of Western music, become modes of self-fashioning as well as symbolic codes denoting 
a new relation of the region to urbanness. The Malayalam films of the 1980s starring 
Rahman illustrate this process of refashioning the youth as an urban, cosmopolitan, 
consumer-citizen, just as the gossip columns in popular film magazines like Nana demon-
strate the ambiguous relationship of the region to this image of youth during this age of 
transition. Though deeper studies are needed into various representational figurations of 
youth and their engagements with the discursive frameworks of neoliberalism, I hope this 
paper has been able to delineate the processes of feminisation involved in framing the figure 
of youth with all its fragility and volatility as integral to the neoliberal cultural imagination.

Note

1. Before Rahman, the actor Raveendran was noted for his disco-dancing moves, but he never 
gained the popular acclaim that Rahman did. An interesting article on the career of disco in 
Malayalam cinema can be found here: https://oldmalayalamcinema.wordpress.com/2012/ 
11/10/our-polyester-80s-a-trip-through-malayalam-cinemas-memorable-shiny-disco-ball- 
halls/
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Abstract 
 Agriculture plays an important role to determine the economy of Kerala. Being primarily an agricultural 

state, contribution of Kerala to the vegetable crop industry is a crucial one. However, despite the rich diversity of 

our vegetable crops, knowledge on their faunal composition, particularly of spider mites as pests and other related 

details remains very much limited. In recent years due to random use of chlorinated hydrocarbons for control of 

general pests, which in turn kill their natural enemies, and because of using high yielding varieties and improved 

agricultural practices, many mite species which were of less importance or of no value at all during the past have 

assumed the status of major pests. These, among other factors have further aggravated the situation of the problem 

of spider mites as pests.  

 The plant feeding mites (Acari: Tetranychidae) has piercing and sucking type of mouth parts with which 

it pierces the leaf tissue and sucks the plant sap. The point of suction is marked by the appearance of white spots 

which gradually coalesce to form chlorotic patches, necrotic patches etc. Spider mite feeding cause various types 

of direct damage like loss of chlorophyll, appearance of striplings or bronzing of foliage, stunting of growth, 

formation of galls and erineal patches thereby causing an array of deformities and reduction of yield. The intensity 

of damage ranging from simple mechanical injury to complex physiological alterations of the plant tissues would 

lead to collapse of the photosynthetic machinery of the plant. Apart from direct damages, many are known to act 

as vectors of plant viral diseases causing more potential loss to growers. In many instances, lack of information 

about the correct identity of spider mites, their biology and ecology caused serious consequences to agriculture. 

 In view of their importance in agriculture, the present study is thought to be highly warranted, as it is 

envisaged with a view to provide information on the impact of feeding of the spider mites. 
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1. Introduction 

The spider mites have been recognized as sporadic pest of vegetable crops and many other economically 

important plants (Jeppson et al., 1975; Gupta, 1985; Sangeetha and Ramani, 2011a; Pankaj and Abhishek 2015; 

Young et. al. 2019). They are well known for their extraordinary ability to colonise vegetable plants, to replenish 

all the available nutrients and to cause serious injuries to its host plants (Chen et al., 2005; Ji et al., 2005). The 

mites occur invariably on both the leaf surfaces preferably near the petioles of mature leaves causing crinkling, 

drying and defoliation of affected leaves (Reis et al., 2000; Childers et al., 2003; Saritha and Ramani, 2013). This 

has raised their importance as pests in terms of the degree of damage induced. Vegetable plants are highly 

susceptible to attack by spider mites as many species emerged as the prominent faunal element on them (Binisha 

and Bhaskar, 2013). Whereas a large body of work is available on the breeding biology of these mites, much less 

is known about the feeding injury induced by spider mites on their host plants. In the present study, the feeding 

characteristics and damage induced by spider mites on vegetable crops is addressed. 

2. Materials and Methods 

2.1 Outdoor culturing of mites  

Live cultures of spider mites were maintained in the field to observe closely the mode of infestation, 

progressive damage symptoms induced on the host plant and also to make quantitative estimation of damage 

potential of the concerned species. To achieve this objective, two mite treatments (i) M-, mite free plants and (ii) 

M+, plants artificially infested with mites, were included in a randomized block design plots (3mx3m) which was 

replicated four times within a season. Cultivation of host plants was done by planting stem cuttings or seedlings 

of vegetable crops in enriched soils prepared for the study. The plots were irrigated regularly and the plants were 

made mite-free by spraying a broad-spectrum insecticide thiodicarb to eliminate mite pests and predators (Reddall 

et al., 2004). Artificial infestations of M+ plants were done by stapling mite-infested leaf bits grown in the glass 

house 60 days after planting. The plots were covered with fine nets to ensure protection from pest attack and to 

reduce the risk of cross infestation between M+ and M- plots.  

