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Ultrasound-Assisted Synthesis
of Defective MOF-801
for the Adsor ptive Removal of Cationic Dyes

Penmethsa, Kiran Kumar; Sunkara, Satya Veni*
Department of Chemistry, Jawaharlal Nehru Technological University Kakinada (JNTUK) Kakinada-533003,
Andhra Pradesh, INDIA

ABSTRACT: Defective MOF-801 (Zirconium-fumarate metal-organic framework) was de novo
synthesized using environmentally friendly ultrasound-assisted synthesis. The effect of the modul ator
on the crystallinity, morphology, densty of missing linkers, pore volume, and the specific surface
area (BET) of synthesized MOF-801 was studied using two modulators, acetic acid, and formic acid,
in different quartities. The MOF-801 sample (MOF-801-100FA) was applied to investigate
the adsorptive removal of two cationic dyes viz Crystal Violet (CV) and Methylene Blue (MB) from
an aqueous solution in a single system. MOF-801-100FA was found to be more effective in removing
MB dye than CV dye. The maximum equilibrium adsor ption capacity was 30.4 mg/g and 18.9 mg/g
with MB and CV dyes having an initial concentration of 50 mg/L. Langmuir and Freundlich isotherm
modes were the best fit for adsorption data based on linear regression analysis. The best kinetic
model for the adsorption was pseudo-second-order kinetics (R? = 0.9975 for CV dye and 0.9998
for MB dye). The effect of dye concentration, contact time, MOF dose, and pH of dye solution
on the adsorption of dyes was also investigated. The study showed that defective MOF-801-100FA
is an efficient adsorbent for the removal of CV and MB dyes from aqueous sol ution.

KEYWORDS: MOF-801; Ultrasound-assisted; Cationic dyes; Crystal violet; Methylene blue;
Adsorptive removal.
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INTRODUCTION

Dyes are widely used in paper, pharmaceutical,
printing, food, textile, and plastic industries. During the
dyeing process, lakhs of tons of dyes are lost to effluents.
Dye-containing wastewater is harmful to the environment
and threatens human and animal hedth. Therefore,
removing the dyes from wastewater before releasing
them into the water stream is an essentia
and challenging task. Although several methods are good

at removing dyes from contaminated water, adsorptive
removal isone of the best options dueto ease of operation,
high performance, and low cost of application.
Many adsorbents were used for the adsorptive removal
of dyes [1-5]. MOFs are employed for the removd of
these dyes from agueous solutions as they possess
unique characteristics compared to conventional
adsorbents [6-8].
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Meta-Organic Frameworks (MOFs) are porous
coordination polymers having three-dimensional network
structures constructed by coordination-driven  self-
assembly of inorganic polynuclear clusters known as
secondary building units (SBUs) and multitopic organic
linkers.  The modulator synthesis strategy is used
for the synthesis of crystalline MOFs as in the absence
of a modulator, mostly amorphous MOF is obtained.
Usualy, the synthesis of MOF takes place using higher
amounts of monotopic acids as modul ators which compete
with linkers for the coordination of metd ions It iswdl-known
that a higher concentration of modulators induces
structural defects in MOFs. The density of structurd
defects depends on the nature and concentration of the
modulator used in the synthesis. Many of the synthesized
MOFs are known to have structural defects. The study
of structura defects is of paramount importance as they
influence the properties of MOFs [9-12].

MOF-801 is one of the most widely studied metal-
organic frameworks. It has exceptional hydrothermal
stability. It is the smallest member of Zirconium-based
metd -organic frameworks firgt reported by Wildmann e al.,
(2012) [13]. It is one of the commercidly available
Zirconium MOFs. Many potentia applications of MOF-
801 werereported in theliterature. It was used in hydrogen
and water storage [14], water harvesting from the air [15],
photocatalytic degradation of methyl violet 2B [16],
removal of fluoride [17], arsenite, and arsenate [18],
Chromium (V1) ions[19, 20], nanosca e drug delivery [21],
and separation of propylene/propane mixture [22].

Compared to traditional energy sources, ultrasound
provides unusud reaction conditions wherein very high
temperatures and pressure are generated quickly due to
cavitation. There are several reportsin the literature about
the application of ultrasound irradiation for alarge variety
of syntheses [23-25]. Soon &fter the first ultrasound-
assisted synthess of MOFs reported by Qiu et al., (2008)
[26], many reports were published in the literature about
the successful preparation of nano/microporous MOFs.
Only afew reportsin the literature describe the ultrasonic-
assisted synthesis of Zirconium-based MOFs[16, 27]

In the present study, a series of four defective MOF-801
samples were de novo synthesized using rapid and
environmentally friendly ultrasonic-assisted synthesis.
The de novo synthesized M OF sampl es were characterized
by various characterization methods and their specific
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surface area (BET) vaues were determined. The role
of two modulators on the density of missing linkers
in the synthesized MOFs was anayzed based on the
ThermoGravimetric Analysis (TGA) plots. It was found
that the defective MOF-801-100FA carries a negétive
charge a basic pH and hence can accommodate
the cationic dyes. The cationic dyes, MB and CV,
possessing positive charge are selectively adsorbed
through €electrostatic interactions by MOF-801-100FA
with anegative charge. The presence of these cationic dyes
in agueous solution is not desirable as they are biohazard
substances, and potentidly carcinogenic maerids [28, 29].
The adsorptive remova of these dyes by defective
MOF-801-100FA wasinvestigated in detail using different
adsorption isotherms and kinetic models.

EXPERIMENTAL SECTION
Materialsand equipment

All the chemicds purchased from Sigma Aldrich were
used as such without purification. Powder X-Ray Diffraction
(PXRD) petterns were recorded using monochromatized Cu
Ka radiation (A = 1.5406 A) on a Bruker D8 Advance
diffractometer operated a 40 kV and 40 mA. Field-Emission
Scanning Electron Microscopy (FE-SEM) images were
obtained on a Suprabb Zeiss instrument. Scanning Electron
Micrascopy- Energy Dispersive X-ray spectroscopy (SEM-
EDX) was recorded a 10 KV accderaion voltage to
determine the dementd compostion of MOF samples.
TheFourier transforminfrared (FT-IR) spectrawere recorded
on an Agilent Cary 660 i nstrument in the transmission mode
(in the 400 om™ - 4000 cm? range). ThermoGravimetric
Andysis (TGA) measurement was recorded in the ar usng
Perkin ElImer STA 6000 thermd analyzer. Specific surface
area (BET) vdues are obtained from Nitrogen adsorption-
desorption isotherms recorded using a BELSORP andyzer
a -196 °C. ANM USC 300 Ultrasonic bath was used
for ultrasonicaion. The dbsorbance of dye solutions
in the visible region was determined using a Shimadzu UV -
2450 spectrophotometer. The pH of the dye solutions
was dtered using 0.1 M HCI and 0.1 M NaOH solutions.
A digitd pH mee (Modd 335, Systronics) was used
to determinethe pH of the solutions.

Synthesis of defective MOF-801 samples

A sariesof four defedtive M OF-801 samplesweresynthesi zed
under optimum reaction conditions a room temperature
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Table 1: Optimum reaction conditions for the synthesis of defective MOF-801 samples using ultrasonication

4 MOF sample ZrOCl,.8H,0 (mmoal) Fumaric acid (mmol) Acetic acid(mL) Formic acid (mL) DMF (mL) Ti me(h)\
MOF-801-70FA 15 15 0 4.2 12 4
MOF-801-100FA 15 15 0 6.0 12 4
MOF-801-70AA 1.0 1.0 4.2 0 8 4

\M OF-801-100AA 1.0 1.0 6.0 0 8 4 Y,

using different amounts of formic acid/ acetic acid modulators
& presented in Table 1. MOF-801 samples synthesized
with 70 and 100 equivdents of acetic acid with respect to the
ZrOCl».8H,0 (metd precursor) were named MOF-801-70AA
and MOF-801-100AA respectivdy and with 70 and 100
equivdents of formic add were named MOF-801-70FA
and MOF-801-100FA respectively.

ZrOCl,.8H,0 wasdissolved in DMF, then fumaric acid
was added to the solution. After that respective amount of
formic acid/acetic acid was added. The reaction mixture
was placed in the ultrasonic bath for 4 hours. Ultrasonic
irradiation having a frequency of 40 kHz with a power of
150 wetts was applied & room temperaure. The temperature
of the reaction mixture during sonication was monitored
and was found to be less than 60 °C even after thereaction
time of 4h. The synthesis of MOF-801-100FA was outlined
in Scheme 1.

After cooling down to room temperature, the as-synthesized
white crystdline MOFs were recovered by filtration.
Thecrygalinemateria swerewashed threetimeswith 10mL
of DMFfdlowed by ethand (3x 10mL) and acetone (3x 10mL).
The materials were dried overnight at room temperature
and then activated by heating at 100 °C under vacuum
for 8 h.

Adsorption study

Remova of two cationic dyes, MB, and CV, from
single dye solutions by adsorption, was studied using
as-synthesized MOF-801-100FA as the adsorbent.
The adsorption of MB and CV dyes from agueous solution
in asingle system wasinvestigated using the dye solutions
having different initial concentrations, varying the pH
of dye solutions, taking different MOF doses, and varying
the contact time of MOF with the dye solutions.
Adsorption sudies were carried out a a temperature
of 28 + 2 °C. Standard solutions of the dyeswere prepared
by dissolving 1000 mg of the dye in 1000 mL of ditilled
water. A set of sandard solutions for each dye was prepared
using the stock solutions. The absorbance maximum

Research Article

of dye solutions at 590 nm for CV and 665 nm for MB
was measured and calibration curveswere plotted for each
of the dye solutions. 50 mL of each dyesolutionin asingle
system was used to study the adsorption. The dye solution
and MOF-801-100FA were mixed using amagnetic stirrer
a 300 rpm. The adsorption efficiency, Qe (mg/g),
was cd culated using Equation (1):

Q. = —e—e, )

Where C, (mg/L) wastheinitial dye concentration, and
Ce(mg/L) was the dye concentration at equilibrium. V (L)
was the volume of the dye solution, and M (g) is the mass
of MOF-801-100FA. 20 mg of MOF-801-100FA
was added to each of the 50 mL dye solutions having
a concentration of 5, 10, 20, 30, 40, and 50 mg/L. After
the time interval of 12 hours, the absorbance of each
solution was measured and the C. val ues were determined
from the absorbance values using the calibration curves.

The percentage remova of dyes was calculated using
Equation (2):

Percentage remova = @ X 100%, 2

[

Adsorption  isotherms were described  using
Freundlich, Langmuir, and Temkin adsorption isotherm
models.

Freundlich adsorption isotherm is expressed as
Equation (3):

InQe = InKg +=InC, ©)

Here, Kg is the Freundlich constant, and n is
the constant whose value indicates the favourability
of the adsorption process.

The value of 1/n provides information about the
usability of the adsorbent over the concentration range
of the dye solution.

Langmuir isotherm is represented by Equation (4):
Ce Ce 1

=y @

Qe Qm QmKL
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MOF-801-100FA after MB adsorption

MOF-801-100FA after CV adsorption

M}l OF-801-100FA

AMOF-801-1004A

A A AP N A

MOF-801-70FA
)loF—EnL?oAW

l MOF-801 simulated

T T . T
0 10 20 30 40 s0
20 (°)

e

Intensity (a.u)

Fig. 1: PXRD patterns of MOF-801 simulated, MOF-801-
70AA, MOF-801-70FA, MOF-801-100AA, MOF-801-100FA
and MOF-801-100FA after CV adsorption, and MOF-801-
100F A after MB adsorption

Here, Qe is the maximum adsorption capacity (mg/g)
of the adsorbent (MOF-801-100FA) with the highest
concentration of dye (100 mg/L) used in the adsorption
experiment, and K is the Langmuir adsorption constant.
Temkin isotherm is given by Equation (5):

Q =ZInC, + ZInKy (5)
BT Bt

Here, By is the adsorption heat constant (J) and Ky is

the equilibrium binding constant (L/ mg)

Adsorption kinetics

For the kinetic study, 50 mL of CV or MB dye solution
having a concentration of 5 mg/L and 20 mg of MOF-801-
100FA as adsorbent was used. At the desired time (t), the
dye solution was withdrawn and the absorbance was
measured. Q; (mg/g), dye amount adsorbed at time t, was
obtained by Equation (6):

Q =" (6)

Here, Ci(mg/L) isthedye concentration at timet (min).

To study the kinetics in the adsorption process, three
kinetic models, pseudo-first-order, pseudo-second-order,
and Intraparticle diffusion were used. These three modds
are expressed as Equations (7), (8), and (9):
Pseudo-first-order kinetics,

In(Qe —Qu) =InQe +kyt ()

Pseudo-second-order kinetics,

t 1 1
L 4+ —t 8
Qt  k2Q3 Qe ( )

Intraparticle diffusion kinetics,
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Qe =kit'/? +C 9

Here, ky (min), ko (g/mgmin) and ki (mg/g min*?) are
the rate constants for pseudo-first-order, pseudo-second-
order, and intraparticle diffusion respectively. C is the
intraparticle diffusion constant.

Desorption of MOF

The MB dye and CV dye adsorbed-MOFs were
separated from the respective dye solutions by
centrifugation (6000 rpm for 20 min). Theredfter, the
MOFs were washed with methanol severd times until no
violet color in the methanol solution while washing the
CV-loaded MOF and no blue color in methanol solution
while washing the MB-loaded MOF was observed.
Findly, the recovered MOFs were activated by drying
under vacuum at 100 °C for 8 h. The adsorption-desorption
process was performed for five consecutive cycles.

RESULTS AND DISCUSSION
Characterization of defective MOF-801 samples

The as-synthesized crystdline MOFs were characterized
using different characterization techniques. The Powder X-Ray
Diffraction (PXRD) patterns of the synthesized materidswere
compared with smulated patterns of MOF-801 in Fig. 1 [30].
The synthesized materids peaks fit wdl with the smulated
MOF-801. The characteristic peaks positioned around 20 = 8.5°
and 9.8°in the PXRD patternsindicatethe successful synthesis
of MOF-801 samples. The presence of sharp pesks suggests
that highly aysdline MOF-801 samples were obtained.
Theeffect of themodulator'stype and concentraion ontheMOF's
cryddlinity was evident in Fig.1. With the increase in the
concentration of theformic acid modul aor from 70 equiva ents
to 100 equivdents, there is an increase in the intendty
of the pesks indicating the incresse in the arygdlinity of the
MOF. Such a trend is not observed with the acdtic add
modulator. Under identical reaction conditions, the highest
crysdlinity was observed with 70 equivadents of acetic acid
in MOF-801-70AA amongst MOF-801-70AA, and MOF-801-
100AA. Among the synthesized MOFS sharp and high-intensity
pesks ae observed in MOF-801-100FA. A comparison
between PXRD patterns before and after adsorption by MOF-
801-100FA indicatesthat the M OF framework wasintact even
after the adsorption of CV and MB dyes.

The morphology of the samples was characterized by
FE-SEM. The FE-SEM images were presented in Fig. 2.
With the increase in the concentration of acetic acid,
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Fig.2: FE-SEM imagesof MOF-801-70AA (a), MOF-801-100A (b), MOF-801-70F A (c), MOF-801-100F A (d), SEM-EDX spectrum
of MOF-801-100F A (e), and Particle size distribution of MOF-801-100F A particles from SEM images (f)

an increase in the size of the particles was observed.
Whereas the particle sizedecreased with theincreaseinthe
concentration of formic acid modulator from 70 to 100
equivaents. The SEM-EDX spectrum of MOF-801-
100FA was given in Fig. 2. Zirconium (Lo= 2.042 keV),
carbon (ko = 0.277 keV), and oxygen (ko = 0.525 keV)
were identified in the spectrum based on the energies of
the emitted X-rays from these d ements. Particles of MOF-
801-100FA are cubic with an average diameter of 68.1 nm
as determined from the size of 50 particles using Imagel.
A histogram fitted with Gaussian distribution of the size
of the MOF-801-100FA particles was presented in Fig. 2.

Research Article

The FT-IR spedra of the MOF-801 samples were found
in Fig. 3. The bands a 491 cm™ and 660 cm™ could be
assigned to the asymmetric stretching vibraion of Zr-(OC)
and bending vibration of Zrg(OH)4O,4 cluster respectively.
Absorption bands cbsarved a 796 cm? 987 et and 1210 et
could be assigned to C-H vibraions. Strong absorption bands
observed at 1402 cm™ and 1578 cm were ascribed to the
symmetrica stretching and asymmetrica stretching
vibrations of the carboxylic group of the fumaric acid
linker [31].

Nitrogen adsorption-desorption isotherms of activaed
MOF-801 sampleswere presented in Fig. 4. All theisotherms
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Table 2: Comparison of the specific surface areas determined from N2 sorption isotherms of MOF -801samples
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Fig. 3: FT-IR spectra of MOF-801-70AA, MOF-801-70FA,

MOF-801-100AA, MOF-801-100FA
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Fig. 4: Nitrogen adsorption-desorption isotherms of MOF-801-
70AA, MOF-801-70F A, MOF-801-100AA, and MOF -801-100F A

— MOF-801-70AA
on 4 Y~ — MOF-801-70FA

— MOF-801-100AA
— MOF-801-100FA

Zrg0s(C104Ho)g)

Zrs06(C404H2 )

]
— Zr506(C104H2) 6

- 39.16 %
F39.94 %

100 200 300 400 S00 600 700
Temperature (°C)

Fig. 5: The TG curves of MOF-801-70AA, MOF-801-70FA,
MOF-801-100AA, and MOF-801-100FA
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4 MOF-801 sample BET area (m?/g) Pore volume (cm®/g) Mean pore diameter (A) )
MOF-801-100FA 699 0.31 17.86
MOF-801-70FA 578 0.39 26.8
MOF-801-100AA 224 0.13 23.9

\_ MOF-801-70AA 234 0.20 34.7 )

E §5 g gg3 are type-1 based on IUPAC classfication. They indicate

) TR ™\ e that the materials are microporous. Among the MOF-801

samples, MOF-801-100FA has the highest specific surface
area (BET area) of 699 m?/g. The BET area, porevolume,
and mean pore diameter of the MOF-801 samples were
presented in Table 2.

Thermogravimetric analysis curves of the defective
MOF-801 samples were presented in Fig. 5. All the
synthesized MOFs exhibited amost similar shapes of
TGA curves. Either Acetic acid or formic acid modulator
has produced no appreci able changesin the shapes of TGA
curves. Asreported in the literature there are three distinct
mass loss steps in the TGA curves [14]. In the first step
occurring below 120 °C mass loss was due to the
evaporation of water molecul es occluded in the pores. The
mass | oss in the second step occurring at 250-400°C could
be attributed to the decomposition of thelinker molecul es.
Thelast step occurring & around 550-680 °C can be assigned
to the decomposition of carboxylate ions coordinated
to zirconium cations releasing carbon dioxide. Assuming
that the mass loss occurring between 250 and 680 °C is
due to the decomposition of thelinker, the formation of ZrO,
&s the find product &fter heating of MOF-801 in the ar
isgiven by the following Equation (10):

Zr606 (C404H2)6 + 1802 - 6Zr02 + 24C02 + 6H20 (10)

Based on the stoichiometry of the Equation, from one
formula unit of ZrgOs(CsO4H2)s, SX moles of ZrO,
are obtained. Assuming that 100 g of initid ZrsOs(C40sH2)s
was taken, the mass of the solid residue ZrO, should be
55.7 g corresponding to a relative mass loss of 44.3%.
The recorded mass losses for the MOF samples were
below the theoreticd vaue. For MOF-801-70AA, MOF-
801-100AA, MOF-801-70FA and MOF-801-100FA
the observed mass losses were 39.94%, 38.39%, 40.71%
and 39.16% respectively. According to the recent study
on defective MOF-801, the deviation of the mass loss
from the theoretical value in the region of 250and 680 °C
isproportiond tothenumber of missnglinkersinitsgructure[32].
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Fig. 6: Factors affecting the adsorption of CV and MB dyes onto MOF-801-100F A. Theinitial concentration of dye (a), amount of
MOF-801-100FA (b), contact time (c), and pH of the dye solution (d)

Applying the same analogy to the present study suggests
that the synthesized MOFs have missng-linker defects.
Other reported studies a so support our findings that there
are missing-linker defects in the de novo synthesized
MOF-801 frameworks [9, 33]. From the mass loss
changes, it is evident that there were significant changes
in the density of missing linkers with the amount of acetic
acid and formic acid modulators used in the synthesis
of MOF-801.

Effect of initial dye concentration

Taking 20 mg of MOF-801-100FA adsorbent,
the adsorption experiments were carried out by varying
theinitial concentration of CV and MB dyes in the range
of 5-50 mg/L. The equilibrium time for adsorption was
12h. The effect of the initial concentration of dyes on
the adsorption by MOF-801-100FA was shown in Fig. 6(a).
The percentage remova of CV dye decreased from 32.6%
to 15.10% and MB dye from 50% to 24.32% with an

Research Article

increase in the initia concentration of dye from 5 mg/L
to 50 mg/L. As reported in the earlier study, the decrease
in the percentage remova of dye can be attributed
to the saturation of adsorption sites with the initiad dye
concentration of 5 mg/L [34].

Effect of MOF-801-100F A dose

The effect of the MOF-801-100FA dose on the
percentage removal of CV and MB dyes in the
adsorption experiments was shown in Fig. 6(b).
Adsorption experiments were conducted by adding
a MOF-801-100FA dose of 5,10,15,20, and 25 mg
to each 50 mL of 5 mg/L CV and MB dye solutions.
Maximum dye removal percentage was achieved
with 20 mg of MOF dose as it has alarge surface area.
The percentage removal of CV dye increased from
16.21% to 32.6% and MB dye increased from 20.9%
to 50% with the increasein the dose of M OF-801-100FA
from 5 mg to 20 mg.
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Fig. 7: Plot of linear fitting Langmuir isotherm model (a), Freundlich isotherm model (b), and Temkin isotherm model (c) for CV

and MB adsorption

Effect of contact time

The effect of contact time on the adsorption of CV and
MB dyes was studied by fixing the maximum contact time
a 12 hours. Thevariation in the percentage of dyeremova
with the contact time was shown in Fig. 6(c). The
maximum CV and MB dye remova percentage achieved
was found to be 32.6% and 50% respectively. After
an initia rise in the percentage of dyes adsorbed onto
the MOF-801-100FA surface, there was a slowdown
in the percentage of dyes adsorbed with contact time.
Theextent of adsorption of dyesdecreaseswith anincrease
in contact time due to the decrease in the number of active
sites on the surface of MOF-801-100FA.

Effect of pH

The effect of pH of the dye solutions on the
adsorptive remova of dyes by the MOF-801-100FA

3300

was studied by performing the adsorption experiments
with 50 ml of CV and MB dyes having a concentration
of 5 mg/L, and 20 mg of MOF-801-100FA at a
temperature of 30 + 2 °C for acontact time of 12 hours.
The changein percentage removal of CV and MB dyes
by MOF-801-100FA with the changein the pH of dye
solutions from 3.0 to 10.0 was shown in Fig. 6(d).
An increase in the percentage remova with the increase
in pH of the dye solutions from 3.0 to 9 was observed.
Maximum adsorption of dyes was observed at a pH of
9.0. Theisoelectric point of MOF was found to be 6.5.
Above this pH value, the MOF surface carries
a negative charge and readily binds with the cationic
dyes, CV and MB, existing in positive form through
el ectrostatic interactions. The possible mechanism for
the adsorption of CV and MB dyes by M OF adsorbent
is via electrostatic interaction [6, 35].
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Table 3: I sotherm parameters for adsorption of CV and MB dyeson MOF-801-100 FA

4 Freundlich isotherm Langmuir isotherm Temkin isotherm )
Dye | Qeep (My/Q) 2 2 2
n Kr (mg/g) R Qm(Mg/g) Ky (L/mg) R Br(J) Kr (L/mg) R
cv 18.88 2.01 0.6991 0.9913 28.37 0.0460 0.9939 421 0.50 0.9811
\_ MB 37.84 1.69 3.83 0.9890 43.14 0.0614 0.9943 277 0.68 0.9817 )
a
(a) (b) ,

Pseudo-first-order Kinetics
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B CV (R’ =0.9760)

T T T T T
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Fig. 8: Plot of linear fitting of pseudo-first-order kinetics model (a), pseudo-second-order kinetics model (b), and Intraparticle

diffusion kinetics model (c) for CV and MB adsorption

Adsorption isotherms

Three adsorption isotherm modeds, Freundlich,
Langmuir, and Temkin were used to determine the
adsorption performance of MOF-801-100FA. Adsorption
isotherm model s were applied to get information about the
mechanism of adsorption, evaluation of the performance
of the adsorption process, and cgpacity of M OF-801-100FA
as an adsorbent. Equations (3), (4), and (5) were used
to represent thesethree adsorption isotherms. Theisotherm
data obtained for CV and MB dyes was fitted to the three
models to determine the best fit for the adsorption data.
Linear plots for Freundlich, Langmuir, and Temkin
isotherms were shown in Fig. 7. The adsorption isotherm
parameters for the three models were given in Table 3.
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Based on the correlation coefficient (R?) values, the
Langmuir model (R? = 0.9939 for CV dye adsorption, and
0.9943 for MB dye adsorption) was the best fit compared
to Freundlich (R? = 0.9913 for CV dye adsorption, and
0.9890 for MB dye adsorption) and Temkin (R = 0.9811
for CV dyeadsorption, and 0.9817 for MB dye adsorption)
models.

The separation factor (R.), an important characteristic
of the Langmuir adsorptionisotherm, was cal culated using
Equation (11):

R, =— (11)

T 14KLCo

Here, C, (Mmg/L) isthe highest initial dye concentration
and K isthe Langmuir constant.
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Table 4: Kinetic parameters for adsorption of CV and MB dyes on MOF -801-100 FA

(" Pseudo-first-order model Pseudo-second-order model Intraparticle diffusion model N
Dye Co(mg/L)  [Qeen(Mmgl) - - -
Qeca (MY/Q) | ky(min'?) R? Qeca(Mglg) | k2 (g/mg. min) R? ki (mg/g. min*?) C R?
CcVv 5 4.08 4.003 0.0156 | 0.9760 5.08 0.00338 0.9975 0.2612 0.47 | 0.9860
\MB 5 6.25 4.850 0.0210 | 0.9900 7.06 0.0054 0.9998 0.2965 242 | 09124

Table 5: Comparison with other MOF adsorbents for adsorption of CV and MB dyes

4 Dye M OF adsorbent Adsorption capacity (mg/g) Reference )
MOF-801-100FA 18.90 Present work
Fe-BDC 9.29 [34]
Cuy(BTC), 0.29 [37]
oy H.dtoaCu 165.83 [39]
IFMC-2 2.40 [39]
Cd-based 221.00 [40]
Zn-based 54.50 [41]
BUT-29 832.00 [42]
MOF-801-100FA 30.40 Present work
MIL-101(Fe) 58.82 [43]
Ui0-66-NO, 41.70 [44]
MB UiO-66-10%Ca 50.25 [45]
MOF-235 187.00 [46]
Fe-BDC MOF 8.65 [47]
Uio-66 91.00 [48]
\_ ZIF-8 522.95 [49] J

With the highest concentration of dye (50 mg/L) used
in the adsorption experiment, the cal cul ated value of R, for
CV was 0.303, and 0.246 for MB. The adsorption process
was favorable as the obtained R, values were between
0 and 1 [34]. From the linear plots of the Freundlich
I sotherm mode!, the value of 1/n was found to be 0.497 for
CV dye and 0592 for MB dye. The obtained 1/n vaues
indicate that the adsorbent appliesto the entireCV and MB
dye concentrations range. However, due to the small
difference in R? vaues in Langmuir and Freundlich
models, it is not clear whether adsorption occurred
on a homogeneous or heterogeneous surface. The results
obtained from linearized isotherm models are
inconclusive. To overcome thelimitations of the linearized
models and to select the optimum adsorption isotherm
model, nonlinear regression analysis must be applied [36].

Kinetics studies

Adsorption data were andyzed using three kinetic
models, pseudo-first-order, pseudo-second-order, and
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intrgpartide diffuson. These three modds were represented
by Equations (7), (8), and (9). Thelinear plotsfor the three
models were presented in Fig. 8, and their corresponding
kinetic parameterswerelisted in Table4. Linear regression
coefficient (R?)

Valuesindicatethat the pseudo-second-order kinetic
mode is the best fit for the adsorption data. The value
of R?(0.9975 for CV dye adsorption, and 0.9998 for MB
dye adsorption) for the pseudo-second-order kinetic
plot is higher than the R? values of linear plots of the
other two kinetics models. The pseudo-second-order
rate constants were determined to be 3.378 x 103 g/mg
min and 5.40 x 10~ g/mg min for the adsorption of CV
dye and M B dyes respectively. The resultsindicate that
the adsorptive remova of CV and MB dyes from
aqueous solution by MOF-801-100FA was due to
chemisorption. The adsorption capacity of MOF-801-
100FA for the adsorption of CV and MB dyes
was compared with other MOF adsorbents as shown in
Table5.
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Recyclability of adsorbent

To assess the recyclability of MOF-801-100FA,
a desorption and regeneration experiment was conducted.
A slight decrease in the adsorption capacity of MOF-801-
100FA was observed with increasing cycle number. After
five consecutive adsorption-desorption cycles, 81% of the
initial MB dye removal efficiency and 74% of the initia
CV dyeremoval efficiency was retained. The study shows
that M OF-801-100FA has good recycling ability and could
be used as a potential adsorbent for the removd of MB and
CV dyes from aqueous sol ution.

CONCLUSIONS

In the present work, we demonstrated the energy-
efficient and green de novo synthesis of defective MOF-
801 samples using ultrasonication a room temperature.
Among the four synthesized samples, MOF-801-100FA
was highly crystaline with high specific surface area
(BET area) of 699 m?/g. TGA analysis revealed that the
MOF-801-100FA samplewas defective dueto the missing
linkers in the framework structure. The MOF was tested
to remove two cationic dyes, CV and MB, from the
aqueous solution by adsorption. The obtained adsorption
databest fit the Langmuir and Freundlich isotherm models.
Nonlinear regression analysis must be used to determine
the optimum adsorption isotherm as the results obtained
from linearized isotherm models are inconclusive. The
adsorption kinetics was best described by the pseudo-
second-order kineticsmodel. The MOF wasfound to have
a higher adsorption efficiency toward MB dye. The
maximum equilibrium adsorption capacity was 30.4 mg/g
and 18.9 mg/g with MB and CV dyes having an initid
concentration of 50 mg/L. The maximum adsorption of
dyes was observed at a pH of 9. MOF-801-100FA was
regenerated for the remova of CV and MB dyes with
significant efficiency after five cyces. It is a promising
adsorbent for the removal of these cationic dyes from
agueous sol ution.
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Abstract

Recently, the role of plant-based nanoparticles as sustainable catalysts has emerged as a new field in material science.
As aresult of their wide applicability, bio-designed nanocatalysts have dominated the present study. At this juncture, this
study gives the rapid and systematic procedure for the formation of an aqueous Elaeocarpus sylvestris plant leaf extract—
capped copper oxide nanoparticles (ESCuO NPs). A benign method has been established for the fabrication of ESCuO
nanoparticles that which serves as an innocuous, renewable, and mild reducing agent. Vivid spectrochemical and optical
experimental investigation supported the formation of the ESCuO particles. Based on TEM investigation, the produced
ESCuO NPs had spherical shape and an average size of 53 nm. The phytochemicals were used as a reducing agent internally
without the use of harmful chemicals or extremely high temperatures. The derived ESCuO NPs have been employed as a
powerful catalyst to reduce 4-nitrophenol. Furthermore, rate constants for different doses were calculated. The antioxidant
efficiency of synthesized ESCuO NPs was determined. This study illustrates the way for cutting-edge synthesis of CuO
NPs with numerous applications.

Keywords Elaecocarpus sylvestris - CuO nanoparticles - 4-Nitrophenol - Antioxidant activity - Reducing agent

Introduction

As a result of the industrial revolution and the quick devel-
opment of technology, all types of industries often discharge
massive amounts of dangerous chemicals into the air, water,
and land, wreaking havoc on the ecosystem. Emerging con-
taminants are being released into water bodies as a result
of the industrial revolution. These new toxins pose dangers
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to ecosystems and human health, necessitating creative
treatment strategies. More specifically, 4-nitrophenol is a
straightforward organic aromatic molecule that is widely
employed in the production of numerous goods needed in
current society, including colors, pesticides, and medications
[1]. However, toxic chemicals like 4-nitrophenol are not only
harmful but also anthropogenic and hindering in nature, so
its reduction is a crucial challenge.

Additionally, 4-nitrophenol and its by-products are uti-
lized to create pesticides, insecticides, and herbicides that
pose a harm to both the environment and people [2].

In this connection, the significant challenge of reduction
of 4-nitrophenol has been performed with the application of
nanotechnology with their specific characteristic properties
recently [3]. There is a plethora of effective research on the
use of nanoparticles to reduce 4-nitrophenol. Metal nano-
particles have many uses in the biological, electrochemical,
and medicinal domains because of their distinctive features,
such as substantial surface area relative to volume ratios and
significant surface energies related to their bulk molecules
[4-7]. There are various types of metal oxide nanoparticles,
but copper oxide nanoparticles are of particular interest due
to their potential for usage in both science and industry. Due
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to their biocidal qualities, CuO has drawn attention and may
be used effectively in a variety of biomedical applications,
including illness treatment, drug delivery, cellular delivery,
and biomedical imaging [8]. CuO NPs are employed as het-
erogeneous catalysts in the pharmaceutical industry as drug
delivery, antioxidant, anticancer, and therapeutic agents [9].
The extremely unique crystal shapes and large surface areas of
copper oxide NPs make them extremely excellent antibacterial
particles [10].

Like other nanoparticles, CuO NPs can be produced through
chemical and physical methods; however, current research has
begun to recognize green CuO nanoparticles due to the green
revolution in all fields. To prevent hazardous chemicals and
an abrasive environment when using chemical methods and
a laborious procedure while using physical methods, a green
protocol for the production of CuO NPs has been established.
As a result, the biological technique for producing CuO NPs
is receiving greater attention because it is simple to use, easy
to handle, does not require cell culture, and is environmen-
tally benign [11]. Thus, using plant extracts for the synthesis
of CuO NPs has already been reported for Gloriosa superba
[12], Aloe barbadensis [13], Malva sylvestris [14], and Carica
papaya [15].

In the current study, Elaeocarpus sylvestris plant leaf
extract is used as a green source for producing copper oxide
nanoparticles in a sustainable manner. The Elaeocarpus syl-
vestris plant has uttermost priority both in the spiritual purpose
and scientific research. This plant belongs to the Elaeocar-
paceae (Rudraksha) family. These are subtropical and long-
leaved evergreen shrubs and trees. The research on this plant
reveals that phytochemicals like alkaloids, terpenoids, and fla-
vonoids are present, as reported by Amit Dadhich [16]. The
antioxidant activity of this plant was reported by Amalia Indah
Prihantini et al. [17]. This shows its action towards depres-
sion, stress, pain in the nerve, anxiety, palpitation, migraine,
asthma, hypertension, and alleviations related to the liver and
arthritis traditionally [18—22]. CuO NPs have been synthesized
employing plant leaf extract from Elaeocarpus sylvestris for
the first time. The current study investigates the environmen-
tally friendly synthesis of CuO NPs and characterizes them
using various microscopic and spectroscopic methods and
tested its reduction activity of 4-nitrophenol and antioxidant
activities.

Experimental methods

Reagents

The chemicals utilized in this research were of superior qual-
ity, conforming to analytical grade specifications. Cu(NOj),.

3H,0, NaOH, 4-nitrophenol, NaBH,, ethanol, and DPPH
(1,1-diphenyl-2-picrylhydrazyl) were obtained from Merck

@ Springer

and employed without any refinement. The Elaeocarpus syl-
vestris tree leaves were piled up near the Lord Shiva tem-
ple, Bommuru, Rajahmundry. Double-distilled water was
utilized throughout all synthetic procedures.

Green protocol description of ESCuO nanoparticles

The fabrication of nanoparticles takes place through a
variety of methods and approaches. A facile green proto-
col through the coprecipitation method has substantially
emerged recently. Natural (plant biomolecule) capping,
stabilizing, and reducing agents are being employed to
accomplish CuO NPs by avoiding perilous reagents [23, 24].
Irrespective of all plant particles, leaves are a good extract
yielding part through the coprecipitation method.

Elaeocarpus sylvestris leaf extract preparation

The fabrication of ESCuO NPs was executed by using Elae-
ocarpus sylvestris leaf extract as a green source operator.
Elaeocarpus sylvestris tree leaves were washed to remove
the dust particles. To dry these leaves, they were kept in the
shade for 15 days. Subsequently, a fine green powder of the
dried leaves was obtained by using ultra household mixer.
In order to create the 1% aqueous leaf extract, 100 ml of dis-
tilled water was combined with 1 g of finely powdered leaves.
For 20-25 min, the aqueous mixture was heated to 60 °C
while being constantly stirred. Then, to obtain a clear solu-
tion free of any particles, the brown aqueous leaf extract was
filtered through Whatman No. 1 filter paper. The filtrate was
then kept at 4 °C.

Elaeocarpus sylvestris—functionalized CuO
nanoparticle synthesis

By using an environmentally friendly source, such as an
aqueous solution of Elaeocarpus sylvestris leaf extract,
the coprecipitation process was used to create Elaeo-
carpus sylvestris—functionalized CuO nanoparticles. A
typical synthesis technique involved dissolving 1.87 g
of Cu(NO;),.3H,0 in 90 mL of distilled water. At room
temperature, the solution is a clear blue color after being
thoroughly mixed for 20 to 25 min. The reaction mixture
volume was then increased to 100 mL by adding 10 mL of
aqueous leaf extract, which caused it to turn dark green.
Then, it was stirred for 15 min to get sonicated well with
the mixture. Later, the temperature was raised to 80 °C
and maintained for up to 1 h, and an intense green color
was observed. Accordingly, 1 M 10 mL NaOH was added
dropwise, and soon after addition, the mixture turned dark
brown, which indicated the formation of Elaeocarpus syl-
vestris—functionalized CuO NPs as per literature [25].
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The workup procedure included washing 2-3 times using
distilled water and later two times with ethanol. The pre-
pared CuO NPs precipitate was kept in the oven at 40 °C
for drying overnight.

Elaeocarpus sylvestris—-functionalized CuO
nanoparticle instrumentation

The fabrication of nanoparticles in any way requires a
firm footing through instrumental (optical, spectral, and
microscopic) techniques. Likewise, ESCuO NPs were put
forward through diversified characterization and analytical
techniques. These helped us to estimate specific proper-
ties of synthesized material to be studied in an accurate
scalable manner which is rapid and reliable to understand
the obtained results. Here, a variety of instruments and
analytical methods, including UV-visible spectroscopy as
well as FTIR, X-RD, SEM, EDAX, and TEM-SAED instru-
ments, are used to examine the bio-orchestrated CuO NPs.
Shimadzu UV-2600 in the range of 200-800 nm was used
for determination of absorbance of Elaeocarpus sylvestris
leaf extract and synthesized ESCuO NPs. The FTIR spectra
of ESCuO NPs were recorded using Bruker FTIR Alpha
spectrometer in the range of 400-4000 cm™', and stand-
ard KBr pellet method is employed. PANalytical X pert
pro diffractometer at 0.02°/s scan rate using Cu-k1 radia-
tion ( A=1.54061) was used to obtain the powder X-ray
diffraction (XRD) patterns. XRD was used to determine
the crystallinity of the synthesized ESCuO NPs. FESEM
(FE-SEM model JEOL 6390LA/ OXFORD XMX N) at
an accelerating voltage of 0.5 to 30 kV with magnifica-
tion X 300,000 equipped with energy-dispersive X-ray spec-
troscopy (EDAX) of resolution 136 eV detector area 30
mm? is used to investigate the morphology and elemental
composition of ESCuO NPs. HRTEM (HR-TEM model
JEOL/JEM 2100) at an accelerating voltage of 200 kV with
point resolution 0.23 nm and lattice resolution 0.14 nm
equipped with selected area electron diffraction patterns
(SAED) is used to investigate the size and shape of the
synthesised ESCuO NPs. The HRTEM images of various
resolutions of the nanoparticles are collected.

Reduction of 4-nitrophenol by ESCuo NPs

Here, normally used procedure has been employed as per
literature [26]. Commonly, 25 mL of an aqueous solution of
4-nitrophenol was taken in a RB flask for 10 min while stir-
ring to ensure good mixing. Ten milligrams of synthesized
NPs made from copper oxide were then added to the reactant
at 2.5 mM. Then, to decrease 4-nitrophenol at room tem-
perature, 0.25 M NaBH, that had been dissolved in a 25-mL
aqueous solution was mixed into the reaction solution. The

mixture was a deep yellow color, and it was allowed to mix
thoroughly through stirring until it became colorless. The
colorless reaction mixture indicated the complete reduction
of 4-nitrophenol. Frequently obtained samples of the reac-
tion mixture, then a UV-visible spectrophotometer was uti-
lized to check if the reaction had finished. Additionally, the
outcomes were analyzed with and without NaBH,,.

Antioxidant potentiality

The “DPPH (1,1-diphenyl-2-picrylhydrazyl) scavenging
test” is a technique used to investigate the synergistic effect
of antioxidant molecules on capped CuO NPs as well as
their effectiveness as antioxidants. The ESCuO NPs have
been employed for conducting the experiment. It was cal-
culated using the DPPH free radical scavenging potential
method and measured according to the procedure described
by Dobrucka [27]. An aliquot of 3 mL of 0.004% DPPH
solution in ethanol and 0.1 mL of ESCuO NPs at various
concentrations (100, 200, 300, 400, 500 ug/mL) were mixed,
which were shielded from light. The DDPH reagent was
made 24 h before and kept out of the light. Each mixture was
left for 30 min; using the Shimadzu UV-2600 spectrometer,
changes in absorbance intensity were measured at 517 nm.
After which DPPH scavenging activity was calculated from
using the equation given here, the findings were estimated as
an amount of scavenging of a control blank with the absorp-
tion value of the investigated materials calculated at 517 nm.

A x 100

Aa)ntral blank —

A

sample

Radical Scavenging activity(%) =

control blank

6]

Results and discussion

The hydroxyl and carboxyl groups found in Elaeocarpus
sylvestris leaves are the best green sources to act as reducing,
stabilizing, and capped operators for CuO NPs, according
to the remarkable results achieved by several instrumental
approaches. The biosynthesized ESCuO NPs are apt for
further catalytic applications as their metabolites constitute
amino, hydroxyl, and carboxyl functional groups.

UV-visible spectroscopy

Figure 1 depicts the comparative UV-Vis spectrum of both
an aqueous solution of Elaeocarpus sylvestris leaf extract and
the synthesized ESCuO NPs. In Fig. 1a, the absorption of the
specified signal at 232 nm was observed for the aqueous leaf
extract of Elaeocarpus sylvestris. Whereas the absorbance
at 232 nm is related to the benzoyl ring system of 7—z* or
n—azr* transitions, these are demonstrating that polyphenols
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Fig.1 UV-visible spectrum of 15
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are some of the constituent phytochemicals in the Elaeocar-
pus sylvestris leaf extract [28]. Figure 1b gives the UV-visible
spectrum of ESCuO NPs. Now, the drawn spectrum revealed

the absorption peaks at 225 and 262 nm. The peak at 225 nm
is attributed to the plant constituents [29], and the peak at
262 indicates the formation of ESCuO nanoparticles [28, 30].

Fig.2 FTIR spectra of a ES leaf
extract and b ESCuO NPs
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FT-IR

The important constituents responsible for the capping,
stabilizing, and reducing of synthesized ESCuO nanopar-
ticles are corroborated through FTIR. In this context, the
functional group particulars of the plant and of synthe-
sized ESCuO nanoparticles were investigated and depicted
in Fig. 2. The FTIR spectrum of the employed biosource
is shown in Fig. 2(a). The obtained spectra expressed the
key functional groups through its characteristic ranges cor-
responding to the values of 3323.90, 2107.53, 1634.43,
and 531.44 cm™!, respectively. The spectrum shows value
at 3323.9 cm™! confirmed the -OH bond stretching vibra-
tion robustly. However, plant literature reveals that there
is no compound with N-H functional group. Actually, the
employed biosource contains ellagic acid, gallic acid, methyl
gallate as major constituents with -OH and -COOH groups
[31]. Given to the bending vibration of group -OH explicitly
is 1634.43 cm™'. Another intense peak at 2106.33 cm™ is
ascertained to C=0 in biomolecules. The single intensity
peak below 900 is 531.55 cm™' and is due to the bending
vibrations of C—C aromatic ring.

Moreover, the FTIR analysis of green-synthesized ESCuO
NPs in Fig. 2b exhibited a shift in the transmittance intensity val-
ues compared to the spectra of biosource employed. Besides, it
confirms the surface functionalization of bio-source of Elaeo-
carpus sylvestris on the green-synthesized CuO NPs. The FTIR
image depicts the peak values at 3795.67, 2801.95, 2661.75,
990, and 583 cm ™, respectively. One of the prominent peaks,
called OH stretching, shifted purposefully from 3323.9 cm™!

Fig.3 XRD pattern of ESCuO

to 3795.67 cm™, indicating that the phenolic -OH of the bio-
source is tightly bound to the CuO NPs. The stretching frequen-
cies of the C—C and aromatic groups were assigned values of
2801.95 and 2661.75 cm™", respectively, while the C-O bond
of the plant’s components was given a value of 990 cm™. It is
interesting to note that the Cu—O bond’s stretching vibrations are
represented by the other band at 583 cm™". Therefore, the above
results confirmed the typical role of biocomponents of plant such
as substituting carboxylic acids and reducing sugars, polyphe-
nols, and proteins which are acted as best in functionalization
and stabilization of ESCuO NPs [25, 26].

XRD

The crystal structure of ESCuO NPs was confirmed by XRD.
Here, diffraction patterns of ESCuO NPs were obtained and
presented in Fig. 3. Green CuO NPs have been shown to have
prominent diffraction peaks that demonstrated their crystalline
nature at various peak positions. The observed peak positions
at20=32.59°,35.61°, 38.78°, 48.82°, 53.54°, 58.37°, 61.60°,
66.31°, 68.15°, 72.46°, and 75.30° were ascertained to cor-
responding hkl planes (110), (111), (200), (202), (020), (202),
(113), (311), (220), and (400) [32]. These are highly com-
patible with the cupric oxide nanoparticle JCPDS Standard
No. 01-080-0076. Finally, it validates the monoclinic phase,
face-centered cubic structure of CuO NPs. As per previous
reports, the presence of diffraction peaks between 35 and 39°
designated the formation of CuO NPs. Fifty-three nanometer
is the average size of CuO NPs as measured by Debye—Scher-
rer’s formula [33].
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Fig.4 a—d SEM pictures of
ESCuO NPs; e EDX spectra of
ESCuO NPs

D = kA/BcosO

SEM

The interpretation of surface texture of orchestrated ESCuO
NPs was carried out through the SEM microscopic tech-
nique. Figure 4a—d displays SEM images of ESCuO NPs.
Moreover, the SEM pictures represented in Fig. 4 reveal
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the defined spherical morphology of the orchestrated CuO
NPs. The observed pictures showed that the ESCuO NPs
had nearly spherical morphologies and were agglomerated
and monodispersed. The chemical composition of the Elaeo-
carpus sylvestris extract is surface linked to this variance in
particle shape and size distribution [34, 35]. In addition to
that, the high surface energy of ESCuO nanoparticles caused
little aggregation. This character developed because the
water medium served as the source of the synthesis process
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[36-38]. Small nuclear particles actively self-aggregate and
oriented in a way to form larger spheres explicitly. In addi-
tion to this, the SEM micrographs were like shattered pieces
(agglomerated particles) on a rough surface. Figure 4e dis-
plays the chemical composition of the produced NPs being
examined by the EDX method. Only two powerful signals,
Cu and O, contribute significantly to the spectrum, with
weight percentages of 69.43 and 27.53, respectively. Addi-
tionally, the presence of significant concentrations of Cu
and O with sharp peaks points to the stability and quality
of the synthesized ESCuO NPs. Sodium was another signal
that was seen and had a very low intensity (3%). Interest-
ingly, there is an unlabeled peak with less intensity which
is ascribed to carbon (0.01%) according to Sone et al. [39].
According to him, the carbon film used to support the CuO
samples as well as leaf-based organic compounds that
emerged from the aqueous extract could be ascribed for the
presence of C found in the powder. Figure 4b depicts the
needle-shaped and layered flakes that were visible on the
surface. The findings showed that the ESCuO NPs were
functionalized by the Elaeocarpus sylvestris leaf extract
biomolecules in a significant way.

TEM

Figure Sa—e depicts the micrographs of the synthesized
ESCuO NPs. The spherical morphological distribution
of orchestrated ESCuO NPs with sizes in various ranges
between 9-25 nm is explicitly depicted in Fig. 5. The TEM
micrographs illustrate that the particles are scattered, and
some appear to be well coated with the leaf extract of Elae-
ocarpus sylvestris. The different magnifications of TEM

(a) (b ..

L) L

10 nm PR

Fig.5 a—e TEM images of ESCuO NPs; f SAED of ESCuO NPs

images declare that very small particles below 25 nm are
observed [36, 40]. The mean particle size was characterized
by “Image J software (National Institute of Health, Bethesda,
MD, USA),” and it was 53.99 nm. Correspondingly, the
obtained value is in accordance with the crystallite size
attained by the Debye—Scherrer equation using XRD. The
bright diffraction rings are observed in the “selected area
electron diffraction (SAED)” phenomenon of orchestrated
ESCuO NPs in Fig. 5f. The areas with white and black dots
revealed the hydrophilic and hydrophobic characteristics of
CuO nanoparticles, respectively. The well-organized and
arranged location of the lattice planes in CuO nanoparti-
cles has been demonstrated by the fringes that appeared [36,
41]. The polycrystalline nature of the CuO nanoparticles has
been found to be consistent with the appearance of white
spots and rings in dark nature [36, 42].This showed that
the CuO NPs are polycrystalline in nature. It is further con-
firmed that the particles are finely crystallized. The SAED
image’s diffused ring dot pattern fits the XRD pattern,
demonstrating the monoclinic structure of the synthesized
ESCuO nanoparticles.

Reduction of 4-nitrophenol using ESCuO NPs

4-Nitrophenol can be reduced by different metal, metal
oxide, and bimetallic nanoparticles like Au, Ag, Pt, Pd,
and Au—-Ag. Eventually, all the aforementioned metals and
metal oxides are cost-effective, and some are harmful, but
the literature says green-synthesized CuO nanoparticles are
also used as reducing agents in organic reactions [43]. Nev-
ertheless, CuO NPs are eco-friendly, bioactive, and com-
mercially viable. Here, ESCuO NPs act as blistering agents
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Fig.6 a A schematic representation of conversion of para-nitrophenol to para-aminophenol by ESCuO NPs and NaBH,. b 4-Nitrophenol reduc-
tion with ES leaf extract and NaBH, without ESCuO NPs. ¢ 4-Nitrophenol reduction by ESCuO NPs and NaBH,. d Kinetics of reduction

and an efficient reducing agents for removal of hazardous
4-nitrophenol. Figure 6a denotes the schematic representa-
tion of conversion of para-nitrophenol to para-aminophenol
by ESCuO NPs and NaBH,,.

In the presence of NaBH, as a reducing agent, the
performance of the as-synthesized ESCuO NPs as a catalyst
was evaluated against 4-nitrophenol reduction [14]. The
conversion of 4-nitrophenol into 4-aminophenol is depicted
in Fig. 6. In the absence of NaBH,, UV-vis absorbance of
p-nitrophenol showed a peak at about 313 nm. However,
when NaBH, was added to the p-NP solution, the peak at
313 nm vanished, and a new, strong peak at about 400 nm
emerged. During the reduction process, a weakly yellowish-
orange p-nitrophenolate solution formed from 4-nitrophenol
transforms into a strong yellowish-orange p-nitrophenolate

@ Springer

ion in alkaline conditions [26]. The UV-Vis absorbance of
the p-nitrophenol and NaBH, mixture without a catalyst
was the source of the initial, strong spectrum. Following
the addition of the catalyst, the peak at 400 nm began to
progressively fade while a new peak at about 313 nm
began to emerge, signifying the transformation of the

Table 1 The kinetic parameters determined during the conversion of
para-nitrophenol to para-aminophenol by ESCuO NPs

S.no CuO Rate R? Time required
NPs in constant for reduction of
(mg) (min™1) 4-nitrophenol (min)
5 0.1477 0.9834 24

2 10 0.1596 09718 14
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Table 2 The antioxidant activity of ESCuO NPs

SL no CuO NPs in (ug/mL) DPPH (%)
(mean + S.D)
1 100 59.45+0.03
2 200 59.56+0.01
3 300 60.33+0.02
4 400 60.44 +0.02
5 500 61.21+0.03

p-nitrophenolate ion into the p-aminophenol, as shown in
Fig. 6b. Based on the appearance of the absorbance peak
at about 400 nm in the presence of the ESCuO NPs as a
catalyst, the amount of time needed to convert 4-nitrophenol
completely was calculated [30]. When the 10 mg ESCuO
NPs as a catalyst was added, the entire conversion of
4-nitrophenol into aminophenol took place in 14 min
(Fig. 6¢), whereas there was no change when the catalyst
was not present.

The rate constant (k) of reduction of 4-nitrophenol using
different doses of ESCuO NPs was determined (Fig. 6d)
(Table 1). The kinetic analysis results showed that the data best
fit with pseudo-first-order. The rate constant of the reaction
obtained from the slope of a plot Fig. 6d depicts that the rate
of catalytic reduction of 4-nitrophenol is the significant for
the ESCuO catalyst synthesized using Elaeocarpus sylvestris
leaf extract based on the literature. The reason for the higher
rate constants when there is a greater concentration of ESCuO
nanoparticles is because there is a corresponding increase in
the quantity of reactive sites available for the reduction of
4-nitrophenol [26]. Figure 6¢ exhibits 4-nitrophenol reduction
by ESCuO NPs and NaBH,. Figure 6d depicts the kinetics of
reduction followed.

Fig.7 Free radical scavenging
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Antioxidant activity

Free radicals are created in biological systems when bio-
molecules interact with molecular oxygen [44]. Numerous
studies have looked at the antioxidant activity of many
different types of natural and manmade substances [45].
The DPPH scavenging assay is thought to be the most used
technique for examining a material’s antioxidant capacity.
The antioxidant activity of ESCuO NPs was investigated
as its capacity to reduce the stable nitrogen radical DPPH,
which causes gradual decrease in absorbance at 517 nm,
with increase in concentration of ESCuO NPs. This further
confirms the free radical scavenging activity of ESCuO
NPs. Hence, ESCuO NPs were used as radical scavenger
and DPPH was used as the radical source. The color of the
DPPH solution changed from deep violet to pale yellow in
the presence of ESCuO NPs. The antioxidant efficiency
CuO nanoparticles and green-synthesized CuO nanopar-
ticles are compared by Naz et al. [46] which confirms that
there is definite enhancement in its efficiency due to the
capping of plant biomolecules [47]. Here, various concen-
trations of samples were prepared (100, 200, 300, 400, and
500 pug/mL) and placed these samples in a dark condition
for half an hour after the addition of DPPH free radical.
Then, after, samples were analyzed using spectrophotom-
eter, and percentage of efficiency values shown in the table
were calculated using the formula (Eq. 1).

These results showed that the antioxidant efficiency of
ESCuO NPs is dose-dependent (Table 2). All values rep-
resented in the tables are the average + SD of the results
of two separately conducted experiments. Figure 7 shows
the free radical scavenging activity of ESCuO NPs, which
exhibits up to 61.21 +0.03% in 500 pg/mL concentration of
ESCuO NPs.

e1.21

E{1L1 400 Sk

59.56

F00

Concentrations of CuO NPs {ug / mL)
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Conclusion

Finally, a novel, simple, and green method is established in
a promising and sustainable way for the production of CuO
nanoparticles. To escape from regular chemical methods
and their toxicity, an environmentally friendly substitute
is the need of the hour. This green protocol with Elaeo-
carpus sylvestris leaf extract became successful in this
way. The fabricated particles are corroborated with respec-
tive instrumental analysis. The findings revealed that the
formed particles have a spherical shape with a 53-nm size
and a face-centered cubic structure. SEM pictures have
defined spherical morphology of the orchestrated ESCuO
NPs. The EDAX spectrum showed the elemental percent-
age of Cu and O are 69.43 and 27.53, respectively. ESCuO
NPs with sizes in various ranges between 9 and 25 nm is
explicitly depicted by TEM instrument. In general, CuO
nanoparticles are cheaper than other metal oxides. The
ESCuO NPs shown efficient catalytic activity in the con-
version of para nitrophenol to para aminophenol. The rate
constant (k) of reduction of 4-nitrophenol using differ-
ent doses of ESCuO NPs was determined, and for 5 mg
and 10 mg of ESCuO NPs, rate constants are 0.1477 and
0.1596 and reduction takes place within 24 and 14 min,
respectively. Therefore, the ESCuO NPs show efficient
catalytic activity in the conversion of para-nitrophenol to
para-aminophenol. Furthermore, it proves ESCuO NPs
have promising antioxidant potentiality and show the free
radical scavenging activity exhibits up to 61.21 +£0.03%
in 500 pg/mL concentration of ESCuO NPs. Therefore,
ESCuO NPs act as a good catalyst for elimination of
organic pollutants. In future perspective, the study gives
the new pathway in a variety of applications, including
biomedicine and catalysis.
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Abstract

In this paper, the complex problem of eliminating dye in polluted water and inhibiting the growth of microbes was discussed.
The main aim of this paper is to synthesize plant-mediated zinc oxide nanoparticles by using an aqueous flower extract
of orange jasmine or Murraya paniculata (L.) Jack (FM ZnO NPs) as reducing and ligating agents in the co-precipitated
method. UV-DRS, UV-Vis, FTIR, TEM, XRD, EDS, FESEM, XPS, and BET techniques were employed to confirm the
prepared FM ZnO NPs. Absorption of FM ZnO NPs showed a wavelength of 354 nm, band gap value of 3.22 eV, Zn-O
bond vibration was at 580 cm™!, and type IV adsorption isotherm was shown by BET. The synthesized FM ZnO NPs are
hexagonal as revealed by SEM, with average crystallite and TEM sizes of 28.7 nm and 57.21 nm. The FM ZnO NPs used
for photocatalytic activity under UV irradiation were investigated and the percentage (%) of degradation of CV by FM ZnO
NPs was found to be 95%. The synthesized ZnO NPs were evaluated against pathogenic bacteria Enterococcus faecalis and
Pseudomonas aeruginosa and also tested on antifungal bacteria Aspergillus niger and Penicillium chrysogenum. Among
these, gram-positive Enterococcus faecalis (14 mm) and Aspergillus niger (15 mm) were efficiently inhibited at a concentra-
tion of 10 ug/mL by synthesized NPs. The current work illustrates the revolutionary method of manufacturing green ZnO
NPs using a new green source and its wide range of applications.

Keywords Plant-mediated synthesis - Zinc oxide nanoparticles - Pollutant - Antifungal - Pathogenic bacteria

1 Introduction

Human health is now the primary determinant of human
sustainability and continued development, and it is inti-
mately correlated with the availability of resources for
clean water. There is a severe lack of safe drinking water,
particularly in developing nations, as a result of several dan-
gerous substances seeping into freshwater bodies and the
absence of affordable techniques for water filtration. Among
all, synthetic dyes are seriously hazardous and major envi-
ronmental pollutants due to their solubility in water. In the
toxicological dye chemistry, about 40,000 to 50,000 tons are
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discharged into water leading to water pollution. Crystal vio-
let is a synthetic cationic vibrant colored dye used in textile
industries, staining agents in laboratories, and paints. Instead
of many uses, it is carcinogenic, causes skin irritation [1],
kidney failure, and permanent blindness, and damages
mucous membranes and the gastrointestinal tract [2]. All of
the researchers have found it quite difficult to come up with
creative, environmentally friendly ways to remove the dyes
from wastewater. It was discovered that nanomaterials were
a potential material for wastewater dye removal. It was well
recognized that these materials may be used in a variety of
industries, including environmental remediation, biomedi-
cal, mechanical, pharmaceutical, electrical, bioengineering,
biotechnology, and cosmetic [3, 4]. Nanotechnology plays a
role in the efficient removal of organic dyes from contami-
nated water and the capacity to inhibit bacteria growth [5].
Nanotechnology has continuously progressed in pro-
ducing nanodevices using different chemical, physical,
and biological methods. Particularly, plant-mediated bio-
logical methods are easily adaptable for the synthesis of
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customized nanoparticles [6, 7] with various metal oxide
nanoparticles like CuO, Fe;0,, NiO, and ZnO being syn-
thesized [8, 9]. Among all, ZnO NPs are prominent as
they are used extensively in the field of food additives,
packaging materials [10], solar cells, optoelectronic laser
devices [11], gas sensors [12], pyroelectricity, lumines-
cent materials, pigments, UV shielding materials [13], and
pollutant degradation [14] protective agents in sunscreen
products and cosmetics [15]. It also has significant use
in biological applications [16]. ZnO NPs synthesized by
various researchers by using plant extracts are Brassica
oleracea var. botrytis leaf extract [17], aqueous leaf extract
of Dolichos Lablab [18], Moringa oleifera gum[19], Jat-
ropha podagrica leaf extract[ 20], and leaves of Elaeocar-
pus Sylvestris [21], Hardwickia binata leave extract [22],
and pomegranate peel extract [23].

For the first time, a quick method using flowers from
Murraya paniculata (L.) Jack (orange jasmine) has been
established to prepare green ZnO NPs. Here, flower extract
acts as a ligating agent. This plant family is Rutaceae,
widely distributed from South Asia to Australia. These
plant extracts are astringent and stimulating. Orange jas-
mine is used in traditional medicine in the treatment of
headaches, abdominal pain, and dysentery [24]. Extensive
research on this plant illuminated multiple pharmacologi-
cal effects including anti-nociceptive, antioxidant, anti-
diabetic, antimicrobial, antioxidant, and analgesic activi-
ties due to the presence of various natural compounds like
coumarins, indole naphthoquinone alkaloids (murrapanine)
[25], phenols, terpenoids and hexa methoxy flavonoids
[26]. 3,5,7,3",4",5'-hexamethoxy flavone, and murray-
aculatine flavonoids were extracted from fresh flowers of
Murraya paniculata (L.) Jack [27]. In a pioneering effort,
ZnO NPs are successfully prepared using flower extract of
Murraya paniculata (L.) Jack containing diverse phenolic
and phytochemicals (act as ligating and enhanced stability)
to achieve well-defined shapes and sizes. The diversifica-
tion is achieved by selecting new and unique plant sources
for synthesizing nanoparticles without the use of harmful
chemicals. The present flower extract Murraya paniculata
(L.) Jack plant extracts allow additional advantages such as
productivity, tailored for specific applications, and reduced
cost. The key constituents present in the flower extract of
Murraya paniculata (L.) Jack may play a key role in the
bio-reduction of metal salt. The as-synthesized FM ZnO
NPs were tested as photocatalysts for the degradation of
crystal violet dye in aqueous solution. As the green source
has various antimicrobial properties, the synergistic effect
of green synthesized FM ZnO NP antimicrobial activity is
evaluated against both gram-positive bacteria (Enterococ-
cus faecalis) and gram-negative bacteria (Pseudomonas
aeruginosa) employing the agar well diffusion method.

@ Springer

2 Materials and methods

Flowers of orange jasmine were collected from the botanical
garden of the VSK Government Degree College, Visakhapa-
tnam, Andhra Pradesh, India. Zinc acetate dihydrate
Zn(OOCCH,),.2H,0 (98% PURITY), sodium hydroxide
(NaOH), and crystal violet (CV) from Merck in India were
used without purification. Milli Q-water was utilized in these
experiments.

2.1 Orange jasmine flower extract preparation

Fresh flowers are collected and rinsed thoroughly with milli-
Q water. These flowers were then dried under shaded for
18 days until completely dry. Dried flowers were ground well
into a fine powder using a grinder. One gram of the powdered
flower sample was placed in a 250-mL flask, and 100 mL of
milli-Q water was added. This mixture was heated at 60 °C
for 30 min, yielding a brilliant brown solution. The solution
was filtered through Whatman grade 1 filter paper to elimi-
nate particulate matter, and the resultant solution was stored
in a refrigerator at 4 °C for synthesis of FM ZnO NPs.

2.2 Synthesis of ZnO NPs using flower extract
of orange jasmine

During the synthesis, processing parameters such as pH,
temperatures, and concentrations of flower extract and pre-
cursor are to be kept under consideration. In an established
process, 0.2 g of Zn (CH;COO),, 10 mL solution of 1%
flower extract of Murraya paniculata (L.) Jack using water
as a solvent, and 80 mL Milli-Q water were taken in a flask.
Then the combination was agitated in a water bath and sub-
sequently heated to 70 °C for the time of 60 min which led
to form a yellowish white—colored solution. Following this,
1 M NaOH drop was added to complete the precipitation
of FM ZnO NPs at pH 12. The resultant solution under-
went multiple washes and was subjected to centrifugation
at 8000 rpm, and the white solid was formed after vacuum
drying at 60 °C for 12 h shown in Fig. 1. A white precipitate
was used for the characterization.

2.3 Characterization of synthesized FM ZnO NPs

Synthesized FM ZnO NPs were characterized by various
analytical techniques. An Instrument employed to assess the
wavelength of FM ZnO NPs used a modal Schimadzu-2450
double beam spectrophotometer (wavelength range of
90-700 nm). FT-IR spectra of flower extract and FM ZnO
NPs were characterized by FT-IR (Model, Make Bruker).
An energy-dispersive spectrum (EDS) equipped with Zeiss
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Fig. 1 Procedure for fabrication of FM ZnO NPs

Ultra-60 modal (SEM) scanning electron microscopy was
used to identify the elemental composition and morphol-
ogy. X-ray diffractometer (XRD) (functioning at 45 kV and
40 mA made by PANalytical X pert) patterns of FM ZnO
NPs were observed. FM ZnO NPs were examined by the
model FEITECNAI G2 S-Twin (TEM) transmission electron
microscopy with an accelerating voltage of 200 kV utilized
to determine the size and morphology of FM ZnO NPs.
Pore size, pore volume, and surface area determined by N,
adsorption—desorption of FM ZnO NPs were investigated by
instrument quanta chrome Nova 2200E. The prepared FM
ZnO NPs were tested on bacterial strains and fungal strains
by well diffusion method.

3 Results and discussion

The direct evidence for the formation of ZnO NPs is in
Fig. 2. The UV-Vis absorption spectra of aqueous flower
extract and FM ZnO NPs are in Fig. 2a; the aqueous flower
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extract of Murraya paniculata (L.) Jack has bands at 290
and 340 nm, which are attributed to the occurrence of natu-
ral products in an orange jasmine extract. A well-defined
absorption peak at 354 nm [28] points to the formation of
ZnO NPs in Fig. 2b and is attributed to the efficient scatter-
ing and light absorption. The absence of flower extract peaks
in the prepared NPs suggests the involvement of phytochem-
icals in the process of reduction and encapsulation [18].

The diffuse reflectance spectra of synthesized ZnO
NPs are depicted in Fig. 3. The Kubelka—Munk equation
was used to calculate the band gap value of ZnO NPs and
found to be 3.22 eV which is near to bulk ZnO (~3.37 eV)
[29] due to flower extract that modifies the surface of the
nanoparticles.

The complete picture of the different functional groups
and their structural information is given through the trans-
mittance intensities of Murraya paniculata (L.) Jack flower
extract and prepared FM ZnO NPs in their FTIR spectra
exhibited in Fig. 4.Figure 4 represents the FTIR spectrum
of an aqueous flower extract and synthesized FM ZnO NPs.
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Fig.2 UV-Vis absorption of (a) flower extract of Murraya paniculata (L.) Jack, b synthesized FM ZnO NPs
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Fig.3 UV-DRS spectrum of fabricated FM ZnO NPs

The FTIR spectrum of the Murraya paniculata (L.) Jack,
an aqueous flower extract, exhibited characteristic stretch-
ing frequencies at 3348, 2162, 1995, 1636, 1437, 1118,
1042, 889, and 634 cm™! respectively. The broad peak at
3348 cm™! is attributed to the OH stretching of phenolic
compounds in flower extract. Carbonyl stretching in proteins
causes the peak at 1636 cm™!, which can be the amide band
of proteins. The presence of CO groups is indicated by the
peaks at 1118 and 1042 cm™! in Fig. 4a. The additional peak
at 580 was observed in Fig. 4b of FM ZnO NPs due to the
vibration of Zn—O and also occur shifting of peaks in FM
ZnO NPs [30].

Figure 5 represents the XRD spectra of ZnO. X-ray dif-
fraction peaks obtained at 31.79°, 34.41°, 36.21°, 47.45°,
56.56°, 62.81°, 66.35°, 67.94°, 69.08°, 72.56°, and 76.95°
correspond to (100), (002), (101), (102), (110), (103), (200),
(112), (201), (004), and (202) planes that confirmed the
presence of ZnO NPs [31]. The XRD results for fabricated
NPs well agreement with standards (JCPDS No. 36-1451).
The robust crystalline structure is evidenced by well-defined
narrow peaks; the absence of other peaks shows the purity of
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Fig.5 Powder XRD patterns of synthesized FM ZnO NPs

the NPs. D=kA/fcosO Scherrer equation was used to deter-
mine the grain size. Here, D stands for the crystal size, 4 rep-
resents the wavelength of X-ray radiation (1=0.15406 nm)
for Cu Ka, & is the shape factor (typically taken as 0.9), g
corresponds to the full width at half maximum (FWHM),
and @ represents the diffraction angle. The computed average
crystallite size of the NPs is 28.7 nm.

FESEM images showed the hexagonal surface morphol-
ogy of ZnO NPs pictured in Fig. 6a—b. Notice that most
of the ZnO NPs have a large surface area and are highly
agglomerated which is typical in green synthesis. The
energy dispersive X-ray spectrum (EDS) depicted in Fig. 6¢
provides valuable information about elemental composition
detected at specific signals of zinc atoms at 1 keV, 8.7 keV,
and 9.6 keV along with the single peak of oxygen atom at
0.5 keV in the ZnO NPs.

TEM images depicted in Fig. 7a-b confirmed the shape
and average size of synthesized FM ZnO NPs that were
found to be hexagonal morphology with a size of 57.21 nm
which was calculated by ImageJ through that histogram
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Fig.4 a FTIR spectrum of Murraya paniculata (L.) Jack flower powder and (b) FTIR spectrum of FM ZnO NPs
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Fig.6 a, b FESEM micrograph of green synthesized FM ZnO NPs in different magnifications, ¢ EDS spectrum of synthesized FM ZnO NPs

Fig.7 a, b TEM images, ¢
SAED pattern, d histogram of
the size distribution of synthe-
sized FM ZnO NPs
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being established shown in Fig. 7d. Here, the particle size
is greater than calculated crystallite size from XRD. Ring-
like patterns are shown in Fig. 7c by SAED (selected area
diffraction) indicating nanocrystalline nature [32].

The oxidation states and chemical composition of the ele-
ments of FM ZnO NPs were analyzed by XPS. As can be
seen in Fig. 8a, the entire spectrum confirmed the presence

of FM ZnO NPs capped by organic moieties, which coin-
cides with the EDS findings. For the composition and sur-
face electronic structure of FM ZnO NPs, X-ray photoelec-
tron spectroscopy was employed. The peaks of Zn, O, and
C elements in the XPS spectrum can be clearly observed.
The detected C 1 s peak originates from the flower extract
of carbon species capped on the samples.
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Fig.8 XPS spectra of synthe-

sized FM ZnO NPs 112}
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Fig.9 BET plot for synthesized FM ZnO NPs

As reported in above Fig. 8a, the survey on XPS spec-
trum shows prominent peaks due to the presence of Zn 2p3/2
(1021.8 eV), Zn 2p1/2 (1044.6 eV), Zn 3 s, Zn 3p, and Zn
3d, core levels recognized along with other characteristic
peaks of the O 1 s (530 eV) shown in Fig. 8b and C 1s
(284.60 eV) levels. The spin orbit splitting between Zn 2p3/2
(1021.8 eV) and Zn 2p1/2 (1044.6 eV) was reported for pho-
toelectrons excited from Zn*? ions in the ZnO crystal lattice.
All these binding energies are well agreed [33].

BET surface technique was used to investigate the surface
structure of synthesized FM ZnO NPs. The results of BET
in Fig. 9 suggest pore diameter, surface area, and pore vol-
ume, and the synthesized FM ZnO NPs were determined to
be 1.66 nm, 5.84 m2/g, and 0.0205 cm3/g, respectively. The
adsorption—desorption isotherm shows type IV indicates the
mesoporous structure and maximum relative pressure (P/
P,); about 4.80 m?/g of nitrogen was adsorbed that provides
slit-shaped pores [34].

3.1 Plausible mechanism for the synthesis of FM
ZnO NPs

The murayyaculatine present in an aqueous flower extract
of Murraya paniculata (L.) Jack acted as a ligating agent

@ Springer
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during the synthesis of FM ZnO NPs. Murrayaculatine con-
tains —COO™ group acted as a capping agent as shown in
Fig. 10.

3.2 Photocatalytic degradation of crystal Violet
(Cv)

Initially, synthesized FM ZnO NPs were used for blank
experiments that were carried out without irradiation and
showed no removal of CV dye. Additionally, there was no
degradation observed without the catalyst in UV—visible
light. The impact of pH, catalyst dosage, and concentration
of the dye on the photodegradation of CV was explored in
this study.

FM ZnO NP solution containing dye varied the pH
between 3 and 11. The mixture solution was subjected to
stirring for 30 min. After every 30 min, 5 mL of aliquots was
taken and analyzed by UV-Vis spectroscopy. The absorb-
ance data presented in Fig. 11a showed that significant deg-
radation of the rate of CV was maximum at pH=10. The
optimum catalyst dosage can be determined by altering the
FM ZnO NP quantity from 25 mg, 50 mg, and 75 mg in CV
dye solution. As expressed in Fig. 11a—d, it was observed
that degradation is maximum at 75 mg. This increases the
number of hydroxyl radicals, and more number of dye pol-
lutants get adsorbed on the catalyst surface which finally
enhances the rate of photocatalytic degradation. But beyond
75 g of catalyst dosage, the photocatalytic activity decreased
due to an increase in turbidity of solution due to which
penetration of light is restricted after this maximum; the
absorption intensity of CV solution at 664 nm decreased
as the reaction time progressed. Figure 11b indicates the
plot between the C,/C, of CV dye and time “t” (min). The
kinetics of the photocatalytic degradation of CV could be
described by pseudo-first-order kinetics and kinetic param-
eters shown in Table 1.

Various CV dye concentrations with increments of 5
(5,10, 15 mg/L solution) on the removal efficiency of FM
ZnO NPs (75 mg) at pH =10 were investigated. Table 2
shows the UV-Vis absorption spectra of 5 mg/L to
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Fig. 10 Plausible reduction Zn(CH3COO), ——— = Zn'2+2CH;COO"
mechanism for the formation of
FM ZnO NPs o i 7
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Fig. 11 a Spectra of CV dye degradation, b CV dye degradation using different dosages of catalyst. ¢ % of CV dye degradation, d first-order rate
kinetics of CV dye degradation in the presence of FM ZnO NPs

15 mg/L CV solution at different time intervals. The inten-  respectively. The photocatalytic degradation kinetics of
sity of the CV solution maximum at 590 nm and decreased ~ CV are described by pseudo-first-order kinetics.

as the reaction time was progressed. The percentage (%) of

degradation of 5 mg/L, 10 mg/L, and 15 mg/L. CV by FM I”(Ct/CO) = —kt ey
ZnO NPs was found to be 94.92%, 91.75%, and 82.56%
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Table 1 Calculated kinetic parameters from photocatalytic degrada-
tion of CV dye at different amounts of the catalyst FM ZnO NPs at
constant pH=10

S.no Amount of the Calculated Value of R> Time for pho-
catalyst FM rate constant todegradation
ZnO NPs (mg) (min™") (min)
25 0.00995 0.9944 90
50 0.0172 0.9991 90
75 0.02372 0.9995 90

Table2 The kinetic parameters obtained from photocatalytic degra-
dation of different concentrations of CV dye using a constant amount
of 75 mg of FM ZnO NPs at pH=10

Sample Concentra- Calculated R’ value Time for
number tion of CV dye rate constant completion of
(mg/L) (min~1) photodegrada-
tion (min)
5 0.03318 0.9837 90
10 0.02041 0.9938 90
15 0.01186 0.9957 90

In the mechanism of the photocatalytic degradation of CV,
the ZnO NPs are irradiated with a UV-light source leading to
the formation of electron-hole pairs (¢~ +h*). Electrons (¢7) in
the conduction band are scavenged by oxygen (O,) molecules
leading to the formation of superoxide anion e O, and simulta-
neous protonation produces OOH e radicals. In the further steps,
holes (h+) in the valence band react with either H,O or OH™ to
produce an active species such as hydroxyl radicals OH® and
superoxide anion *O,~, or highly active OH® radical oxidizes
CV dye to form CO,, H,0, and nontoxic products (Fig. 12).

3.3 Antibacterial efficacy

The antimicrobial efficacy of FM ZnO NPs was carried
out against pathogenic organisms such as MTCC 439
Enterococcus faecalis and MTCC 424 Pseudomonas aer-
uginosa with nutrient agar medium in agar well diffusion
method. Sterilize the medium and seed with the respec-
tive strains of bacteria and aseptically transfer them into
each petri dish. The FM ZnO NPs were freshly dissolved
in distilled H,O and put to the tests with standard (cipro-
floxacin, 5 pg/mL) and varying concentrations of 10 pg/

Table 3 Comparison of the photocatalytic degradation of ZnO NPs in the present work with previous works

Green materials Dye Light source Irradiation time  Degradation effi- Reference
(min) ciency (%)

Murraya paniculata (L.) Jack extract Crystal violet UV light 90 94.92 Present work

Sageretia thea aqueous extract Crystal violet UV light 8h 40.65 [35]

Delonix Elata leaf extract Crystal violet UV light 90 86 [36]

Moringa oleifera peel extract Crystal violet UV light 70 94 [37]

Fig. 12 Schematic diagram
for the possible photocatalytic
mechanism of FM ZnO NPs

. UV fight
towards CV dye degradation
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where “C,” is the concentration of CV without FM ZnO

NPs, “C,” is the concentration of CV with FM ZnO NPs at
different time intervals, and k is the first-order rate constant.
The degradation efficiency of the as-prepared FM ZnO NPs
was compared with that of recently reported ZnO NPs in
Table 3.

@ Springer

mL, 5 ug/mL, and 2.5 pg/mL were used and introduced in
petri dishes containing strains. The results of these tests
were run in triplicate, and the mean and standard devia-
tion were calculated. The activity diameter of the zone
of inhibition was determined for each of the previously
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stated samples using the HiMedia antibiotic zone scale,
as shown in Fig. 13. Table 4 shows the observations and
findings.

It is evident from Table 4 that the inhibition was dose-
dependent. As indicated in Table 3, the test findings
were expressed as means and standard deviation (SD)
of the zone of inhibition values. From these values, it
is evident that for both bacterial strains, FM ZnO NPs
did not exhibit a zone of inhibition at a dose of 2.5 ug/
mL. Similarly, FM ZnO NPs do not show activity against
Pseudomonas aeruginosa, and 12.67 +0.58 mm against
Enterococcus faecalis at 5 pg/mL concentration. Both
strains have shown significant zone of inhibition values
as 11 +0.58 mm and 14.67 +0.58 mm at 10 pg/mL. These
values conclude that MIC (minimum inhibitory concen-
tration) values for the FM ZnO NPs against Pseudomonas
aeruginosa and Enterococcus faecalis were 5 ng/mL and
10 pg/mL respectively. Two bacterial strain outcomes
demonstrated that FM ZnO NPs exhibited potent anti-
bacterial activity.

3.4 Antifungal activity

The antifungal activity of FM ZnO NPs was investigated
against pathogenic organisms MTCC 282 Aspergillus niger

Fig. 13 Antibacterial activ-
ity of synthesized FM ZnO
NPs against (a) gram-negative
bacteria and (b) gram-positive
bacteria

and MTCC 5108 Penicillium chrysogenum by agar-well dif-
fusion method. Sterilized potato dextrose agar medium was
seeded with the respective strains transferred aseptically in
a petri dish. The FM ZnO NPs were freshly dissolved with
distilled H,O and carried out at varied concentrations (1, 2,
and 3). The samples and standard (fluconazole) were placed
in a 6 mm diameter well of petri plates and were incubated
at 28 + 3 °C for about 24 h. The activity diameter was meas-
ured using the HiMedia antibiotic zone scale and inhibition
zone results depicted in Table 5 and inhibition shown in
Fig. 14.

It revealed that the inhibition was concentration-depend-
ent. Table 3 exhibits the test results in means and standard
deviation (SD) of the zone of inhibition values. From these
values, it is evident that both organisms exhibited equal val-
ues of zone of inhibition at a dose of 2.5 pg/mL. Similarly,
FM ZnO NPs showed zone of inhibition value is 11 +0.58
against Aspergillus niger and 12.67 +£0.58 value against
Penicillium chrysogenum at 5 pg/mL concentration. Both
strains have shown significant zone of inhibition values as
15.67+0.58 mm and 11.67 +0.58 mm at 10 ug/mL. These
values declared that MIC (minimum inhibitory concentra-
tion) values for the FM ZnO NPs have the same value as
2.5 pg/mL for both organisms. The outcomes demonstrated
that FM ZnO NPs exhibited efficient antifungal activity.

Table 4 Inhibition values of FM

. - . Test organism FM ZnO NPs Ciprofloxacin (standard)
ZnO NPs against bacteria stains
Con. (ug/mL) 10 5 2.5 5
Pseudomonas aeruginosa 11+0.58 0 0 38.67 +0.58
Enterococcus faecalis 14.67 + 0.58 12.67 +0.58 0 38+1.0
Table 5. Inhibitiop Yalues from Test organism FM ZnO NPs Fluconazole (standard)
the antifungal activity of FM
ZnO NPs Con. (ug/mL) 10 5 25 5
Aspergillus niger 15.67 + 0.58 11+0.58 9+0.58 14.67 + 0.58
Penicillium chrysogenum 11.67 +0.58 12.67 + 0.58 9+0.58 30+1.0
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Fig. 14 Antifungal activity of
synthesized FM ZnO NPs a
Aspergillus niger, b Penicillium
chrysogenum

4 Conclusion

In this study, an aqueous flower extract of Murraya panicu-
lata (L.) Jack has alkaloids, phenolic acid, flavonoids, tan-
nins, terpenoids, and carbohydrate active functional groups
which act as ligating to the formation of NPs. The synthe-
sized NPs were characterized by different analytical tech-
niques which conformed to the Zn—O bond, hexagonal shape
of NPs, the average size of 57 nm, and high crystallinity.
The band gap value of FM ZnO NPs is found to be 3.22 eV.
The observed H4 type hysteresis loop of surface area was
5.84 m?%/g eased by the BJH method. Catalytic and antibac-
terial application of as-synthesized ZnO NPs was reported.
The synthesized NPs have more potential for photocatalytic
activity towards CV dye removal from 94.92% within 90 min
and followed first-order kinetics. It is observed that potent
antibacterial efficacy towards gram-positive Enterococcus
faecalis than gram-negative Pseudomonas aeruginosa. In
addition to that, efficient anti fungal activity against Asper-
gillus niger was achieved using 10 pg/ml and 5 pg/ml con-
centrations of synthesized nanoparticles. The novel plant
extracts allow additional advantages such as productivity,
tailored for specific applications, and reduced cost. In this
present research, synthesized ZnO NPs showed outstanding
adsorption for eliminating crystal violet dye and moderately
inhibited the growth of gram-positive, gram-negative, and
anti-fungal microbes.
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Facile green fabrication of magnetite nanoparticles using an aqueous flower
extract of Murraya paniculata (L) Jack for an efficient removal of organic
dye pollutant, antibacterial activities
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This article reports, the plant-mediated synthesis of Magnetite nanoparticles achieved by utilising an aqueous
flower extract of Murraya paniculata (L) Jack (FMPM NPs). The active compounds are phenols, alkaloids, fla-
vones and terpenoids in the aqueous flower extract of Murraya paniculata act as ligating agents to synthesize
novel green superparamagnetic magnetite nanoparticles by the coprecipitation method. As prepared FMPM NPs
have been characterized by a range of spectroscopic and microscopic techniques. All spectroscopic and micro-
scopic results confirmed the occurrence of pure FMPM NPs. Fourier transform-infrared spectroscopy (FTIR)
shows the presence of a Fe-O bond and the band gap was found to be 2.57 eV for FMPM NPs. The surface area of
the synthesized nanoparticles was 70.31 m?%/g evaluated by BET analysis. The elemental analysis has been
performed by the XPS technique. The XRD pattern revealed the crystal size of 14.12 nm of FMPM NPs. TEM
images show the spherical shaped FMPM NPs with an average particle size of 11.58 nm. SEM results clearly show
spherically shaped FMPM NPs. The superparamagnetic character of FMPM NPs is revealed by the VSM curve and
saturation magnetization (Ms) value of 58 emu/g. FMPM NPs used for photocatalytic activity, tested against
gram positive, gram negative and antifungal bacteria. As prepared FMPM NPs_showed 93 % removal efficiency
of Fast sulphon black-F dye pollutant. Moreover, FMPM NPs efficiently inhibit the growth of Enterococcus
faecalis and Penicillium chrysogenum. The current research is for the fabrication of magnetite nanoparticles
utilising novel green source and examining their applications.

1. Introduction

Recent past, synthesis and applications of functional metal oxide
[1,2], mixed metal oxides [3,4] and nano composites [5,6] have
received great importance owing to their unique physio-chemical,
electrical, thermal, and optical properties than their bulk counterpart
because of their high surface area and small size [1]. Especially,
superparamagnetic metal oxide nanoparticles, with small size and
aggregate free nanoparticles have been employed for biomedical ap-
plications [2]. Among, all the superparamagnetic metal oxide nano-
particles, the magnetite nanoparticles (FesO4 NPs) have emerged as a
potential material for biomedical, catalysis, high density storage and
optoelectrics applications [2].

Many approaches have been adopted for the fabrication of size and
shape-controlled Fe304 NPs such as hydrothermal, microemulsion, sono

chemical, solvothermal, electrochemical, co-precipitation, and sol-gel
techniques [7-13]. These were not suitable for biomedical applications
due to the use of dangerous chemicals like sodium borohydride, toluene
and dimethyl formamide. Therefore, it is highly required to synthesize
Fe304 NPs via green synthetic approaches utilising biological materials
such as fungi, bacteria, yeast and plant extracts. However, the synthesis
of nanoparticles using fungi, and bacteria have limitations such as
handling of microbes and large-scale industrial production [14]. Among
all biological synthetic approaches, the plant mediated synthesis has
emerged as a potential approach due to its simple, green, facile, cost
effective, large scale industrial production and suitability for biomedical
applications.

Moreover, in plant mediated synthesis of nanoparticles, phyto-
chemicals present in plant extracts can act as both reducing and ligating
agent for the preparation of size, shape controlled and aggregate free
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Fe3O4 NPs. Furthermore, these NPs are synthesized without using an
external oxidizing and reducing agents. The active biomolecules capped
Fe304 NPs have enhanced biomedical activities than conventionally
prepared FesO4 NPs [15]. This is due to the synergetic effect of FesO4
NPs and bioactive molecules in the plant extracts. Numerous plant ex-
tracts have been employed for the preparation of Fe304 NPs are Jatropha
podagrica aqueous leaf extract [16] Chlorella vulgaris extract [17]
aqueous leaf extract of Elaeocarpus Sylvestris [18], aqueous leaf extrac-
t Zanthoxylum armatum DC [19], pod extract of Dolchos lablab L [20],
Rhus coriarja seed extract [21], Prunus serrulate leaf extract [22],
Menthapulegium L.leaf extract [23] and pomegranate leaves extract
[24] (see Tabel 1).

Murraya paniculata (L) Jack is a family of Rutaceae [25] and is
cultivated in gardens for smelling flowers [26]. It is available in India
and employed as an herbal medicine to treat dysentery, cough and
diarrhoea. The phytochemical studies reveal that Murraya paniculata
contains alkaloids, flavonoids, essential oils and coumarins [27].
Recently, published an article by use of this flower extract for the
preparation of ZnO nanoparticles [28]. With this awareness, the
research aimed to adopt an eco-conscious method for the preparation of
magnetite by utilising the flower extract of Murraya paniculata (L) Jack.
Moreover, the diverse phytochemicals present in plant extract played a
role in the formation of stabilised nanoparticles. Maximising to inves-
tigation of the capabilities of different plant species is essential to syn-
thesising nanoparticles of additional advantages like enhancing yield,
ease of synthesis, scalability, rapid, cost-effective, size, and morphology
are specialised properties suitable for specific applications. Here,
aqueous plant extracts are used due to biocompatibility, nontoxic sol-
vent and preserves bioactive compounds [29]. We report for the first
time the synthesis of FMPM NPs utilising flower extract of Murraya
paniculata (L) Jack for an efficient removal of organic dye pollutant and
antimicrobial activities. FMPM NPs were also investigated against
Enterococcus faecalis, Pseudomonas aeruginosa, Aspergillusniger and
Penicilliumchrysogenum.

2. Experimental methods
2.1. Chemicals and reagents

All analytical grade chemicals i.e, Ferrous sulphate heptahydrate,
Ferric chloride hexa hydrate, Ammonia, Millie Q water, Ethanol, and
Fast Sulphon black-F (FSB) were from Merck utilized for these experi-
ments. Murraya paniculata flowers were collected from Dr V. S. Krishna
Government Degree College, Botanical Garden Visakhapatnam, Andhra
Pradesh, India. Sources of strains Enterococcus faecalis, Pseudomonas
aeruginosa Aspergillusniger, Penicilliumchrysogenum collected from
IMTECH, Chandigarh, India.