2.2 Indoor culturing of mites  

Live cultures of different stages of the mites were maintained in the laboratory at 30 + 2oC and 70 + 5% 

relative humidity on fresh leaves of host plants, collected from the plots at an interval of 2 days or at the time of 

need. Mite culturing was carried out following the leaf flotation technique (Sangeetha and Ramani, 2007a). Each 

culture set consisted of 2–4 leaves, kept in petri dishes lined with moistened cotton pads and was treated as an 

experimental unit. Stock cultures of the mites were also maintained in the laboratory in the same manner so as to 

ensure constant supply of life stages. 

3. Results 

3.1 Qualitative assessment of feeding injury 

Studies on feeding activities of all life stages of spider mites on host leaves, damage symptoms and 

progress of infestation was made through repeated field cum laboratory studies. 

3.2 Morphological responses of feeding 

3.2.1. Feeding activity of Spider mites  
 [Figs. 1 & 2]: Spider mites represented the category of ‘leaf suckers’. Mites colonised the mature leaves 

and built large colonies. However, young or newly sprouted leaves of the host plant were left unfed by the mite. 

The adults, larval and nymphal stages equally engaged in active feeding by piercing their stylets set on protrusible 

stylophore that could be seen moving back and forth during feeding and sucking the tissue fluids out from the 

leaves. The colony structure of the mites as reflected in the current study were complex attained through 

construction of thinner complicated webbing on the leaf surface connecting the petioles and major veins of the 

leaf. Females initiated oviposition soon after web construction and laid golden brown eggs at random on the leaf 
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surface. As feeding progressed, faecal matter was deposited as black globules that spread on the leaf surface soon 

after ejection from the body. Such black patches could be seen scattered all over the leaf surface amidst a separate 

layer formed of webbing, egg cases, moulting skin, eggs and life stages, dust particles and damage symptoms. 

This coating imparted a cumulative effect on the retardation of photosynthesis by preventing the absorption of 

light by the residual chlorophyll left unfed by the mite.Formation of such a thick layer over the leaf surface could 

be explained on the basis of earlier reports by Haq (1997), Sumangala and Haq (2000), Reddall et al. (2004) and 

Sangeetha and Ramani (2007b). 

 

 

3.2.2. Damage symptoms induced by Spider mites  

 [Figs. 3 to 8] : Feeding injury to the host leaf was marked by the appearance of characteristic spots and 

later patches at the areas of suction of sap from the plant cells. Initial symptoms of damage were manifested in 

the form of numerous white spots at the points of feeding on the leaf surface.  

Continuous sucking by all stages of this mite from leaves and petioles caused fusion of these spots and formation 

of large chlorotic patches. Following this, a change in colour from white to yellowish brown patches could be 

observed. Severe infestation and prolonged feeding encompassed the formation of dark brown patches, crinkling 
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and subsequent drying and defoliation of affected leaves. Attack by these mites was so severe that the whole 

plantation appeared to be crinkled due to water loss through the feeding punctures produced on the leaves.  

This had a negative impact on the growth and vigour of majority of the vegetable plants (Park and Lee, 2002 & 

Puchalska, 2006). This observation is also in support of the findings of Reddy and Baskaran (2006) at much lower 

infestation levels of T. ludeni on four varieties of egg plants. 

3.2.3. Ultrastructural damages from mite feeding:  

 The feeding activity of these mites also induced mechanical injury to epidermal and mesophyll tissue 

and hence heavy water loss from the leaf tissues. The cells were distorted, punctured, with empty spaces and also 

showed severe reduction in chlorophyll content. Even the cells that were not punctured directly by mite feeding 

had coagulated protoplasm (Sangeetha, & Ramani, 2011b). These results clearly reflect on the capacity of spider 

mites in damaging their host plants by inducing mechanical damage aggravated by biochemical alterations.  

4. Conclusion 

Results of the feeding experiments of spider mite species conducted in the laboratory on different host 

leaves reflected on prolific feeding by all active life stages viz., larval, nymphal (proto & deuto) and adult stages 

by piercing the leaves with the stylets and sucking the cell contents out. Combined and extensive feeding by the 

mites resulted in acute chlorosis of the leaves. Prolonged feeding in huge numbers led to premature leaf 

abscission, yield loss, branch dieback and even death of the plant. Studies on cytological alterations resulting 

from mite feeding using transmission electron microscopy showed reduction in the number of cells and 

chloroplasts, alterations in cell structure, increase in space in the spongy layer, extensive disruption of the 

mesophyll cells and even reduction of chloroplasts in adjacent unpunctured cells. The overall impact of spider 

mite feeding had resulted in the total destruction of the photosynthetic machinery of the plant leading to its final 

collapse. These results thus clearly established the potentiality of the leaf sucking forms in damaging the host 

plants. 
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