Table 1
Study of magnetite nanoparticles with literature.
Plant extract Average Crystallite Structure Reference
particle size size
(nm)

Murraya 14.12 11.58 Spherical Present
paniculata (L) work
flower

Jatropha podagrica  15.57 14.10 Hexagonal [16]
leaves Cubic and rod

shaped

Zanthoxylum 17 20.7 Spherical [19]
Armatum DC
leaves

Sargassum 18 17-25 Spherical [14]
Muticum

Pomegranate 45-60 56 Spherical [24]
leaves

Inorganic Chemistry Communications 162 (2024) 112290
2.2. Preparation of an aqueous flower extract of Murraya paniculata

Murraya paniculata flowers were collected from plant, then washed
with water and shade dried for 20 days. Dried flowers were grounded
into fine powder stored in an airtight container for further use. Prepared
1 % aqueous flower extract, and 1 g of flower powder taken in Erlen
Meyer flask.100 mL distilled water was added and heated at 60° for 20
min. The extract was subsequently cooled and filtered through Whatman
paper shown in Fig. 1 resulting filtrate was preserved at 4 °C for the
preparation of magnetite nanoparticles.

2.3. Preparation of Fe304NPs using an aqueous flower extract of
Murraya paniculata

In this process, optimised temperature, pH levels, concentration of
flower extract and concentration of precursors. With an established
procedure, FMPM NPs were prepared by co-precipitation method by
utilising an aqueous flower extract of Murraya paniculata. In the stan-
dard procedure, dissolving 2:1 M ratio of FeCls3-6H0 (0.11 g) and
FeSO4-7H20 (0.556 g) in 90 mL of distilled water and subjected to 10
min of stirring. Then heated to 80 °C with constant stirring for 10 min.
Afterwards, 10 mL of a 1 % aqueous flower extract of Murraya paniculata
was introduced to the mixture and it proceeded at 80 °C for 30 min
under continuous stirring. Finally,7 mL of 25 % ammonia was added
slowly and pH adjusted to 10. The mixture solution was turned into a
black precipitate which indicates the formation of FMPM NPs. The
FMPM NPs precipitate was separated by external magnetite washed
periodically with ethanol and Milli-Q water and finally dried.

2.4. Characterization of FMP Fe304 NPs

Various techniques have been used to characterise the synthesised
FMPM NPs. A SCHIMADZU-2450 (Make, SCHIMADZU, Japan) double
beam spectrophotometer of the wavelength range of 190-700 nm was
used to measure FMPM NPs made from Murraya paniculata (L) Jack
flower extract. The FT-IR spectra of Murraya paniculata (L) Jack extract
and FMPM NPs were carried out by utilising an FT-IR spectrophotometer
(Model, Make Bruker). Scanning Electron Microscopy (SEM), (FE-SEM,
Zeiss Ultra-60) with an energy dispersive spectrum (EDS), as well as a
PANalyticalX’pert X-Ray Diffractometer (XRD) performed at 40 mA and
45 kV, the morphology and elemental analysis of produced FMPM NPs
were studied. Transmission electron microscopy (TEM model FEI TEC-
NAI G2 S-Twin) with a 200 kV accelerating voltage was used to deter-
mine the size and morphology of FMPM NPs. To determine the magnetic
characteristics of FMPM NPs, a Vibrating sampling magneto meter
(VSM) was used (Lake Shore Cryotronics, Inc., Idea-VSM, model 7410,
USA). Thermogravimetric/differential thermal analysis (TGA deriva-
tive) was used to examine the FMPM NPs thermal characteristics
(NETZSCH STA 449 F3 Jupiter). Prepared FMPM NPs were investigated
against two bacteria and also against two fungi (MTCC 439) Enterococcus
faecalis, (MTCC 424) Pseudomonas aeruginosa and also against two fungi
Aspergillus niger (MTCC 282) Penicillium chrysogenum (MTCC 5108).

3. Results and discussion

UV-Vis spectral investigation confirms the formation and stability of
FMPM NPs in an aqueous colloidal solution. Fig. 2a shows that the peaks
at 290 nm and 341 nm were found in an extract of Murraya paniculata (L)
Jack and the highest absorbance band was located at a wavelength of
355 nm indicating that FeCls had been reduced to FMPM NPs. Fig. 2b
shows the band gap at 2.57 eV.

Murraya paniculata (L) Jack extract was subjected to FT-IR analysis to
identify the functional groups and forecast their role in the formation of
FMPM NPs. The FT-IR spectra of an extract of Murraya paniculata (L)
Jack is depicted in the figure (Fig. 2¢). The significant absorption band at
3348 cm™! is attributed to the alcohol and phenolic compound O—H
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Fig. 1. A Murraya paniculata flower b Dried grounded flower powder of Murraya paniculata c. Aqueous extract of Murraya paniculata flower powder.
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Fig. 2. A. UV-Visible Spectra of Murraya paniculata (L) Jack flower aqueous extract and FMPM NPs. b. UV-Vis diffuse reflectance (%R) spectra of FMPM NPs. c.

FTIR spectra of FMPM NPs.

stretching band. The peak at 1636 cm ™! is due to CO stretching groups in
ketones, aldehydes, and carboxylic acids in plant extracts [30]. The
Fe—O band is characteristic of the production of FMPM NPs, which has
absorption bands ranging from 418 to 549 cm™! [31].

The XRD patterns of FMPM NPs are shown in Fig. 3a. The diffraction
peaks observed indices are (022), (122), (025), (210), and (230). The
planes are responsible for the peaks at 0 = 30.100°, 35.470°, 43.140°,
57.120°, and 62.570°, respectively. All the peaks of XRD are clearly in
line with the reported JCPDS file no. 89-6466 and can be indexed to XRD
results clearly shows that formation and there were no impurity peaks
found [32]. Pure FMPM NPs with Orthorhombic structure. The Debye-
Scherrer equation D = K / Cos 6 [12]. was used to compute the crystal
size of 14.12 + 0.02 nm of the produced nanoparticles. An XRD pattern
shows that the bio-route iron oxide nanoparticles are crystalline.

A VSM technique was used to analyse the magnetic behaviour of
synthetic FMPM NPs made with an aqueous flower extract of Murraya

paniculata (L) Jack. Fig. 3b shows the magnetization curve for the pro-
duced FMPM NPs. With a saturation magnetization (Ms) value of
(0.5831) 58 emu/g at room temperature, the magnetization curve dis-
plays superparamagnetic behaviour with a sigmoidal shape and no
hysteresis loop [33].

In the TGA/DTA study, when heated from 40 to 750 °C the FMPM
NPs produced with an aqueous flower extract of Murraya paniculata (L)
Jack lost 10 % of their weight overall. There were two stages to the
weight loss process. At 40 to 170 °C, surface water and volatile com-
ponents were removed from the nanoparticles (2.7 % loss). Weight loss
of 7.30 percent was recorded in the second phase from 170 to 750 °C as
shown in Fig. 3¢ which showed that biomolecules around the nano-
particles degraded rapidly [34,35].

Pore volume and surface area of FMPM NPs were determined using
liquid nitrogen temperature, Ny adsorption and desorption isotherms
with exact pore size determination (Brunauer-Emmett-Teller, BET). The
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Fig. 3. A XRD powder diffraction pattern b. Room temperature magnetization curve c. TGA and derivative TGA d. Brunauer-Emmett-Teller (BET) surface area

analysis plot of FMPM NPs.

graphs of BET analysis are shown in Fig. 3d. TYPE IV indicates meso-
porous adsorption-desorption isotherm is seen for the produced iron
oxide nanoparticles [36]. The surface area, pore volume, and pore
diameter of the synthesised FMPM NPs were determined to have a large
surface area of 70.31 m?/g, 0.27 cm® /g, and 3.35 nm, respectively. The
adsorption—desorption isotherm shows that at maximum relative pres-
sure (P/Pg), about 76.01 cm®/g of nitrogen was adsorbed which shows
slit-shaped pores [37]. The hysteresis pattern reveals that the

[T

condensation took place between a value of 0.5 and a value of 0.99.

To determine more about the morphology of FMPM NPs, FE-SEM and
TEM were used. FE-SEM images are shown in Fig. 4 (a-c), showing the
FMPM NPs indicating uniformly dispersed small spherical-shaped par-
ticles as well as intriguing rod-shaped particles.

The elemental composition and stoichiometry of the produced
FMPM NPs were determined by EDS analysis, as shown in Fig. 4 d. The
presence of elemental Iron (Fe) and Oxygen (O)confirms the formation

Fig. 4. A-c SEM images at different magnifications and d. EDX spectrum of FMPM NPs.
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of FMPM NPs [20]. The presence of additional Carbon peaks in the EDS
spectrum ascribed that the phytochemicals act as capping agents for
FMPM NPs.

TEM images Fig. 5 clearly reveal that the spherical shaped FMPM
NPs with average size of 11.58 nm. FMPM NPs show a ring-like
diffraction pattern which demonstrates (Fig. 5e) the polycrystalline
nature.

XPS spectrum of prepared FMPM NPs. seen in Figure Fig. 6. As re-
ported above Fig. 6a, shows wide scan XPS spectra. In contrast, the Fe2p
XPS spectrum depicts a prominent peak at 708 eV in Fig. 6b, which
corresponds to the FMPM NPs generated utilising the green synthesis
method including extracts from Eichhorniacrassipes [38], Magneto-
spirillummagneticum Strain RSS-1 [39], and agro-waste [40]. The XPS
spectra of FMPM NPs are shown in Fig. 6 b, spectral lines at 708 eV
correspond to Fe?* and Fe3* [41].

Iron exhibits peaks in the energy range of about 706 to 708 eV, hence
the absence of these peaks demonstrates the purity of magnetite nano-
particles. Fig. 6 (c-d) of O(1 s) peaks observed at 533.3 eV corresponds
to O—H and C—O bonds and peaks detected at 283 eV signature peak in
the Murraya paniculata (L) Jack flower extract could be attributed to
C=0 linkage in the phenyl ring of biomolecules. The presence of Fe2p
and O(1 s) indicates a Fe-O bond in magnetite nanoparticles. The out-
comes are in line with those obtained by employing mango peel extract
to generate iron nanoparticles [38].

3.1. Plausible mechanism for synthesis of FMPM NPs

The green source, Murraya paniculata (L) Jack flower has been found
to contain 60 different chemicals. Chemical components of the flower
were discovered by chromatographic methods, and their structures were
clarified by spectroscopic methods [42]. The Murraya paniculata (L) Jack
flower has a flavone called 3,5,7,3',4,5- hexamethoxyflavone [43]. Root
bark and flower extracts of Murraya paniculata (L) Jack produced the
indole alkaloids murrayacarine and murrayaculatine [44]. Eight flavo-
noids were found in M. paniculata leaves [45].

Fig. 7 depicts a potential process for the generation of FMPM NPs
utilising the flower extract Murraya paniculata (L) Jack. It’s composed of
Murraya paniculata (L) Jack aqueous flower extract, Fe (II) and Fe (III).

Inorganic Chemistry Communications 162 (2024) 112290
3.2. Investigation of antimicrobial activity of FMIPM NPs

The Agar well diffusion method was used to test the antibacterial
activity of FMPM NPs by employing 24 h cultures with medium
(Nutrient Agar) in an autoclave set to 120 °C. Each sterilised petri dish
was filled with 20 mL of the medium, which had been seeded aseptically
with the strains of bacteria for that dish. Various amounts of the test
substances were tested after they had been reconstituted with the sol-
vent. Samples, distilled water, and Ciprofloxacin were all put into a well
with a diameter of 6 mm. A petri dish was kept at 37 °C for 12 h. As a
positive control, used a standard solution that had 5 pg/mL in it. The
HiMedia antibiotic zone scale was used to figure out the zone (Table 2).

The Agar well diffusion method was carried out to determine the
antifungal activity of FMPM NPs by employing 24 h cultures with me-
dium (Potato Dextrose Agar). This was sterilized by autoclaving at
120 °C (15 psi) for 30 min. Then medium with fungi strains was asep-
tically transferred into the sterilized petri dish. The FMPM NPs were
freshly soluble in distilled water and tested at different concentrations
along with standard (Fluconazole) were placed in a 6 mm diameter well
and Results are represented in Table 3.

The antimicrobial activity of the FMPM NPs were concentration
dependent, the inhibition activity increase in concentration and the
activity was also increased (Fig. 8) which is compared with standard
antibiotic Ciprofloxacin. The FMPM NPs showed a moderate zone of
inhibition (ranging 10 —15 mm) against the tested pathogens at 2.5, 5
and 10 pg/mL concentrations. FMPM NPs inhibition (ranging 10-15
mm) was observed at 2.5 pg/mL for gram positive concentration of iron
oxide nanoparticles.

Similarly, the inhibition activity of the FMPM NPs was compared
with standard Fluconazole. The FMPM NPs showed moderate to high
zones of inhibition (ranging from 9 to 26 mm) observed for pathogens at
2.5, 5 and 10 pg/mL concentrations. Inhibition (ranging 11-26 mm) was
observed at 10 pg/mL of FMPM NPs.

3.3. Removal of Fast sulfan black F from contaminated water by using
FMPM NPs

Contaminated water containing FSB removed by FMPM NPs.

Lyl -] g g

Fig. 5. A-d TEM images e SAED pattern and f Size distribution histogram of FMPM NPs.
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XPS spectra of synthesized FMPM NPs.

Fig. 7. A proposed mechanism of synthesized FMPM NPs.

Removal efficiency was investigated by varying dye, FMPM NPs con-
centrations and pH. Langmuir and Freundlich adsorption isotherms
were used as model equilibrium adsorption isotherms, results from two
typical kinetic models were examined for improved understanding of

the adsorption process.

3.4. Effect of FSB concentration

It is note that the effect of FSB concentration is dependent on the
close relationship between dye concentrations and porous nature of
FMPM NPs surface. The FSB dye was made at various doses (5, 10, 15,
and 20 mg/L). 50 mg of FMPM NPs were added to the dye solution and
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Table 2
Antibacterial activity comparison results of synthesized FMPM NPs.

Name Enterococcus faecalis Pseudomonas aeruginosa
Shape Round Rod
Gram Reaction Gram positive Gram - negative
MTCC No. MTCC 439 MTCC 424
FMP Fe304 NPs 10 pg/mL 11 mm 10 mm
FMP Fe304 NPs 5 pg/mL 11 mm 0
FMP Fe304 NPs 2.5 pg/mL 12 mm 0
Ciprofloxacin 30 mm 24 mm
Table 3a

Antifungal activity synthesized FMPM NPs.

Name Aspergillus niger Penicillium chrysogenum
MTCC No. MTCC 282 MTCC 5108
FMP Fe304 NPs 10 pg/mL 11 mm 26 mm
FMP Fe304 NPs 5 pg/mL 9 mm 16 mm
FMP Fe304 NPs 2.5 pg/mL 0 mm 10 mm
Fluconazole 18 mm 32 mm
Table 3b
Langmuir, Freundlich adsorption isotherms parameters.
Isotherm models Parameters
Langmuir Isotherm Qo (mg/g) bi(L/mg) R?
- 6.62 0.105 0.9583
Freundlich Isotherm 1/n ke (mg' /" LV g7 R?
0.179 10.39 0.8948

the mixture was agitated until equilibrium was reached. A UV-Visible
spectrophotometer was used to measure the amount of dye that
remained after centrifugation. As the original dye concentration was
increased, the dye removal effectiveness declined. This could be because
the adsorption sites on the FMPM NPs surface were saturated [46] as
shown in Fig. 9a.

Inorganic Chemistry Communications 162 (2024) 112290
3.5. Effect of pH

When it comes to the adsorption of FSB on the surface of FMPM NPs,
it was decided to test the influence of pH on dye removal by making dye
solutions with a pH range of 2 to 7. The adsorption of FSB dye on FMPM
NPs was examined at dosages of 50 mg and contact times of 40 min.
Fig. 9 b shows that lowering the pH of the dye solution improved
effectiveness in FSB dye removal. To remove 93 % of the initial dye
concentration (5 mg/L), the dye removal efficiency was set at pH = 4.
The electrostatic attraction between the positively charged FMP FesO4
NPs adsorbent and the anionic FSB dye is thought to be responsible for
FSB dye adsorption on FMPM NPs.

3.6. Effect of adsorbent dosage on adsorption

A dye concentration of 5 mgL!, pH = 4 was maintained to study the
impact of adsorbent dose on dye adsorption. The starting adsorbent
concentration was varied from 10, 20, 30, 40 and 50 mg, with all other
experimental parameters being constant. Results (Fig. 9 ¢) showed that
as the adsorbent dosage rose, dye removal efficiency improved. More
surface area means increased binding sites for the adsorption of the
target FSB dye on FMPM NPs, which could be explained by more surface
area being available.

3.7. Adsorption isotherms

When testing adsorbents for the removal of FSB from contaminated
water, adsorption isotherms were used to see how effective they were.
Langmuir and Freundlich’s isotherms were used to interpret the quan-
titative results.

3.8. Langmuir isotherm

Adsorbed molecules on the same side can’t interact with each other
after adsorption equilibrium is attained. The Langmuir isotherm is
mathematically defined by Eq. (1).

Ce/qe = 1/K gmax + Ce/gqmax @

“Ce” stands for the equilibrium concentration of the FSB in the

Fig. 8. A-b antimicrobial activity for the two bacterial strains and c-d antifungal activity for the two fungal strains.
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aqueous solution (mg/L), and “Ky” stands for Langmuir equilibrium
constant (L/mol), maximum adsorption capacity “Qmax  is of the
adsorbent, i.e. FMPM NPs (mg/g), and “q” stands for the amount of the
FSB adsorbed. Eq. (2) can also express the Langmuir isotherm as an
equilibrium parameter, a dimensionless constant.

R, =1/ (1 +K.C) (2)

where ‘K;’ stands for Langmuir constant and ‘C,’ stands for the highest
initial concentration of the dye (mgL™1).

3.9. Freundlich isotherm

Freundlich isotherm establishes an empirical relationship between
the concentrations of a solute on the adsorbent surface and the con-
centration of that same solute in the liquid with which the adsorbent
comes into contact. Eq. (3) is the Freundlich isotherm linear equation.

logg, = logKr + 1/nlogCe 3

There is a constant 'Kg’ in the Freundlich equation and 'n’ is the
adsorption intensity that indicates the amount of dye adsorbed per unit
weight of adsorbent (mg/g). FSB is more readily adsorbed on FMPM NPs
adsorption intensity 'n’ value exceeds 1[47].

Fig. 10 a shows that the ability of aqueous flower extract of Murraya
paniculata (L) Jack capped Fe3O4 NPs to remove dye depends on the
concentration of FSB at the beginning of the reaction, as the initial dye
concentration rises, so the removal capacity also increases. As shown in
Fig. 10 b, ¢, data analysis shows that the Langmuir model fits better than

the Freundlich model for FSB dye adsorption on aqueous flower extract
of Murraya paniculata (L) Jack capped Fe304 NPs, as the R? values in the
Langmuir model are considerably closer to one.

3.10. Recyclability experiment

The reusability of magnetite for the removal of FSB was carried out
five times. Removed the FSB from the FMPM NPs that had been attached
to the dye adsorption. An external magnet was employed to collect an
aqueous flower extract of Murraya paniculata (L) Jack capped Fe3O4 NPs,
which were then used for up to five cycles of the FSB adsorption
experiment. After five cycles the removal efficiency was found to be 79
% shown in Fig. 11.

4. Conclusion

There were no harmful compounds used as capping agents during the
synthesis of FMPM NPs, which made them extremely stable. This has
been confirmed by UV-Vis spectroscopy, FT-IR, XRD, SEM with EDS,
VSM, XPS, BET and thermo gravimetric analysis. FMPM NPs band gap
was 2.57 eV. The average crystal size of iron oxide nanoparticles, as
determined by XRD, was 14.12 nm and 11.58 nm using TEM. The
extremely large surface area of the synthesized nanoparticles was
determined to be 70.31 m?/g by the BJH method showing H4 type of
hysteresis loop. The elemental analysis performed by the XPS technique
confirmed the oxidation states and elements of synthesised magnetite
nanoparticles. Furthermore, the saturation magnetization (Ms) value of
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58 emu/g for Murraya paniculata (L) Jack capped Fe304 NPs revealed by
VSM indicated superparamagnetic behaviour. FMPM NPs are more
potent for adsorption studies of FSB dye removal within 40 min. The iron
oxide nanoparticle’s antibacterial and antifungal activities were found
to be highly effective. According to the findings of this study, Murraya
paniculata (L) Jack capped Fes04 NPs could be an effective treatment for
gram-positive Enterococcus faecalis bacteria and Penicillium chrysogenum
fungi of synthesized magnetite nanoparticles. Novel plant extracts
follow additional advantages of outstanding adsorption for removal of
FSB and effectively inhibit the gram-positive and antifungal microbes.
It’s possible to expand the research to include preclinical studies in
relevant animal models, as well as nanomedicine applications.
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Abstract

A sturdy eco-friendly synthesis technique was applied, utilizing leaf extract from the Buddha Belly plant (Jatropha podag-
rica) as a capping agent, to produce copper oxide nanorods (CuO NRs). Analysis of HR-TEM and SEM images confirmed
that these NRs exhibit a rod-like shape and possess a monoclinic crystalline structure with an average size of 8—14 nm.
The FT-IR spectrum displayed characteristic vibration modes related to the Cu—O bond between 433 and 526 cm™!. The
photocatalytic efficiency of the NRs was tested by exposing them to sunlight in the presence of Rhodamine B (RhB) and
Crystal Violet (CV) dyes. Remarkably, the NRs degraded 95-97% of the dyes within 1-2 h. When employing 150 pL of the
NRs in a well diffusion method, inhibitory zones measuring 14, 16, 13, and 11 mm were noted against Bacillus coagulans,
Staphylococcus aureus, Escherichia coli, and Klebsiella pneumoniae, respectively. This study demonstrates that JP-CuO
NRs effectively remove dyes from aqueous solutions and kill bacteria.
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Introduction

In today's world, there has been a consistent rise in indus-
trial activity and population numbers, leading to the intro-
duction of various new pollutants into water bodies. Nota-
bly, industries such as textiles, paper, leather, and printing
are major sources of harmful dye effluents, posing serious
ecological and health risks [1]. Dyes like Rhodamine B
(RhB) and Crystal Violet (CV) are particularly concerning
due to their potential ingestion hazards for both humans
and animals, as well as their ability to cause skin, eye, and
respiratory irritation [2]. Additionally, the reemergence
of infectious diseases and the increasing prevalence of
antibiotic resistance in various pathogenic bacteria are
significant global public health challenges. Enterococ-
cus, Staphylococcus, and Streptococcus, closely related
species of harmful microorganisms, are responsible for a
wide range of infections and diseases, contributing to the
urgency of addressing these issues [3].

In recent decades, there has been notable progress
in nanotechnology. A key focus in material science has
been the development of nanoparticles (NPs) with adjust-
able morphology, allowing for precise control over their
shape, size, and arrangement [4]. Extensive research has
been dedicated to exploring their wide-ranging applica-
tions, spanning chemical and biological sensing, medi-
cal therapeutics, antimicrobial and antibacterial agents,
and drug delivery systems [5]. Additionally, these NPs
hold promise in fields like wastewater treatment, energy-
efficient devices, optics, optoelectronics, electrochemistry,
and catalysis [6]. Among the various types of antioxidant
metal oxide NPs, CuO NPs have garnered considerable
interest due to their cost-effectiveness, ready availability
of copper salt, potent antioxidant properties, and low tox-
icity towards living cells, ensuring the safety of CuO NPs
[7]. The antioxidant effectiveness of CuO NPs is influ-
enced by various factors, including their inherent char-
acteristics, crystal structure, chemical composition, sur-
face charge, particle size, surface coating, and how they
are dispersed. Additionally, CuO NPs exhibit a range of
valuable physical attributes, including electron correlation
effects, spin dynamics, a high dielectric constant, and the
potential for high-temperature superconductivity [8—10].
In the industrial field, they are commonly employed as
p-type semiconductors with a specific bandgap range of
1.21-2.51 eV, contributing to the design and manufacture
of batteries, solar cells, gas sensors, and catalysts [11-13].
In today's context, CuO NPs serve as heterogeneous cata-
lysts and play roles in biomedicine, functioning as antioxi-
dants, drug delivery carriers, and imaging agents [14—17].
In the past, various physical and chemical processes have
been employed in the synthesis of CuO NPs, offering the
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ability to produce particles tailored to specific preferences
[18]. Nevertheless, these production techniques come with
several drawbacks, including potentially harmful organic
solvents, expensive reagents, challenges in isolating the
NPs, and lengthier processing times [19]. Plant-mediated
synthesis has emerged as a promising alternative within
this range of methods due to its straightforwardness, envi-
ronmentally friendly nature, user-friendliness, cost-effec-
tiveness, adaptability for large-scale industrial produc-
tion, and applicability in the biomedical field [20]. Plant
extracts contain phytochemicals that serve dual roles as
both reducing and capping agents, enabling the creation
of CuO NPs with precise control over size and shape, and
the prevention of aggregation, all without the necessity for
external oxidizing, reducing, or capping agents [21, 22].
This study aimed to demonstrate the antioxidant activity
of CuO nanorods (NRs) synthesized using Jatropha podag-
rica leaf extract (JP) as a sustainable source for the effective
removal of organic dye pollutants. JP is a widely recognized
native medicinal plant with a history of being employed to
address a range of health conditions, such as ulcers, scabies,
injuries, and fever. It also has beneficial properties such as
anti-tumorigenic, antioxidant, and antibacterial capabilities
[23]. The study first examined the JP leaves for specific phy-
tochemical components, such as tannins, glycol flavones,
proanthocyanidins, and phenolic acids [24, 25]. The leaf
extract of Jatropha podagrica is safe, a critical considera-
tion in the formulation of nanorods [24]. We have recently
published an article outlining the incorporation of this plant
extract in the synthesis of ZnO and Fe;0, nanoparticles [26,
27]. These phytochemicals play a vital role in synthesizing
JP-CuO NRs, acting as both capping agents and stability
enhancers, surpassing what conventional chemical syn-
thesis methods can achieve [24]. Additionally, the various
phenolic acids in these phytochemicals help achieve well-
defined sizes and shapes for the JP-CuO NRs, surpassing
green-synthesized nanoparticles (As illustrated in Table 1).
To harness the full potential of undiscovered plant species,
it is crucial to identify fresh and distinctive plants for syn-
thesizing nanorods. This strategy enables researchers to
broaden the spectrum of nanorods that can be efficiently
stabilized by uncovering new proteins and phytochemicals
from plant sources that have not been investigated before.
Additionally, these newfound plant species might present
supplementary benefits, such as enhanced productivity, low-
ered costs, or specialized characteristics suitable for specific
applications. The JP-CuO NRs were notable for having a
negatively charged surface, which gave them outstanding
degrading abilities for removing the dyes Rhodamine B
(RhB) and Crystal Violet (CV). The antibacterial activity
of these JP- CuO NRs was tested against both Gram-positive
(Bacillus coagulans, Staphylococcus aureus) and Gram-
negative (Escherichia coli, Klebsiella pneumoniae) bacteria.
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Table 1 Contrasting the average size and structure of JP-CuO NRs in this study about findings from prior research

Material of plants Average particle size Structure

Implementation References

Jatropha podagrica leaf extract 8-14 nm Rod-like shape Dye degradation and antibacterial applica- Present work
tions
Eucalyptus globoulus leaf extract 88 nm Spherical shape Dye degradation [28]
Abelmoschus esculentus fruit extract 20 nm Spherical shape Cytotoxicity and photocatalytic applications  [29]
malva sylvestris leaf extract 19-26 nm Spherical shape Thermal decomposes kinetics [30]
Calotropis procera leaf extract 20-80 nm Spherical shape Photodegradation, antibacterial and antioxi-  [31]
dant
Syzygium alternifolium fruit extract 17.5 nm Spherical shape Antiviral activity [32]
Panicum sumatrense grains extract 20 nm Rectangular in shape Biological applications [33]

Materials and methods

Materials

Preparation of CuO NRs using JP leaf extract

Jatropha podagrica (JP) plant leaves were freshly collected,
washed with warm water, and rinsed with deionized. The
leaves were then dried in the shade for 25 days until com-
pletely dehydrated. The dried leaves were then ground into a
fine powder. One gram of the powder was added to a 500 mL
glass beaker with 200 mL of deionized water. The mixture
was heated at 80 °C for 30 min on a heating mantle, result-
ing in a deep golden-yellow solution. The solution was first
filtered to remove solid particles, and then it underwent cen-
trifugation to obtain a pure extract solution. This extract was
subsequently stored in a refrigerator at a temperature of 4 °C
for future use.

Synthesis of JP-CuO NRs

A conventional environmentally friendly method was
used to synthesize CuO nanorods (NRs). First, 1 g of
Cu(S0O,),-5H20 was dissolved in 90 mL of distilled water.
After thorough mixing for 25-30 min at room tempera-
ture, the solution turned a clear blue color. Then, 10 mL
of aqueous leaf extract was added, increasing the volume
to 100 mL and turning the solution green. This mixture
was sonicated vigorously for 10—-15 min to ensure proper
mixing. Next, the temperature was raised to 80 °C and
maintained for up to 1 h, resulting in a deep green color.
Then, 1 M NaOH (10 mL) was gradually added dropwise,
causing the mixture to turn a dark brown color. To remove
suspended particles, the mixture was dispersed in deion-
ized water and centrifuged at 7000 rpm. The dark brown
particles obtained were washed repeatedly with deionized
water to eliminate impurities and achieve the ultimate

product. The resulting dark brown solid was subsequently
subjected to vacuum drying at 70 °C for 8 h in an oven.
Lastly, the material underwent fine grinding with a mortar
and pestle, preparing it for subsequent characterization
[34].

JP-CuO NRs as efficient photocatalysts
for Rhodamine B (RhB) and crystal violet (CV) dye
degradation

The evaluation of the photocatalytic efficiency of JP-CuO
NRs in degrading RhB and CV dyes was carried out uti-
lizing naturally available UV radiation from sunlight. Ini-
tially, solutions of 100 mL containing 1 ppm of RhB and
CV dyes were prepared and mixed with 0.01 g of JP-CuO
NRs in separate containers. These mixtures were then
stirred in darkness for an hour to stabilize the solutions
and prevent any adsorption—desorption processes. After
stabilization, the solutions were exposed to sunlight for
4 h, specifically from 11 AM to 3 PM, with outdoor tem-
peratures ranging from 33 to 35 °C. Continuous magnetic
stirring was employed to maintain a pH level of 10 dur-
ing this time. At predefined intervals, consistent samples
were collected from each dye solution, and the NRs were
separated by centrifugation at 8000 rpm. The absorption
of RhB and CV dyes at 540 nm and 580 nm was deter-
mined using a UV-visible spectrophotometer. The extent
of photocatalytic degradation and the corresponding rate
constants were calculated based on these measurements.

Degradation rate (%) = ((Aq—A)/Ay) X 100

InA)/A = kt

In this context, "A," denotes the starting concentration,
"A" represents the concentration after the degradation pro-
cess, "k" stands for the degradation rate constant, and "t"
indicates the duration of exposure to sunlight. [35, 36].
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Exploration of antibacterial activity of JP-CuO NRs

The antibacterial properties of JP-CuO NRs were evaluated
in 24 h bacterial cultures (Bacillus coagulans, Staphylococ-
cus aureus, Escherichia coli, and Klebsiella pneumoniae)
using the Agar-Well diffusion method. The nutrient agar
medium was sterilized for approximately 30 min at 120 °C
using an autoclave to prepare it. Each sterile petri dish was
then filled with 20 mL of the medium, and the respective
bacterial strains were introduced under aseptic conditions.
The plates were left at room temperature until the agar solid-
ified. A sterile borer created a single 6 mm diameter well in
each plate. Test substances, control (distilled water), and
a standard drug were added to the 6 mm wells after being
freshly dissolved in distilled water at concentrations of 1, 2,
and 3. The petri plates were then incubated at 37 °C for 12 h,
and the inhibition results are depicted in Fig. 8. A standard
solution with a concentration of 5 g/mL served as a positive
control. The diameter of the inhibitory zone was determined
using the HiMedia antibiotic zone scale. All experiments
were conducted in triplicate, yielding consistent results [37].

Characterization of JP-CuO NRs

Various analytical methods were utilized to ascertain the
crystalline structure of CuO nanorods. To investigate the
optical properties, UV—Vis diffuse reflectance/absorbance
spectroscopy was conducted on the synthesized samples.
A Shimadzu (2450—SHIMADZU) spectrophotometer
equipped with a diffuse reflectance accessory was used at
room temperature, with BaSO, serving as a reference mate-
rial. Measurements were taken over the wavelength range
of 200-800 nm. Fourier transform infrared spectra (FT-IR)
for the samples were obtained using a Thermo Nicolet
iS50 spectrometer, covering a frequency range from 4000
to 400 cm™! in transmission mode with high-quality KBr
pellets. X-ray diffraction (XRD) measurements were car-
ried out using a Bruker Kappa Apex II instrument over a
26 range of 0 to 90°. This instrument employed CuKa radi-
ation (with a wavelength of A=1.54060 A) at 40 kV and
35 mA, with a scanning rate of 0.2 s. The CuO nanorods
were characterized using scanning electron microscopy
(SEM) and high-resolution transmission electron micros-
copy (HRTEM) to investigate their surface morphology,
elemental composition, and microstructure. SEM analyses
were conducted using a Jeol 6390LA/ OXFORD XMX N
apparatus equipped with energy-dispersive X-ray (EDX)
spectroscopy. The acceleration voltage for SEM imaging
ranged from 0.5 to 30 kV. For a more in-depth examination
of the nanorods' microstructure and particle size, HRTEM
was employed. HRTEM analyses were performed using a
JEOL/JEM 2100 instrument operated at an applied volt-
age of 200 kV. Carbon-copper grids were used for sample
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preparation, allowing for precise particle size determina-
tion. Furthermore, SAED images were acquired using the
HRTEM instrument to further elucidate the nanorods'
crystal structure.

Results and discussions
UV-Vis spectroscopy studies

Figure 1 displays the UV—Vis absorption spectra of the
leaf extract of JP and synthetic CuO NRs. The leaf extract
contains various phytochemicals, such as alkaloids, flavo-
noids, phenolic acids, tannins, glycol flavones, and proan-
thocyanidins, which absorb light at 280 nm and 351 nm
(n-* and n-w* transitions) [23]. The JP-CuO NRs have
a distinct absorption peak at 273 nm, but not at 280 or
351 nm. This suggests that the phytochemicals in the leaf
extract play a key role in reducing, binding, and encapsu-
lating JP-CuO NRs during the synthesis process [38, 39].

FTIR analysis of the synthesized JP-CuO NRs

The functional groups included in the synthesized JP-
CuO NRs were identified, and their chemical composi-
tion was ascertained, using Fourier transform infrared
(FTIR) spectroscopy. The FTIR analysis of the plant
extract (Fig. 2) shows a significant peak at approximately
3500 cm™!, indicating the presence of phenolic groups.
Moreover, observable peaks at 1178 and 1042 cm™! cor-
respond to vibrational characteristics of polyphenolic
molecules within the plant extract [24]. The FTIR spec-
trum of the CuO NRs (Fig. 2) shows absorption peaks in
the range of 4000-400 cm™!. The peaks between 433 and
526 cm~! correspond to the stretching frequency of the
Cu-0O bond [28]. Furthermore, the emergence of peaks
between 1117 and 1032 cm™~! underscores aspects related
to chemical bonding, the crystalline nature of the material,
and the relative intensities of IR bands linked to polyphe-
nolic compounds [40]. The symmetric stretching of the
aliphatic amino group is suggested by the presence of a
peak at 1384 cm™! [41]. Notably, the peak observed at
1630 cm™! corresponds to the C=C stretching indicative of
aromatic compounds [42]. Additionally, the peaks between
2852 and 2923 cm™! are characteristic of -CH stretch-
ing vibrations typically associated with aldehyde groups
[43]. Finally, the absorption band at 3432 cm™! signifies
the —OH stretching vibration inherent to phenolic groups
[44]. These distinctive peaks within the IR spectrum pro-
vide valuable insights into the purity and compositional
characteristics of the biosynthesized CuO NRs.
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Fig.1 UV-Vis Spectra of JP-
CuO NRs and JP leaf extract
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XRD analysis of JP-CuO NRs

The XRD analysis, as depicted in Fig. 3, unveiled dis-
cernible peaks that are indicative of CuO NRs at various
angles. These angles include 32.67°, 35.66°, 38.85°, 48.77°,

M) IS0 2000 LE0D 1000 S04

Wavenumber {cm ™)

53.87°, 58.21°, 61.65°, 66.24°, 68.19°, 75.23°, and 77.18°.
These particular peaks corresponded to distinct crystal lat-
tice planes, specifically (100), (002), (111), (202), (020),
(-202), (113), (311), (-113), (-311), and (004) respectively.
According to earlier studies, the presence of diffraction
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Fig.3 XRD patterns of CuO
NRs using an aqueous leaf
extract of Jatropha podagrica

SHNAY

lutensity (a.u)

LE2n ]

[LE]

S

i11j

(0 2y

(202)
{020)
(311)
{(-113)

(113)
(-311)

{-202)

(104}

(04)

peaks falling within the range of 35 to 39° is indicative of
CuO NRs formation (JCPDS Standard No. 01-080-0078).
It's worth noting that the intensity of the (002) and (111)
peaks suggested a monoclinic crystalline structure [45]. The
sharp and well-defined diffraction peaks in the XRD pattern
of the JP-CuO NRs indicate that they have a strong crystal-
line structure. The absence of other peaks confirms that the
NRs are pure. The most prominent peaks observed between
35 and 39 °C for JP-CuO NRs were utilized to calculate the
average crystallite size, which was determined to be 8.2 nm
employing the Debye—Scherrer equation [46].

D = k4/pcosh

where D is the crystal size, A is the wavelength of X-ray
radiation (0.15406 nm for Cu Ka), k is the shape factor (usu-
ally assumed to be 0.9), f is the full width at half maximum
(FWHM) of the diffraction peak, and 0 is the diffraction
angle.

SEM-EDX analysis of JP-CuO NRs

The surface properties of the generated CuO NRs were ana-
lyzed using a SEM. As shown in Fig. 4a and b, the particles
exhibited a predominantly rod-like shape, forming clusters
and appearing well-dispersed [44]. Some particle clustering
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was evident, likely due to the presence of phenolic com-
pounds derived from the JP plant, which acted as a capping
agent. Furthermore, the high surface energy of JP-CuO NRs
resulted in minimal aggregation, which was attributed to the
water medium serving as the synthesis source. To identify the
chemical elements, present in the CuO NRs, an EDX analy-
sis was performed on a densely populated area of the sam-
ple (Fig. 4c). The EDX spectrum showed significant peaks at
0.9, 8, and 8.9 keV, corresponding to copper atoms. A single
peak at 0.5 keV was also observed, corresponding to oxygen
atoms. Figure 4c exhibited distinct and strong signals for Cu
and O atoms, with a weight percentage of 84.57% and 15.43%,
respectively. The absence of other peaks indicates that the CuO
NRs are of high purity.

TEM analysis of JP-CuO NRs

High-resolution transmission electron microscopy (HR-TEM)
was used to study the size, shape, and structure of the JP-CuO
NRs in detail. HR-TEM images showed the nanorod structure
at different magnifications are shown in Fig. Sa—c. HR-TEM
images revealed CuO nanorods with a diameter of around
10-14 nm and a length of 100-200 nm (Fig. 5a and b). The
selected area electron diffraction pattern (SAED) of the JP-CuO
NRs is portrayed in Fig. 5d. The SAED pattern indicated the
presence of polycrystalline NRs in the JP-CuO sample [47].
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A photocatalytic degradation of RhB and CV dyes
by the fabricated JP-CuO NRs

The JP-CuO catalyst was utilized to illustrate the photocata-
lytic removal of RhB and CV dyes in an environment of bright
sunlight. RhB and CV dye degradation are shown in Figs. 6
and 7 across two distinct periods of 120 min and 60 min,
respectively. These results also show that these dyes have sepa-
rate wavelength ranges at 540 nm and 580 nm. The UV-Vis-
ible spectrometer was used to measure the RhB and CV dye
degradation at regular intervals of 30 min and 15 min respec-
tively. Degradation efficiencies of 95% and 97% were achieved
for RhB and CV dyes, respectively. The degradation efficiency
of the as-prepared JP-CuO NRs was compared with that of
recently reported CuO nanoparticles in Tables 2, 3. The results
of this work suggest that JP-CuO NRs have a lot of potential
as a catalyst for rapidly breaking down organic contaminants
by photocatalysis. The significant rates of degradation shown
together with the apparent impact of different pH settings on
the removal process spotlight the potential utility of JP-CuO

NRs in resolving a variety of problems with water pollution
brought on by organic pollutants. As a result, our findings sug-
gest promising opportunities for using JP-CuO NRs to address
environmental contamination problems.

The method shown below demonstrates how electrons and
holes affect dye deterioration [35, 48].

CuO + hv - e +h"

Absorption of O, : O, + ¢~ — Oy

Water Ionization : H,O - OH™ + H*
Superoxide protonation : O, + H* - HOO
HOO + ¢~ — HO;

HOO™ + H* - H,0,
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Fig.5 a—c HR-TEM images JP-
CuO NRs, and d SAED patterns

H,0,+e¢ — OH™ + OH
H,O0 +h* - H" + OH'

Dyes + OH' — Removal product

The OH radical stated is a very strong oxidant that is quite
successful in causing a variety of dyes, including RhB and
CV, to degrade.

Anti-bacterial activities of synthesized JP-CuO NRs

JP-CuO NRs were evaluated for their efficacy against both
Gram-positive (Bacillus coagulans and Staphylococcus
aureus) and Gram-negative (Escherichia coli and Kleb-
siella pneumoniae) bacteria using the well diffusion method.
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Figure 8 illustrates the results of the zone inhibition test,
displaying the diameters of the inhibition zones (in mm) sur-
rounding each well containing the JP-CuO NRs. The most
positive outcomes were noted with inhibition zones meas-
uring 14, 16, 13, and 11 mm against Bacillus coagulans,
Staphylococcus aureus, Escherichia coli, and Klebsiella
pneumoniae, respectively, at a concentration of 150 uL, in
comparison to the standard drug, as outlined in Table 4. [50,
51].

The results of the study showed that Gram-positive bacte-
ria were more susceptible to JP-CuO NRs than Gram-nega-
tive bacteria. The variation in sensitivity can be explained by
the significant presence of a dense peptidoglycan layer in the
cell wall of Gram-positive bacteria, providing a small physi-
cal barrier that offers protection. In contrast, Gram-negative
bacteria possess both lipopolysaccharide and peptidoglycan,
rendering them more resistant to the effects of JP-CuO NRs.
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Conclusions

We have developed a green method for making copper
oxide nanorods (CuO NRs) using Jatropha podagrica leaf
extract as a capping agent. The NRs were also effective
photocatalysts, breaking down Rhodamine B (RhB) and
Crystal Violet (CV) dyes in sunlight with degradation rates
of 95-97% within 120 and 60 min, respectively. We also
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kinetics of RhB dye degradation presented as a first-order linear plot
with In Ay/A as a function of time, and d a column chart representing
the distribution of RhB dye degradation across different time intervals

tested the NRs against Gram-positive (Bacillus coagulans
and Staphylococcus aureus) and Gram-negative (Escheri-
chia coli and Klebsiella pneumoniae) bacteria, and they
produced inhibition zones of 14, 16, 13, and 11 mm,
respectively, at a concentration of 150 pL. These results
suggest that JP-CuO NRs could be used to clean up water
pollution and develop powerful antibacterial agents.
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Table 2 Lists the materials required to prepare the JP-CuO NRs

Chemical name Supplier name Purity (%) Usage
Copper (II) sul- Merk, India 98 Reagent for the preparation of CuO NRs
fate pentahydrate
(Cu(S0,),-5H,0)
Sodium hydroxide (NaOH) Merk, India 99 Precipitating agent for the preparation of CuO NRs
Milli Q-water Merk, India 100 Solvent
Bacillus coagulans Aadhya Biosciences Pvt. Ltd Visakhapatnam, 100 Well diffusion method
India
Staphylococcus aureus Aadhya Biosciences Pvt. Ltd Visakhapatnam, 100 Well diffusion method
India
Escherichia coli Aadhya Biosciences Pvt. Ltd Visakhapatnam, 100 Well diffusion method
India
Klebsiella pneumoniae Aadhya Biosciences Pvt. Ltd Visakhapatnam, 100 Well diffusion method
India
Jatropha podagrica leaves Government Degree College Chodavaram, India 100 Capping and stabilized agent for the CuO NRs
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Table 3 Comparison of the
photocatalytic degradation of
JP-CuO NRs in the present
work with previous works

Fig.8 Antibacterial activ-

ity of CuO NRs synthesized
using Jatropha podagrica leaf
extract for a Bacillus coagulans,
b Staphylococcus aureus, ¢
Escherichia coli, and d Kleb-
siella pneumoniae

Table 4 Zone of inhibition
at various concentrations of
JP-CuO NRs

Green materials Dye Light source Irradiation Degradation References
time (min) efficiency (%)
Jatropha podagrica leaf extract Rhodamine B Sunlight 120 95 Present work
Crystal violet 60 97

Ferulago angulate boiss extract Rhodamine B UV light 150 83 [48]

Citrus aurantifolia leaf extract Rhodamine B UV light 120 91 [35]

Ruellia tuberosa root extract Crystal Violet Sunlight 120 90 [36]

Sida acuta leaf extract Crystal Violet Sunlight 100 87 [49]

Name Bacillus coagulans ~ Staphylococcus aureus — Escherichia coli ~ Klebsiella pneumoniae
Shape Round Round Round Round

Gram reaction  Gram-positive Gram-positive Gram-negative ~ Gram-negative

50 uL 11 mm 14 mm 11 mm 10 mm

100 uL 13 mm 15 mm 12 mm 10 mm

150 L 14 mm 16 mm 13 mm 11 mm

Antibiotic 30 mm 32 mm 30 mm 26 mm
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ARTICLE INFO ABSTRACT

Keywords:

Fe304 nanoparticles

Jatropha podagrica plant leaves
Antibacterial activities

Dye degradations

A green and efficient method was used to synthesize Fes04 nanoparticles using Jatropha podagrica leaf extract
(JP- Fe3O4 NPs) as a stabilizer. The nanoparticles were characterized using various techniques, including XRD,
FT-IR, SEM, SEM-EDX, HR-TEM, and UV-visible spectroscopy. The SEM and HR-TEM images showed that the
nanoparticles were spherical, hexagonal, cubic, and rod-shaped, with sizes ranging from 14 to 16 nm. The FT-IR
spectrum showed a characteristic peak at 581 cm™?, corresponding to the Fe O bond. The photocatalytic activity
of the nanoparticles was tested by degrading Fluorescein sodium (FS) and Crystal violet (CV) dyes in sunlight.
The nanoparticles could degrade 92-95 % of the dyes within 1-2 h. The nanoparticles also exhibited potent
antimicrobial activity against both gram-positive and gram-negative bacteria. When 150 pL of the nanoparticles
were used in a well diffusion method, inhibition zones of 13, 15, 11, and 10 mm were observed against Bacillus
coagulans, staphylococcus aureus, Escherichia coli, and Klebsiella pneumoniae, respectively. This study demonstrates
that the synthesized JP- Fe304 NPs effectively remove dyes from aqueous solutions and have potent antimicrobial

properties.

1. Introduction

Over the past two decades, nanotechnology has achieved remarkable
progress, spanning a diverse array of applications across biology, med-
icine, and technology [1]. At the heart of nanotechnology lies the art of
synthesizing nanoparticles in varying shapes and dimensions, unlocking
a wide spectrum of potential applications. Among the myriad nano-
particle types, magnetic Fe3O4 nanoparticles (Fe304 NPs) hold a
distinctive place due to their exceptional characteristics stemming from
finite-size and surface effects. These encompass high magnetization,
superparamagnetic, and additional anisotropy contributions [2]. A
captivating aspect of these Fe3O4 NPs is their capacity to relinquish
magnetization once an externally applied magnetic field is withdrawn.
Moreover, they exhibit attributes such as low toxicity, biocompatibility,
and robust magnetic properties, rendering them remarkably suited for
deployment in domains such as bioimaging, cancer theragnostic appli-
cations, and drug delivery [3]. To optimize the magnetic properties of
these NPs, their sizes, and size distributions can be tailored, which, in

turn, are influenced by the synthesis method employed. As a result,
various synthesis approaches have been developed to produce Fe3O4
NPs, all aimed at achieving the desired properties for specific
applications.

Fe304 NPs have been synthesized using various methods, such as
hydrothermal [4], microemulsion [5], sonochemical [6], electro-
chemical [7], sol-gel [8], co-precipitation [4,9], mechanochemical (10),
solvothermal [10], and emulsion techniques [11]. However, these ap-
proaches have proven unsuitable for biomedical applications due to the
inclusion of toxic chemicals like sodium borohydride, dimethyl form-
amide, hydrazine, and carbon monoxide [12]. Consequently, there is a
pressing need to explore biological synthesis approaches for Fe304 NPs.
Among these, plant-mediated synthesis has emerged as a promising
option due to its simplicity, eco-friendliness, ease of use,
cost-effectiveness, scalability for industrial production, and suitability
for biomedical applications [13]. Plant extracts contain phytochemicals
that can act as both reducing and capping agents, allowing for the cre-
ation of Fe3O4 NPs with controlled size, shape, and absence of
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Table 1
Contrasting the average particle size and structure of Fe304 nanoparticles in our
study with findings from prior research.

Materials of Average Structure Applications Reference
plant particle size
Jatropha 14-16 nm Spherical, Dye degradation Present
podagrica leaf hexagonal, and antibacterial work
extract cubical,and  applications
rod shape
Chlorella vulgaris ~ 55.8-172.9 Spherical Degradation of [19]
extract nm shape 2,4 dinitrophenol
Spirogyra hyalina 36 nm Spherical Anti-bacterial [20]
and Ajuga and rod- applications
bracteosa shaped
extracts
Prunus serrulata 40 nm Spherical Synthesis and [21]
leaf extract shape characterization
of magnetic
nanoparticles
Natural tannic 23-31 nm Cubical Investigation of [22]
acid extracted shape structural,
from green tea morphological,
optical
properties, and
colloidal stability
for gas sensor
application
Menthapulegium 22-34 nm Cubical Synthesis and [23]
L. leaf extract. shape characterization
of magnetic
nanoparticles
Rhus coriaria 53 nm Spherical Anti-bacterial and [24]
seed extract shape anti-fungal

applications

aggregates, without needing external oxidizing, reducing, and capping
agents [14]. Moreover, the bioactive molecules present in plant extracts
contribute to the capping process, enhancing the biomedical properties
of the resulting Fe3O4 NPs beyond those obtained through conventional
methods. This synergy between Fes04 NPs and bioactive plant mole-
cules improves biomedical activities. As a result, numerous extracts of
plants have been utilized in preparing Fe3O4 NPs using this approach.
In this research, we attempted to produce Fe3O4 NPs through a green
synthesis method, utilizing Jatropha podagrica (JP) plant extract, with a
dual focus on efficient organic dye pollutant removal and antioxidant
activities. Jatropha podagrica, a traditional medicinal plant known for its
historical use in treating various conditions like fever, scabies, ulcers,
and wounds, exhibits beneficial properties such as anti-tumorigenic,
antioxidant, and antibacterial activities [15]. The leaves of this plant
were analyzed and found to contain specific phytochemicals, including
phenolic acids (such as vanillic, syringic, P-hydroxybenzoic acid, meli-
lotic, cis-trans ferulic, p-coumaric acid, and phloretic acids), flavonoids
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Fig. 2. FTIR spectra of Jatropha podagrica leaf extract and Jatropha podagrica
leaf extract capped Fe304 NPs.

(e.g., apigenin, acacetin, and luteolin), tannins, glycol flavones, and
proanthocyanidins [16,17]. The leaf extract of Jatropha podagrica has
been demonstrated to be non-toxic, making it a crucial factor to be taken
into account when preparing nanoparticles [16]. Recently, we have
published an article detailing the utilization of this plant extract in the
preparation of ZnO nanoparticles [18]. With this knowledge in mind, the
study aimed to adopt an eco-friendly approach by utilizing the leaf
extract of Jatropha podagrica for the bio-green synthesis of Fe304 NPs.
The naturally occurring chemicals in the extract were essential for the
synthesis of JP- Fe3O4 NPs. They helped to stabilize the nanoparticles
and make them more effective than those synthesized using traditional
chemical methods [16]. Additionally, the different types of phenolic
acids in the extract helped to create nanoparticles that were well-defined
in terms of their size and shape. This is better than other nanoparticles
synthesized using green methods (as indicated in Table 1). To fully
explore the potential of different plant species, it is important to use new
and unique plants for nanoparticle synthesis. This will allow researchers
to find new proteins and chemicals from plants that have not been used
before to stabilize nanoparticles. Additionally, these new plant species
may offer other advantages, such as higher yields, lower costs, or special
properties that are useful for specific applications. In this study, the JP-
Fe3O4 NPs had a negatively charged surface, which made them very
good at removing Fluorescein sodium (FS) and Crystal violet (CV) dyes
from water. The antibacterial activity of these JP- Fe304 NPs was tested
against both Gram-positive (Bacillus coagulans, staphylococcus aureus)
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Fig. 1. (a) UV-Vis Spectra of Jatropha podagrica leaf extract and JP-Fe;04 NPs and (b) The direct band gap energy of JP-Fe304 NPs from using Tauc plot.
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Fig. 3. XRD patterns of Fe304 NPs using an aqueous leaf extract of Jatro-
pha podagrica.

Table 2
Calculating the average particle size of JP-Fe304 NPs.
Planes 20 B cos6 Size (nm)
220 31.98 0.492 0.964649 15.6
311 34.63 0.615 0.951218 12.3
400 36.47 0.507 0.928551 14.5
422 47.75 0.464 0.891481 15.3
511 56.82 0.526 0.876517 13.2
440 63.07 0.501 0.851864 13.5
Average size 14.1

and Gram-negative (Escherichia coli, Klebsiella pneumoniae) bacteria.
2. Materials and methods
2.1. Materials

Raw leaves of Jatropha podagrica were collected from the Govern-
ment Degree College Garden located in Chodavaram, Andhra Pradesh,
India. The reagents employed in the experiments, comprising ferric
chloride hexahydrate (FeCl3-6H20), Ammonium Iron (II) sulfate
((NH4)2Fe(S04)2-6H20), Aqueous ammonia (NHs3-H30), Fluorescein
sodium (FS), and Crystal violet (CV), were purchased from Merck in
India and utilized without the need for further purification. Sources of
Bacillus coagulans, staphylococcus aureus, Escherichia coli, and Klebsiella
pneumoniae strains collected from IMTECH, Chandigarh, India. Milli Q-
water was employed for all the conducted tests.

2.2. Jatropha podagrica (JP) leaf extract preparation

The JP plant leaves were cleansed using warm water followed by a
rinse with Milli-Q water. Subsequently, they were air-dried in shaded
conditions for a period of 1 month until they were completely devoid of
moisture. Once dried, the leaves were finely ground into a powder. A
quantity of 1 g from the powdered sample was then placed in a 250 mL
glass beaker along with 100 mL of Milli-Q water. The mixture was
subjected to heating at 80 °C for a duration of 30 min, resulting in the
formation of a solution with a golden-yellow. The solution was first
filtered to remove solid particles, and then it underwent centrifugation
to obtain a pure extract solution. This extract was subsequently stored in
a refrigerator at a temperature of 4 °C for future use.
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2.3. Synthesis of Jatropha podagrica capped FesO4 nanoparticles (JP-
Fe304 NPs)

In a standard green synthesis procedure, a solution was prepared by
dissolving FeCl3-6H,0 (1.11 g) and (NH4)2Fe(SO4)2-6H20 (0.556 g) in a
2:1 ratio in 90 mL of Milli Q water. The resultant mixture underwent
sonication for 15-20 min. Subsequently, the solution was subjected to
heating at 80 °C while maintaining continuous stirring for a span of 15
min. Following this step, 10 mL of a 1 % aqueous extract derived from
Jatropha podagrica leaves was introduced into the reaction mixture, and
the reaction was allowed to proceed for 45 min at 80 °C under sustained
stirring. The reaction mixture underwent a steady and controlled addi-
tion of 5 mL of aqueous ammonia solution, with continuous stirring. This
resulted in a change in the mixture, causing the formation of JP-Fe304
NPs, evident from the appearance of a black precipitate. The resultant
JP-Fe3O4 NPs precipitate was isolated from the mixture using an
external magnet, followed by intermittent washing steps using ethanol
and Milli Q water. Finally, the precipitate was dried at room tempera-
ture under vacuum conditions [25].

2.4. Photocatalytic potential of JP- FesO4 NPs for the degradation of FS,
and CV dyes

The assessment of the photocatalytic efficacy of JP-Fe304 NPs in the
degradation of FS and CV dyes was conducted using readily available UV
radiation from sunlight. Initially, 100 mL solutions containing 1 ppm of
FS and CV dyes were combined with 0.01 g of JP-Fe3O4 NPs in separate
containers. These mixtures were stirred in the dark for an hour to sta-
bilize the solutions and halt any adsorption-desorption processes.
Following stabilization, the solutions were exposed to sunlight for 4 h,
specifically from 11 a.m. to 3 p.m., with an outdoor temperature ranging
from 33 to 35 °C. Continuous magnetic stirring was employed to
maintain a pH level of 10 during this time. At predefined intervals,
consistent samples were collected from each dye solution, and the NPs
were separated by centrifugation at 8000 rpm. A UV spectrometer was
utilized to measure the color intensities at 521 nm and 625 nm for the FS
and CV dyes, respectively [26].

The degradation rate and degradation constant can be determined
utilizing the subsequent formulas.

Degradation rate (%) = ((Ag - A) / Ag) x 100
In Ap/A =kt

Here, A refers to the initial concentration of the substance, while A
represents the final concentration after the degradation process. The
degradation constant is denoted by K, and ’t’ indicates the amount of
time exposed to sunlight.

2.5. Investigation of antibacterial activity of JP-FesO4 NPs

The study assessed the antibacterial properties of the JP-Fe304 NPs in
24-h bacterial cultures (Bacillus coagulans, staphylococcus aureus, Escher-
ichia coli, and Klebsiella pneumoniae) using the Agar-Well diffusion method.
To prepare the nutrient agar medium, it was sterilized for approximately
30 min at 120 °C using an autoclave. Each sterile Petri dish was then filled
with 20 mL of the medium, and the appropriate bacterial strains were
aseptically introduced. The plates were left at room temperature to solidify
the agar. A sterile borer was utilized to create a single well with a 6 mm
diameter in each plate. Test substances, control (distilled water), and a
standard drug were introduced into the 6 mm wells after being freshly
dissolved in distilled water (at concentrations of 1, 2, and 3). The petri
plates were incubated at 37 °C for 12 h, and the inhibition results are
shown in Fig. 10. A standard solution with a concentration of 5 g/mL was
used as a positive control. The diameter of the inhibitory zone was
determined using the HiMedia antibiotic zone scale. All experiments were
conducted in triplicate, and consistent results were obtained [27].
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Fig. 4. (a and b) SEM images of Fe304 NPs capped with Jatropha podagrica leaf extract at different magnifications and (c) EDX spectrum of JP-Fe3O4 NPs.

2.6. Characterization of JP- FesO4 NPs

Various analytical methods were employed to elucidate the crystal-
line structure of JP-Fe3O4 NPs. X-ray diffraction (XRD) analyses were
conducted using a Bruker Kappa Apex II instrument, operating at 40 kV
and 35 mA, with CuKa radiation (A = 1.54060 10\). The measurement
range spanned from 26 = 0-90°, and the scanning rate was set at 0.2 s.
Fourier transform infrared spectra (FT-IR) were acquired using a
Thermo Nicolet iS50 spectrometer. The spectra covered a frequency
range of 4000-400 em ™! and employed spectroscopic grade KBr pellets
in transmission mode. To assess optical properties, UV-vis diffuse
reflectance/absorbance spectroscopy was performed on the synthesized
samples. A Shimadzu (2450 — SHIMADZU) spectrophotometer with a
diffuse reflectance accessory was employed at room temperature. BaSO4
was utilized as a reference material, and measurements spanned the
wavelength range of 200-800 nm. The surface characteristics and
elemental composition of the JP- Fe304 NPs were closely examined
using scanning electron microscopy (SEM). We utilized the Jeol
6390LA/OXFORD XMX N instrument, which included energy-dispersive
X-ray (EDX) spectroscopy. The SEM images were captured with an ac-
celeration voltage of 20 kV. For a more extensive exploration of the
microstructure and particle sizes, high-resolution transmission electron
microscopy (HRTEM) was employed. We employed the JEOL/JEM 2100
instrument with an operational voltage of 200 kV. The elemental
oxidation states of the samples were determined using an Axis Ultra X-
ray photoelectron spectroscopy (XPS) instrument, which utilized a
monochromatic X-ray source with Al Ko radiation. In addition, we
conducted magnetization measurements at room temperature under the
influence of applied magnetic fields using a Lakeshore VSM 7410
vibrating sample magnetometer (VSM).

3. Results and discussions
3.1. UV-vis spectroscopy studies

The aqueous leaf extract of Jatropha podagrica and synthetic JP-
Fe3O4 NPs both have UV-Vis absorption spectra that are shown in
Fig. la. Due to the presence of numerous phytochemicals, including
phenolic acids, alkaloids, flavonoids, tannins, proanthocyanidins, and
glycol flavones, the leaf extract displays high absorption bands at 280
and 351 nm [15]. In addition, the distinctive absorption band seen at
341 nm in the spectra shows the creation of JP-Fe304 NPs, principally as
a result of the absorption and scattering of light by these NPs [28].
Notably, the lack of the absorption peaks from the leaf extract of
Jatropha podagrica at 280 and 351 nm in the spectra of JP-Fe304 NPs
suggests that the previously stated phytochemicals play a vital role in
reducing and capping the JP-Fe304 NPs during their formation.

The optical band gap plays a pivotal role in determining the effec-
tiveness of photocatalytic materials. This is because the transition of
electronic states from the valence to the conduction band occurs only
when the incoming photon possesses an energy equal to or higher than
the band gap energy. Tauc and Menth introduced an expression to
calculate the optical band gap [29].

(hva) = A (hv-Ep)"

Here, A represents the absorption constant, a denotes the absorption
coefficient, and n is a material-dependent constant (in this study, n is
equal to 0.5). The estimated value was 3.25 eV, and the corresponding
Tuac plot can be observed in Fig. 1b.
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Fig. 5. (a—d) HR-TEM images, (e) Size distribution Histogram of Fe3O4 NPs Synthesized with aqueous extract of Jatropha podagrica leaves, and (f) SAED pattern.

3.2. FTIR analysis of the synthesized JP-Fe304 NPs

FTIR spectroscopy was employed for the purpose of identifying the
functional groups present within the synthesized JP-Fe3O4 NPs and to
ascertain their molecular composition. Fig. 2 provides a visualization of
the data pertaining to the identified functional groups present both in
the plant material and the JP-Fe3O4 NPs. The analysis discloses a broad
peak appearing around 3322 cm ™, signifying the presence of a phenolic
group. Evidenced by the absorption of a broad peak at approximately

1639 cm™}, the identification of aromatic compounds is corroborated.
Additionally, discernible peaks at 1178 cm ™' and 1042 cm ™! denote the
existence of amide functional groups and vibrations associated with
polyphenolic molecules present in plant extract [16]. Moreover, Fig. 2
exemplifies the analysis of JP-Fe3O4 NPs, revealing absorption peaks
spanning the range of 400-4000 cm™!. Notably, the peak positioned at
581 cm ! suggests the stretching frequency related to Fe-O bonding
[30]. Peaks residing at 1122 cm’l, 887 cm’l, and 795 cm ™! provide
insights into the chemical bonding, crystalline nature, and relative
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Fig. 6. Magnetization curve of synthesized Fe3;O4 NPs using aqueous leaf
extract of Jatropha podagrica at ambient temperature.

intensities of the IR bands associated with polyphenolic groups. The
peak at 1400 cm ™! could potentially be attributed to the symmetric
stretching of carboxyl side groups within the amino acid residues of
protein molecules. The presence of a peak in the vicinity of 1627 cm™?
likely corresponds to the C=C stretching indicative of aromatic com-
pounds. Prominent absorption bands observed at 3405 em™}, 2921
em™}, and 2851 cm ™! are indicative of —~OH stretching vibrations in

il
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phenolic groups and —CH stretching vibrations in aldehyde groups. The
presence of these distinctive peaks in the IR spectrum serves to confirm
the purity and composition of the biofabricated JP-Fe3O4 NPs.

3.3. XRD analysis of the synthesized JP-FesO4 NPs

The X-ray diffraction analysis (Fig. 3) unveiled distinct JP-Fe3O4 NPs
peaks at varying angles: 30.56°, 35.94°, 43.58°, 47.75°, 53.88°, 57.55°,
and 63.17°. These angles corresponded to diverse crystal lattice planes,
namely (220), (311), (400), (422), (511), and (440), respectively. These
peaks impeccably matched the reported JCPDS values (File no.
89-6466) and aligned precisely with the crystal lattice parameters (a =
2.7992, b = 9.4097, ¢ = 9.4832). This alignment indicated the absence
of any impurity peaks within the patterns [28]. To determine the crystal
dimensions of the synthesized NPs, the Debye-Scherrer equation D = K
A/p cos 6 was employed. In this equation, D signifies the crystallite size
of FegO4 NPs, ) stands for the wavelength of the X-ray source (A =
0.1541 nm), B represents the full width at half maximum of the
diffraction peak, and 6 corresponds to the half-diffraction angle (Bragg
angle). Using the Scherrer constant (K = 0.9), the computed average
crystal dimensions of JP-Fe304 NPs were ascertained to be 14.98 nm, as
presented in Table 2 below.

3.4. SEM-EDX analysis of synthesized JP-Fe3O4 NPs

Surface characteristics of the Bio-synthesized JP-Fe3O4 NPs were
investigated using an SEM (scanning electron microscope). The micro-
graphs in Fig. 4a and b revealed that the NPs displayed a mixture of
shapes, including spherical, hexagonal, cubic, and rod-like structures.
Clustering of particles was observed, which is likely attributed to the
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Fig. 7. XPS (a) Survey peaks (b) Fe2p peaks (c) Cls peaks (d) Ols peaks of fabricated Fe304 NPs using an aqueous leaf extract Jatropha podagrica.
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Fig. 8. (a) UV-vis absorbance spectra of FS dye under UV (sunlight) illumination over JP-Fe304 NPs as a function of time, (b) the progression of FS dye degradation
during consecutive time intervals, (c) the kinetics of FS dye degradation presented as a first-order linear plot with In Ap/A as a function of time, and (d) a column
chart representing the distribution of FS dye degradation across different time intervals.

presence of phenolic compounds from the JP plant, acting as a capping
agent [31].

To determine the chemical arrangement of the Fe3sO4 NPs, an EDX
(energy-dispersive X-ray spectrum) was obtained from a densely popu-
lated area (Fig. 4c). The EDX analysis exhibited prominent signals from
Iron atoms at 0.6 keV, 6.4 keV, and 7 keV, respectively, in addition to a
single peak corresponding to oxygen atoms at 0.5 keV. Moreover, there
were minor peaks indicating the presence of sulfur (S), chlorine (Cl),
silicon (Si), titanium (Ti), and Manganese (Mn) atoms, suggesting the
contribution of these elements from the biological components that were
predominantly associated with the JP-Fe3O4 NPs [32].

3.5. TEM analysis of synthesized JP-Fe304 NPs

The size, configuration, and structure of the synthesized JP-Fe3O4
NPs were explored using HR-TEM (high-resolution transmission electron
microscopy). TEM images of JP-Fe3O4 NPs are shown in Fig. 5(a-d),
displaying various magnifications. The TEM image clearly depicts the
presence of aggregated free JP-Fe3O4 NPs, exhibiting a mixture of
spherical, hexagonal, cubic, and rod-like shapes [33,34]. The average
particle size of the aggregated free JP-Fe304 NPs was resolved to be
15.57 nm (Fig. 5e), which aligns with the crystallite size obtained from
XRD analysis. This aggregation specifies that the surface of JP-Fe304 NPs
was capped by bioactive molecules, which prevented further particle
aggregation.

3.6. Vibrating sample magnetometer (VSM) of JP-FesO4 NPs

A vibrating sample magnetometer (VSM) was harnessed to delve into
the magnetic attributes of the artificially created Fe3O4 NPs, which were
synthesized through the utilization of an aqueous leaf extract derived
from Jatropha podagrica. Fig. 6 visually portrays the magnetization curve
encapsulating the synthesized JP-Fe3O4 NPs. This curve assumes a
sigmoidal form bereft of a hysteresis loop, thereby signifying a super-
paramagnetic nature [35]. At ambient temperature, the JP-Fe304 NPs
manifest a saturation magnetization (Ms) measurement amounting to
0.5831 (58 emu/g). The robust magnetic characteristics exhibited by
these JP-Fe3O4 NPs facilitate their adept concentration and isolation
through the application of a small magnetic force.

3.7. XPS of JP-Fes04 NPs

X-ray photoelectron spectroscopy (XPS) was engaged to meticulously
probe into the chemical composition and oxidation states characterizing
the engineered JP-Fe3O4 NPs. Illustrated in Fig. 7a is the comprehensive
XPS spectrum, which corroborates the existence of JP-Fe304 NPs
encompassed by organic moieties. This outcome aligns harmoniously
with the findings derived from the energy-dispersive X-ray (EDX)
analysis.

The Fe2p XPS spectrum, showcased in Fig. 7b, prominently exhibits a
peak at 708 eV, intricately corresponding to Fe3O4 NPs [36-39]. Delving
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Fig. 9. (a) UV-vis absorbance spectra of CV dye under UV (sunlight) illumination over JP-Fe304 NPs as a function of time, (b) the progression of CV dye degradation
during consecutive time intervals, (c) the kinetics of CV dye degradation presented as a first-order linear plot with In Ag/A as a function of time, and (d) a column
chart representing the distribution of CV dye degradation across different time intervals.

further into the JP-Fe3O4 XPS spectra, presented in the same figure,
discloses spectral lines situated at 708 eV. This spectral characteristic
unequivocally signals the concurrent presence of Fe2* and Fe>" oxida-
tion states [40].

Notably, the discernible absence of peaks spanning the energy
spectrum around 706-708 eV, which are conventionally attributed to
zero-valent iron, serves to underscore the unadulterated nature of the
JP-FesO4 NPs. This observation elegantly concurs with the findings
obtained from X-ray diffraction (XRD) analysis. Moreover, the lack of
peaks at 533.8 eV and 534.2 eV serves as additional confirmation, firmly
establishing the non-existence of hydrous iron oxides such as Fe(OH)3
[41].

Additionally, the perceptible peaks registering at 283 eV and 533 eV
find their attribution to C 1s and O1s, signifying the presence of poly-
phenols. These peaks serve to substantiate the capping of bioactive
molecules upon the surface of the JP-Fe3O4 NPs, as displayed in Fig. 7c
and d. The oxygen and carbon signature peaks attributed to the Jatropha
podagrica leaf extract can be attributed to the polyphenolic molecules.

3.8. Photocatalytic degradation of FS and CV dyes by the synthesized JP-
F6304 NPs

JP-Fe304 catalyst used under solar irradiation revealed efficient
degradation of CV and FS dyes (Figs. 8 and 9), demonstrating high
photocatalytic activity [42]. Under sunlight exposure, the degradation
of FS and CV dyes proceeded at various speeds, requiring around 100
and 80 min, respectively. The deterioration process was monitored using

a UV spectrometer at intervals of 20 and 25 min for FS and CV,
respectively, at 521 and 625 nm. The degradation efficiencies for FS and
CV dyes were 92 % and 95 %, respectively. In Table 3, a comparison was
made between the CV dye degradation efficiency of the JP-Fe304 NPs
and the Fe3O4 NPs reported in previous studies. Notably, there has been
no prior successful attempt to degrade the FS dye using Fe3O4 NPs. These
findings underscore the significant promise held by JP-Fe304 NPs as a
robust catalyst, poised to facilitate the highly efficient photocatalytic
degradation of organic pollutants. The significant degradation rates
found and the impact of pH 10 on the process lead to the conclusion that
JP-Fe304 NPs might be used to treat a variety of water and wastewater
streams polluted with organic contaminants. These findings imply that
JP-Fe304 NPs have intriguing opportunities for resolving the problems
associated with environmental contamination.

The mechanism shown below demonstrates how holes and electrons
contribute to dye deterioration [46].

Fe304 + hu—se™ + h™'

O, absorption: O, + e” =0,

Tonization of water: HO—»OH™ + H"
Protonation of superoxide: 05 +—H" HOO
HOO' + e " —HOy

HOO™ + H'>H,0,

H,0, +¢~ OH™ +—0H
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Fig. 10. Antibacterial activity of Fe;04 NPs synthesized using Jatropha podagrica leaf extract for (a) Bacillus coagulans, (b) Staphylococcus aureus, (c) Escherichia coli,

and (d) Klebsiella pneumoniae.

Table 3
Comparison of the photocatalytic degradation of Fe304 nanoparticles in the
present work with previous works.

Synthesis method Name of the Removal Removal Reference
dyes time (min) efficiency
(%)

Green method Crystal violet 80 95 Present
(Jatropha Fluorescein 100 93 work
podagrica leaf sodium
extract)

Green method Crystal violet 90 96.2 [43]
(Chlorella
vulgari) extract

Green method Crystal violet 200 95 [44]
(Dolichos lablab L)
pod extraxt

Chemical method Crystal violet 120 94.7 [45]

(Co-precipitation)

H,0 + h*—>H"+OH
Dyes + OH—Degradant product

The aforementioned OH radical is a very strong oxidant that is quite
successful in breaking down different dyes like FS and CV.

3.9. Anti-bacterial activities of fabricated JP-FesO4 NPs

The efficiency of JP-Fe304 NPs as an antibacterial agent was assessed
against both Gram-positive bacteria (Bacillus coagulans, staphylococcus
aureus) and Gram-negative (Escherichia coli, Klebsiella pneumoniae)
employing the well diffusion method. The results, shown in Fig. 10,
indicate the diameter of inhibition zones (in mm) surrounding each well
containing the JP-Fe3O4 NPs. The most favorable results were observed
with 13, 15, 11, and 10 mm inhibition zones observed against Bacillus

Table 4

Zone of inhibition at various concentrations of JP-Fe304 NPs.
Name Bacillus Staphylococcus Escherichia Klebsiella

coagulans aureus coli pneumoniae
Shape Round Round Round Round
Gram Gram- Gram-positive Gram- Gram-negative
reaction positive negative

50 pL 10 mm 13 mm 10 mm 9 mm
100 pL 12 mm 14 mm 10 mm 9 mm
150 pL 13 mm 15 mm 11 mm 10 mm
Antibiotic 30 mm 32 mm 30 mm 26 mm

coagulans, staphylococcus aureus, Escherichia coli, and Klebsiella pneumo-
niae at a concentration of 150 pL, comparing the standard drug, as
presented in Table 4. Interestingly, the JP-FesO4 NPs demonstrated
better antibacterial activity compared to the reference journals [47,48].

The antimicrobial effect of NPs may occur through various proposed
mechanisms, but the primary mechanism by which these particles
exhibit antibacterial properties appears to be the induction of oxidative
stress via reactive oxygen species (ROS). ROS, which encompasses su-
peroxide radicals (0%7), hydroxyl radicals (-OH), hydrogen peroxide
(H,05), and singlet oxygen (;02), have the capacity to inflict damage on
cellular components such as DNA, proteins, and bacterial cell mem-
branes [49]. In this study, it is suggested that JP-Fe3O4 NPs serve as a
source of ROS, thereby inhibiting the growth of most pathogenic bac-
teria. This is achieved through the reaction of Fe?' with oxygen,
resulting in the production of hydrogen peroxide (H202). Subsequently,
the Ho0; interacts with ferrous irons in what is known as the Fenton
reaction, giving rise to hydroxyl radicals that are recognized for their
ability to harm biological molecules [50]. Additionally, the small size of
JP-Fe3O4 NPs may contribute to their antimicrobial effectiveness, as
they can interact with bacterial membranes and potentially penetrate
the bacterial cell, ultimately hindering bacterial growth [51].

From Tables 4 and it can be observed that Gram-positive bacteria
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(Bacillus coagulans, staphylococcus aureus) showed higher sensitivity to
JP-Fe3O4 NPs compared to Gram-negative bacteria (Escherichia coli,
Klebsiella pneumoniae). This variation in susceptibility could be attrib-
uted to the substantial peptidoglycan layer present in the cell wall of
Gram-positive bacteria. This layer serves as a robust physical barrier,
offering heightened protection. In contrast, Gram-negative bacteria
possess both lipopolysaccharides and peptidoglycan, making them more
resistant to the effects of JP-Fe304 NPs [52].

4. Conclusions

In summary, we have successfully utilized an environmentally
friendly approach to synthesize Fe304 nanoparticles by employing
Jatropha podagrica leaf extract (JP- Fe3O4 NPs) as a capping agent.
Various analytical techniques were employed to characterize these
nanoparticles, confirming their distinctive features, including shapes
like spheres, hexagons, cubes, and rods, with sizes ranging from 14 to 16
nm. The JP-Fe304 NPs have displayed impressive photocatalytic effi-
ciency, effectively breaking down FS and CV dyes in sunlight. These dyes
degraded by 92-95 % within 100 and 80 min for FS and CV, respec-
tively. We also assessed their antibacterial properties against both Gram-
positive (Bacillus coagulans, staphylococcus aureus) and Gram-negative
(Escherichia coli, Klebsiella pneumoniae) bacterial strains, resulting in
inhibition zones of 13,15,11 and 10 mm using 150 pL of nanoparticles.
These findings underscore the potential applications of JP-Fe3O4 NPs in
addressing water pollution challenges and in developing potent anti-
bacterial agents.
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Abstract

A robust green synthesis method was employed using Jatropha podagrica (Buddha belly plant) leaf extract as a capping
agent to prepare ZnO nanoparticles (ZnO NPs). Several analytical techniques such as XRD, SEM, SEM-EDX, HR-TEM,
FT-IR, and UV-visible spectroscopy were employed to characterize the green synthesized JP-ZnO NPs. The XRD, SEM,
and HR-TEM images proved the presence of spherical nanoparticles having a wurtzite crystalline structure with a size of 12
to 18 nm. The characteristic vibration mode of the Zn-O bond was observed at 430 cm™! in the FT-IR spectrum. The pho-
tocatalytic performance of these NPs was evaluated through the degradation of Rhodamine B (RhB), Fluorescein Sodium
(FS), and Crystal Violet (CV) dyes in sunlight. Degradation rates of 90-95% were achieved in a time span of 1-2 h. The
synthesized ZnO nanoparticles were efficient antimicrobial agents against gram-positive (Staphylococcus aureus, Bacillus
coagulans) and gram-negative (Klebsiella pneumoniae, Escherichia coli) bacterial strains. Using the well diffusion method,
with 150 pL of JP-ZnO nanoparticles, inhibition zones measuring 17, 15, 11, and 10 mm were formed. The current study
highlights the efficiency of synthesized JP-ZnO nanoparticles in removing the dyes from aqueous solutions and their effi-
cient antimicrobial properties.

Keywords ZnO nanoparticle - Jatropha podagrica plant - Dye degradation - Antioxidant activity

Introduction

In the contemporary world, there has been a continuous
increase in industrialization and population growth, leading
to the release of various new pollutants into aquatic environ-
ments. Specifically, the discharge of noxious dye effluents
from industries like textile, paper, leather, and printing poses
grave ecological and health hazards [1, 2]. Dyes such as
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Rhodamine B (RhB), Fluorescein Sodium (FS), and Crys-
tal Violet (CV) pose ingestion risks to humans and animals
and induce skin, ocular, and respiratory irritation [3]. In a
different context, the recurrence of contagious illnesses and
the ongoing evolution of antibiotic resistance in numerous
disease-causing bacteria present a significant global public
health concern. Enterococcus, Staphylococcus, and Strepto-
coccus, which are closely related species, are harmful micro-
organisms that are attributed to a diverse range of infections
and diseases [4].

In the realm of recent advancements in nanotechnology,
nanomaterials play a crucial role due to their significant sur-
face area and volume ratio [5]. This characteristic makes
them valuable for applications such as water purification and
the creation of novel biocidal substances. Among various
types of nanoparticles, zinc oxide nanoparticles (ZnO NPs)
possess exceptional optical and electrical characteristics,
making them an outstanding choice for n-type semiconduc-
tor materials [6]. These NPs demonstrate remarkable effi-
cacy in dye degradation [6, 7] and also exhibit antibacterial
properties [8, 9], further highlighting their distinctiveness.
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Numerous techniques have been documented for the produc-
tion of ZnO NPs, including hydrothermal [10], precipita-
tion [11], microwave [12], microemulsion [13], solvother-
mal [14], supercritical water [15], and sol-gel methods [16].
Recent progress in nanotechnology has spurred the rise of
sustainable synthesis approaches for generating ZnO NPs
[17, 18]. These environmentally synthesized ZnO NPs have
garnered substantial interest for their prospective utilization
across diverse domains, encompassing dye degradation and
antibacterial functionalities. The utilization of these NPs
offers a promising solution for addressing environmental
challenges associated with dye pollution and combating the
spread of drug-resistant bacteria. By harnessing the unique
properties of green-synthesized ZnO NPs, researchers aim
to explore their efficacy in degrading dyes and inhibiting
the growth of pathogenic bacteria, presenting a sustainable
and effective approach for environmental and healthcare
applications [17-19]. This article delves into the dye deg-
radation and antibacterial activity of ZnO NPs synthesized
through green methods, shedding light on their potential as
eco-friendly alternatives in addressing pressing global con-
cerns [20-23].

Jatropha podagrica (JP), a traditional medicinal plant,
has a history of being utilized for treating various ailments
like fever, scabies, ulcers, and wounds. Additionally, it
exhibits several beneficial properties including antitumo-
rigenic, antioxidant, and antibacterial activities [24]. The
leaves of Jatropha podagrica have been analyzed and found
to contain specific phytochemicals, namely, flavonoids (such
as apigenin, acacetin, and luteolin), phenolic acids (includ-
ing vanillic, syringic, P-hydroxybenzoic acid, melilotic,

cis-trans ferulic, P-coumaric, and phloretic acids), tannins,
proanthocyanidins, and glycol flavones [25, 26]. ZnO NPs
were successfully produced using leaf extract from the Jaz-
ropha podagrica plant for the first time. The phytochemicals
found within the extract played a crucial and multifaceted
role in the Jatropha podagrica-capped ZnO nanoparticle
(JP-ZnO NP) synthesis, serving both as capping agents and
enhancing stability, surpassing that achieved through con-
ventional chemical synthesis methods [25]. Moreover, the
presence of diverse phenolic acids within these phytochemi-
cals contributes to achieving well-defined sizes and shapes
of ZnO NPs, outperforming analogous green-synthesized
counterparts (as depicted in Table 1). To unlock the full
potential of unexplored plant species, the selection of new
and unique plants for nanoparticle synthesis is imperative.
This approach allows researchers to diversify the spectrum
of nanoparticles that can be effectively stabilized, achieved
through the discovery of novel proteins and phytochemi-
cals derived from previously uninvestigated plant sources.
Additionally, these novel plant species may offer additional
advantages such as heightened productivity, reduced costs,
or specialized attributes suitable for specific applications.
In the present research, JP-ZnO nanoparticles displayed a
surface with a negative charge, providing them with out-
standing adsorption properties for efficiently eliminating
Rhodamine B (RhB), Fluorescein Sodium (FS), and Crys-
tal Violet (CV) dyes. Additionally, the antibacterial effec-
tiveness of these manufactured JP-ZnO NPs was evaluated
against both Gram-positive bacteria (Staphylococcus aureus,
Bacillus coagulans) and Gram-negative bacteria (Klebsiella
pneumoniae, Escherichia coli).

Table 1 Comparison of the average size and morphology of ZnO nanoparticles in the present work with previous publications

Plant materials Precursor name

Average size and morphology

Applications Reference

Jatropha podagrica leaf extract

Zn(OOCCHj;),.2H20 12-18 nm and spherical shape

Dye degradation and antibacterial Present work

applications
Calotropis procera extract Zn(NO;),.6H20 24 nm and spherical shape Photodegradation of methyl orange  [17]
Solanum torvum L. leaf extract Zn(NOj;),.6H20 28.24 and spherical shape Toxicological studies [27]
Simarouba glauca leaf extract ~ Zn(NOj),.6H20 17-37 nm and hexagonal shape  Antioxidant and antimitotic proper-  [28]
ties
Aegle marmelos fruit juice Zn(NO;),.6H20 17 nm and hexagonal shape Photodegradation, antibacterial and  [29]
antioxidant
Punica granatum leaf extract Zn(NO;),.6H20 20 nm and spherical shape Photocatalytic degradation [30]
Pelargonium zonale leaf extract Zn(NO;),.6H20 50-60 nm and spherical in shape Antibacterial activities [31]
Azadirachta indica leaf extract  Zn(NO;),.6H20 100-200 nm and triangular shape Antimicrobial activity [32]
Tetraselmis indica extract Zn(OOCCH;),.2H20 20-40 nm and spherical shape Antibacterial, antioxidant, and [33]

Aesculus hippocastanum extract Zn(OOCCHj;),.2H20 40 nm and hexagonal shape
Zn(OOCCH;),.2H20 36.2 nm and spherical shape

Sechium edule leaf extract

hemolytic activity
Antibacterial activities [34]
Antibacterial and anticancer studies  [35]
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Materials and methods
Materials

Fresh Jatropha podagrica leaves were picked from the
garden of the Government Degree College in Chodavaram,
Andhra Pradesh, India. The initial source, zinc acetate
dihydrate Zn(OOCCHj;),.2H,0 (98% purity), sodium
hydroxide (NaOH), Rhodamine B (RhB), Fluorescein
Sodium (FS), and Crystal Violet (CV) were acquired from
Merck in India and utilized without purification. Milli-Q
water was utilized in all of the experiments.

Jatropha podagrica leaf extract preparation

Fresh JP plant leaves were collected and meticulously
cleansed using warm water, followed by thorough rinsing
with Milli-Q water. These leaves were then dried under
shaded conditions for a duration of 25 days until com-
pletely dry. Once dry, the leaves were ground into a fine
powder using a grinder. Subsequently, 1 g of the powdered
sample was placed in a 250-mL glass beaker, and 100 mL
of Milli-Q water was added. The blend was subsequently
warmed using a heating mantle at 80 °C for 30 min, yield-
ing a brilliant golden-yellow solution. The solution was
meticulously sieved using Whatman grade 1 filter paper
to eliminate any particulate matter and subsequently sub-
jected to centrifugation at 8000 rpm for 5—10 min to attain
a pristine extract solution. The resultant extract was then
carefully stored in a refrigerator at 4 °C for subsequent
processing [36].

Synthesis of Jatropha podagrica-capped ZnO
nanoparticles

In a standard eco-friendly synthesis procedure, 10 mL of
the aqueous extract derived from JP leaves was blended
with 100 mL of a 2 mM aqueous solution containing zinc
acetate dihydrate. The amalgamation was subjected to stir-
ring at 80 °C for 30 min, leading to the creation of a vivid
yellow solution. Following this, a 1 M solution of sodium
hydroxide was meticulously introduced dropwise into the
mixture, with uninterrupted agitation at ambient tempera-
ture. As a result, the yellow color of the mixture gradually
transformed into a yellowish-white suspension, reaching a
pH of 12. To purify the suspended particles, they were dis-
persed in Milli-Q water and then centrifuged at a speed of
8000 rpm. The resultant white particles underwent repeated
washing with Milli-Q water to purge impurities and yield
the ultimate product. The white solid was then subjected
to vacuum drying at 60 °C for 6 h in an oven. Lastly, the

material was finely pulverized using a mortar and pestle,
rendering it ready for subsequent characterization [36, 37].

Photocatalytic potential of JP-ZnO NPs
for the degradation of RhB, FS, and CV dyes

The photocatalytic effectiveness of JP-ZnO NPs against
RhB, FS, and CV dyes was assessed using a readily available
source of UV radiation — sunlight. In separate containers,
0.01 g of JP-ZnO NPs was blended with 100 mL of 1 ppm
solutions of RhB, FS, and CV dyes. To ensure the stability
of the solutions against adsorption—desorption phenomena,
the reaction mixtures were gently stirred in the absence of
light for a duration of 1 h. After stabilization, the solutions
were maintained in the sunshine with constant stirring using
magnetic stirrers at pH 10. At regular intervals, constant
samples were taken from each dye solution and the NPs were
separated in a centrifuge at 8000 rpm. A UV spectrometer
was used to measure the color intensities at 555 nm, 495 nm,
and 590 nm for the RhB, FS, and CV dyes, respectively. The
proportion of photocatalytic degradation and rate constants
were calculated using the equation below:

Degradation rate (%) = ((A; — A)/A,) x 100

InAy/A = kt

In the equation, “A,,” symbolizes the initial concentration,
while “A” denotes the concentration at the culmination of
the degradation process. The degradation constant is denoted
by k, and ¢ indicates the duration of sunlight irradiation [38].

Characterization of JP-ZnO NPs

To ascertain the crystalline arrangement of the JP-ZnO NPs,
a variety of analytical methodologies were applied. X-ray
diffraction (XRD) measurements were carried out across a
26 range of 0 to 90° using a Bruker Kappa Apex II instru-
ment. The instrument was operated with CuKa radiation
(1=1.54060 /0\) at settings of 40 kV, 35 mA, and a scanning
rate of 0.2 s. Fourier transform infrared spectra (FT-IR) of
the samples were captured utilizing a Thermo Nicolet iS50
spectrometer. Spectra were acquired within the frequency
span of 4000—400 cm™!, using high-quality KBr pellets in
transmission mode. For an in-depth investigation of the
optical attributes, UV-Vis diffuse reflectance/absorbance
spectroscopy was conducted on the synthesized samples.
A Shimadzu (2450 — SHIMADZU) spectrophotometer,
equipped with a diffuse reflectance accessory, was deployed
under room temperature conditions. BaSO, was utilized as
a reference material, and measurements were executed over
the wavelength range of 200—800 nm. The surface topog-
raphy and elemental composition of the JP-ZnO NPs were
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scrutinized through scanning electron microscopy (SEM).
The specific apparatus employed was the JEOL 6390LA/
OXFORD XMX N, which featured energy-dispersive X-ray
(EDX) spectroscopy. SEM images were recorded with an
acceleration voltage of 20 kV. For a more comprehensive
exploration of the microstructure and particle dimensions,
high-resolution transmission electron microscopy (HRTEM)
was engaged. The JEOL/JEM 2100 instrument was utilized
at an operational voltage of 200 kV. Carbon-copper grids
were used for sample preparation, enabling the acquisition of
micrographs that facilitated particle size determination. Fur-
thermore, selected area electron diffraction (SAED) images
were captured utilizing the HRTEM instrument.

Results and discussions
UV-Vis spectroscopy studies

Figure 1 illustrates the UV-Vis absorption spectra of both
JP leaf extract and JP-ZnO NPs. The leaf extract comprises
a diverse array of phytochemicals, encompassing alkaloids,
phenolic acids, flavonoids, tannins, proanthocyanidins, and
glycol flavones. These compounds contribute to pronounced
absorption bands at 280 and 351 nm [24]. Additionally, a
well-defined absorption peak at 372 nm in the spectra sig-
nifies the presence of JP-ZnO NPs, predominantly arising
from their capacity to absorb and scatter light [39]. Notably,

the absence of absorption peaks at 280 and 351 nm in the
JP-ZnO NPs spectra, which were originally observed in the
JP leaf extract, implies that these phytochemicals play a piv-
otal role in the reduction and encapsulation of JP-ZnO NPs
during the synthesis process [40].

FTIR analysis of the synthesized JP-ZnO NPs

FTIR spectroscopy was employed to discern the specific
functional groups existing within the synthesized NPs
and to ascertain their molecular composition. To exam-
ine the data concerning functional groups found in the
plant (as depicted in Fig. 2), it is evident that a wide
peak detected at approximately 3500 cm™! signifies the
presence of a phenolic group. Additionally, the identifica-
tion of aromatic compounds is supported by the absorp-
tion of a broad peak around 1639 cm~'. Furthermore,
the peaks observed at 1178.39 cm™! and 1042.36 cm™!
indicate the existence of amide functional groups and
carbonated functional group vibrations within the plant.
JP-ZnO NPs were analyzed (as shown in Fig. 2), and
their absorption peaks were found to be in the range
of 400-4000 cm™". The peak at 429.08 cm™" indicates
the stretching frequency of Zn-O bonding [41]. Peaks
observed at 917.20, 901.10, and 795 cm™' can be assigned
to carbonate moieties. The occurrence of the symmetric
stretching of carboxyl side groups within the amino acid
residues of protein molecules is potentially ascribed to

Fig. 1 UV-Vis spectra of 0T
Jatropha podagrica (JP) leaf

extract and Jatropha podagrica

leaf extract-capped ZnO NPs
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the peak at 1410.06 cm™! [42]. The presence of a peak intrinsic to phenolic groups and the —CH stretching vibra-
within the 1550- to 1450-cm™' range is likely linked to  tion characteristic of aldehyde groups [44, 45]. These dis-
the C=C stretching of aromatic compounds [43]. Evident tinctive peaks within the IR spectrum serve as indicators
and robust absorption bands at 3397.10 and 2923.56 cm™! of the purity and compositional makeup of the biofabri-
were identified, signifying the —OH stretching vibration  cated JP-ZnO NPs.
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Table 2 The structure and geometric parameters of JP-ZnO NPs

Planes 260 p cosd Size (nm)
100 31.98 0.53635 0.96131 14.23869
002 34.63 0.41516 0.954683 18.26832
101 36.47 0.52835 0.949781 14.28094
102 47.75 0.71887 0.914431 10.10545
110 56.82 0.59138 0.879566 11.81562
103 63.07 0.67663 0.852321 10.00707
200 66.63 1.30914 0.835424 5.069625
112 68.17 0.6336 0.828207 10.38434
201 69.28 0.74629 0.82274 8.7581
004 72.76 0.37226 0.805101 17.18142
202 77.18 0.40693 0.781629 15.25936
Average size 12.30627

XRD analysis of the synthesized JP-ZnO NPs

The X-ray diffraction analysis, as shown in Fig. 3, revealed
distinctive peak characteristic of JP-ZnO at various angles:
31.98°, 34.63°, 36.47°, 47.75°, 56.82°, 63.07°, 66.68°,
68.17°, 69.28°, 72.76°, and 77.18°. These peaks corre-
sponded to different crystal lattice planes, including (100),
(002), (101), (102), (110), (103), (200), (112), (201), (004),
and (202), respectively. The congruence of these peaks
with the established JCPDS Card No. 89-0510 indicated
the presence of ZnO NPs in the wurtzite crystalline struc-
ture. The well-defined and narrow diffraction peaks attested
to a robust crystalline structure, while the absence of other
signals verified the purity of the synthesized JP-ZnO NPs.
Notably, the intensity of the (002) peak indicated the

20KV X10,000 1pm  G0ES 13 36 5E|
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Fig.4 aand b SEM images ZnO NPs capped with Jatropha podagrica leaf extract different magnifications and ¢ EDX spectrum of ZnO NPs
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spherical morphology of the particles [46]. To calculate the
average grain size of the samples, the Debye-Scherer equa-
tion was employed: D =kA/fcosf. Here, D represents the
crystal size, A stands for the wavelength of X-ray radiation
(4=0.15406 nm) for Cu Ka, £ is the shape factor (typically
taken as 0.9), § denotes the full width at half maximum
(FWHM), and 6 represents the diffraction angle.

Table 2 represents the structure and geometric parameters
of JP-ZnO NPs.

Employing the Debye-Scherer equation, the average size
of the crystallites within the JP-ZnO NPs was computed

Fig.5 a-d HR-TEM images, e
size distribution histogram of
using aqueous Jatropha podag-
rica leaf extract of ZnO NPs,
and f SAED patterns

to be 12.30627 nm (Table 2), confirming their nanoscale
dimensions.

SEM-EDX analysis of synthesized JP-ZnO NPs

The surface characteristics of the produced JP-ZnO NPs
were examined using a scanning electron microscope
(SEM). As depicted in Fig. 4(a), (b), the particles exhib-
ited predominantly wurtzite crystalline structure and a
spherical shape [47]. Some clustering of particles was
observed, likely attributed to the presence of phenolic
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compounds from the JP plant, which acted as a capping
agent. To determine the chemical constitution of the ZnO
NPs, an energy-dispersive X-ray spectrum (EDX) was
obtained from a densely populated region (Fig. 4(c)).
The EDX spectrum revealed significant signals from
zinc atoms at 1 keV, 8.7 keV, and 9.6 keV, respectively,
along with a single peak corresponding to oxygen atoms
at 0.5 keV. The presence of a negligible amount of carbon
atoms confirmed the high purity of the NPs. Additionally,
minor peaks representing calcium (Ca), magnesium (Mg),
and silicon (Si) atoms were detected, indicating the contri-
bution of these elements from the biological components.

TEM analysis of synthesized JP-ZnO NPs

The dimensions, arrangement, and architecture of the
synthesized JP-ZnO NPs underwent meticulous scrutiny
through high-resolution transmission electron microscopy
(HR-TEM). HR-TEM images at varying magnifications

are showcased in Fig. 5(a—c). Scrutinizing these images
unveiled that the average size of the JP-ZnO NPs resides
within the range of 12—18 nm. Impressively, a measured
“d” spacing of 0.22 nm harmonized with the d values
derived from X-ray diffraction (XRD), thereby affirming
the ZnO NPs’ wurtzite crystalline structure and spherical
morphology [48], as visualized in Fig. 5(d). Significantly,
Fig. 5(e) underscores that the particle size deduced from
the HR-TEM analysis exhibited commendable concurrence
with outcomes from the XRD analysis. The selected area
electron diffraction pattern (SAED) of the JP-ZnO NPs
is portrayed in Fig. 5(f). The SAED pattern indicated the
presence of polycrystalline NPs in the JP-ZnO sample.

Plausible mechanism for fabrication of JP-ZnO NPs
Figure 6 provides an illustrative representation of a

potential procedure aimed at producing ZnO NPs uti-
lizing a water-based solution derived from the leaves of

Fig.6 A proposed mechanism OH
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JP. The procedure involves combining an aqueous leaf
extract obtained from JP with zinc acetate hexahydrate
(Zn(OOCCH3;),.6H,0) within a single aqueous phase.
The leaf extract from JP contains a range of constituents,
including phenolic acids, flavonoids, tannins, terpenoids,
and carbohydrates. These components serve a dual purpose
as both reducing and capping agents in the reaction. Nota-
bly, a remarkable chemical within the leaf extract is luteo-
lin, which complexes with zinc in the form of Zn*? ions.

This initial complexation is followed by the sequen-
tial progression of events. First, there is the conception of
zinc hydroxide (Zn(OH),) via hydrolysis. Subsequently,
through a process of calcination, the complex undergoes
decomposition [49]. This decomposition process strongly
favors the generation of JP-ZnO NPs.
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Fig.7 a UV-Vis absorbance spectra of RhB dye under UV (sunlight)
illumination over JP-ZnO NPs as a function of time, b the progres-
sion of RhB dye degradation during consecutive time intervals, ¢ the

A photocatalytic degradation of RhB, FS, and CV
dyes by the fabricated JP-ZnO NPs

To evaluate the photocatalytic activity of prepared JP-ZnO
NPs, they were employed as catalysts in the photodegrada-
tion of RhB, CV, and FS dyes in sunlight. Figures 7, 8, and
9 demonstrate the degradation of the dyes RhB, FS, and
CV under sunlight, occurring at time intervals of 180 min,
90 min, and 60 min, respectively. The UV-visible spectrom-
eter was used to measure the RhB, FS, and CV dye degra-
dation at regular intervals of 30 min, 20 min, and 15 min,
respectively. Degradation efficiencies of 95%, 94%, and 90%
were achieved for RhB, FS, and CV dyes, respectively. The
degradation efficiency of the as-prepared JP-ZnO NPs was
compared with that of recently reported ZnO NPs in Table 3.
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kinetics of RhB dye degradation presented as a first-order linear plot
with In Ay/A as a function of time, and d a pie chart representing the
distribution of RhB dye degradation across different time intervals
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Fig.8 a UV-Vis absorbance spectra of FS dye under UV (sunlight)
illumination over JP-ZnO NPs as a function of time, b the progres-
sion of FS dye degradation during consecutive time intervals, ¢ the

The results of this study strongly suggest that JP-ZnO
NPs possess significant promise as a material for effec-
tively catalyzing the degradation of organic pollutants
through photocatalysis. The remarkable rates of degrada-
tion observed, coupled with the observable impact of vary-
ing pH conditions on the degradation process, highlight the
potential application of JP-ZnO NPs in addressing a wide
spectrum of water and wastewater pollution challenges stem-
ming from organic contaminants. These results suggest that
JP-ZnO NPs offer promising prospects for addressing envi-
ronmental pollution challenges.

The following mechanism illustrates how electrons and
holes contribute to dye degradation [56]:

ZnO + hv - e + h*

O, absorption: O, + ¢~ = O,~
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kinetics of FS dye degradation presented as a first-order linear plot
with In Ay/A as a function of time, and d a pie chart representing the
distribution of FS dye degradation across different time intervals

Tonization of water: H,O — OH™ + H*
Protonation of superoxide: O,~ + H" - HOO
HOO + ¢~ — HO,~

HOO™ + H* - H,0,

H,0, + e~ - OH™ + OH

H,O0 + h* - H* + OH

Dyes + OH. — Degradant product

The aforementioned OH radical is an extremely potent
oxidant, highly effective in the degradation of numerous
dyes such as RhB, FS, and CV.
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Fig.9 a UV-Vis absorbance spectra of CV dye under UV (sunlight)
illumination over JP-ZnO NPs as a function of time, b the progres-
sion of CV dye degradation during consecutive time intervals, ¢ the

Antibacterial activities of synthesized JP-ZnO NPs

The antibacterial effectiveness of JP-ZnO NPs was assessed
against both Gram-positive bacteria (S. aureus, B. coagu-
lans) and Gram-negative bacteria (K. pneumoniae, E. coli)

kinetics of CV dye degradation presented as a first-order linear plot
with In Ay/A as a function of time, and d a pie chart representing the
distribution of CV dye degradation across different time intervals

through the utilization of the well diffusion method. The
outcomes of the zone inhibition technique are depicted in
Fig. 10, illustrating the diameters of inhibition zones (meas-
ured in millimeters) encompassing each well containing the
JP-ZnO NP solution. The JP-ZnO NPs prepared for this

Table 3 Comparison of the photocatalytic degradation of ZnO nanoparticles in the present work with previous works

Green materials Dye Light source Irradiation time Degradation Reference
(min) efficiency (%)
Jatropha podagrica leaf extract Rhodamine B Sunlight 150 95 Present work
Crystal Violet Sunlight 60 94
Fluorescein Sodium Sunlight 90 90
Alchemilla vulgaris leaf extract Rhodamine B Sunlight 120 75 [50]
Hibiscus sabdariffa L. petal extract Rhodamine B Sunlight 300 80.13 [51]
Paraserianthes lophantha leaf extract Rhodamine B UV light 180 83 [52]
Moringa oleifera peel extract Crystal Violet UV light 70 94 [53]
Delonix elata leaf extract Crystal Violet UV light 90 86 [54]
Sageretia thea aqueous extract Crystal Violet UV light 8h 40.65 [55]
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Fig. 10 Antibacterial efficacy of ZnO NPs synthesized using Jatropha podagrica leaf extract for a S. aureus, b B. coagulans, ¢ K. pneumoniae,
and d E. coli

study exhibited substantial antibacterial potency against S. (17 mm), B. coagulans (15 mm), K. pneumoniae (11 mm),
aureus, B. coagulans, K. pneumoniae, and E. coli. Particu- and E. coli (10 mm) at a concentration of 150 uL, surpassing
larly favorable outcomes were witnessed against S. aureus  the performance of conventional drugs. The plant extract

Table 4 Zone of inhibition

. . Name S. aureus B. coagulans K. pneumoniae E. coli
at different concentrations of
JP-ZnO NPs Shape Round Round Round Round
Gram reaction Gram positive Gram positive Gram negative Gram negative
50 uL 15 mm 12 mm 10 mm 10 mm
100 pL 16 mm 13 mm 11 mm 10 mm
150 L 17 mm 15 mm 13 mm 11 mm
Antibiotic 40 mm 27 mm 40 mm 32 mm
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exhibited commendable activity against both Gram-positive
and Gram-negative bacteria, resulting in an inhibition zone
of 6 mm. At various JP-ZnO NP concentrations, Table 4
shows the zone of inhibition.

From the aforementioned results, the susceptibility of
Gram-positive bacteria (S. aureus, B. coagulans) exhib-
ited a heightened degree of susceptibility to JP-ZnO NPs
in contrast to Gram-negative bacteria (K. pneumoniae, E.
coli). This discrepancy in sensitivity can be attributed to the
substantial presence of a thick peptidoglycan layer within
the cell wall of Gram-positive bacteria, which serves as a
robust physical barrier offering shielding and protection. In
contrast, Gram-negative bacteria possess both lipopolysac-
charide and peptidoglycan, rendering them more resistant to
the effects of JP-ZnO NPs [57-59].

Conclusions

In summary, we have successfully employed an eco-
friendly method for synthesizing ZnO nanoparticles, using
Jatropha podagrica leaf extract as a capping agent. Dis-
tinct analytical techniques were employed to characterize
the nanoparticles which confirmed their wurtzite crystal-
line structure, spherical shape, and size in the range of 12
to 18 nm. The JP-ZnO nanoparticles have demonstrated a
remarkable photocatalytic efficiency, effectively breaking
down RhB, FS, and CV dyes under sunlight. The degrada-
tion rates of 90-95% were achieved within a time frame
of 150, 90, and 60 min for RhB, FS, and CV dyes. We
evaluated their antibacterial properties against both gram-
positive (S. aureus, B. coagulans) and gram-negative (K.
pneumoniae, E. coli) bacterial strains. Using 150 pL of
nanoparticles, inhibition zones measuring 17, 15, 11, and
10 mm were obtained. These findings highlight the poten-
tial applications of JP-ZnO nanoparticles in addressing
water pollution challenges and formulating potent anti-
bacterial agents.
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Abstract

The present study reports the trace elemental and heavy metal (24 elements) levels in six (Capsicum frutescence L., Carica
papaya L., Momordica charantia L., Moringa oleifera Lam., Musa sapientum L., and Solanum melongena L.) vegetables.
The vegetable samples are collected from the three villages and are subjected to ICP-MS analysis, to test a group of 24 ele-
ments, viz., Li, Be, Al, Sc, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Ga, As, Se, Rb, Sr, Ag, Cd, Cs, Ba, TI, Rb, and U, for their levels.
The obtained levels of each element were compared with the WHO/FAO permissible values. Out of the tested 24 elements,
16 elements may cause kidney problems and the remaining 8 (Mn, Co, Ni, Cu, Zn, Se, Sr, and TI) may cause other health
problems when they are in high concentration (FAO/WHO, 18; ATSDR, 19; Drake and Hazelwood in Ann Occup Hyg
49:575-585, 20; US EPA, 21; FAO/WHO, 22; Choudhury et al., 23; Food Safety and Standards, 24). The results reveal that
Ba s in high concentration (2.51 times) in all the tested vegetable samples and Pb is in high concentration (1.28 times) in 11
vegetable samples; Ag and Fe are high in one vegetable sample each. Among the three locations highest Ba concentration
is observed in S (Capsicum) of L, followed by S5 (Musa) and S, (Capsicum) of L. The higher Pb concentration is present
in S, (Capsicum) of L, followed by S, (Capsicum) of L,. The results reveal that out of the six vegetables tested, Capsicum
shows high concentrations of Ba and Pb. The variation in the levels of trace elements and heavy metals with regard to loca-

tion and vegetable samples may be due to soil and or due to groundwater.

Keywords Chronic kidney disease - ICP-MS - Trace elements - Vegetables - Uddanam area

Introduction

Vitamins and minerals are micronutrients; they play vital
role in various physiological processes and are necessary
for maintaining overall health. Vegetables are vital compo-
nent of healthy diet; they provide important minerals that are
essential for human health. Consuming vegetables ensures
an adequate intake of these minerals, which are often found
in higher amounts in plant-based foods than the animal-
based food sources. However, it is important to note that
excessive intake of certain minerals through vegetables or
any other way may cause adverse health effects; for example,
excessive consumption of potassium-rich vegetables without
proper monitoring can be problematic for individuals with
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kidney disorders. Similarly, many heavy metals are poten-
tially toxic to humans (WHO) [1].

Studies on trace elemental analysis of plant edible parts
are not fully explored in the present study area (Uddanam);
hence, the present study is taken up. According to the
World Health Organization (WHO), Uddanam is one of
three regions in the world with a high CKD incidence of
18.23% [2]; the other two are one in Sri Lanka and other
in Nicaragua. In 2015, it is estimated that more than 4500
people have died in the Uddanam area over the past decade,
with about 34,000 people suffering from kidney disease.
Nearly every family in the region has at least one person
diagnosed with the disease. These cases were first recog-
nized in early 1990s, and the phenomenon was discussed
at the International Nephrology Conference in Hong Kong
(2013) and named Uddanam Nephropathy [3]. In 2016, the
Indian Council of Medical Research partnered with Harvard
University, Baba Atomic Research Center (Mumbai), Health
University (Andhra Pradesh), and Andhra Medical College
(Vishakapatnam) to study the causes of CKD.
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Few studies that have been done on the analysis of trace
elements in edible plant parts from the Uddanam area,
such as rice and finger millet using the EDXRF technique,
explored that Cu and Zn elements are in high concentration
in both the samples and phosphorus is more in rice and Se
is more in finger millet [4, 5]. Studies on analysis of trace
elements of soil and water samples in this area have been
carried out [6-8] and showed that the water and soil in the
villages of Uddanam contain high concentration of miner-
als like ferrous, manganese, copper, and zinc [8]. Khandare
et al. [9] identified excessive concentrations of Li, Si, and Sr
in the groundwater of Uchapally village of Nellore district,
Andhra Pradesh, India, which is also a CKD-prevalent vil-
lage, indicating presence of some elements and heavy metals
in high concentration. K. Lal et al. [10] found that approxi-
mately 35% of Uddanam villages had acidic groundwater,
while it is only 3% villages in other districts. High lead lev-
els were detected during the dry season and the lead levels
exceeded permissible limits in 55% of villages. The study
recommends treating groundwater with reverse osmosis
(RO) for drinking and cooking purposes. Gowrishankar S.
et al. [11] found recent evidence of dysmorphic lysosomes
in renal biopsies and suggest a toxic cause for CKD. The
etiology of the disease remains unknown.

Banerjee et al. [12] noticed excess lead content in all fruit
and vegetable samples collected from the districts of West
Bengal [12]. Mamatha et al. [13] identified excessive levels
of cadmium and lead in leafy vegetables used by local peo-
ple in Pulivendula, Kadapa district of Andhra Pradesh [13].
Priya et al. [14] identified high levels of copper, chromium,
iron, and lead in leaves of Sorrel (Rumex spp.) in the Musi
River basin of Hyderabad [14]. Sapana Gupta et al. [15]
found high levels of chromium, zinc, copper, and lead in
leafy vegetables collected in the city of Raipur [15]. So far,
many studies indicate that the water and soil of the Uddanam
region contain trace elements in high concentration than per-
missible values. There are no attempts on trace elemental
analysis in all the local plant vegetable parts that are fre-
quently consumed by the people of this region.

Materials and Methods
Study Area

Uddanam is a region covering few parts of the seven rev-
enue mandals or tahasils (Ichhapuram, Kanchili, Kaviti,
Mandasa, Palasa, Sompeta, and Vajrapukothuru) in the
Srikakulam district of Andhra Pradesh, India. The area is
a lush green environment with rich coconut and cashew
nut orchards along the coastline of the Bay of Bengal.
However, it is known as the region with high incidence
of CKD. Ravi Raju et al. [2] reported 15.9% CKD in their
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pilot study and 18.23% in their final study of age group
above 18 years in Uddanam area, which is high incidence
of CKD. Thousands of people are still suffering from this
disease; till now, the reasons behind the cases of kidney
failure are unknown and many investigations are being
conducted to explore the cause(s) of this CKD, which is
specific to this area. Worldwide, 697.5 million people are
suffering from chronic kidney disease, of which 115.1
million are Indians [16].

Geographically, Uddanam is located at 19.0167°N lati-
tude and 84.6833°E longitude, with an average elevation of
41 m above sea level. It consists of 7 revenue mandals; we
have chosen Kaviti revenue mandal because of high preva-
lence of CKD. We selected three revenue villages out of 21
revenue villages in Kaviti mandal based on the patients num-
ber and data obtained from the Community Hospital Som-
peta. These three villages are Kusumapuram (L;), Varaka
(L,), and Borivanka (L,) (Fig. 1A, B, C, D).

Sample Collection and Preparation

We identified six locally cultivated vegetables for trace ele-
mental and heavy metal analysis (Table 1), which are grown
in their coconut orchards as intercrops and are frequently
consumed. Samples from three selected villages are ana-
lyzed for the levels of trace elements and heavy metals by
using ICP-MS instrument. Among the tested vegetable sam-
ples, 2 belong to the family Solanaceae, and one each from
Caricaceae, Cucurbitaceae, Moringaceae, and Musaceae
(Table 1).

The fresh samples of the selected vegetables collected
from the farm fields directly from the three villages are kept
in zip-locked bags and are brought to the laboratory. The
samples are washed twice with distilled water and then sub-
jected to acid digestion process; that is, fast and accurate
wet digestion method [17] is followed for the digestion of
vegetable samples to digest all organic matter present in the
vegetable samples and placed in ICP-MS to obtain the trace
elemental levels.

Procedure

We used the ICP-MS instrument (Agilent Technologies,
model 7700) available in Centre for Studies on Bay of Ben-
gal, Andhra University, Visakhapatnam. The sample prepa-
ration for ICP-MS analysis followed here is based on the
oxidation and solubility of organic matter in plants when
H,0, (33%) is added directly to the concentrated HNO; and
heated for a short time. The instrument was switched on and
is first run with the Standard Reference Materials of O ppb,
0.5 ppb, 1 ppb, 5 ppb, 10 ppb, 25 ppb, 50 ppb, and 100 ppb,
then the samples were ran, and the levels of 24 elements
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Fig.1 Study area

Table 1 Frequently consumed
local vegetables used in the
study
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Sample no Botanical name Family English name Vernacular name

S1 Capsicum frutescence L Solanaceae Chilli Pachchi mirapa kaya
S2 Carica papaya L Caricaceae Papaya Boppayi kaya

S3 Momordica charantia L Cucurbitaceae Bitter gourd Kakara kaya

S4 Moringa oleifera Lam Moringaceae Drumsticks Munaga kada

S5 Musa sapientum L Musaceae Plantain Arati kaya

S6 Solanum melongena L Solanaceae Brinjal Vanga kaya
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Table 2 Instrument conditions and parameters

Serial no  Parameter Value

1 RF power 1550 W

2 Sampling depth 8.0 mm

3 Carrier gas flow rate 0.95 1 min~!

4 Makeup gas 0.20 1 min™!

5 Spray chamber temperature 2 °C

6 Collision gas He, 3.4 ml min~! (99.999% purity)

7 Water filter < 100-pm particle size

8 Elements/isotopes measured Li, °Be, YA1,*Sc, °' V, 2Cr, »Mn, *°Fe, *Co, °'Ni, *Cu, %Zn, 7' Ga, "As, "8Se, ¥Rb, %8S, 107Ag,

”]Cd, 133CS, 137Ba, ZOSTL 208Pb, and 238U

were obtained (Li, Be, Al, Sc, V, Cr, Mn, Fe, Co, Ni, Cu,
Zn, Ga, As, Se, Rb, Sr, Ag, Cd, Cs, Ba, TI, Rb, and U). The
instrument conditions and parameters are stated in Table 2.

Wet Digestion

Modified HNOs/H,0, wet digestion method (Pequerul et al.
1993) [17] was followed. Two grams of vegetable sample
is taken, kept in a Teflon beaker, mixed with 8§ ml HNO,,
and left overnight. The solution was heated on a hot plate at
120-125 °C for 1 h and 4 ml H,0, (33%) was added once or
twice until the organic matter was completely digested. Then
we added H,O, until the solution is clear or colorless (indi-
cating complete digestion of organic matter). The residual
solution was placed on a dry place at 80 °C, shaken well,
cooled to room temperature, and filtered through Whatman
filter paper. The solution is then diluted to a known volume
(50 ml) with Milli-Q water. The digested filtrate solutions
are stored in high-density polyethylene bottles (100 ml) at
room temperature for further use.

Results and Discussion

Ten milliliters of digested solution was taken into centrifuga-
tion tubes, 20 pl of ISTD solution and 100 pl of HNO; were
added, and elemental content was analyzed with ICP-MS
instrument. The levels of elements present in the vegetable
samples are calculated with the help of the following for-
mula in ppb levels and then converted to ppm.

IR(S) — IR(B
X(ug = PO = D)

= X Dilution Fact
Weight of the sample (g) Hutton Factor

where X (pg) is the concentration of element in ppb, Irs) is
the instrument reading for sample, and Iy g, is the instrument
reading for blank.

The obtained values are compared with the permissible
values recommended by FAO/WHO (1990, 1995, 1997,
2006, 2008, 2009, 2010, 2011, 2012, 2013, 2014, 2015,
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2016, 2017, 2018, 2019) and the Food Safety and Stand-
ards (Contaminants, Toxins, and Residues) Regulations
(2011) [18-24]. A total of 24 elemental levels in 18 veg-
etable samples from 3 different locations (L,, L,, and L;)
are obtained and presented in Table 3. Out of the 18 tested
samples, all samples are found to have high levels of Ba
and 11 samples had high levels of Pb. Fe and Ag are high
in one sample each and the remaining are within the per-
missible levels. The study analyzed 18 vegetable samples
from three different locations (L,—L5) for elemental levels.
The levels of 24 elements are measured, and the results are
presented in Table 3.

In 3 tested locations in Capsicum frutescence raw
fruit, Ba is found in high concentration in 3 locations
(36.67—L,, 43.92—L,, and 27.65 mg/kg—L,), and Pb is
also present in high concentration in 3 locations (0.372—
Ly, 0.798—L,, and 0.972—L;). Carica papaya raw fruit
showed high concentration of Fe in one location (216.3
mg/kg—L,), Ba in all three locations (30.12—L,, 33.73—
L,, and 21.8 mg/kg—L;), and Pb in one location (0.327—
L;). In Momordica charantia raw fruit, Ba is high in 3
locations (31.6—L,, 32.29—L,, and 26.95 mg/kg—L,) and
Pb is in 2 locations (0.415—L,, 0.511—L,). In Moringa
oleifera raw fruit Ba is high in 3 locations (32.44—L,,
29.23—L,, and 23.82 mg/kg—L;), Pb is high in one loca-
tion (0.416—L;), and Ag is high in one location (L,—
0.388). Musa sapientum contained high concentrations of
Ba in 3 locations (42.22—L,, 33.34—L,, and 33.85 mg/
kg—L;) and Pb is also in 3 locations (0.353—L,, 0.304—
L,, and 0.460—L;). Solanum melongena had high concen-
trations of Ba in 3 locations (30.07—L,, 33.64—L,, and
26.89 mg/kg—L;) and Pb is in one location (0.316—L,).

The results reveal that out of the 18 tested samples, bar-
ium (Ba) is present in high concentration in all samples, and
lead (Pb) is present in 11 samples. Iron (Fe) and silver (Ag)
are high in one sample each, and the remaining elements did
not exceed the limits.

The high concentration of Ba is found in Carica papaya
of Borivanka, followed by Capsicum frutescence of Var-
aka and Musa sapientum of Kusumapuram. The high
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Table 3 Trace elemental and heavy metal levels (ppm) in vegetable samples by ICP-MS analysis

Element
PV
S

Element
PV
S

S

Li
5.6
0.043
0.046
0.019
0.007
0.01
0.016
0.022
0.011
0.014
0.014
0.005
0.024
0.068
0.032
0.026
0.023
0.017
0.02
Ga
3.0
0.003
0.013
0.005
0.001
0.002
0.014
0.005
0.002
0.003
0.002
0.003
0.007
0.006
0.002
0.003
0.002
0.002
0.003

Be

~

As
0.18
0.01
0.031
0.008
0.005
0.002
0.011
0.005
0.003
0.004
0.005
0.004
0.013
0.009
0.005
0.005
0.007
0.015
0.005

Al
60
9.96
56.03
44.63
8.76
7.68
10.25
34.86
7.82
43.46
7.31
11.05
16.85
15.26
9.66
9.4
7.57
8.54
24.94
Se
1.5
0.006
0.133
0.039
0.036
0.037
0.039
0.028
0.007
0.037
0.017
0.005
0.043
0.03
0
0.015
0.007
0.021
0.027

Sc
22
5.547
5.106
6.810
5.108
3.228
6.735
4.926
4.279
7.720
5.192
2.114
3.340
7.183
3.82
6.83
3.708
6.06
6.02
Rb
5.0
0.587
1.107
0.587
0.735
0.823
0.92
0.54
0.489
0.879
0.531
0.949
1.158
1.92
0.463
0.266
0.504
2.356
1.01

v
50
0.035
0.103
0.029
0.018
0.016
0.429
0.027
0.016
0.017
0.019
0.016
0.049
0.029
0.029
0.018
0.014
0.021
0.014
Sr

10
1.395
2.8332
0.887
0.574
0.63
0.552
0.605
0.72
0.617
1.137
0.842
1.143
1.847
0.882
0.705
0.698
3.258
0.928

Cr Mn Fe Co Ni Cu Zn
24 15 50 0.14 5.0 35 50
0.535 0.376 9.082 0.013 0.348 0.644 10.19
1.139 3.245 30.33 0.025 0.434 1.227 15.62
0.454 1.035 27.32 0.025 2.013 0.895 18.77
0.613 0.523 7.31 0.01 0.297 0.02 6.83
0.439 0.562 6.64 0.011 0.329 0.234 7.52
0.65 0.865 216.3* 0.02 0.314 0.099 6.41
0.509 0.426 10.33 0.005 0.295 0.45 5.96
0.392 0.26 6.199 0.005 0.237 0.135 5.22
0.542 2.51 6.22 0.01 0.419 0.031 8.65
0.504 0.874 5.76 0.009 0.455 0.082 7.09
0.483 0.359 5.89 0.01 0.283 0.132 4.30
0.878 0.693 27.41 0.005 0.458 0.214 10.39
0.482 13.59 13.95 0.042 0.376 0.339 23.59
0.419 0.424 7.53 0.006 0.2 0.045 3.90
0.525 0.428 6.24 0.014 0.23 0 8.45
0.498 0.484 4.51 0.011 0.26 0.0008 11.58
0.557 16.20 8.78 0.02 0.407 0.973 8.78
0.461 0.747 5.61 0.003 0.568 0.196 8.89
Ag Cd Cs Ba Tl Pb U
0.175 1.5 90 12.6 1.5 0.3 7
0.048 0.006 0.0005 36.67* 0 0.372%* 0
0.124 0.013 0.002 43.92% 0 0.798%* 0.01
0.047 0.026 0.0001 27.65* 0 0.972%* 0.0008
0.057 0.009 0.0001 30.12%* 0 0.2 0
0.122 0.011 0.0004 33.73* 0 0.28 0
0.027 0.032 0.0003 21.80%* 0 0.327%* 0.0001
0.026 0.01 0 31.60%* 0 0.415% 0.003
0.033 0.011 0 32.29% 0 0.511%* 0
0.026 0.004 0 26.95% 0 0.252 0
0.035 0.008 0.0001 32.44%* 0 0.254 0
0.388* 0.009 0.0003 29.23* 0 0.214 0
0.172 0.015 0.0003 23.82%* 0 0.416* 0
0.048 0.018 0.001  42.22% 0 0.353%* 0
0.056 0.005 0 33.34% 0 0.304%* 0
0.087 0.019 0 33.85% 0 0.460%* 0
0.104 0.007 0 30.07* 0 0.177 0
0.04 0.01 0 33.64* 0 0.316* 0
0.066 0.004 0.0001 26.89* 0 0.299 0

S,—S¢=samples 1-6; P.V.=permissible values (mg/kg or ppm) as per WHO/FAO; L, (location 1)=Kusumapuram; L, (location 2)= Varaka; L
(location 3) =Borivanka

*Trace elements and heavy metals in more concentrations than the WHO/FAO standards that are harmful to kidney

concentration of Pb is observed in Capsicum frutescence
of Borivanka, followed by Varaka. Pb levels are low in veg-
etable samples of Solanum melongena. Overall, the average
high concentrations of elements were identified in Borivanka
(L;) village, followed by Varaka (L,) and Kusumapuram

(L.

Discussion

Adeloju S. B. et al. [25] stated that some heavy metals are
potentially toxic, resulting to cause renal toxicity, multiorgan
toxicity, gastrointestinal irritation, etc. Fritz Pragst et al. [26]
found lead and barium in high concentration in hair samples
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of the population in South Sudan. They found significant
health risk due to the deposition of toxic industrial waste
in the affected area. Environmental barium and its poten-
tial health effects, including kidney diseases, neurological
disorders, cardiovascular issues, and metabolic disorders,
are well explained by Peana M. et al. [27]. They suggest
for further research to understand its geographical variation,
intake levels, and potential biochemical functions in humans.
The results of the study indicate that the vegetable sam-
ples contained high concentrations of certain elements, par-
ticularly Ba and Pb. These are excess than the limits recom-
mended by FAO/WHO and the Food Safety and Standards
(Contaminants, Toxins, and Residues) Regulations of India
(2011). The presence of these elements in high amounts
raises concerns about the safety and potential health risks
associated with frequent consumption of these vegetables.
The presence of elevated levels of Ba and Pb in the tested
vegetable samples may be because of various factors, like
environmental, agricultural practices, and may be presence
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Fig.2 a Comparison of Ba levels with WHO/FAO permissible val-
ues in all samples in three locations. b Comparison of Pb levels with
WHO/FAO permissible values in all samples in three locations.
P.V.=permissible values; L, =Kusumapuram; L, = Varaka; L;=Bori-
vanka
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of these elements in the irrigated soil or in irrigation water. It
is important to know the possible sources of contamination
and to take appropriate measures to mitigate their presence
in the agricultural ecosystem.

Conclusion

In this study we analyzed 18 vegetable samples in 3 loca-
tions (villages), six vegetables in each for trace elemental
levels. In all the three villages, Ba and Pb are in high concen-
trations. Fe and Ag are in high concentration in one sample
each, and their excessive consumption may influence the
functioning of kidneys [18-23]. On an average lead concen-
trations are 1.28 times higher and Ba is 2.51 times higher
than the permissible values in the tested locations (Table 3).

These high concentrations of elements in the studied veg-
etable samples may be absorbed from soil and groundwater
(naturally present in some locations) or may be due to usage
of chemical pesticides and fertilizers. The study reveals that
the extent of trace elements in local vegetables may enhance
the risk of disease intensity, by consuming these vegetables
frequently, and further research is to be needed in this area
to find out the cumulative or additive affects of soil, ground-
water, and local plant edibles and or a single exact reason for
CKD in Uddanam area. Among the three locations, average
Ba and Pb concentrations are more (Fig. 2a, b) in Borivanka
(L), followed by Varaka (L,) and Kusumapuram (L,), and it
reflects with the CKD patient intensity.

The studies on soil, groundwater, and all local plant edi-
bles will help in understanding the serological, urological,
nutritional, and genetic studies of the CKD. The present
study opens a new dimension to understand the role of trace
elements behind the CKD by analyzing the trace elemental
analysis of all local frequently consumed plant edible parts
coupled with soil and irrigation water analysis. The stud-
ies [2, 3, 16] on soil and groundwater in Uddanam area
reveal that Fe, Mn, Cu, and Zn metals are in high concen-
tration. Providing safe water to drinking, establishing more
dialysis centers, and giving pensions to patients affected
by CKD are a huge financial burden for governments in
many areas where CKD is prevalent. This can be reduced
by taking studies on the irrigation soils, irrigation water,
and all edible local plants. The present study opens a new
dimension to understand the impact of trace elements and
heavy metals on CKD by analyzing the trace element and
heavy metal content of all commonly consumed plant parts
of local food crops along with soil and groundwater.
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Studies on elemental levels in frequently consumed local edibles in any region with a localized disease are
meaningful. The present study has identified the levels of 24 elements in nine (6 cultivated and 3 wild) frequently
consumed local leafy vegetables from three chronic kidney disease prevalent villages (a total 27samples) using
ICP-MS. The comparison of obtained levels of these elements with WHO/FAO permissible values reveals the
levels of Ba in all the tested samples, Pb in 15 samples is in excess, whereas Fe and Zn levels are below the
required levels, and the other elements are in the permissible levels. Among the 27 tested samples, a high level of
Ba was found in Allium cepa of L3, and Pb was in Amaranthus viridis of L. Among the leafy vegetables Allium cepa
from L3 and Amaranthus viridis from Ly showed high levels of Ba and Pb, respectively. In the three locations
studied, average Ba and Pb levels are found more in Borivanka (L3) followed by Kusumapuram (L) and Varaka
(Ly). Ba levels are excess in both cultivated and wild leafy vegetables, while Pb levels are slightly higher in
cultivated than the wild leafy vegetables, which may be due to the usage of chemical pesticides and fertilizers.
The present study signifies that frequent consumption of such leafy vegetables may influence the renal func-
tioning in this area, along with other factors like drinking water, other edibles.

1. Introduction

The biological, chemical and physical properties of soil, water and
air are generally localized and dynamic. They influence health that
could result in any localized diseases in humans and all other organisms
by means of edibles also. Any one, two, or all of these may cause diseases
like Fluorosis, Goiter, Osteoporosis, Thyroid, etc. due to the excess or
low levels of elements in water, soil, air and edibles. Studies on the
elemental levels of local plant edibles in any region with a regional
disease are of great relevance to find out the solution. Uddanam is one
such area in Srikakulam District, Andhra Pradesh, India known for its
high prevalence of Chronic Kidney Disease (Gadde et al., 2017; Tatapudi
et al., 2018). Thousands of people are still suffering from this disease,
and the cause(s) are still unclear. The problem of CKD is not only
confined to the Uddanam area; it is also a global issue, affecting 697.5
million people in the world, amongst them 115.1 million are Indians
(Cockwell and Fisher, 2020).

The World Health Organization (WHO) has identified the Uddanam
area, along with two other regions (one in Sri Lanka and the other in
Nicaragua), as having a high incidence of CKD (Ganguli, 2016). This
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phenomenon was discussed at the International Congress of Nephrology
in Hong Kong (2013) and named Uddanam Nephropathy (Gadde et al.,
2017). Hence in 2016, the Indian Council for Medical Research joined
with Harvard University, Bhabha Atomic Research Center, Mumbai, and
Andhra Medical College, Visakhapatnam, to explore the cause(s) of CKD
in this area.In the early 1990 s, kidney diseases were identified in the
Uddanam area and in 2015, an estimated 4500 deathsand about 34,000
people were affected over the last decade (Tatapudi et al., 2018). Nearly
every family in this area has been impacted by this disease (Ganguli,
2016).

Among the different fields of study to know the reasons for CKD in
this area, the identification of elemental levels in edible plant parts is
one of the important directions which are not much explored except on
rice and finger millet using the EDXRF technique, indicate both have
excess levels of Cu and Zn, and also excess levels of P and Se in rice and
finger millet (Raju et al., 2015, 2016), respectively. Cu, Cr, Fe, and Pb
levels are reported high in leafy vegetable Sorrel (Rumex sps.) from the
Musi River basin of Hyderabad (Swapna Priya et al., 2014), and Cd and
Pb were found more in leafy vegetables from Pulivendula town, YSR
Kadapa district of Andhra Pradesh, India (Mamatha et al., 2014). Pb was
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Table 1
List of frequently consumed local Leafy Vegetable samples tested for Elemental levels.
Sample No. Botanical Name Family English name Vernacular (Telugu) name Vegetable
type
S, Allium cepal. Liliaceae Onion (young bulb with centric leaves) Ulli koora Cultivated
S, Alternantherasessilis(L.)R. Brex DC Amaranthaceae _ Ponnagantikoora wild
S3 AmaranthusviridisL. Amaranthaceae Amaranth Thotakoora Cultivated
S, Basella alba L. Basellaceae Malabar Spinach Bachalikoora ”
Ss Hibiscus cannabinusL. Malvaceae Sorrel/Kenaf Gongoora ”
Se Moringaolieferalam. Moringaceae Drumstick (leaves) Munagaakulakoora ”
S Murrayakoenigii(L.) Sprenge Rutaceae Curry leaf Karivepaku .
Sg PremnalatifoliaRoxb. Verbanaceae _ Nellikoora wild
So Randia aculeate L. Rubiaceae Balusukoora ”
Table 2
Conditions and Parameters of the used ICP-MS (Agilent Technologies Model 7700) instrument.
SL Parameter Conditions/Values
No
1 RF Power 1550 W
2 Sampling depth 8.0 mm
3 Carrier gas flow rate 0.95 L min?
4 Makeup gas 0.20 L min?
5 Spray chamber temperature 2°c
6 Collision gas He, 3.4 mL min~* (99.999% purity)
7 Water filter < 100 um particle size
8 Elements/ Isotopes measured 7Li,9Be,27Al,4SSc,51V,52Cr,55Mn,56Fe,59Co,6°Ni,63Cu,“Zn,71Ga,75As,7gse,85Rb,SSSr,107Ag,111Cd,l33Cs,137Ba,205TI,2°8Pb, and®*®U

found in excess in fruits and vegetables from Kolkata and South 24
Parganas (Banerjee et al., 2010); Cr, Zn Cu, and Pb are high in leafy
vegetables from Raipur city (Gupta et al., 2013). The above studies
reveal that plants accumulate elementsat excessive levels in their edible
parts as well.The role of environmental Ba and its potential health ef-
fects including kidney diseases were reviewed (Peana et al. 2021). The
levels of Cr, Zn, Ni, Cd, Cu, Pb, and As were identified in leafy vegetables
amaranth and spinach (Zhou et al., 2016; Sobur Ahmed et al., 2022).
Elemental levels of Cr, Zn, Ni, Cd, and Fe were reported in amaranth
(Affum et al., 2020).

WHO (1973) categorized the trace elements into three distinct
groups: i. Essential (Zn, Cu, Se, Cr, Co, I, Mn, Mo, Fe, B, etc.), ii. Probably
essential (Cr, Ni, Se, Va, F, etc.), and iii. Toxic (Ag, As, Cd, Hg, Ni, Pb,
etc). There are no previous attempts on elemental levelsin all the
frequently consumed local leafy vegetables in Uddanam area; hence, the
present study is takenup, which is an attempt to explore one of the
causes of CKD, a local chronic health problem over decades, by knowing
the levels of 24 elements to contribute something in understanding the
reasons for CKD.

2. Materials and methods
2.1. Study area

Uddanam is a region comprises some villages of seven Revenue
Mandals or Tahasils, i.e., Ichapuram, Kanchili, Kaviti, Mandasa, Palasa,
Sompeta, and Vajrapukotturu in the Srikakulam District of Andhra
Pradesh State in India. It is located at 19.0167° N and 84.6833° E and
has an average elevation of 41 m above the mean sea level (Fig. 1). It is
dotted with lush coconut and cashew nut orchards along the coast of the
Bay of Bengal. Among the seven Mandals, Kaviti, has a high prevalence
of CKD. Based on the data on the number of CKD patients, obtained from
the Community Hospital, Sompeta, three adjacent villages, i.e., Kusu-
mapuram (L;), Varaka (Ly), and Borivanka (L3), (Fig. 1) in Kaviti mandal
have been chosen for the present study.

2.2. Collection and preparation of samples

We identified nine frequently consumed local leafy vegetables, and

the details are given in Table 1. Fresh leafy vegetable samples are
collected from the fields in the three adjacent villages (3 Locations) in
Zip-locked bags and brought to the laboratory. The samples are washed
twice with distilled water, then they are subjected to fast and accurate
open wet digestion by hot plate method (Pequerul et al., 1993) to digest
all the organic material in the samples.

2.3. Methodology

The ICP-MS instrument (Agilent Technologies Model 7700) available
at the Centre for Studies on Bay of Bengal, Andhra University, Visa-
khapatnam, is used to obtain the elemental levels, and its conditions and
parameters are mentioned in Table 2. The ICP-MS converts complexes
and/or residuals into ionomic form because of the high temperature
(>6000 °C), which enables an accurate estimation of the concentration
of each element. The ICP-MS instrument we used can measure the
elemental levels in four Standards i.e., Standard-1, 2 A, 3, and 4 at parts
per billion level.

Under Standard-1, the elemental levels of 16 (Ce, Dy, Er, Eu, Gd, Ho,
La, Lu, Nd, Pr, Sc, Sm, Tb, Tm, Y, and Yb), in Standard-3, 10 (Sb, Au, Hf,
Ir, Pd, Pt, Rh, Ru, Te, and Sn) and in Standard-4, 12 (B, Ge, Mo, Nb, P,
Re, S, Si, Ta, Ti, W, and Zr) can measure simultaneously, which are
present in very small quantities in biological samples. Under standard-
2A, the levels of 24 (Ag, Al, As, Ba, Be, Cd, Co, Cr, Cs, Cu, Fe, Ga, Li,
Mn, Ni, Pb, Rb, Sc, Se, Sr, TI, U, V, and Zn.) elements can be measured
simultaneously. Most of these are abundantly present in Earth’s crust
and in biological samples and also are very essential for the growth and
development. The presence of either excess or low levels of these ele-
ments can lead to various health problems in humans. Hence, we have
chosen the Standard-2A to findout the levels of these 24 elements.

2.4. Wet digestion

The improved HNO3/H>045 wet digestion method (Pequerul et al.,
1993) was followed for the Plant sample preparation. 2 g of the plant
sample was taken and placed in Teflon beakers, to which 8 mL of HNO3
was added and left overnight. The solution was then heated on a hot
plate at 120-125 °C for one hour, with one or two additions of 4 mL of
H505 (33%) was continued until the solution became clear or colorless,



G.N. Murthy and P.B.S. Yadav

Journal of Food Composition and Analysis 126 (2024) 105868

Table 3
Elemental levels (in mg kg™?) in all tested samples from the three locations.
Element Li Be Al Sc A% Cr Mn Fe Co Ni Cu Zn
P.V. 5.6 8.4 60 22 50 2.4 15 50 0.14 5.0 3.5 50
S L, 0.02 0 6.28 5.42 0.01 0.48 1.11 4.45 0.004 0.21 0 5.18
Ly 0.01 0 10.82 3.94 0.02 0.39 0.96 6.63 0.01 0.44 0.22 5.41
L3 0.11 0 12.9 17.23 0.02 0.92 11.06 21.25 0.07 5.46" 5.53% 33.65
Sy L, 0.02 0 8.21 4.87 0.02 0.51 7.46 8.75 0.02 0.24 0.13 8.44
Ly 0.00 0 62.45* 3.22 0.02 0.46 0.85 16.09 0.01 0.19 0.19 4.12
Ls 0.03 0 11.42 6.78 0.04 0.59 12.04 14.58 0.02 0.35 0.24 11.49
Sz Ly 0.02 0 13.27 10.24 0.04 0.61 3.92 12.08 0.03 0.42 3.25 21.19
L, 0.03 0 36.79 3.36 0.04 0.54 3.82 19.00 0.06 0.34 1.45 8.51
Ls 0.02 0 51.00 6.58 0.04 0.62 4.02 27.79 0.03 0.33 0.20 8.58
S4 Ly 0.02 0 14.76 4.89 0.03 0.49 1.33 16.58 0.03 0.41 0.08 6.30
Ly 0.01 0 37.15 4.01 0.02 0.45 1.37 20.13 0.01 0.51 0.22 5.66
Ls 0.02 0 6.20 4.97 0.01 0.50 0.46 5.04 0.005 0.23 0.11 5.47
Ss Ly 0.03 0 12.58 5.12 0.04 0.49 32.95% 18.16 0.06 0.65 0.27 10.83
Ly 0.02 0 11.28 4.03 0.03 0.61 11.92 12.57 0.06 0.51 0.91 7.25
Ls 0.03 0 39.59 9.89 0.07 0.67 27.68"% 40.69 0.05 0.54 0.27 9.08
Se Ly 0.03 0 19.77 5.24 0.07 0.75 5.91 35.39 0.02 0.27 0 6.48
Ly 0.03 0 5.74 4.65 0.01 0.31 13.15 5.21 0.01 0.29 0.73 6.18
Ls 0.05 0 122.5* 6.33 0.02 0.46 1.52 13.32 0.01 0.41 0.27 8.82
S, Ly 0.05 0 12.78 5.86 0.03 0.49 2.57 15.37 0.01 0.76 0.89 9.45
Ly 0.01 0 10.34 4.79 0.02 0.43 5.83 9.72 0.03 1.79 1.33 14.01
Ls 0.11 0 16.21 7.71 0.04 0.74 4.65 24.27 0.02 0.68 0.78 8.68
Sg Ly 0.05 0 7.64 5.10 0.02 0.46 15.67% 21.02 0.06 0.66 0.40 6.59
Ly 0.02 0 11.67 4.21 0.03 0.44 8.50 15.73 0.03 0.49 0.47 8.91
L3 0.03 0 17.22 7.07 0.04 0.60 3.30 23.63 0.04 0.55 0.32 9.81
So Ly 0.21 0 11.42 5.19 0.03 0.48 18.82% 16.07 0.02 0.45 0.40 7.03
Lo 0.02 0 6.64 3.32 0.01 0.48 0.53 5.47 0.00 0.27 0.16 6.15
Ls 0.04 0 13.20 6.11 0.04 0.62 34.63" 14.92 0.04 0.63 0.32 9.99
Element Ga As Se Rb Sr Ag Cd Cs Ba Tl Pb 0)
P.V. 3.0 0.18 1.5 5.0 10 0.175 1.5 90 12.6 1.5 0.3 7
S1 L, 0 0 0.01 0.28 2.15 0.01 0 0 33.19* 0 0.14 0
Ly 0 0 0. 0.32 0.77 0.03 0 0 32.97* 0 0.28 0
L3 0.01 0.01 0.12 4.67 1.34 0.29 0.05 0 71.54* 0 1.00* 0
S, L, 0 0 0.01 1.17 3.59 0.02 0 0 33.22% 0 0.32* 0
Ly 0 0 0.54 0.49 4.22 0 0.01 0 28.92* 0 0.26 0
L3 0 0.01 0.03 1.45 4.85 0.16 0.03 0 33.86* 0 0.77* 0
S3 L, 0 0.02 0.01 3.72 6.28 0.02 0.02 0 35.21%* 0 0.22 0
Ly 0 0 0.01 1.16 2.76 0.10 0.03 0 30.27* 0 1.14* 0
Ls 0 0.01 0.03 0.97 3.68 0.05 0.02 0 28.61* 0 0.61* 0
S4 Ly 0 0 0.02 1.07 1.36 0.06 0.01 0 24.57* 0 0.33* 0
Lo 0 0 0 0.64 0.81 0.08 0.01 0 30.24* 0 0.31* 0
Ls 0 0 0.01 0.66 0.58 0.07 0.01 0 31.55* 0 0.29 0
Ss Ly 0 0.01 0.01 0.28 3.99 0.02 0.01 0 35.95* 0 0.28 0
Ly 0 0.01 0.06 0.39 1.86 0.03 0.01 0 38.81* 0 0.27 0
Ls 0.01 0.01 0.08 0.25 2.41 0.03 0.02 0 26.86* 0 0.37* 0
Se Ly 0 0.01 0.08 0.71 3.19 0.02 0 0 34.07* 0 0.65* 0
Ly 0 0 0.01 2.05 2.76 0.02 0.01 0 27.00* 0 0.18 0
Ls 0 0.01 0.12 1.46 1.03 0.10 0.02 0 32.19* 0 0.38* 0
S Ly 0 0 0.01 1.05 5.60 0.04 0.01 0 38.56* 0 0.30* 0
Ly 0 0 0.22 5.09 0.89 0.05 0.01 0 32.63* 0 0.32* 0
Ls 0.06 0.01 0.09 1.43 5.82 0.07 0.01 0 35.27* 0 0.31* 0
Sg Ly 0 0.01 0.01 0.66 2.05 0.06 0 0 30.07* 0 0.25 0
Lo 0 0 0.01 1.54 1.19 0.03 0.01 0 37.59* 0 0.36* 0
Ls 0 0.01 0.03 2.10 0.85 0.05 0.01 0 42.21%* 0 0.28 0
So Ly 0 0.01 0.01 1.35 4.18 0.04 0.01 0 36.41* 0 0.25 0
Ly 0 0 0 0.47 0.58 0.12 0 0 32.63* 0 0.14 0
Ls 0 0.01 0.03 2.32 0.99 0.04 0.03 0 39.33* 0 0.51* 0

S1-S9: Samples 1-9; P.V.: Permissible Values (mg kg-1) of FAO/WHO
L; (Locationl) = Kusumapuram, L2 (Location2) = Varaka, L3 (Location 3) = Borivanka

* Element harmful to kidney if more than the FAO/WHO Values
# Element causes other health problems if more than the FAO/WHO Values

indicating the complete digestion of organic material in the plant sam-
ple. The solution was then kept at 80 °C for 10-15 min. After cooling to
room temperature, it was shaken well and filtered through Whatman
filter paper. The filtrate solution was diluted with ultrapure water to a
fifty-dilution factor, and stored in 100 mL high-density poly ethylene
bottles for elemental analysis.

The instrument was calibrated using certified reference materials
(CRM)at0, 0.5, 1, 5, 10, 25, 50, and 100 pg kg’1 concentrations prior to
running the samples. After calibrating (Calibration values are given in
table 5 and supplied as supplementary information) the ICP-MS

instrument with CRM, we ran the samples and obtained the levels of 24
(Li, Be, Al, Sc, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Ga, As, Se, Rb, Sr, Ag, Cd, Cs,
Ba, Ti, Rb, and U) elements. 10 mL of filtrate solution was taken, and
20 pL of ISTD (Internal Standard Spiking Solution) solution and 100 pL
of HNO3 were added in a centrifuge tube. The levels of elements in each
sample of each location were measured using the following formula in
pg kg1 level and then converted to mg kg ™! level.

__ IR(S)-IR(B) _—
X(M8) = Weignt of the sampie(g > Pilution Factor

Where; X (ug) = concentration of element in pg kg™!, I R(S)
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Fig. 2. a & b. Comparison of Ba and Pb levels with WHO/FAO Permissible Values in three locations.

= instrument reading for plant sample, I R (B) = instrument reading for
blank.

3. Results and discussion
3.1. Results

The obtained levels of 24 elements in 9 local leafy vegetables from 3
different locations, (a total 27 samples) are presented in Table 3, and
compared with the FAO/WHO permissible values (FAO/WHO, 1997;
Choudhury and Cary, 2001; and Food Safety and Standards (contami-
nants, toxins and residues) Regulations, 2011). The results reveal that in
all the tested samples Ba levels are excess and Pb levels are excess in 15

samples (7 from Ls, each 4 from L, and L;) than the permissible values
(FAO/WHO, CXS 193-1995) (S;-Ls, So-L1, Ls, S3-La,Ls, S4-Li,Lo, Ss-Ls,
Se-L1,L3, S7-L1,La,L3, Sg-La, So-L3). It is observed that Pb levels are more
in Lg than Ly and L;. It is high in 77.77% samples of L, and 44.44% in Ly
and L;. So, Pb levels are present in the following manner L3 > Ly > Lj.
The results reveal that there is a strong correlation, reflecting with the
CKD patient number. The National Institute of Nutrition (NIN, 2011) in
Hyderabad, India, recommends a minimum intake of Zn of
10-15 mg/day and Fe of 21-45 mg/day for adults in India. In 22 plant
samples, Zn is at a low level (S;- L1, Ly, So- L1, L, S3- Lo, L3, S4- Ly, Lo, Ls,
Ss-Lz, L3, 86- Ll, Lz, L3, S7- L1, L3, Sg- Ll, L2, L3 and Sg-Ll, Lz, Lg). Feisata
low level in 20 samples (Sl- L1, L2, Sz- L], Lg,L3, S3- L],Lg, S4- L], L2, L3,
Ss-Lq,Lo, Se- La,L3, Sy- L1,Lo, Sg- Ly and So-Li,Lo,L3) than the minimum
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Table 4
LOD and LOQ Data of the elements determined by ICP-MS.
Element LOD LOQ
(ng/L) (ng/L)
Be 0.836 2.535
Al 1.004 3.042
\% 0.845 2.560
Cr 0.890 2.697
Mn 0.873 2.645
Fe 1.400 4.243
Co 0.885 2.683
Ni 0.902 2.732
Cu 1.409 4.268
Zn 1.035 3.138
As 0.888 2.690
Se 0.907 2.747
Ag 0.797 2.415
Cd 0.869 2.633
Ba 0.909 2.753
Pb 0.862 2.612
18] 0.855 2.592

required level.

Among the 27 tested samples a high level of Ba was found in Allium
cepa of Ly (71.54mgkg ' followed by Premna latifolia of Ls
(42.21 mg kgfl) (Fig. 2a) and Pb was found in Amaranthus viridis of Ly,
(1.14 mg kg_l) followed by Allium cepa of L3 (1.00 mg kg_l) (Fig. 2b).
In the three locations studied, the average excess levels of Ba and Pb
elements are in Borivanka (Lg) village, followed by Varaka (L) and
Kusumapuram (L;). The present study reveal that the leafy vegetables
used Allium cepa from Lz and Amaranthus viridis from Ly showed high
levels of Ba (average- 45.9 mg kg™ ') and Pb (average- 0.65 mg kg™?),
respectively.

3.2. Discussion

Mineral ions and vitamins are crucial for human health; and leafy
vegetables are rich sources of these nutrients. Plant based foods are good
source of these than animal-based foods. However, excessive con-
sumption of certain elements in foods, can lead to health problems; for
example, excessive consumption of Palak (Spinacia oleracea L.) which is
rich in Ca, results in stone formation in the kidneys. Moreover, heavy
metals like Hg, Pb, Ba, etc. are toxic to humans (WHO, 2007), while
trace elements like Zn, Cu, Fe, Se, etc. are essential. Zn deficiency may
lead to renal dysfunction, Cu can impact collagen metabolism, Se pro-
tects the kidneys from oxidative stress, and Fe is vital for red blood cell
production and proper kidney function.

The results of the present study are in line with the work done
elsewhere on the globe. High levels of Lead (0.1-0.9 mg kg™!) were
found in green leafy vegetables in three selected local government areas
in Osun State, Nigeria (Oyekanmi Adeyinka et al., 2014). High levels of
various heavy metals (Fe, Zn, Mn, Cu, Pb, Cr, As, Cd, Hg, As, Ni, and Cd),
were reported in water, soil, and crops in Hamadan, Iran (Ava Kharazi
etal., 2021). High levels of heavy metals (Cu > Pb > Cd > As > Sn > Hg)
were reported in spinach, lettuce, and parsley from various regions of
Turkey by ICP-MS. Spinach had the high Cu (5.1 + 0.3 mg kg™ 1), let-
tuce, and parsely had high Pb content (0.106 =+ 0.007 mg kg™ %) (Zor and
Kocaoba, 2023).

Excess levels of Ba (average of 30.40 mg kg™') and Pb (average of
0.338 mg kg 1) were found in frequently consumed local vegetable
samples from the same study area, which is similar study (Murthy and
Yadav, 2023). Dietary analysis in the Uddanam region, including rice,
marine and fresh water fish, and amaranth, revealed that heavy metal
intake exceeding safe levels for Pb, Cr, and Mn (Vidhu Gupta, et al.,
2022). They suggested, to finding out heavy metal levels in other food
items and vegetables in this region. Excess Ba levels were present in all
27 samples (average- 34.58 mg kg™!), while Pb levels were excess in 15
samples (average- 0.38 mgkg™!). The determination of limit of
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detection (LOD) and limit of quantification (LOQ) is very crucial for
assessing the method’s sensitivity; so, these are calculated and provided
in Table 4. Additionally, the study revealed deficiency of Zn (81.48%
samples) and Fe (74.07% samples) in the tested leafy vegetables. Low
levels of Zn and Fe may impact kidney function; so, deficiencies can be
fulfilled by incorporating foods rich in Zn and Fe, into the diet or by
using supplements, especially if deficiencies are confirmed through
serological or urological assessments.

It also reveals an important finding, that the wild leafy vegetables
(S2, Sg, and So) (a total of 9 samples), 55% exhibited high Pb levels, and
44% had low levels. In cultivated leafy vegetables (S, Ss3, S4, Ss, Sg, and
S7) (a total of 18 samples), 61% had high Pb levels, and 39% had low
levels. It reveals that elemental levels are slightly higher in cultivated
leafy vegetables than the wild, it is may be due to over usage of chemical
fertilizers and pesticides.

4. Conclusions

The present study reveals that all samples exceed Ba by 2.74 times,
and 15 samples contain elevated levels of Pb by 1.3 times, and Al is in
two samples (Lp-So and L3-Sg) only, which may influence kidney func-
tion. It also found that excess amount of Mn in five samples and Ni in one
sample which may cause health problems other than CKD, remaining
elements are present within the permissible values. The inconsistency
observed in elemental levels among and between the leafy vegetable
samples and locations may be due to the nature of soil or groundwater or
both. The excess Ba and Pb levels are likely due to absorption from
natural sources or due to excessive usage of fertilizers and pesticides. Zn
and Fe are found in low levels; so, along with other risk factors, con-
sumption of such leafy vegetables may enhance renal problems. Further
studies should focus on soil and groundwater analysis in relation to
edibles and their consumption patterns like quantity, frequency, etc., to
find out specific cause(s) of CKD in the Uddanam area.

In CKD-prevalence areas, there are financial burdens on local gov-
ernments, such as providing healthcare facilities, safe drinking water,
pensions, etc.; it can be reduced by conducting studies on the levels of
elements in soil, groundwater, and all local edibles to understand their
role in CKD. This study provides a new dimension by assessing 24 ele-
ments in all local leafy vegetables, and it suggests soil and water anal-
ysis, along with local edibles to find out exact reason for any localized
disease like CKD. Such research can set an example for studying local
edibles in areas with localized diseases worldwide. Analysing the
elemental content of frequently consumed local plant edibles is essential
for comprehending their role in CKD and other regional diseases in the
world. Once the elemental levels are identified, consumption and
accumulation patterns can be determined. This study is useful in future
studies like knowing the elemental levels in plant edibles, soil,
groundwater and their comparison in any localized disease like CKD in
any part of the world.
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Abstract: Leafy vegetables are rich sources of nutrients including mineral ions, which are essential for proper functioning of body
organs. Premna is one such wild leafy vegetable, leaves of Premna have been collected from three different villages, these samples are
analyzed for elemental levels by using I nductively Coupled Plasma - Mass Spectroscopy (ICP - MS), to measure the values of 6 essential
elementsin each sample. Essential trace elements Al, Mn, Fe, Co, Cu, and Zn have been measured for their levels. The concentration of

each element of this plant is calculated and reported.

Keywords: ICP - MS, Trace elements, Wild plants, Leafy vegetables, Nutrition value

1. Introduction

Wild and cultivated leafy vegetables are rich sources of
essential nutrients, offering a lot of health benefits, some of
them are having harmful elements also at high levels
(Murthy and Y adav, 2024). Wild varieties, found in natural
ecosystems, include species like Portulaca oleracea,
Polygonum plebijum, Trianthemamonogyna, etc. (Rekha,
2018). These plants are characterized by their flexibility and
adaptability, thriving in diverse environments. On the other
hand, cultivated leafy vegetables, such as spinach (Spinacia
oleracea), kale (Brassica oleracea var. acephala), Trigonella
foenum - graecum, Swiss chard (Beta vulgaris var. cicla) etc.
are mainly grown for culinary purposes (Kumar, 2020).
They ae al packed with vitamins, minerals, and
antioxidants, contributing to overall health. They are
particularly rich in vitamin K, vitamin A, folate, Iron, and
Calcium; promoting bone health, immune function, and
vision. This present study is an attempt to estimate the
elemental valuesin awild leafy vegetable.

2. Materialsand Methods
2.1 Study area

Study area situated in the Kaviti Revenue Manda of
Srikakulam district, Andhra Pradesh, India, where this plant

is widely used as leafy vegetable. Three villages
(Kusumapuram, Varaka, and Borivanka) have been
selectedand the samples are collected from these villages
and analyzed for elemental values. The details of the study
areaare provided in Fig.1.

2.2 Morphology:
Scientific name: Premna
V erbanaceae

Common name (s): Nellikura (Telugu), Jhatela, Basota
(Hindi), Jaya, Agimantha, Sriparna (Sanskrit).

latifolia Roxb.; Family:

Premnaplants are shrubs or small trees nearly 10 - 15 feet
long with a wide roof, trunk has dark grayish bark, slightly
polar, black when dried; young parts pubescent and young
trunks are spinous. Leaves are simple, opposite, lanceolate -
ovate, eliptic - ovate to rhomboidal, entire and ciliate, apex
is acute. Leaves are green in colour unpleasant smelling.
Lateral veins 4 - 8 on either side of lamina, they are
prominent beneath the lamina. Inflorescence is either apical
or axillary. It is panicle or compact cyme. Flowers are
bisexual, many, odorless, creamy white, yellowish green
(Kumar et al, 2017).
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Figure 1: Study area

2.3 Sample Collection

Samples have been collected from the fields directly; kept in
zip locked bags. Shifted to labi. e. CSBoB (Center for
Studies on Bay of Benga), Andhra University,
Visakhapatnam. Samples have been washed twice with
distilled water, shade dried and then acid digestion process
was carried out to digest all organic matter in the samples.

2.4 Methodology and Wet digestion:

ICP - MS technique is followed to estimate the elemental
levels in the sample. There are advantages to ICP - MS
method for the determination of cations in solution, as high
temperatures (above 6000 °C), complexes and or residuals
can be converted into basic form i.e. ionomic form, so we
can easily estimate element levels accurately. Fast and
accurate wet digestion method is followed for the digestion
of plant samples and subsequent analysis of elemental (Al,
Mn, Fe, Co, Cu, and Zn) levels. Initialy0.5 g leaf sample is
taken into Teflon Beakers.8 ml of HNO; added to this and
left overnight. The solution was heated on a hot plate at 120
- 125 °C for one hour, with 1 - 2 additions of 4ml H,0,
(33%) until solution is clear/colorless indicates complete

digestion of material (Pequerul et a., 1993). The residue was
brought to adry place on low heat (80 °C), shaken well, after
cool to room temperature diluted to known volume (50ml)
with 2D water, and stored in High Density Poly Ethylene
(HDPE) bottles of 100 ml volume for further use at room
temperature.

3. Results and Discussion

Many elements are essentiad for proper functioning
biological metabolisms, the results of the study revea that
the levels of essential trace elements (Aluminum,
Manganese, Iron, Cobalt, Copper, Zinc) in different
locations (Kusumapuram, Varaka, Borivanka) is presented
in Table and Fig.2.

Table: Essential trace element values (ppm) in Premna
latifolia Roxb. from three villages
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Location Al Mn Fe Co Cu Zn
Kusumapuram | 11.67 | 85 | 1573 | 0.03 | 047 | 891
Varaka 7.64 | 1567 | 21.02 | 0.06 | 0.4 | 6.59
Borivanka 1722 | 33 | 23.63| 004 | 0.32 | 9.81
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Figure 2: Essential trace element values (ppm) in Premna latifolia Roxb. from three villages

e Aluminium: The high level of Al is observed in
Borivanka (17.22), followed by Kusumapuram (11.67)
and Varaka (7.64). There is an increasing trend in Al
levels from Varaka, Kusumapuram to Borivanka.

e Manganese: The high level of Mn is found in Varaka
(15.67), followed by Kusumapuram (8.5) and Borivanka
(3.3). There is a decreasing trend in Mn levels from
Varaka, Kusumapuram to Borivanka.

e |ron: The high Fe levels are recorded in Borivanka
(23.63), followed by Varaka (21.02) and Kusumapuram
(15.73). There is an increasing trend in Fe levels from
Kusumapuram, Varakato Borivanka.

e Cobalt: The levels are very low in al locations, of
course it requires in minute values. Varaka (0.06) having
the high values, followed by Borivanka (0.04) and
Kusumapuram (0.03). There is a minimal fluctuation in
cobalt levels among the three locations.

e Copper: The high Cu levels are observed in
Kusumapuram (0.47), followed by Varaka (0.4) and
Borivanka (0.32). There is an increasing trend in Cu
levels from Borivanka, Varaka to Kusumapuram.

e Zinc: the highest Zn levels are found in Borivanka
(9.81), followed by Kusumapuram (8.91) and Varaka
(6.59). There is an increasing trend in Zn levels from
Varaka, Kusumapuram to Borivanka.

In summary, there are varying trends in the levels of

essential trace elements across the three locations, and these

trends may be influenced by factors such as geological
composition, environmental conditions, and human activities
in each area.

The aforementioned elements play important roles in various

metabolic processes as follows:

e Aluminium: It may play a role in some enzymatic
processes, particularly in certain plants.

e Manganese: Essential for the activation of enzymes
involved in bone formation, blood clotting, and reducing
oxidative stressin the body.

e |ron: Crucia for oxygen transport in hemoglobin,
electron transport in cellular respiration, and the
synthesis of certain enzymes and proteins.

e Cobalt: An essential component of vitamin B12
(Cobalamin), which is crucial for DNA synthesis, red
blood cell formation, and neurological function.

e Copper: Essential for the formation of hemoglobin,
collagen, and various enzymes involved in antioxidant
defense and cellular energy production.

e Zinc: Plays acritical role in the functioning of enzymes
involved in DNA synthesis, immune function, wound
healing, and the sense of taste and smell.

4. Conclusion

Previous studies conclude that Premna latifolia Roxb.,
extracts contain bioactive compounds, including flavonoids,
steroids, terpenoids, tannins, glycosides, akaloids, reducing
sugars, Phenols, Quinones, Lignin, and fixed oils.
Methanolic extracts from leaves and bark exhibit the highest
phenolic and flavonoid content, indicating strong antioxidant
and free radical scavenging activity (Pushpa, 2019), and the
present study reveal that it contains essential trace elements.
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RRMI0 TRt Josd! SN & | JoHIar o 319 &l Bfd & wU F St ot Tftia 781 fha iR 999 3 T gon
& 5 “AfOIfd 7o T 95 TRAT * IABAT TS Bt | g IaM O IHadme 6 Fqui Jfoe 7 1o+
BT P IS DI STST IHD! W H BT Y SSITHA & T8 | IEARTAAE’ (0 FHI H Sfid §U AT 3R
3 ST & Py FCTeR Hiies rufl HicsHes sRUN AT 6T BT 8 | T8 HAT R J ARV 7 dI Ht & | T8
JNHBEITOT BT & | TG HAT HPHS T1h B U ST UTa! 1 o T & | T& TR a5 Dl SFA-HAT & | F¥hdl
Tifecd 3T ¥ BT ST 81 DI ST TITH THeAT ST 27 5 i a1 Iifecy ag) & o 2ree 31k aref Trer &)
| “zrecTert Tfed! B | “ T8 SEUT HIT Bl 98 3R RIS H Jeidh ax odl § | TR IHD Wi df2rsed o
quicraT 9% 2 Rl | ‘IS’ H TS I WL Bl 8, F6q 0T BT & | By 7 316g 3R 31ef SFI Y gear g,
TG ST R YEd & Wieh T it wify

IRAT H JSHIGTT A AT e HaeT § AT gedaat ol o & 8 Hahd fohaT iR THHuaT &t SRt
eyt Ffia &1 8 , 9 3 R & | I8 A Bl i Al ST FTearaes! & TN R HE ST b Iy
D! TR W HHT PORTHT el fhAT | I8 SH—HH Bl T2 AT 3R 0 D5 GRT I TR
TIT DT IFETCA HAT | T T R Ieh] AT —STHT bl FEordT AR AYRAT BT a7 T, 34 TSfaA oot & Fmeal

¥ X “Tulasi Das wrote not to display his learning or, to tickle the ear of pedants, he wrote the people and has
his reward. No poet in England has ever been to the masses what tulasi das has been to the people of his land.”?

TRATHT JosHIarT =1 379 Predl H Hl—3Rid DI A1deh 31l H T8l T 8 | 3ifereiar | Fes I arcawd
BN O HRIge! & 3T &, fomanT Sfiam aegfial & Sanfadd & | OFd BRf - SagR STcHIsRA & -7
forett 1 forelt ©u # faadheamor & 7gd & | S Faref g 6t e o=emef g &t gamar g | O 78 o
& IS & Y =2 F IR AfVe T §, 9 T, TN, G, GGy, TEIAT, 7EYoy S faeft «ff gafy
¥ ®Y  yafed &, A1 a1 §a & 1R BFT a3 & | e I M & T8 O off TR & a1 98 aneen H
AT 7 9219 377eR &7 9 &1 91T & | T I 1 A1fie oft feee 9T 9 IR G9R & W1o) & S§R 3l
gt a8 oft I Pife F 3 Srar & 13 vrerdl & THIST ¥ e I X1quT & Geele T & | fafiwor 6 aifcddar ar
IR 8 | SfhT B 0 g off & ST @01 o U9Tg 1 9T | IRR A ISP 1Y &, dfpT F7-9%sh I 918 &
% TaUT T 3TTcich FHTH 81 Sl SHBT THIV & | Teb HIHT Teb HHepuT i1 I I g B & Y 3T 3icTse |
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<7eoT o S @t IO vl 7 | Heles, fsTer, goradr onfe SRt AR AfRaT 8, S ST & dvg o drg off
T3 1 fode 781 @it & |

ARG # #ft I GRT AR T 3T T AgEn- fh @l SUSA | ANEd 3 yfquTied sraur, B,
TR, UIGHEH, 379, dad, SR, IR U4 STTc+ae & Af ®ul aiast g fh & T W 9 {99 "agr-+fh
&1 B &t TH GRT IR &, I o 9fh & BIeh FUTET HY Bl 31SI el 8 o | Fall Dl Tt U P HAT-
TR A X, T IS 4T, T BT UM, T [T & 12l I 71 & 59 &1 99, 3fd g @ 3fies & 1o fFRa”
FHAT T (alg, S R DT FH I P A1 Y T §U “HAll DT FH BReAT, AT b HT TR b
ST Y JUEIT HRAT AT TeIh AT FFSS U6 A-es Iafd el g T I T g2 N SR IEax 8Y Ud & (SaT)
¥ SR ST 1”4

RIFARTAR ' ITRDPIUS H R b U b STR H Hl 3R P SH&I0T I §U I 37 I el & & Ry
T I3 Pl & &I SR TR-UTST &b WHM Pl e el & SR g d1l s H T8l e W&l § | FH YR 3R
<l 1 I8 sy & O ST oI ST & |

"IRfET AR g el A1g | IRUTST HH Tl ATHTS |
711 Hehes QRIVT I8 IR BlesT AId SIS Pifdg =R ||

AT ST 7 3HY B! Ht Bls g —37eH I GRETT 81 Habcll & | S AME — HFa H WS T P adTes
3IR HTUTt AT T BeATIT-HEAT H ATT—HId IR TR R TS 81 | T & 3R FRPfl b PR I &, MeamT
JSHIGT §7h! el T8 & T TRYITSIRN DT TR $H TG - g9 Pl TS THR & TR AT NI & A1 ARIE IS
TR &1 3N 7 T 79 IS g IR ATt Icural a1 JMfIshR & 9 81 SR 3iR 98 SHeamveRt 9 | o
T 3T 98 AP | T IMIS AT T b KT bl q1T R I AT [ bl HF 7 I 3R I8 Th GIR Pl
HERT 99 IR IR ST 61301 H S | geft & 31fcifReh 317 dogl Tt Gior &l SFTE d9 WIS Jal 98 T
3T 9! A A5 |

JoH! B IEARTA ' BT 3RS 18 T Bl 8, AT wraer off 81 8, IS ot Bt § oilk I
T Y &R g9T a1 ST 8, Sfh 39 33 Sas $dl 3exar F&l, Sfias &Y 3= fafafet & arer a8 g« of
5] W&l & | T8 v D fh HT FasTRGaT BT THI0T & | ST TEordl Bl TIed § | S, IAEIwT agaal
3T €, S8R | I 3Rl 3R AT T R T I SHI SRl Josdi! 7 T SR A JS! 85 & | ' FIRm=T J9
SRT ST | ) IFTH SR S O 1 S iRl S99 TeR SRS WR 81 fosdl ST Hacll 8, T8l $8R 3R 9980
ST ol U T ISt 81 | “SIfet 3fR srfHieafh &1 ST HiATE ©Y o1 H avdd: TATRId B, I8 S8R 3R A9
6 3T THoudT ¥ § Fdesdr & 17° IaRaTFe Jowier o & T8 orfig g a1t & Ssad I 3 U 2 |
P BT &I BIHHIS A GU 30 AR FTeT GOuIa st IEs & Aed | Josdl! - Siia Bl T3t o
TR fhaT & |

T I g
1 fgemer - & |ifey @ ardia, 9. 257,
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2 USfa fiesi— A Sketch of Hindi Literature, p. g 59

3 HegMu- it M Hfh 37 g 123,

4 IITIRTAR, 3ROF HIUE, gl 34 - 35, U. 611 — 612

5 S, IRaHY Igdal- f2al A1fec iR FdeT &1 31awd, 4. 58.
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AT ATfecd | DR SiR 37T BT BT IFeH

TRa I1eq
a1, 3 iz Ferfdenesy, cusa!, fRivee
HIaTS . 7838976871
$-90 : yadangrv2805@ gmail.com

Y R

fORg oy ‘TogYy wifed’ A i Sai- ddReN, Yo, diul, €= offe & |i |Yu fhi- IEHG,
GRE, HRIETS, Ghl 2Rg Wig 31fS Hd S ol +ft Hanfesd fham T & | 37 woft 5 svefiRer Sft &t fafare Torm
g, Fifds M’ 5 g To31 & TR 1€ HaR-aT0l BT S8 et & 21 IR g Fal § atferes afad Iam
oft IR 1 & & | '3NeH HAR-JTM BT 3T ATD FHehesT TG DR ATST UHHT HTei-1aH 11 91 © |

‘anfesier’ H Henfosdl fafdsr Hol Y fevaforat qen weR 6t Tag 6t Badrs & id-aredl § Heik deef
Uit deai R o} UhTa 0Sdl & | §9H PaR U IR '3Ras dihed FRIvETET RigTdl & arer Sufera
B €, fOF ™ Q1o SIfsTITeHes STfQ & SqETed, oS AT &l UfisT, $19 §RT 91T | 4, 80 U4 ofad
foreseron =T T STTYRUT &1 HfuTe SR ATa ST TR ST, ST - e e fawsl semamRi o
& TS DI AT qAT THIERG FIRE TSl D 07 Y o+ & | 39 YR ‘anfesiey’ F waR amoft & Hhod &
fafaer M R 3TETR Bl 3D T faerd = B |
A 7168 - A, ToU Hifed, PR A, (g, T i |
AR Aife

/AT T FTfeadh 31ef B T3 &1 A 31eIf T2 & 9 R Taed | I8 Rl g7 fonet off enfifes, amnfoes a
ST Gai | Heferd T2 & A UR ST AT H U1 T8 T3TE T Hehed & | SOREd] FTeat & 3R —UT_T
O 71 AR 3HR fRTeST o 1o SRR & 3TpTes e UR 3obs U 3R ToHY HIfed Bl IuRART H Teb UIsIshd
B G 9 & {3 U 12y wRTE! {3, feaR-fmt 8 Maes aret ifam (ol R @1 o | 3899 @resar
& T $TBT BT FiAEE 5 iR S0 T2 & Ao B W [T, T 7 T Tof HIfed & IMIPR B
BRI

&g der o1 aMfSmTRe eriyer 'Toue Aifed’ 8 | S9d T° Tifde R & w9, 1708 3. § ik 12—
URURT 1 37T g3, d H T2 US ‘T Hifecy' H & Ffed 81 T IR T 1 'FMea T2 B qoll AesT, S gfr R H
fafs Mt & wp IFa qEId & | T ARy degiE o —drToe gRRfaal & fifay el & ary
TEIPBISH Hich—3TaIe H JAAfifad e JaTReT, T2, JTEATH, T 31 BT T SEATIS & Al Tl —Hiadi
T TR P & FRUET UTHTI0D Hehasi1 b BV ST AN Hed o & | 9 UPHR I8 R A1ffAd
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URFORT T Ueh XADT & O g Tt & srosrar fafasr &at, fafaer fear-wxfor, fis sifd-erf & dar &t
AT T STgTgde FTfed fanam T 2 |

Tl AR T RS A e Aifeq’ o1, g o <ud 73 Mde {48 3d <9 U’ | 98 <3 F &
3 38 "anfre’ aer ma, ST ST & foh g oReRT 7 I8 onfemier & |

Tl HIfed FHET Ad TN & fo5U U A1y H1emT-Ugi ol Ufdured axdl & | I8 & UdR &
AMTARATE, BfSAE, UAIhAIG DT ABRAT § qUT 38R T AT & ardf foredt ff TRE & TSR] @f fa_Ieft 8 | 5y
HIfeq’ Tl g SHFGR 57 $I 78cd ol § i G-I 9 R HT 72T IxaT 8 | 39 USR Ig #1190 U el a1
g UfAuTed aa & | 7 o 1 gout & 89 T8 AT | I g auifsrare, sfdare, wemed @t favief & qem
S, UM, 5T 37 & MR R NS9IT & FHRAT & | ToHe ifed’ a4, ik a1 59 &1 dged ufauriea
HRT & | IRR Y 1l STET IRTR-TANT Bl JATS & TebA! H &, TeT 79 DI $2R hY 3R ST BT AT,
HATT ST T & |
AR AIfecd H HAR : AR W& TS

‘anfezier’ ® g URFaRT & STER & S G Bl Bl SFTE et &, I weR off df Ry e St sron
q 2 | v ol I8 1% fafee i & oicia Jo-a14al o Sles a1 Ty SR ol a1l b1 @1 W1 & | T FAh
& icRTa off SxaT 1 Fepe B | SR 18 o6 faf IR A Hal J iR @ waffees € |

‘afezer’ 7 HaE fafvs IF-a- <, o, @ fade, o, J1e, BerT, ™R, 99d, N, 9kG,
TS, gl qAT URHTC o SfTHid HIRG & o o5 gai— d1e 3y, ffd ofR IR | afed o 228 uat
& 1T 243 &N BT Hbfesd fhar 1T & | afe AW 3=y IR g Fai it ommsi o et ft <, 99 off sdves
T Hefesd TaT3N Bl TRET I AP & | TTH11h DERGI l TR a1 DY ' 377fezer’ 7 S17g 781 A 5l
HER b LI H ST BT AGA

TR & NI & e H 3NN &b Hecd D &I TR R XGifehel fhaT ST Hhall B | FoH TR HaR hHi
TSN o IO U16 § I & | 8163 &l A UTH 582 §. & 'oleqR Uiglas (U TRer Sit o), fors aheik o
914 USE UG Hhfo3d 8, Dl BISaR 3N ST BiddTs BT F=Had: THAH UTHHTH Hhes & forhl gRHT 3R
ST TSR aT1es! UGS off Sueed & | BeRa 1 IRARE eM A 1518 §. & 4F auf & ek Fafosd
BN & DRUT MY (1604 3. Ther Pics) H T ST Ia131 DT UHIOIDBAT 3T URac Grdl T Fua
fAfdare 8 | IR ST b 89 S g &, INehY’ & Hahos & UTe off T St UfchaT & § | TF T ETiiad
Ty I8 3541 & & g W1fef@a wormmt § ok o1 et Ffed fosar mar?

T AT & THR BER Dl TSN DT TG4 o AHacd 7 g W1 H 3Ffigd fohar | d1ea Ty
AT 911 & fob ORachl 'S 1T & SR Adhad haR & s gob o e I Ui 91gT off 760 & | R,
D BRAATE & ey T daries G ol off 39 ool 7 Y@ifed 3 S &, S 6 15 & " @ aF g9
THR ch PR & -

&g M et e |
g affR s T 9 I — e <
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g afR e T U |
DY DR JHAT I
- FER
fohg UfdeTfe qeal & YR R HeR 3R J3D BT HST ST Udid 8l & | S8R I8 fob 3o
IR § AP A 3IRT BRI D ARG DR BT AFEG Hf T fhaT 7 | i’ F Bk o1 ved IR Sed U
S R ool a7 a1e5 g T 3FRE™ & M1 BleT Sl Siestal IR R d i U8 | TR I8 o (g |t
RERT H TRIEdTes qiefl’ H 81, et FHivr T FRer & 5 §aiT, [dveM BaR &l o131 Bl Hepfosd fhy
ST o Febel e & | 39 JATER R PV BT DT AT & b g AT WRART H PR Pl TR o 3R b
T & e et BT |
S ofY B, R fY TeEei & A Aai- e, Faifial, dear enfe &% AeroR I8 T 8 ST &
% R & Tft TaTalt ot ‘anifesier’ § SE S feht & | IR o aeeRisit @ At eie oft < a1 w9 Mears
areft’ F Hpfesd o FAR- TR @I ‘T’ & Hpestad 1 BIS A1 & | $Hd ARG FRAR R At s §
ff IR & IR G&I BT AT TH & &7 S & | 3 Hhosl, I 'BaR A d ‘St , foedh maR-
I AT arguelt iR PR doft wigl3fiRl §- | o1 el UR I T ‘anifeier’ | Hepfosd PaR i 13
e IR AR P IR FHST ST Hbll & | SR & b T B Hebesd b QR 9T Dl PO ed] BRI off |
anfeger 3§ HeR aToft & Hehes D TR I
‘ez’ & TS H Ud U HA & Sodl © & o9 I8 O 7q &1 AfdiRe iy & O ddReN™
WY R g I B 367 TR DR B N Ao B DIHT-U Sz A? M T H g7eh et o1
S BT T g T3t = fhar & |
U AT &6 JTGHR '3Mfeher § HeR aroft & Heves BT SMYR HeR doT g st & faari, gl
3iR farermati § T 5, S— A - ATddiiesd M fFRIBR s&1 &l SaeRn, S -aeer fariy, Jafhd
TEEIATE! 1T, HagD H T TS, o kg IReoRT & AFRidhdT Ta ! IHRuM3T Bl 95 AT & |
UHT SIFA o STl & fob Te9ad: 3T BIRUT BeRaT Bl Iafd =13t bl & 'Tel' | S8 !, o 3%
gaTes 9 g A9 & Rgidl o1 gt 1@ JHTioedn A 9 |
arTfediey’, '3TehTes TR B YR TR Rl & AT A FARA' 38D IURFT & $s H © |
AT ' P GIORA DT HET PRSI P &l Y & | M S D A IR §Y T A9Ied PR Al P
31T T AT BT IR PR &, 91 A1 GARA & 716 | 'SER' a7 T
gior Tt 77 i e | IgRar o8 td IR |
HeR fArTSeN Ta T | Ared &R S a4 e 6 |
*fIE 3T Y 3R | T TS < Mg T Il
oRg 9 oI HeIR a1 A 57 & fafes TMi-Im, gR Mide, FREH, 31|, FaT, BH 311 &l 7e< aars
g, fSFd G 9 'Fawl & 91gET 6 I Had! g | AfeR & O SUHI-usfd & ofeie § Pk 6 gl &
fFepe fe@g < € |
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TR TR TR AT Bl TR TR A, &5, I F 3MIR TR A 913 b [T Pl TR o
& | APed Ped & f $8R b §R W AT 781 gOt 9l : S07g ST 7 geg A A Sfd T 2 6 FAR B
TR IR Siai Bl It 'FRI-fig | B &, AT T -Pes NI & -
TR I A g T8l At | 5T &g o T Iqurdt
&g X UfST I Pach U | I Pfe Bl g 7 @Y 1
Sit I, STIY] SEI0T SR TS 3N JIE PIe ol 3 |1
T e STV 891 bl Y& | 89 el 3ig, gF el 5 1
g PAR ol Ferg FAR | Y FRTY Hfearg 8 TN
T T I5- PN F PR, TS T, Tfthas IaTE ST b wawl H off faRaa a1 &f wa@ifda
TR ST FaelT & | SEE & {6 SR TG &8 o R kg Sl &l 91T & Hehord & dTavje Gdhes-adt =
‘anfeier’ &t e fwr—awg &1 FRavar a1 Fafe a=d g dgifde Aroed a1 W& 5 JhesdT 0TS & |
anfior ¥ wafade iR amot - fr—aveg ok <
FER 10 H PB TH UDR D 3fadvg 3R 3 (E@R <d & | Tl SR o5 TRIDR 'a1fasier’ 5 Heafosa
R Y TaTal § & | Fjuraret dnRes faffrearsit o g aRa 51 ff SR B SfSaar s § 5 S o
fthed Ua 3T T & 3TI H 30 RIGidl Bl geargad AfHeafh &t § | S el ARSI B
&7 ST ST 8-

HER TR G 3N I J 0 |
I 8 95 MR afker w1 el B9 |

TR BT PUT §s, ST TS0 ART AR H1EH BT Hosoll [0 T | 9 SIPI[A $ A1 & 96 o
5o TT | fO R I8 3druT A8 Blcll, ST Siiae 2] g ST &: 'IRE SRY Al 9T | did I §, fi-
<R bl 37T b 7 9 BT 8, 7 Yol | 59 g ¥ 9 UBAM & a1 S=idll a7 87 FRI-HRT Hedl Sifa JorR STl
2 3R 3iqa: TRt Ffh gD Ieh & | T§ ARI-FRT AR & 3ol &, Ot ‘et ‘s & oifell’ & It & 8iiR
qq SATEATHD SIFIRVT BT &0T AT &, S ST1d Dbl GG e PRAT © |
HR BT T HGHIMHD Helh g DT I 8 | THISY IHh! Tl 3 39 iR 8T =My, S IS
3IT:PRUT H B FG & | PR 7 IH IR-IR QST 3R URIT 8: AT U6 D 8 | 59 57&7 At & o S
JTER Y T Hadl 22 9l 38R DI AR -ARKIE ¥ <d 8 | afe g AfR-9ee § €t 38ar & o AN 9118 foradhl 8-
3fesg U Al TG & 30 Jorg g o |
fog fat i frarft gg Al ag T &9 11
FER P IFHR AFG—HG & 1 TR FHA favg F:AR § | ¥ Ul I 'Te ol piat 8, S H 8fd
g | 37 T F € | $8R 7 Fa Uges SN Iuel D BIR AR TP ST § Feu B | 99 AR AT TP B
& 37T & O ST TS-BIC, IB—F BT NS bl —
37afes BT TH U Pavil b TH a3 |
U@ TR I HY T SUHAT B9 95 DY A4S 1|
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S @1 U@ & 8, R RS8R 7 3F% YBR & WUTGR o GiE 6 | 3897 7 a1 Bt & a9 HT1 39 8 8iR
T ol BT | T BT T T FeH IRIER HI9E & |
anfeyier § R Ry Hd S @1 AveE

TS Y F SR IoaR IS W a9 nfeyer & AR 7 'SMadl § Thdl BT Yol § S &, S,

AT 3R AFIETRID 3TE! H Jeh U Josud Pl Teal ol & | '37fesey’ & FHIaE ofeal &l & TRl IR T

®Y | TeGH b1 ST Al 8- Habfosd Hal I Ggarid AfderdT o weRft fafaea |
3T U U H T Jed Hd Ugft o IS SR ol TR G $1gT & 120 el & 1 —

it gl 7 Wi fAeTR, srirTes IefRar g (@ ar|

g+ AT T3gfR, Ao R ffs 13 8 |
Sicg fenfial sigha, 1S SaTfkel IF 99 |

HeR fEraTZa U@ 91, Ared gR SiiS ¥fg |fi|
fAeRT R I 3FY, TR IS <@ Mfds HY

ey § Honfasd IR Rk Id S o1 dfew IRy SHUaR & -

Td Pfa -
SRId -
3IRG TRl -

111939995 33%7

anfegiyr 7 Hafasd ug
2 Ug

4 9 112 =D

4 U5

3Ug
6110g, 2 %®
198

228 UT, 243 HH
40 U

108

108

3Ug

2 Ug

198

14dfh

198

UHT AT ST 8 5 3 I e TR R 9H0T vt A, 3T gaht T & s SHuel & Rt aca
ST B 3T Y | 377 Hal I ST b A1ea™ | I dca Mfeer 5 off F1fed fohd ¢ | o1 Togt 3 o
61 Af3T o7 | off 21eg T80 Y MU € | SH YR, TEIBI A Afth SRl THEd ARl b HUR TSI B
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TR IR fIfIsr RUR1sn & i fSrg Hare a1 ufdthes o, St o1 gRum ‘snfeder & =g 8§, S IR 99T &
T IgETE BT T & |

T T Tt

M YR M : F. DR JAEs!, TRRT TR F91

S, ATV 6 : 9. BeR Taet, difecd e (W1.) f3fcs — sorEe

T, SORIVTE 5o} : R, ISTohAes TR s el Tl — I 1985

4. R Igdel : PR AIfecd i IR AR HER — WINT, HEHRU—H. 2011 (I 1954)
S, PeRATY oo - BeR 3R Bk v, & e T e wam

S, URFATY AR : ek Tuit— T, b YehT2M SoTEIaTS

S, TS [aR ; PR HHNT, B TR YhEH — IARER

St iR : TR & srarad®, arf uerEE - 8 e

fareR &0 FsedTes, f&at s ot T RT : 31, W& 1. WRERM agdal, Wik s, qerfRies e, 78 et
S, I &g, G aifger 6 et : S TR DR, SIEETE
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214 Wt 3 g e & g Pt

Dr. Rekha
Department of Hindi
Maharani Arts College For Women
Dis: Mysuru State: Karnataka
Ph: 6360997286 9742962211

21 F&t & Iu=ITH UV & fAfde ST &1 | U Tl H §HS Ud UNaR § e ol @ fafd e
T 8, S - T O, g o, a1es fomt, enfareh fomat, Sfad s, fveR fomal, ares fammat qen srewsiega
ot oS | U o3 # g Ol @l aMaR 91 W € | |ifecd | 98t fAfd 8T & S FE 5 afed 8l <@
2 | MI-hes JEIHI Dl BT H e g 81 & & | O T SRl o $I qFEIS - Siae 3t e
T el & gAY Uiel A fIaRI &1 qioHe 7 961 & | AR URaR 5 ggi $ 81e5d 950 <319 & | S U
IS 4 § 1 & S T, 9 fAesa B, ST S R 98 9181 I O & | 37T i Ha Ul 9 3R qer
U9 TR & | b IR 0 AT D1 & & 3 3o ol 79 7181 & | 21 ff Y P o Iu=7! H gl D
ST <31 1 v B | fSrenT 9u sEfafad Su=amt A <@ & fAesar B |

"IES’ TR H FEIER TEIE TT ST U 7 30 o D IgRIT fSTRIT| 7R 9 Bl §a5 & gy
7 37T 3R T UDHR DT R {37 fdh 98 Gg &7 & 99 = 8 7 | 99 I¢ ¥ A SUfd 9 & o 31T &
A I FHI G D BR H &1 TG D] HGH SN 3THE DR & | 37 IS o BR QM1 UfI—TcHT bl 37T a8 FRT =T
18 el T S 37 IRaR # Mesdl & Sif- “SRarel 9g 7 WIS AT | I &I Pl SR T RIS [kl
I iR AR I 6t 3R For gars 11 ol oft SreT-ard @ S A & GaeT axelt | TETdiveTe 3 g
TSI ST T fob SeT AT &g ST I SFET ol T AT | PSUT 37U HIel U1 F a5l UH Rar T | fobg
ISP U T3 0T & HRUT I SR UBd™ & T3TET 3R PIs T et AT | 9 &1 &dT T IdT IooT & fb
TR B HER B DY AT & I8 A 81 A & | TR AT A &6 FR H 37 3R I T 7 A &9 B 3o
f3aT | pwom B AT & IHDT T8 AER BUT TET W8T | qent ot RrafST g 172 FIon it A & AT b ;W
HIfE PO ol 15 off | I ah I8 ST PIBes DT FHIH BR P (05T IHDT SH I ol & | AT Ot o5 bl
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ABSTRACT

Diabetes mellitus (DM) is one of the serious endocrine disorders caused by insufficient production
or inefficacy of the insulin and it is the immense cause of death throughout the world. However,
finding for novel antidiabetic drugs from natural resources is still fascinating, because of their safe
effect on DM. The marine environment provides a pool of unique and novel bioactive compounds
due to its extremely diverse environmental conditions and biota. Stomopneustes variolaris is a
marine echinoderm, belongs to family Stomopneustidae and they have toxins in their bodies as a
defence mechanism which often has medicinal value. The present investigation aimed to evaluate
the antidiabetic potentials of protein extracts from the spines, shell, and tissue of Stomopneustes
variolaris. The spine, shell, tissue shows significant variation in protein content and the highest
concentration of protein was found in tissue extract. The studies of haemoglobin glycation reveal
that the haemoglobin glycation was increased with increasing concentration of the glucose. The
highest haemoglobin glycation was reported in 20mg/ml glucose concentration at 24hr incubation
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period. The Glucose Adsorption Capacity of spine, shell and tissue extracts shows a strong positive
correlation such as r = 0.9930, r = 0.9931 and r = 0.9969 corresponding to increased glucose
concentration. The inhibition percentage of physiological haemoglobin glycation was depended on
the glucose concentration. The protein extract of Stomopneustes variolaris spine (86.19 + 0.28)
showed the highest percentage of physiological haemoglobin glycation inhibition at 40mg/ml
glucose concentration. The % of Glucose dialysis retardation index (GDRI) was decreased with
increasing time incubation in all the tested protein extracts. The spine extract of Stomopneustes
variolaris (37.26 £ 0.4) showed the highest percentage of GDRI at 30min incubation period. The
maximum percentage of glucose uptake by yeast was observed with the spine extract (46.4+0.25)
of Stomopneustes variolaris. The in-vitro a-amylase inhibitory activities of Stomopneustes variolaris
spine, shell, and tissue were found as 51.11+0.79%, 41.81+0.31% respectively.

Keywords: Diabetes mellitus; haemoglobin; glucose; a-amylase; protein extract; GDRI.

1. INTRODUCTION

Diabetes mellitus is one of the serious metabolic
disorders of glucose caused by inherited or
acquired deficiency in the production of insulin or
by the ineffectiveness of the insulin and its
results in hyperglycemia due to abnormal
metabolism of carbohydrates which leads to the
elevated levels of glucose in the blood. The long-
term hyperglycemic conditions of diabetes are
associated with damage, dysfunction, and failure
of various organs [1]. Diabetes is the rapidly
increasing lethal disease to mankind all around
the world [2]. The World Health Organization
(WHO) listed diabetes as the fifth leading cause
of death in 2015 and it estimated over 382 million
people were suffered from diabetes in 2013, this
number is increased to 500 million by 2030.
According to the IDF data from 2019, there are
87.9 million diabetics residing in the middle-
income countries of Southeast Asia. Particularly,
the disease was more prevalent in urban areas
and cities, with percentages of 34.3 and 49.4
respectively [3]. In India the current epidemic
position of diabetes is increased rapidly with
more than 62 million diabetic cases [4]. In the
year 2000, India (31.7 million) has a top-ranked
with the highest number of diabetic people
followed by China (20.8 million) and the United
States (17.7 million). Indians are more prevalent
to diabetes when compared to the Europeans
due to the lower body mass index (BMI) of
Indians [5]. In the treatment of diabetes, the
major problem with the antidiabetic medicine
available in the pharmaceutical market is the
continuation of diabetic associated with long-term
complications and side effects. Diabetes is a
severe economic burden on Indians, with
regional variations, and it was revealed that the
cost of drugs accounted for a substantial portion
of the diabetic expenses. This might be
minimised by the development of new generic
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drugs and health care systems [6]. Hence,
searching for new antidiabetic drugs from natural
resources is still attractive to researchers
because they have substances that can be used
as an alternative to antidiabetic medicines to
reduce side effects.

The marine environment provides a pool of
unique and novel bioactive substances because
of its highly varied environmental conditions and
diverse biota. The unavailability of sufficient and
efficient medicines for the increasing incidence of
various diseases has directed to the finding of
new bioactive materials from marine sources.
Marine organisms show an extensive range of
bioactive compounds and the isolation of natural
products from marine organisms has been
exceeded to 18000 [7]. Sea urchin is a member
of echinoidea class in the Echinodermata phylum
and they have been considered as a potential
source of  bioactive substances  with
pharmaceutical applications [8]. The structure
and quantity of bioactive compounds can vary
among diverse sea urchin types possibly due to
their different diet habits and physiological stages
like variation in the reproduction phase [9]. Some
sea urchins can synthesise toxins for their
defence purpose, which often have a biomedical
significance [10]. Basing on the bioactive
potency, the present research has been carried
out on Stomopneustes variolaris for the
evaluation of their pharmacological activities
against diabetes.

Stomopneustes variolaris is a tropical, rock-
boring echinoid found at the intertidal zone and
distributed from southern and northern poles to
the equator [11]. S. variolaris is a commonly
found sea urchin in India which is distributed
along the coast of Visakhapatham to
Kanyakumari. The structure of S. variolaris has a
hard-calcareous shell known as a test and it is
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covered with spines for locomotion and defence.
The mouth is positioned on its ventral side
containing five calcareous plates called
"Aristotle's Lantern". This mouth opens into the
digestive tract that is connected to the anus
which is located on the top of the test. The
present investigation was designed to screen the
antidiabetic properties of protein extracts from
the spines, shell, and tissue of Stomopneustes
variolaris.

2. MATERIALS AND METHODS
2.1 Sample Collection

Young and healthy Stomopneustes variolaris
were collected from Tenneti Park (Long: 83°20'
59.94" E; Lat: 17° 44' 48.36" N) and have been
located on the North East coast of Andhra
Pradesh, connected to the Bay of Bengal,
Visakhapatnam, India. The collected organisms
were aseptically transported to the laboratory
and cleaned with distilled water. Then the
samples were dissected and separation of the
spines, shell, and tissue was done for the
research.

2.2 Extraction and Estimation of Total
Protein

Ferreira et al.,, [12] method was adopted to
extract the proteins. 5 gm of Stomopneustes
variolaris spine, shell, and tissue samples were
homogenized separately in 50 mM sodium
phosphate buffer containing 10% insoluble PVP
and incubated at 4°C for overnight. Then the
homogenates were centrifuged at 14000 rpm for
20 min at 4°C. The supernatant was separated
and maintained at -20°C for further investigation.
The total protein content in the spine, shell, and
tissue extracts of Stomopneustes variolaris was
quantified by adopting the Lowry et al., [13]
method. The protein content was expressed in
mg per gm fresh weight.

2.3 Evaluation of Haemoglobin Glycation
2.3.1 Preparation of haemoglobin

The blood was collected from a healthy human
volunteer in a vial containing an anticoagulant
and the collected blood was washed three times
with 0.14M NaCl. Two volumes of 0.01M
phosphate buffer (pH 7.4) and 0.5 ml CCl, was
added to the blood suspension to lyse the RBC.
At room temperature the haemolysate was
centrifuged for 15 min at 2300 rpm. After
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centrifugation, the haemoglobin rich upper layer
was isolated and kept in a refrigerator until use
[14].

2.3.2 Estimation of haemoglobin glycation

Three distinct concentrations (2, 10, and 20
mg/ml) of glucose solution (pH 7.5) was used to
estimate  haemoglobin  glycation. 1ml of
haemoglobin was taken in a series of three test
tubes each containing 1ml of 2, 10, and 20 mg/ml
glucose solution. The haemoglobin fraction
without the glucose was used as a blank. The
test tubes were incubated for different time
intervals such as 0, 24, 48, & 72 hrs and the
degree of glycation was quantified by estimating
the liberated hydroxymethylfurfural [14].

Glucose

2.4 Determination of Extract

Adsorption Capacity

Five distinct concentrations (5, 10, 20, 50, and
100 mg/dl) of glucose solution was used to
estimate Glucose adsorption capacity of extract.
0.25ml of Stomopneustes variolaris spine, shell,
and tissue protein extracts were separately taken
in a series of five test tubes each containing 25mi
of 5, 10, 20, 50, and 100 mg/dl glucose solution.
The test tubes were incubated for 6hrs at 37°C in
a shaker water bath. Then, the tubes were
centrifuged for 20 min at 4800 rpm and the
glucose content was measured in the
supernatant [15]. The amount of glucose bound
to the extract was measured by the below
formula.

G1-G6

Glucose bound = 100 - ——
Sample Weight

Solution Volume

G1 is the amount of glucose in original
solution.

G6 is the amount of glucose after 6 hr
incubation.

2.5 Effect of Extract on Physiological
Haemoglobin Glycation

A series of increasing glucose concentrations (1-
40mg/ml) were used to study the inhibition

percentage of physiological haemoglobin
glycation with the protein extracts of
Stomopneustes variolaris spine, shell, and

tissue. 1ml of haemoglobin was taken in a series
of five test tubes each containing 1 ml of 1, 10,
20, 30 and 40mg/ml glucose solution. To the
above test tubes, 5ul of gentamycin and 30ug/ml
of protein extracts were added. The positive
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control was maintained by adding 30pg/ml gallic
acid instead of protein extracts and the contents
were gently mixed and incubated at room
temperature for 72 hrs in dark. After incubation,
the free haemoglobin was estimated by
spectrophotometrically at 443nm to measure the
degree of inhibition percentage haemoglobin
glycation [14].

2.6 Effect of Extracts on in-vitro Glucose
Diffusion

The in-vitro glucose diffusion study was
performed with increasing incubation times. A
mixture of 25ml glucose solution (20mM) and 1%
protein extracts of Stomopneustes variolaris
spine, shell, and tissue were separately packed
in a dialysis bag. The bags were dialysed against
200m distilled water at 37°C and the amount of
glucose in the dialysate was evaluated at 30-,
60-, 120, and 180-min incubation times. Control
was maintained without protein extract [16].

% GDRI =

Glucose content in the Test (mg/dl

x 100

Glucose content in the control (mg/dl)

2.7 Effect of Extracts on Glucose Uptake
in Yeast Cells

Commercial baker’s yeast was used to study the
effect of protein extracts on glucose uptake.
5gms of yeast was dissolved in distilled water
and allowed to the repeated centrifugation at
3000 rpm for 5min till getting the clear
supernatant. From the clear supernatant, 10%
yeast suspension was prepared with distilled
water. 1ml of protein extracts from
Stomopneustes variolaris spine, shell, and tissue
were taken in separate test tubes each contains
1ml of 100mM glucose solution and the tubes
were incubated at 37°C for 10min. Control was
kept without the addition of protein extracts. To
the above tubes, 100pl of 10% yeast suspension
was added and they were permitted to incubation
for 60min at 37°C. After incubation, the tubes
were centrifuged at 2500 rpm for 5min and the
amount of glucose was quantified in the
supernatant.

% of glucose uptake =
Abs control - Abs sample
100 —

X 100

Abs control

2.8 a-Amylase Inhibitory Assay

The a-amylase inhibitory assay for protein
extracts of Stomopneustes variolaris spine, shell
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and tissue were evaluated according to the
methodology of Malik and Singh et al., [17] with
minor alterations. 1ml of protein extracts and 1mi
of 0.5 mg/ml a-amylase solution were taken in
test tubes and the tubes were allowed incubate
at room temperature for 10min. To the above
mixture, 1ml of 1% starch was added and again
incubated the mixture at room temperature for
10min. After incubation, 2ml of dinitrosalicylic
acid was added in all the test tubes to terminate
the reaction and the tubes subse%uently keptin a
water bath for 5min at 100°C. Once the
temperature of the reaction mixture reached the
room temperature, the mixture was diluted by
adding 10ml distilled water and absorbance was
measured at 540nm. Control was maintained by
adding the buffer instead of protein extract and
acarbose was used as standard.

% of a amylase inhibition =
Abs control - Abs sample
2% % 100

Abs control

3. RESULTS AND DISCUSSION
3.1 Protein Estimation

Screening of protein quality and quantity gives an
idea about the habitat and medicinal importance
of an organism. Different marine organisms that
live in different habitats show a significant
variation in the quantity of proteins. Mayne and
Robinson [18] reported the positive relationship
between total body protein and feeding habit of
an organism. The protein content in the spine,
shell, and tissue of Stomopneustes variolaris
shows a large variation. The protein
concentration in the tissue of Stomopneustes
variolaris was found as 11154+170 pg/gmFW.
Whereas, spine and shell extracts have
764+7.8ug/gmFW and 1565.56+7.37 pg/gmFwW
of protein respectively. Among all the three
extracts of Stomopneustes variolaris tissue
shows dominant protein content.

The information of organisms’ bioactive potential
is very important since the therapeutic value is
reflected by its biomolecular composition. Protein
is a chief biochemical component which plays a
vital role in determining the structure and quality
of an organism [19]. Protein is one of the
dominant biochemical constituents in S. variolaris
and it was high in tissue than exoskeleton. Mol et
al., [20] carried out similar research in P. lividus
and the protein content was observed as 12.03 +
1.26%. Shikov et al., [21] and Bragadeeswaran
et al., [22] reported the protein content in S.
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droebachiensis and T. toreumaticus as 39.7%
and 2.70 mg/ml correspondingly. Kato and
Schroeter, [23] reported that S. franciscanus and
S. purpuratus show variation in protein
percentage which ranges from 7.7 to 9.6 and 9.5
to 12.3 respectively. The present findings are
correlated with some earlier works and
also some differences are reported. These
differences are associated to the omnivorous
feeding habit and adequate food present in the
surrounding.

3.2 Estimation of Haemoglobin Glycation

The evaluation of haemoglobin glycation has a
crucial role in antidiabetic studies. The maximum
haemoglobin glycation was observed at 24hr
incubation period in 20mg/ml concentrated
glucose solution. At 24 hr incubation period the

Absorbance at 443nm

haemoglobin  glycation was reported as
0.333+£0.005, 0.145+0.004 and 0.546+0.005 with
respect to the 2, 10 and 20 mg/ml glucose
concentrations (Fig. 1). At 48 hr incubation
period the haemoglobin glycation was reported
as 0.441+0.006, 0.346+0.005 and 0.277+0.005
with respect to the 2, 10 and 20 mg/ml glucose
concentrations (Fig. 2). At 72 hr incubation
period the haemoglobin glycation was reported
as 0.143+0.005, 0.189+0.005 and 0.217+0.005
with respect to the 2, 10 and 20 mg/ml glucose
concentrations (Fig. 3). Increased glucose

concentration in the blood leads to glycation of
haemoglobin which may induce the production of
reactive oxygen species. An increasing pattern of
glycation was observed on the incubation of
haemoglobin with the increasing concentration of
glucose (2mg, 10mg, and 20mg) over a period of
72hr.

»e
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Concentration of Ghacose {mg/ml)

Fig. 1. Haemoglobin glycation with three glucose concentrations at 24hr time period
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Fig. 2. Haemoglobin glycation with three glucose concentrations at 48hr time period
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Fig. 3. Haemoglobin glycation with three glucose concentrations at 72hr time period

3.3 Glucose Adsorption Capacity

The glucose adsorption capacity of spine, shell,
and tissue protein extracts from Stomopneustes
variolaris was increased with the increasing
concentration of glucose. It was observed that all
the protein extracts of Stomopneustes variolaris
showed similar Glucose Adsorption Capacity at
100mm and 5mm glucose concentration. At
10mm glucose concentration, the Glucose
Adsorption Capacity of Stomopneustes variolaris
spine, shell, and tissue protein extracts were
reported as 6.436+0.09, 7.99+0.11, and
9.67+0.11 respectively. Whereas at 20 mm
glucose, the Glucose Adsorption Capacity was
reported as 10.143 + 0.06, 8.804+0.02 and
16.490+0.06mg/dl for the spine, shell, and tissue
protein extracts respectively. All the tested
protein extracts show maximum glucose
adsorption capacity was observed at 10 and
20mm glucose concentration. The IC50 values
for the spine, shell, and tissue protein extracts of
Stomopneustes variolaris were measured as
71.401, 59.664 and 140.704 mm respectively.

These results illustrate that the Glucose
Adsorption Capacity was depended on the
glucose concentration. The Glucose Adsorption
Capacity of all the Stomopneustes variolaris
protein extracts was significantly (<.0005)
increased with increasing glucose concentration.
The protein extracts of Stomopneustes variolaris
spine, shell, and tissue show a strong positive
correlation such as r =0.9930,r =0.9931 and r =
0.9969 correspondingly with increasing glucose
concentration. The shell protein extracts show a
more positive correlation of Glucose Adsorption
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Capacity (r = 0.9969) when compared to the
Glucose Adsorption Capacity of the spine, and

tissue in response to increasing glucose
concentration. The results were shown in
Table 1.

The present results demonstrated that the tested
protein extracts possess a captivating glucose
adsorption capacity. Furthermore, all the extracts
show a positive correlation of glucose adsorption
capacity with the glucose concentration. A similar
observation was reported by Bhutkar and Bhise
[24], the adsorption capacity of the extracts of
Albizzia lebbeck and Mucuna pruriens show a
direct relationship to the glucose concentration.
Invitro and Invivo studies of Chau et al., [25]
demonstrated that the density of soluble
polysaccharides causes late glucose absorption
by gastrointestinal cells. El Barky et al., [26] has
been reported that the saponins content in the
sea cucumber acts as an antidiabetic agent.

3.4 Effect of Extracts on Physiological
Haemoglobin Glycation

The spine protein extracts of Stomopneustes
variolaris exhibit the highest (86.19 + 0.28)
inhibition percentage of physiological
haemoglobin glycation at 40mg/ml glucose
concentration. Whereas, at 1mg/ml glucose
concentration the inhibition percentage of
physiological haemoglobin glycation by spine
protein extract was reported as 78.56+0.30. The
protein extracts of Stomopneustes variolaris shell
and tissue have no activity at 1mg/ml glucose.
Whereas, at 40mg/ml glucose concentration,
inhibition percentages of shell and tissue extracts
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were found as 26.45+ 0.64 and 70.76+0.70
respectively. The ICsq values of spine, shell and
tissue protein extracts were calculated as
10.089, 50.696 and 15.382 mg/ml
correspondingly for the inhibition percentage of
physiological haemoglobin glycation. The results
have been shown in Table 3.

These results demonstrated that the inhibition
percentage of physiological haemoglobin
glycation depended on the glucose
concentration. Among all the protein extracts
spine show a strong negative correlation (r = -
0.1331) with increasing glucose concentration.
Whereas, protein extract of shell (r = 0.80951)
and tissue (r = 0.89937) shows positive
correlation. The inhibition percentages of shell
and tissue show a moderate positive correlation
(r = 0.3223) and moderately negative correlation
(r = -0.3767) respectively when compared to the
inhibition  percentages of spine extract.
Furthermore, the tissue extracts show a positive
correlation (r = 0.7377) when compared to the
shell protein extracts. The results have been
shown in Table 4.

The present results were found to be collinear
with those of Karimabad et al., [27] who reported
that the extracts of Citrullus colocynthis
significantly inhibited the formation of glycated
haemoglobin  with increasing time under
hyperglycemic conditions. In the management of
diabetes proper attention has been given to the
increased blood glucose concentration. Because
it can bind to the haemoglobin which may result
in the formation of the reactive oxygen species
[28]. In vivo, the occurrence of this process
contributes to the elevated plasma peroxides
found in diabetics complication and may
contribute to protein modification reactions
perform with glucose in vitro. Thus, with the high
level of glucose in the blood, erythrocytes have
become important in the pathophysiologic
mechanisms in diabetics as shown from several
abnormal features demonstrated for red cells
of diabetes mellitus patients [14]. Mathur et al.,
[29] stated that several natural bioactive
compounds  exhibit  significant therapeutic
potentials against diabetes and related diseases
by inhibiting the protein glycation such as
haemoglobin glycation.

Table 1. Effect of glucose adsorption capacity of Stomopneustes variolaris spine, shell and
tissue protein extracts on different glucose concentrations

SIN Glucose Conc. (mm) Glucose adsorption capacity mean + Std (mg/dl)
Spine Shell Tissue

1 5 4.491+0.08 4.304+0.017 4.721+0.051

2 10 6.436+0.09 7.993+0.116 9.669+0.111

3 20 10.143+0.06 8.804+0.020 16.490+0.063

4 50 54.166+0.92 57.999+0.310 57.694+0.53

5 100 133.118+0.75 133.394+0.096 133.650+0.56

Table 2. Correlation of glucose adsorption capacity of Stomopneustes variolaris spine, shell
and tissue protein extracts on different glucose concentrations

Glucose Conc. (mm) Tissue Spine Shell
Glucose Conc. (mm) 1
Tissue 0.993095 1
Spine 0.993183 0.999381 1
Shell 0.996886 0.999116 0.998493 1

Table 3. Effect of Stomopneustes variolaris protein extracts on inhibition physiological
haemoglobin glycation with increasing glucose concentrations

S/IN Glucose Conc. Inhibition of physiological Hb glycation mean + Std (%)
(mg/ml) Spine Shell Tissue

1 1 78.56+0.3 0 0

2 10 56.46+0.24 0 0

3 20 3.48+0.2 8.51+0.47 61.52+0.55

4 30 5.33+0.09 3.38+0.53 56.63+0.56

5 40 86.19+0.28 26.45+0.64 70.76+0.7
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Table 4. Correlation of Stomopneustes variolaris protein extracts on inhibition of physiological
haemoglobin glycosylation with increasing glucose concentrations

Glucose Conc. (mg/ml) Spine Shell Tissue
Glucose Conc. (mg/ml) 1
Spine -0.133119929 1
Shell 0.809511439 0.322304 1
Tissue 0.899379331 -0.3767 0.737744 1

3.5 Effect of Extracts on in-vitro Glucose
Diffusion

The spine protein extract of Stomopneustes
variolaris (37.26 = 0.4) showed the highest
percentage of Glucose Dialysis Retardation
Index (GDRI) at a 30min incubation period. At
the 240min incubation period, the GDRI by spine
protein extract was reported as 1.64+0.04. The
GDRI percentage of shell and tissue protein
extracts of Stomopneustes variolaris were
observed as 31.62+0.52 and 35.84%0.37
respectively at a 30min incubation period.
Whereas, at 240min incubation period the GDRI
percentage of shell and tissue protein extracts of
Stomopneustes variolaris were observed as
1.34+0.05 and 1.67+0.04 respectively. The
results of the %GDRI have been shown in Table
5. These results suggested that the percentage
of GDRI was significantly (<.0005) decreased
with the increasing time incubation periods. All
protein extracts from the spine, shell, and tissue
of Stomopneustes variolaris shows strong
negative correlation such as r = -0.91447, r = -
0.92543, and r = -0.92773 correspondingly with
increasing time incubation. The shell protein
extracts show (r = 0.997522) a more positive
correlation when compared to the spine extracts.
Furthermore, the % GDRI of tissue shows a
strong positive correlation such as (r = 0.999053)
and (r = 0.996462) when compared to the %
GDRI of spine and shell extracts respectively.
The results have been shown in Table 6.

GDRI measures the invitro index for the
detainment of glucose absorption in the
gastrointestinal tract by the extract [30]. The
greater GDRI value suggests a higher glucose
retardation index. Bailey, [31] stated that the
retardation of glucose diffusion may cause by the
inhibition of sugar hydrolysing enzymes such as
a-amylase with the extracts and delay the
glucose liberation from the starch thereby
decrease glucose absorption and finally reduce
the blood glucose levels. The present results
demonstrate that the inhibition of a-amylase
enzyme may be one of the probable mechanisms
of Stomopneustes variolaris protein extracts for
exerting their hypoglycemic effect.
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3.6 Effect of Extracts on Glucose Uptake
in Yeast Cells

The transport mechanism of glucose through the
yeast membrane has become an attractive
method to evaluate the hypoglycemic effect of
several bioactive compounds under in vitro
conditions. In the present study, it was found that
the protein extracts of Stomopneustes variolaris
spine, shell and tissue showed 46.4+0.25,
28.41+0.125 and 40.09+0.4% respectively.
Among all the protein extracts spine shows a
higher percentage of glucose uptake in yeast.
The results have been shown in Fig. 4. The in
vitro assays of the present study indicated that
the protein extracts of Stomopneustes variolaris
possess good anti-diabetic activity.

These findings are supported by the findings of
Pulivarthi et al., [32], who demonstrated that the
methanolic leaf extract of A. reticulata enhances
glucose absorption across the yeast cell
membrane by 48.55%, indicating a substantial
antidiabetic potential. The treatment of yeast
cells with the Stomopneustes variolaris protein
extracts, the glucose uptake was increased than
the standard drug metformin. llliano and
Cuatrecasas, [33] reported that the sugar
transportation across the membrane of yeast cell
is though the facilitated diffusion which is
mediated by the stereospecific membrane
carriers. Teysink et al., [34] reported that the
facilitated carriers transport the solutes from high
concentration to low concentration. Hence,
effective glucose transport is achieved, when the
cell has low glucose concentration. The data
obtained from the present studies reveal that
the protein extract of Stomopneustes variolaris
spine effectively enhances glucose uptake by
yeast and induces the effective glucose
utilization, thus regulating the glucose levels in
the blood.

3.7 a- Amylase Inhibitory Assay
The carbohydrate digestion in the intestine is

mediated by the hydrolytic activity of pancreatic
a-amylase. Hence, researchers focus on the a-
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amylase activity for in-vitro evaluation of the
hypoglycemic effect of bioactive compounds. The
in-vitro a-amylase inhibitory studies
demonstrated that Stomopneustes variolaris
spine, shell and tissue protein extract show
significant anti-diabetic activity. The in-vitro a-
amylase inhibitory activities of Stomopneustes
variolaris spine, shell, and tissue protein extracts
were observed as 51.11+0.79%, 41.81+0.31%,
and 27.6x0.27% correspondingly (Fig: 5).

The current findings of a-amylase inhibition were
strongly associated with the studies of Kifle et al.,

[35] who reported that the ethyl acetate extract of
H. abyssinica exhibits significant a-amylase
inhibitory activity with an IC50 of 52.11 pg/ml.
Roux et al., [36] reported that the decreasing of
postprandial hyperglycemia is due to the
inhibition of a-amylase in diabetic patients. Hara
and Honda [37] suggested that diabetes is
effectively controlled by the inhibition of a-
amylase activity in the gastrointestinal tract of
humans and thereby reduces the absorption of
simple sugars. Hence, diabetic patients need to
maintain low levels of a-amylase to regulate their
blood glucose levels.

Table 5. Effect of Stomopneustes variolaris protein extracts on in-vitro glucose diffusion
(%GDRI) with increasing incubation times

SIN Incubation time Glucose dialysis retardation index mean + Std (%)
(min) Spine Shell Tissue

1 30 37.261£0.4 31.62+0.52 35.84+0.37

2 60 21.05+0.2 19.87+0.13 20.72+0.12

3 120 9.27+0.12 7.67+0.12 10.53+0.14

4 180 3.67+0.07 2.98+0.04 4.02+0.08

5 240 1.64+0.04 1.34+0.05 1.67+0.04

Table 6. Correlation of Stomopneustes variolaris protein extracts on in-vitro glucose diffusion
(%GDRI) with increasing incubation time

Incubation time (min) Spine Shell Tissue
Incubation Time (min) 1
Spine -0.91447 1
Shell -0.92543 0.997552 1
Tissue -0.92773 0.999053 0.996462 1
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Fig. 4. Percentage of glucose uptake in yeast cells by protein extracts of S. variolaris spine,
shell and tissue
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Fig. 5. a-Amylase inhibitory activity of Stomopneustes variolaris spine, shell and tissue protein
extracts

4. CONCLUSION

The present study provides scientific evidence
that S. variolaris can be used to treat diabetic
symptoms. The diabetic properties of S.
variolaris was assessed by in-vitro approaches
such as effect of haemoglobin glycation, %GDRI,
Glucose uptake by yeast cells and inhibition of
alpha amylase. The observations of invitro
studies concluded that S. variolaris protein
extracts inhibit the haemoglobin glycation,
thereby reduce the glycated product formation.
The results of GDRI suggests that the glucose
diffusion retardation is by delaying the glucose
liberation from the starch thereby decrease
glucose absorption and finally reduce the blood
glucose levels. The invitro studies of glucose
uptake revealed that S. variolaris protein extracts
increase a substantial amount of glucose uptake
by the yeast cells. All the results of invitro assays
in the current study showed that the protein
extracts of S. variolaris possess good
antidiabetic activity. The present investigation
has also opened a way for future research to
develop potent formulation of drugs for diabetes.
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Abstract:

Bird migration is an amazing natural phenomenon that fascinates scientists, bird lovers, and
environmentalists alike. A significant migratory hotspot, Kondakarla Ava Lake near Visakhapatnam, a coastal

city in the Indian state of Andhra Pradesh, draws a variety of bird species from all over the world.

Each year, Kondakarla Ava Lake witnesses the arrival of migratory birds during the winter months,
creating a unique spectacle of biodiversity. These birds traverse long distances, crossing geographical

boundaries and ecological barriers, to seek favorable breeding and feeding grounds.

The ecological ramifications of migrating bird populations in Kondakarla Ava Lake are extensive. These
avian guests are essential to preserving the delicate ecosystems' equilibrium in the area. They contribute to the
reduction of pest populations and the improvement of nutrient cycling in wetlands and water bodies by eating
fish, aquatic plants, insects, and other animals. Additionally, their excretions act as organic fertilizers,
improving the soil and encouraging the growth of plants. As a result, migrating birds greatly contribute to the

general stability and health of the environment in the area.

The survival of migrating birds in Kondakarla Ava Lake is threatened by a number of factors
notwithstanding their significance. Significant threats to their wellbeing include deforestation, habitat
degradation, pollution, climate change, and illegal hunting. Additionally, as urbanization and human activities
spread, migratory species have less secure places to stop and feed because of the disruption to their natural
habitats. Given these difficulties, conservation initiatives are essential to protect the migratory bird

populations in Kondakarla Ava Lake.

Keywords: Coastal city, Geographical boundaries, Ecological barriers, Conservation, Illegal hunting.
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Introduction:

The Kondakarla Awa Lake, being a unique ecosystem, upon which several thousands of families are
dependent for their livelihood, needs urgent conservation measures Chourey, (2001) for protecting it from the
threats of pollution, siltation, eutrophication and encroachments. As per my study has indicated that the major
wetlands harbor substantial biodiversity, provide habitats at times for several species of conservation
importance and are ecologically sensitive and valuable. So these wetlands should b protected as per the
stipulations of Wetlands (Conservation & Management) Rules-2010. A strategy for sustainably and wisely
using them whilst ensuring their entire ecosystem structure, functions and services should be identified and
executed. Many fishermen indulge in poaching of birds and other wild life wherever available. They are
unaware of the importance of such species. Awareness programmes have to be initiated to address this issue.

Programmes with stakeholder participation should be formulated to protect such wetlands.

Study Area:

Kondakarla Ava wetland, a natural freshwater lake (stretches between latitudes
17035°30” and 17° 36"02" N longitudes; 82° 59*27” and 83° 0102” E) of Visakhapatnam district,
Andhra Pradesh, India. The Kondakarla Awa Lake is a part of the Sarada riverine system and is
classified as a perennial, warm, a euphotic, shallow, polymitic, eutropic fresh water lentic body.
The wetland is named after a village, “Kondakarla”, abutting thelake. For the natives, the
wetland is a livelihood source, while for the nearby towns and city people it is a getaway
famous for avian diversity. During the British period oneof the famous tourist place in Andhra

Pradesh.
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Methodology:

Bird survey was conducted, when the birds are most active during day from 06:00 to 9.30 hrs and
from 16:00 to 19:00 hrs. Field visits have been conducted weekly once in all three
seasons and habitat wise (Xu Hangiu, 2006). Opportunistic observations were made during other timings and
species recorded during these observations included in the checklist. The birdlife in the study area were
documented by direct observations, random walks and opportunistic encounters following Agardi, T.et al
2005. Identification manuals and field guides by Balasubramanian, P., et al 2004 and Rahmani, A.R., et al 2009
were used during survey. Common and scientific names of the birds following Buckton, S., 2007 and COP 11,
2012 were adopted. The birds were categorized as Resident (R), Migratory (M), Aquatic (A) and Terrestrial (T)
as per Balachandran, S., 2006 and Xu Hanqjiu, 2006. All the birds species recorded during the present study were
tabulated giving their scientific name, family, IUCN (2022) status & legal status if any. Abundance of the
recorded species are documented based on the total sightings during the study period as common (more than
10 sightings), uncommon (3-5 sightings), and rare (1-2 sightings). The checklist of species with their status was
given. The numbers of migratory birds are maximum during December, January and starts reducing from

February onwards.

Results:

Towards improvement of birds habitat, mounds and bunds are planted with tree species such as Acacia
nilotica (Babul), Azadirachta indica (Neem), Tamarindus indicus (Tamarind/Imli) Prosophus sps, Ficus glomerata,
Ficus benghalensis,Phoenix sylvestris (Wild date palm), Sygium cumini, Pongamia pinnata, Samania saman,,
Calophyllum sps. Mimusops elegi etc., for roosting and nesting of the wetland birds like Pelicans, Painted storks,
Herons, Egrets, Cormorants, etc. Artificial perches with logs of wood, bamboo have been provided as vantage
points for diving birds like Kingfisher, Darters, and Raptors etc.

Table.-1. Overall season wise variations of small wading bird density (No./ha)
recordedfrom January 2021 to December 2022. (Values are Mean * SE).

Seasons (January 2021 - December 2022)

S.No | Small Wading birds Pre-Monsoon Monsoon Post-Monsoon | Summer
1 Pelecanus onocrotalus 0.2+0.12 14.02+7.42 19.7+£11.20 0
2 Halcyon smyrnensis 37.2+6.98 27.5+7.68 59.7427.15 13.5+2.68
3 Fulica atra 5.1+3.48 12.34£8.51 7.145.28 0.04+0.03
4 Bubulcus ibis 3.5+0.75 0.2+0.18 15.2+12.86 0
5 Microcarbo niger 0 2.4+0.82 0 0.5+0.67
6 Marsh sandpiper 35.0+£0.58 26.1+£0.52 58.2420.9 0
7 Columba livia 4.242 52 0.4+0.73 10.2+6.84 0
8 Vanellus indicus 5.845.01 3.1+1.14 1.9+0.8 1.02+1.05
9 Ardeola grayii 18.7+£4.56 19.7+6.42 12.9+3.8 24.4+3.72
10 | Aleedoatthis 1.440.48 0.3£0.13 3.542.78 0.1£0.20
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Table.-2. Overall season wise variations of small wading birds density, diversity and richness recorded
from January 2021 to December 2022. (Values are Mean * SE).

S.No| Small wading birds Pre-monsoon | Monsoon | Post-monsoon | Summer
1 | Density (No./ha) 773+0823 | 635+22.54 | 152445958 | 44.29.64
2 | Diversity (H) 0.08£0.007 | 0.060.002 | 0.04+0.008 | 0.04£0.003
5 | Richness(No. of species) 5.1£0.56 3.8+0.47 32£078 | 2.5£045

Table- 3. Analysis of variance showed the impact of season in relation to density, diversity and richness of small
wading birds studied from January 2021 to December -2022.

S. No | Small wading birds Sum of Squares | df | Mean Square F p
1 Density (No./ha) 281.458 4 78721.875 3.597 0.028
2 | Diversity (H) 0.007 4 0.005 2.23 0.089
3 | Richness (No. of species) 48.578 4 20.505 2.781 0.01

January, 2021 to December, 2022 a total of ten species were reported for plover and sandpiper. The
monsoon period (27.5+7.68/ha) and pre monsoon period (37.2+6.98/ha.) Halcyon smyrnensis t0 have
highest density Pelecanus onocrotalus and Vanellus indicus presence was found in al the seasons for both
years. From the 10 species, the Marsh sandpiper was recorded only during the January, 2021 to December,
2022 period the value of 58.2+20.9 /ha of post- monsoon period. Microcarbo niger was not spotted during
this period. All the ten species were the birds sighted in the period of January, 2021 to December, 2022.

During the monsoon period the overall bird density was noted maximum during period January,
2021 to December, 2022 (112.3+48.52and 196 .121+54.247/ha.). Highest diversity was at monsoon
period of two years. Bird species richness was maximum during the monsoon period of first year
and pre-monsoon period of the second year. The diversity, species, and density, varied significantly

between the years and among the seasons (P<0.05).

DISCUSSION:

This study records ten species of coastal birds i.e. plover and sandpipers in the Kondakarla Ava
wetland during 2021-2022. This is a remarkable finding among inland wetlands of India. Insufficient
invertebrate prey in the coastal wetlands compels the shorebirds to shift their habitat and forage on
inland wetland habitats. Inland wetlands provide the energetic demands of coastal birds; enable them to
build up nutrient reserves for their breeding activities (Almeida et al. (2021). Loss of invertebrate prey

species in the coastal wetlands maybe due to degradation of coastal wetlands by increase in
| 9822
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anthropogenic pressure, such as conversion of mudflats for aguaculture practices, agricultural purposes,
and other human activities (Bharatha Lakshmi, B., 2006 & 2008). This progressive loss, lead to the use of
new habitats (Rio Conference, 2012). Hence, shifting of water birds, from one habitat to another habitat,

could be due to the decline in preferred resources (Wilen, B.O., et al., 2004).

Density dependent factor also drivesthe birds to shift their habitat (Xu Hangiu, 2006.). Species when
unable to respond to fluctuating intertidal food supplies, supplement their diet with prey, from non-
intertidal habitats i.e., inland wetlands. Prey populations might be lower in quality, availability or
abundant nature in these habitats than on intertidal habitats, and hence, their use might indicate, changes in
the intertidal system, such as, declining or varying prey populations (WHO (2022).

The monsoon season reports highest bird density, diversity, and species richness. Birds use the
wetlands frequently, during winter season (Van Eeden et al. (2020). The prey, is the main resource, for
utilization of wetland habitats (Holmes et al. (2019), which is abundant during winter season in inland
wetlands. The quality of habitat through enriching of prey, and other environmental factors determines
the shifting of foraging grounds by water birds and shorebirds during winter season (NASA FIRMS
(2022).

Conservation implications
The present study shows that, the shorebirds shift their feeding ground, from coastal mud flats to
inland wetlands. Balachandran (2006) reported, the shorebirds population has declined in east-coast and
they shift to nearby wetlands, agricultural and inland wetlands. In conservation planning, it is important

to understand, habitat switches, its causes, and implications, for species of birds.
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Abstract: The proposed planer layer dynamo physical model has real-world applications, especially
in the Earth’s liquid core. Thus, in this paper, an attempt is made to understand the finite amplitude
convection when there exists a coupling between the Lorentz force and the Coriolis force. In particular,
the effect of a horizontally applied magnetic field is studied on the Rayleigh-Bénard convection
(RBC) that contains the electrically conducting fluid and rotates about its vertical axis. Free—free
boundary conditions are assumed on the geometry. Attention is focused on the nonlinear convective
flow behavior during the occurrence of cross rolls which are perpendicular to the applied magnetic
field and parallel to the rotation axis. The visualization of cross rolls is achieved using the Fourier
analysis of perturbations up to the O(e®). The relationship of the Nusselt number (Nu) with respect
to the Rayleigh number (R), the Ekman number (E), and the Elsasser number (A) is investigated. It is
observed that E generates a strong damping effect on the flow velocity and on the heat transfer at
high rotation rates. Using the heatline concept, it is observed that the temperature within the central
regime is enhanced as the A increases. The results show that either E decreases or A increases, then
the heat transfer rate increases.

Keywords: nonlinear convection; earth’s liquid core; electrically conducting fluid; planar layer
dynamos; cross rolls

1. Introduction

In astrophysical and geophysical models related to the Sun, stars, and the outer core of
Earth, the convection is affected by both the Coriolis and Lorenz forces. Such a rotating mag-
netoconvection model with Boussinesq approximation has been studied by many authors,
for example, Chandrasekhar [1], Roberts [2], and Cox and Matthews [3], etc. The linear
stability analysis of this model shows the system is unstable with respect to either stationary
convection or oscillatory convection and depends on the governing physical parameters,
namely, Rayleigh number (R), Chandrasekhar number (Q), Taylor number (Tza), thermal
Prandtl number (Pr), and magnetic Prandtl number (Pm) or Roberts number. Most of the
experimental studies on Rayleigh—Bénard convection (RBC), rotating Rayleigh—Bénard
convection, magnetoconvection, and rotating magnetoconvection (RMC) have focused on
heat transfer laws. When the control parameter R exceeds its critical value, a cellular regime
of steady convection starts to appear. In addition, the motion increases its intensity but
remains laminar and steady for a large range of values of R, followed by unsteady turbulent
convection. Finite amplitude cellular convection with better approximate solutions has
been studied for RBC by Malkus and Veronis [4] and Kuo [5].
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In RBC with Ta # 0 and Q # 0, the critical R (= R;) remains approximately a con-
stant until Q reaches a certain value. When Q increases further, R, starts to decrease,
reaches a minimum and again starts to increase (Chandrasekhar, [1]). Braginsky [6] also
studied these rotating magnetic systems and stressed the importance of the Archimedean,
magnetic, and Coriolis forces. He revealed that these forces, together with the pressure
gradient, would determine the dynamic balance and inertial forces. Eltayeb [7] considered
the linear stability analysis to analyze the convection in the hydromagnetic rotating layer.
He observed when the principle of exchange of stabilities is valid, four different mod-
els can be classified based on the relative directions of the constant magnetic field, By
and ), (By, (2) namely, (vertical, vertical); (horizontal, vertical); (horizontal, horizontal);
(vertical, horizontal) and also for different types of boundaries. The numerical results
indicated that the asymptotic dependence of R. on Ta and Q are equal and independent
of the nature of the boundary conditions considered. Later, Eltayeb [8] extended his pre-
vious model [7] to study the convective motions near the onset of oscillatory convection.
He classified three different motions near the onset, namely: (i) Ta > Q, the results for the
rotating non-magnetic case, which are retained to leading order; (ii) Q > Ta, the results are
similar to those for the magnetic non-rotating case to leading order; and (iii) Tz and Q are
of same order, the minimum temperature gradient required for the instability is greatly re-
duced. When these solutions were examined in detail, it was observed that the motions that
follow the onset of instability depended primarily on the electrical conductivity rather than
on the kinematic properties of boundaries. In addition, in the leading order, the boundary
conditions to be applied to the mainstream solutions depended on the conductivity of the
boundary but not on the no-slip conditions. When either of the magnetic field or rotation
were dominant, there was a possibility of the occurrence of two-dimensional motion. In
this case, the Taylor-Proudman theorem was satisfied, while when both magnetic field and
rotation were influential, this theorem was no longer valid and the motions were essentially
of three-dimensional in nature.

The important laboratory experiments on RBC, rotating RBC and magnetoconvection
RBC using the liquid gallium (Pr = 0.025) as the working fluid have been carried out
by Aurnou and Olson [9]. The properties of liquid gallium are similar to those of the
liquid iron in the Earth core. The studies of magnetoconvection have vast industrial
applications too [10,11]. The R, for the magnetoconvection is experimentally determined
as a function of Q and Ta. At low rotation rates, the R, increases linearly with magnetic
field intensity. At moderate rotation rates, coherent thermal oscillations were detected by
Aurnou and Olson [9] near the onset of convection. These experimental results at the onset
were compared with the theoretical predictions of Chandrasekhar [1]. In nearly all of the
experimental results, it was mentioned that no well-defined steady convective regime was
found. Instead, unsteady or turbulent convection was detected just after onset. Later, these
experimental predictions were reproduced by using direct numerical simulations near the
onset (Rani et al. [12]). These simulations showed the occurrence of interesting cell patterns.
The most relevant geodynamo models were given by Roberts and Jones [13], who extended
the model of Braginsky [14] with two sets of boundary conditions.

The present nonlinear convection problem is studied based on the plane layer model
proposed by Roberts and Jones [13]. In astrophysics and even in planetary physics, the
model considered by Roberts and Jones [13] is yet sufficiently close to reality and is, really,
heuristic. This model is very convenient for laboratory experiments, too, which have not
yet been done. The linear planer layer dynamo model was considered by Roberts and
Jones [13] with the limiting case of Prandtl number tending to infinity. This limiting case
enabled the removal of the inertial terms and thus the resultant linearized equation of
motion filtered the fast-inertial modes and Alfven waves. The main reason for considering
this limiting case was that it simplified the analysis considerably and could able to exhibit
an amazingly rich structure. The other motivation was that it is an important limit for
geodynamo modelling, in which fast modes are believed to be relatively unimportant.
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In the linear stability analysis of the planer layer problem [13], the effect of physical
parameters such as E, A, R, and g have been thoroughly studied for the occurrence of
parallel rolls, cross rolls, and oblique rolls at the onset of convection. In general, E and g < 1
represent the geophysical models but with these values, it is very difficult to simulate these
models and obtain the converged results. This difficulty can be overcome by using one of
the approximate methods, such as weakly nonlinear analysis, which yields comparable
results with the experimental observations. This method of weakly nonlinear analysis
was applied for the Braginsky [14] model by Roberts and Stewartson [15] near the onset
of oscillatory convection using the small finite amplitude equations. Further, they have
analyzed the linear stability analysis of the cubic and cubic-quintic amplitude equations.
These amplitude equations are valid only when R is close to the R.. In addition, the
nonlinear analysis proposed by Malkus and Veronis [4] is valid when the R is near the
threshold R.. Later Kuo [5] proposed a different nonlinear approach, which is valid even
for large values of R. The advantages of this approach are that the solutions are found to be
valid even for a large range of the imposed temperature differences across the fluid layer
and also the rapid convergence of solutions. This solution provides a quantitative theory
for the convective heat transport as a function of the temperature difference in the range of
laminar flow. Using this approach by Kuo [5], Rameshwar et al., [16], have studied the finite
amplitude cellular convection in RBC under the influence of a vertical magnetic field and
analyzed the magnetohydrodynamics (M HD) of electrically conducting fluid. Linear and
nonlinear properties of thermohaline convection at the onset with the stress-free boundary
conditions were investigated using perturbation analysis relevant to oceanic water and
groundwater by Rawoof Sayeed and Rameshwar [17]. The stationary and oscillatory
finite amplitude convections of a binary mixture with a porous medium were thoroughly
investigated by Rameshwar et al., [18,19]. Baklouti et. al. [20] studied the dynamics of
incompressible homogeneous turbulence by numerical simulations. Gupta et. al. [21] have
analytically examined the effect of rotational speed modulation on the onset of magneto-
thermal convection.

The extension studies related to geodynamo models proposed by Eltayeb [7,8], Roberts
and Jones [13], and Jones and Roberts [22] have been studied by Soltis and Brestensky [23].
The authors Soltis and Brestensky [23] studied the influence of anisotropic diffusive coeffi-
cients (thermal diffusion and viscosity) on marginal stability of the horizontal fluid planar
layer rotating about the vertical axis and permeated by a horizontal homogeneous magnetic
field. The linear stability analysis was thoroughly investigated by the authors for two dif-
ferent types of anisotropic diffusive coefficients. This model was further extended to study
the linear stability of the model of rotating magnetoconvection in the horizontal planar
layer dynamo by Filippi et al. [24], which is influenced by three anisotropic diffusivities,
such as viscosity, thermal diffusivity, and magnetic diffusivity.

In the present study, the nonlinear analysis was employed as proposed by Kuo [5]
to study the behavior of cross rolls of electrically conducting fluid in a rotating magnetic
system, given by Roberts and Jones [13]. Thus, the objectives of the present problem were
as follows:

¢ Investigate theoretically the nonlinear behavior of cross rolls which occur in the
vertically rotating Rayleigh-Bénard convective system of planar layer of electrically
conducting fluid in the presence of horizontal magnetic field;

¢  Solve the nonlinear partial differential equations using the perturbation method pro-
posed by Kuo [5], until the O(e?) and obtain the approximate solutions;

e  Obtain the combined effect of Lorenz and Coriolis forces with stress-free boundaries;

*  Find the local (N) and average (Nu) Nusselt numbers on the hot wall to understand
the development of heat flow and the rate of heat transfer, respectively;

*  Obtain the cellular pattern of the fluid flow (streamlines) and hot regions (isotherms)
from the eigenfunctions related to stream function and temperature, respectively;

*  Study the heatline patterns of the flow by using the heat function.
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The novelty of the present work is the study of finite amplitude cellular convection
when the stationary convection exists as a first instability. The dynamical behavior of the
system depends on the type of instabilities that occur in that system. Interesting convective
instabilities occur near the onset of convection which is analyzed from the linear stability
analysis. At the onset of convection, the system is unstable to either stationary convection
(at least one eigenvalue vanishes) or oscillatory convection (an eigenvalue with a purely
imaginary part) as a first instability. When an eigenvalue vanishes the principle of exchange
of stabilities occurs. In other words, a new steady state replaces the stable motionless
state of the fluid. When stationary convection exists, the continuous release of potential
energy is balanced by the viscous dissipation of mechanical energy and the convection
always occurs in a fairly regular pattern. The results from the linear stability analysis
of Roberts and Jones [13] show the occurrence of the modes such as parallel rolls, cross
rolls, and oblique rolls based on the wave numbers. Only stationary convection exists as a
first instability when the parallel rolls occur, but for the modes of cross rolls and oblique
rolls, both stationary convection and oscillatory convection can occur as a first instability
depending on the physical parameters. A detailed investigation of the linear stability
analysis of the present physical model has been studied by Roberts and Jones [13]. Hence,
the nonlinear dynamical behavior of the present considered physical model is investigated
when stationary convection exists.

In Section 2, the basic governing equations that are considered by Roberts and
Jones [13] are presented. The linear stability analysis is discussed in Section 3 to ob-
tain critical Rayleigh numbers for steady cross roll modes. The nonlinear solutions for the
field variables are presented in Section 4. In Section 5, the local Nusselt number (Ny) and
average Nusselt number (Nu) are discussed. The distortion of streamlines and isotherms is
discussed in Section 6. The heat flow visualization is discussed in Section 7. Finally, the
conclusions are presented in Section 8.

2. Mathematical Model

In the present study the fluid with uniform density confined in an infinite horizontal
layer was considered. It was assumed that the whole configuration rotates about the vertical
axis (OZ) with angular velocity f)(: QTZ) in the presence of a uniform gravitational
field § (= ¢17) and the uniform magnetic field B(= Bylx) applied in the horizontal
direction where TX is the unit vector along the X-axis and TZ is the unit vector along Z-axis.
The Prandtl number is assumed to be large, so as to ignore the inertial forces in the
momentum equation in comparison to the Coriolis force [13]:

—

2000 x V' = —V'P +] x :i; +3apy T + V2V, )
8815 =V x (V' xB)+yV2EB, )

?; +V - (V'T) =xV2T, ®)

vV .V =0, @)

vV B =0, ®)

where P’ includes the centrifugal force, | = V' x B' is the electric current density, and
other notations are given the nomenclature.
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We non-dimensionalized the Equations (1)—(5) using the corresponding length, time,
velocity, temperature, magnetic field, and pressure scales as d, ’f]—z, g, Bd, By, and 2Qppy,

respectively.
Therefore, the non-dimensional governing equations are [13]:

1, xV=—VP+AJ x B4+gR T, + EV?V, (6)
f—vX(VxB’)+v21§, ?)

%—f + V- (VT) = qV7T, (8)

V-V =0, )

V-B=0, (10)

where R = Bgad?/2Q0k is the modified Rayleigh number, which measures the ratio of
buoyancy force to Coriolis force, E = v/20d? is the ratio of viscous and Coriolis forces,
A = B%/2Qnuupo is the ratio of magnetic force and Coriolis force, and g = /7 is the
ratio between the thermal and magnetic diffusivities (the Roberts number). For the static
solutions from Equations (6)—(10), we obtain

V=0, By=1x, Ts = —Z. (11)
After introducing the following perturbed quantities in the above static solutions,
we obtain
— — — - - - 9*
V=V;+V*, B=Bs+b*, T= Ts+; (12)

For convenience the asterisk symbols are omitted in the further analysis. The perturbed
dimensionless governing equations are given by

sz

EViW — =2 — +th29+/\aa V2by = A1z -V x {V x [(V x b) x b]}, (13)
d 2
at+V V)6 —gW —gv20 =0, (14)
o ), W o L
(a_v2>]z a“’Z+1Z V x [V x (V x )], (16)
ot 90X
EV? Z+Aaﬁ+—+/\1z Vx [(Vxb)xb=0 (17)
oX ' 9z ’
where
2 _ & 2 _ %
vh — ox? E)YZ’ \ 8X2 + 8Y2 + BZZ’

V= (U, V,W), b= (bx,by,by), [z =
(Vxb) -1z wy=(VxV)-
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Eliminating 6, wz, bz, and Jz from the linear part of Equations (13)—(17), we obtain

LW =N,

(18)
L=L 4L+ L, +L,+ L+ L,
and
N =N +No+ N3+ Ny + N,
where 5
(0 5 d 5\~ 9
&= (G-v) (G-) i
P) d 2
29 o2\ (9 2 6
b (2w (2w
d 2 8 2 > 4
0 o*
_ A% o2\ 9 2
Li=n (at ™ )(ax4>v’
a 2
L, = RqE( — v2> V2v,2,
— J 2 82 2
and
Ny = Er( 2 — w2 2V2V2+RA 9 v 2 \y,2 (V-V)6
! ot h ot oxz ) vt '
3
Ny = [EA( J qV2> ( J v2>v4 I +A2(a —qV2> (&sz}iz .V x (V xb),
B d 5 d 5 02 - Lo
M= 22— av2) (2 - 92) 211, v« v x (v x B) % B)]
4 a1 ot ox2| %’
+ EA(a qV2> (aat v2> V2|17 -V x V x [(V x b) x b)],
Nom a2 o) (2 -w2) 2|5, v (v < B) < B)
> ot ot oz | “ '
Because the surfaces are maintained at a uniform temperature,
f0=0on Z=0 and 1, forall X,Y, (19)
and also normal component of the velocity should vanish on boundaries, i.e
W=0on Z=0 and 1, forall X,Y. (20)

The conditions Equations (19) and (20) are independent of the nature of boundaries,

such as free—free or rigid-rigid, etc. In the present work, we assumed stress-free boundary
conditions [1], hence we obtain
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82W awz
372 " 97 =0on Z=0and 1, forall X,Y, (21)
]X:]y:%zoon Z=0and 1, forall X,Y. (22)

Since the physical system is a triple diffusive system, it is unstable to either stationary
convection or oscillatory convection near the onset.

3. Linear Stability Analysis

At the onset of convection, the existing perturbations in the system are very small.
Hence, the nonlinear terms are smaller when compared to linear terms. The nonlinear
contributions are neglected from Equation (18). We obtain a linear differential equation
which is given as LW = 0. This process is called linearization. We obtain

? d , d ?

2 2 2 2 2 6
[(5; =4V (5; = V55 + EX (5, —4V°)(5; = V2V
] d 02 a ot
T2EA(5; —4V7) (5, — V) (55) VA + A2 (5, =4V (550) V2
d d 02
+RGE(5; = VAPV, +A(5; = V) (535) Vi) IW = 0. (23)

The resulting Equation (23) is linear. The normal mode solution was considered as
W(X,Y,Z,t) = W(Z)eleX+)+pt \where a is the wavenumber along X direction and [ is
the wavenumber along Y direction. As such, 2 and / are real numbers and the growth rate
(p) may be constant complex number [13]. The marginal state is obtained from Re(p) = 0.
The two types of modes are classified using the eigenvalue p, namely, if Im(p) = 0, then
the steady modes exist and if Im(p) = w # 0, then the oscillatory convection exists.
The preferred mode of convection depends on the physical parameters, which are relevant
to the Earth’s outer core. In Earth’s outer core, the parameters E and g are considered
as small and the Prandtl number is large. The orientation of rolls is classified based on
the wavenumber. The modes are parallel rolls, if the wavenumber a = 0 (the axis of
rolls are parallel to the applied magnetic field), if the wavenumber | = 0, gives the cross
rolls (the axis of the rolls are perpendicular to the applied magnetic field) and if both the
wavenumbers a # 0 and ! # 0 give the oblique rolls. The linear and nonlinear studies of
the present physical model are based on / = 0, i.e., cross rolls.

The physical parameters E, A, g, and R are used to study the linear and nonlinear
behavior of the convective system. As the temperature gradient is increased, the unstable
mode may be of stationary convection or oscillatory convection near the onset. We imple-
mented the linear stability analysis using the normal mode analysis, i.e., by substituting
W(X,Y,Z,t) = W(z)el@X+Pt) in the linearized equation LW = 0.

Stationary Convection (w = 0)

By solving the linearized Equation (23), R = R; value is obtained for stationary
convection and is given by

. 7‘[d22 + dz(Edzz + Aaz)z
a2(Edy? + Aa?)

where dy = a% + 72, The critical value of R is obtained from dR/da = 0. The critical
wavenumber is given by a? = a%.; = 2712, and the critical Rayleigh number for stationary
convection is

97° 4 372 (9Em* 4 2A7?)?

R =
“ 2m2(9Emt + 2Am2)

(24)
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From the above result the marginal Rayleigh number (R.), E, and A values are
obtained for high rotation rates and weak field [13] by the linear stability analysis. The
critical values of control parameters were obtained to study the nonlinear behavior of cross
rolls. For small values of g, stationary convection occurs and for large values of g oscillatory
convection can occur. The value of R is free from g while the finite amplitudes depend on
g. For the nonlinear studies, a fixed g value as 0.01 was considered for which the stationary
convection occurs as a first instability near the onset. For small values of the parameters E
and A, the minimum value R s decreases as E decreases and as A increases. Thus, the effect
of E destabilizes the convective system when E decreases and the effect of A destabilizes
the convective system when A increases (see Figure 1).

200
E=10°
h I —-5
175 FY =10
| —E - 104
y
1
1 S
III
HL"E IIll
st
ll'I
\
"I
oo 3
- '\\\I‘
-
] o
H""\-\._:‘H"'\-\. ;
" '-'-'“-':-_-_ 1
s . S——
(R4 0z 0.4 1&

Figure 1. The effect of A and E on Rgs.

The linear stability theory adopts a less ambitious objective to ascertain when a flow
is unstable to infinitesimal disturbances. It thus gives no prediction about transition
promoted by sufficiently large disturbance. The ultimate consequence of the instability
is never completely determined by linear theory. Thus, in the present study, an attempt
was made to understand the nonlinear convection in the presence of the Coriolis force and
magnetic field.

4. Method of Solution

The solutions of steady non-linear equations were obtained by following the method
proposed by Kuo [5]. These solutions converge more rapidly and are valid for larger
temperature differences. In this method, the dependent variables are first expressed as
infinite series of a set of orthogonal space functions. This approach to the solution sheds
light on the problem of transition to turbulent convection, which happens at a larger
temperature difference. An expansion parameter (¢), is defined by [5]:

R - R
2 cs

Note that ¢ is less than one for all values of R. The solution of Equations (13)—-(17) are
written as
f=eh+eh+fs+efatefs+efc+-- -, (26)

where
f = f(u, W,0,bx,bz,wyz, ]Z)
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According to Equation (25), R is given by

RCS
R=—, 27
12 (27)
expanding Equation (27) in the power series of ¢ or by applying the finite formula
R:Rcs+Ros(€2+€4+€6+"'+€ZS), (28)
where
R
Rys — ) CZZS' =123 (29)

By introducing Equations (26) and (28) in Equation (18), we obtain for the different e
orders, a sequence of linear non homogeneous differential equations as

O(e): (L1+ Lo+ L3+ Ly)Wy + Res(Ls + L)Wy =0, (30)
O(e?) : (L1+ Lo+ L3+ Ly)Wo+ Res(Ls+ L)Wy =0, (31)

O(SS) : (ﬁl + Lo+ L3+ £4)W1‘ + Rcs(£5 + £6>Wi + Rgs(£5 + £6)Wi—2
+Ros(L5 + L6)W;_4 = ResN7 + No + N3 + Ny + N5, for i =3. (32)

Similarly, at the orders O(e*), O(&°), we obtain

(L1+ Lo+ L3+ LYW, + Res(Ls + L)W + Ros(Ls + L)W,
+Ros (L5 + L6)Wi g = (Res + Ros)N1 + Na + N3 + Ny + N5, for i =4,5. (33)

In general,
(L1+ Lo+ L3+ L)W, + Res(Ls 4+ Lg)W; + Ros (L5 + L) Wi_o
+Ros(L5 + L6)Wi_g = (Res +2Ros)N71 + Na + N3 + Ny + N5, for i > 6. (34)
Here £;,i = 1,2,3,4,5,6 is the linear operator and \;, i = 1,2,3,4,5 represents the

nonlinear terms and are functions of Wj, 6;, bx;, bz;, wz;, and Jz;. The auxiliary equations
for temperature field are given by

d
(at — v2> 01 = qWy, (35)
d 2 -,
5~ V7 )+ (V1- V)b = qW,. (36)
In general,
0 izl
(at — V2> 0; + Z(Vl -V)0;_; = qgW;, for i> 3. (37)
I=1

The auxiliary equations for the magnetic field

) ol
(at — v2> bx, = X (38)

In general,
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d au, o
(at — V2> by, = 3% + == PG <U1byl.71 + oo+ Uigby, — V1bx, |-+ Vi*lel)
0 .
+37 (UleFl +---+ ul',lbzl — Wle,',l s Wl‘,lbxl), for i > 2, (39)
and
d oW
<E)t - VZ) bz, = Txl (40)
In general written as:
d ow; 9
(at — V2> bz, aXZ % (Lﬁszl +- o+ Ui1bz, —Wiby, -+ -+ Wi,lbxl)
d .
5y (Vlbz -+ Vl;lbzl — Wlin_l st WiflbYl) for i >2. (41)
Likewise, the auxiliary equations for vorticity are
d
Vg = -0 A2, @2)
in general,
oW a]Z 0 aby.7 abX; aby abx
2 _ 1 i A i-1 i—1 . 1 1
EViez = =57 ~Aax ~Max ( oX oY ) * Xle ! ( >
d abzi—l ain—l abZl abYl
+Aaxbzl< Y az)Jr ( - >
] abx[_l abzi_l a abxl abzl
A a7 T ax >+ ~ Ay (az - >
0 dby. 1 dbx. 1 abyl abxl
= i1 % . - >
+A8YbY1< X % ) + aYbY ( 59X 3y ), for i>2, (43)
and
b dwyz
(5~ 7)1 = %52 (a4)
in general written as:
] owy, 02
(at - V2> Jz; = a}? * 5%a7 (Vibz,_, + -+ Viabz, — Wiqby, — - = Wiby, )
92
+m (Wi—lel + -+ Wlbxl - ulbzl._l - ui—lbzl)
+V%(Vlei,1 +-+ Vi—le1 — ui_1by1 — = ulbyl.il), for i >2. (45)

4.1. Approximate Solutions

The approximate solutions U, W, 8, bx, and by are attained in terms of the amplitudes
near the onset of stationary convection. The horizontal two boundaries are stress-free, all
the space functions U, W, §, bx, and by are sine and cosine functions. Thus, from Equations
(30), (35), (42), and (44) we have, to the first order periodic solutions as,

Wy
0, =

= AjcosaXsinnZ,

q41
2 4 a?

cosaXsinnZ,



Processes 2023, 11, 1945 11 of 30

7TA1
bx, = T2 ia cosaXcostZ,
b, — aA1 . X si 7 4
Z1 — —mslnﬂ S 7ts, ( 6)

where the nonlinear terms are used to calculate the amplitude A;. Normally, the terms in
Equation (26) are written as

W; = A;jcosaXsintZ + Z W;g?ql cos praXsing 1z, (47)
P14
1 %W, 1 9%W; aV;
T 2azax T @2azoy' 4 T X’ (48)
94 : () :
0; = —5—— cosaXsinmZ+ Y O cos piaXsing nz, (49)
T ta P14
bx, = — 2712 cosaX cos mZ + Z bngl)ql cos p1aXcosqimZ, (50)
(T[ +a ) P1.41
aA; . : O .
bz, = ——— v sinaXsinwZ + Y bzplg sin praXsing nZ, (51)
(7‘( +a ) P11

where Wr(i?fh' 9;(,?‘11, bngl)ql, gnd bzl(gil)ql are nonlinear‘functions of Ay, Ay, As,...A;_1.
The unknown functions W,E?ql, 9,(,’1)%, bxg,ll)ql, and bzgl)ql are calculated by substituting
the Equations (47)—(51) in Equation (18).

4.2. Evaluation of Amplitude Aq

To obtain the second order solutions W», 6>, bx,, and bz,, the nonlinear term N is
solved and Equation (31) is obtained. With /' =0, LW, = 0 and

Af (2 _

2 2 2
w2 =0, 0 = and bx'2 = iy ot =0 (52)

The unknown functions W, 0,, bx,, and bz, are obtained from Equations (31), (36),
(39), and (41), respectively, and are given by

Wy = ApcosaXsinmtZ,

A
0, = nj+2a2 cosaXsintZ + 902(2)A12 sin27ntZ,
bx, = ——5— cosaX cos Z + bxp'? A% cos 271Z
X, = n2+a2cosa cos T4 + Uxp 17 €cos<ms,
A
bz, = _71574—2{12 sinaXsin tZ. (53)

From Equation (32) for i = 3 the amplitude A; is calculated. After using the first and
second order solutions, we write Equation (32) as

(£1 + Lo+ L3+ £4)W3 + Rcs(ES + Eé)W;;
= —Rys [qE(rcz + a2)3a2 + qA(r(2 + az)a4]
Aq cosaX sin mZ — Res[Edy>a? + Adoa?| 76,, @ A43 cosaXsin tZ



Processes 2023, 11, 1945

12 of 30

A 3
— [aszOZ(z) EAqd24 + a4bX02(2)A2qd22] 71 cosaXsinntZ
+Res[E(a* + 9712)3(12 + A(a® + 9712)114]71902(2)1413 cosaXsin3mZ

A 3
+[a®bx 0 P EAg(a® + 9712)4 + a*byx P A2q(a® + 9712)2] Tl cosaXsin3mZ

> 9 )
—[ﬂbxozm _ aZbXL]Afcos aXsintZ

a2 2
274> bxop? )
+[75X02(2) - az%]/}ﬁcos aXsin3nZ, (54)

where d, = a% + 2. By solving the above equation, A7 is given b
y & q & y

\/ (2 Abxgr® 72 — Abxy'? dy — T Res 902(2)>R05 q

2 AbXOZ 2) 2 — AbXOZ 2) dz — TR 902 (2)

A= — (55)

The unknown functions W3, 03, bx,, and bz, are obtained from Equations (32), (37),
(39), and (41), respectively,

W3 = AzcosaXsintZ + W13(3)A13 cosaXsin3mZ,

b5 = <7r2 T2 +01,%) 4 >CosaXsm7rZ

+ 613(3)A13 cosaXsin3nZ,
A
bx, = (_n?’ + bxn(?’)A13) cosaXcostZ

% + a2
+ bX13(3)A13 cosaX cos3nZ,
aA . .
bz, = (_7124-3012 + bzll(3)A13> sinaX sin tZ
+by13¥ A3 sinaX sin37Z. (56)
where 1
3 4 32 2
W1(3) = D713<RCS (qu13€l + Eqd13 a )71’902( )>
1 15 4,1 400 0 2 a1 5\ ¢
+D13((2a EAgdy3 +§a A“qdy3 bxoz()+ 2?*561 bg(gz ,
o0 _ 70 e _ g Wi g
11 dz 4 13 d13 4
and 2 (3 8
be® — ﬂbx(()z be® — _ 3TWiz  37bxg,
1 2, = X1 d; 24,
2 3 2
b3 _ abxg) b3 _ _ aWy  abxg)
Z1 2d, = %1 d, 2d,

Dy3 = —9qr*d3, — E*qd$, — 2 EAqa®d,
~A?¢?a*d3; + Res (qazEd% + qAa4d13),

where di3 = a4+ 972, This iterative procedure is continued to find A; to Ag and the
equivalent W;, 0;, bx,, bz, wz,, and |z, etc.
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4.3. Calculation of Ay and As
Initially, Equation (33) is simplified for i =4, i.e.,

(L1+ Lo+ L3+ L4+ Res(Ls5+ L)) Wi+ Ros (L5 + L) Ws
:(RCS+RDS)N1 +N2+N3+-/\/;1+N5- (57)

The nonlinear terms N;, i = 1, 2, 3, 4, 5 are analyzed by using the Equations (46), (53)
and (56). Solving the above Equation (57), we obtain A, = 0. This indicates that every

second order approximate solutions vanish except for 985) and bg?gz as shown in Equation
(52). Therefore, Equation (57) decreases to

(L1+ Lo+ L3+ L4+ Res(Ls+ L)) Wy = K1 Ar? cos2aX sindnZ
+Kp A1t cos2aX sin2wZ + K3 Aq Az cos 2aX sin 27t 7. (58)

The approximate solutions Wy, 84, bx,, bz, are evaluated by Equations (33), (37), (39)
and (41) and those are given by

Wy = AgcosaXsintZ + K4A‘1L cos2aXsin4mnZ
+I<5A‘1L cos2aXsin2nwtZ + KgA1A3cos2aXsin2rtZ,

0, = ﬁfh cosaX sin wZ + Ky Ay Az sin 2717

+KgAfsin271Z + Ko A} cos 2aX sin 27w Z + KygAf cos 2aX sin4mZ
+K11 A} sindmZ + K1y Ay Az cos 2aX sin 2717,

—7T
bx, = (a2 + n2)

—i—I<14A‘1L cos2aX cos2nZ + Ky5A1 A3 cos2aX cos2nZ,

bz, = 7 - 2
(a% + 72)

—i—K17A‘1L sin2aXsin2nZ + KigA1Aszsin2aXsin27Z. (59)

AgcosaXcostZ + K13A‘f cos2aX cosdrnZ

AgsinaXsin 1Z + Ky A% sin2aX sin47Z

To determine the value of Az, Equation (33) is solved for i = 5, and is given by

(L1 4 Lo+ L3+ La+ Res(Ls+ L))Ws + Ros (L5 + L) (W5 + W)
= (Rcs+Ros)N1+N2 + N3+ Ny + Ns. (60)

Evaluating A3 from Equations (46), (53), (56), (59) and (60) we obtain,
Az=2L (61)

where

“nKy Ky WA WS 3mK
51——A15(A2qd22a3+EAqd24a)< i 17 %_ on2 13 4d25 p
a(2 7t K4 +2aKyy)

4d,

+A1° (A2qd)%a + EAqds* ) (— — b b8 — b S, + K17> ma

b2
+A1°a?(A2qd,%a® + EAqdy*) ( n@n Ki‘j 20K7) X2 (b + ab%))
2

52
—A;°a? (Azqd22ﬂ2 + EAqd24) ( % (3 us b%)s + ab(z31)3) +7 b%z bggl)l -7 bgczgz bggl)?))
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K
+(qu2 a* + Eqd23a2) <7‘[ 9(()? Wl(g) — 37;2 > n % — an)AlsRcs
2

+(qu2 a* + Eqd23a2) (7’( 9(()5) Wg) — 37;121(5 — mKg — 7'(I<8>A]5R0S
2

—ARys a*dy > — ERys a2d23q2 — APa? (Azqd22a2 + EAqd24) Ky,

and

Sy =— (qu2 a* + Eqd23a2) (—711(3 - 719(()? — nq?){:S)Alchs
— (quz at + Eqd23a2) (an - 719((];) - nq?’f)AlzRos

p2)
+A12(A2qd22a3 + EAL]d24ﬂ) ( X _ 7Ky + Kiy _ 37Ks a

2 4a 4 4d,

2 77Ky — 2aK b2
—A;? (Azqdzzaz + EAqd24) - 127 Kis aKy7) + 100 +Ki7 | Tta
4d, d,

»2)
—A12(A2qd22u2+EAqd24) m(2mKig +2aKy7)  byg, 2
4d, 2

an(Z)
. (AzqdzzaZ + EAqd24) (@XOZ — Kia | @% + ARgs a*ds g% + ERps a%d 2.

The amplitude A3 is determined by using the first, second, third and fourth order

approximate solutions. From Equations (60), (37), (39) and (41), the fifth order approximate
solutions are obtained

Ws = A5 cosaXsinm Z

+ (K19A15 + Ky A12A3) cos3aXsin 7t Z

+ <K21 AP+ K A + Kng A12A3) cosaXsin3 7
+ (K24 A+ Kos A12A3) cos3aXsin3wZ

+Kpg A7° cosaX sin5 7w Z + Koy A7° cos3aXsin5 7w Z, (62)

A
05 = (qd 5 +K28A12A3> cos aX sin v Z
2

+ (K29 A 4+ Kz Ap® + Kay A12A3> cosaXsin37Z
+ (K32A15 + Ka3 A12A3) cos3aXsin 7t Z

+ (K34 A15 + K35 A12A3) cos3aXsin3mZ

+K36 A7° cosaX sin5 71 Z + Ksy A1° cos3aX sin5 7 Z, (63)
A

bx, = (_7Td‘5 + K38A15> cosaX cos T Z
2

+ (K39 A2 + Ky A7® + Ky A12A3) cosaXcos3mZ

+ (K42 A15 + Ky3 A12A3) cos3aXcosmZ
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+ <K44 A15 + Kys A12A3) cos3aXcos3mZ
+Kyg A15 cosaXcosbmwZ + Kyy A15 cos3aXcosbmZ, (64)

A
bZ5 = (611125 + K48A15 + Kyo A12A3> sinaXsinmtZ

+ (KSO A+ K51 AP 4+ Ksp A12A3> sinaX sin3 77 Z

+ (K53A15 4 Ksy A12A3) sin3aX sin 77 Z

+ (K55 A5+ Ksg A12A3) sin3aXsin3 7 Z

+Ks7 A7° sinaX sin5 71 Z + Ksg A7° sin3aX sin5 7w Z. (65)

Here the coefficients K;,i = 1,2, ... 58 in Equations (58)—(65) are functions of 4, E, A, and g.
The simplifications become more critical as e order increases. Similarly, the simplification
was carried until the eighth order of Equation (34) to calculate for A4, As, and Ag. Proceed-
ing as above, it can be observed that Ay = Ay = Ag = 0.

5. Convective Heat Transport

The changes in the two-dimensional flow patterns are illustrated by the local Nusselt
number, Ny, distributions over the heated plate. The heat transport coefficient in terms of
the N} is expressed as [16,25]

oT

NL ==,
L= on

(66)
here n denotes the normal direction on a plane. The heat transport is measured by the
average Nusselt number (Nu), which is independent of Z and is given by
— dT
=WT - — 7

Nu=WT - ==, (67)
here the bar indicates a horizontal mean. Using Equation (67), Nu is obtained by integrating
the expression over the boundary, Z = 0 [16].

1 L T
Nu=1 /0 WT = 5 J._odX, 68)

where L is the normalized horizontal cell width.

5.1. Local Nusselt Number (N)

Figure 2a illustrates the changes of Nj, for distinct values of E with respect to X.
In selected regions, the number of peaks and the location of maximum and minimum
of Ny values depend on E. The maximum of N value is constant, as X increases for
defined E. However, as E decreases, the number of peaks is increased in a selected region.
Figure 2b illustrates the variation of Ny, for different A concerning to X. The location of
the maximum Np, value is independent of the dimensionless plate length but depends on
A. The existence of the number of peaks in the given region of X increases, as A increases.
Figure 2b illustrates the heat that is transported from the fluid to the boundary is increased
as A increase.
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Figure 2. Variation of Ny with respect to X. (a) A =0.2 and g = 0.01 for different E, (b) E = 0.005 and
g = 0.01 for different A.

5.2. Average Nusselt Number (Nu)

The dependency of Nu on the control parameters was studied near and away from the
onset of stationary convection. Let Nu(?) (s = 1), Nu(® (s = 2) and Nu(®) (s = 3), indicate
the second-, fourth- and sixth-order approximations, for Nu, respectively. The second order
approximation is given by

2qRos

Nu® =1 .
" A =2 + Re

(69)

The approximations for Nu(*) and Nu(®) are lengthy, so it is not shown here to conserve
space. The change of Nu with respect to R is shown in Figure 3 for different values of E
and A. Figure 3a shows the effect of E on Nu in the R plane for fixed A = 0.2 and g = 0.01.
It illustrates that the rate of heat transfer is enhanced for decreasing E. Figure 3b shows
the effect of A on heat transfer rate for fixed E = 0.005 and g = 0.01. The enhancement of
heat transfer is observed for increasing A values. The small values of g are relevant to
Earth’s outer core. It is very difficult to perform numerical simulations for small values
of the physical parameters. For g < 1 stationary convection is preferred [13]. Figure 3c
shows that for g < 1 and as g increases, the Nu increase. Thus the effect of 4 < 1 shows, the
heat transfer rate are enhanced and accordingly the intensity of the flow rate also increase.
The change of kinetic energy with respect to R/ R, is represented in Figure 4. Figure 4a
demonstrates the change in Nu for various E values as well as for a fixed value of A = 0.2.
The change in E produces small change in the potential energy, in comparison with the
kinetic energy. Thus, the total energy decreases as E increase. Figure 4b shows the energy
distribution for different A and for fixed E = 0.005 and q = 0.01. The amplifying values of
A show that the total energy is also increased.
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Figure 3. Dependence of Nussult number (Nu) on Rayleigh number (R/R¢s). (a) A=0.2 and g=0.01
for different E, (b) E =0.005 and g = 0.01 for different A, (c) E = 0.005 and A = 0.2 for different 4.
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Figure 4. Dependence of kinetic energy and potential energy on Rayleigh number (R/R) are
plotted. (a) A = 0.2 and g = 0.01 for different E, (b) E = 0.005 and g = 0.01 for different A.
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6. Distortion of Streamlines and Isotherms

The fluid flow behavior is visualized by the stream function (¥) which is obtained
from the velocity components U and W. The relation between the velocity components and
stream function (') is [26]

oY oY
and W= _—,

U=-37 X

which produce a single equation
¥=V2¥=0 for X=0,v27r/a and Z=0,1.

The points with equal temperature connected with lines are called isotherms. The
snapshots of the heat transport and flow field near the onset of stationary convection are
expressed in terms of streamlines and isotherms.

The general attributes of the streamlines and isotherms with respect to the variation
in R, E, and A are shown in Figures 5-8. Figure 5 illustrates the pattern of streamlines
and isotherms near the onset of convection (R ~ R). Figure 5a, shows the pattern of
streamlines for E = 0.005, A = 0.2, ¢ = 0.01. The absolute maximum and the absolute
minimum values of circular strengths are 0.11215 and —0.11216, respectively. Figure 5c
shows the pattern of streamlines for E = 0.01, A = 0.2. This figure shows the absolute
maximum and the absolute minimum values of circular strengths as 0.11243 and —0.11243,
respectively. From Figure 5a,c the maximum strength of rolls at R ~ R, are decreased as
E increases. Thus, as E increases, R also increases, accordingly Nu decreases and hence
the absolute maximum of circulation strength decreases. Figure 5e illustrate the pattern
of streamlines with E = 0.005 and A = 0.4. These streamlines have the absolute minimum
and maximum values with the circular strengths as —0.12116 and 0.121117, respectively.
By comparing Figure 5a,e, the periodic rectangular rolls are observed near the R ~ R, but
as A increases the maximum strength of rolls is increased and the minimum strength of
roll decreases. Thus, as A increases, R.s decreases, accordingly Nu increases, and hence the
absolute maximum of circulation strength increases. Figure 5a—f are plotted for the values
of R >~ R and the flow pattern are rectangular rolls and follows the symmetric nature
over the range of 0 < X < 1. Since the stream function equations show the symmetric
property. Similarly, for the same values of E and A, the isotherms formed as horizontal lines
near R ~ R, as shown in Figure 5b,d f. At R ~ Ry, the strength of isotherms is of small
magnitude, representing the conduction dominant heat transport inside the considered
region. These isotherms are smooth lines that span over the whole region.
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Figure 5. The Effect of E and A near R, streamlines (a) for E = 0.005, A = 0.2, and 4 = 0.01,
(¢) E=0.01, A =0.2,and g = 0.01, (e) E = 0.005, A = 0.4, and q = 0.01 and isotherms (b) E = 0.005,
A=02,and g = 0.01, (d) E =0.01, A =02, and g = 0.01, (f) E = 0.005, A = 0.4, and 4 = 0.01
are plotted.

Figure 6. Cont.
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Figure 6. The Effect of R = 10Rs, 20Rs, 30R.s and 80R s, streamlines (a,c,e,g) and isotherms (b,d,f,h)
are plotted for E = 0.005, A = 0.2, and q = 0.01.
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Figure 7. The Effect of E = 0.01 and 0.015, streamlines (a,c) and isotherms (b,d) are plotted for A = 0.2,
R =20R¢s, and g = 0.01.

The snapshot of streamlines and isotherms for different values of R and for fixed
values of E = 0.005, A = 0.2, and g = 0.01 are displayed in Figure 6a-h. It is observed
that for R = 10R.s and for the cell lying between 0 < X < 1, the absolute minimum and
maximum values are with the circulation strengths —43.4965 and 43.4965, respectively,
as shown in Figure 6a. As R increases from R to 10Rs, the basic cells become more
deformed due to the growth of two vortices B and B’ located at the top right and bottom
left boundaries with the circulation strength —16.315. The basic cell with two vortices A and
A’ has circulation strength 38.059. The temperature profiles in terms of isotherms are illus-
trated in Figure 6b for same values of physical parameters that are considered in Figure 6a.
The isotherms are of nearly in wavy shape with the absolute maximum and minimum
values of —0.00212 and —1.00271, respectively. It indicates the maximum of heat transfer
process is occurred by convection. Figure 6¢,d illustrate the streamlines and isotherms for
R = 20R¢s. The temperature gradient and the gravitational buoyancy force act together
and changes the flow structure as shown in Figure 6c. The bicellular patterns of streamlines
turn out to be multicellular models and these cells divide the field of motion at the core
for a cell lies between 0 < X < 1 with the absolute maximum and minimum values of
circulation strengths 220.829 and —220.845, respectively. The vortices B and B’ showed their
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presence with —82.822 as the circulation strength in the opposite direction of an original cell.
For these considered values of physical parameters, the behavior of isotherms is shown
in Figure 6d, which exhibit the mode of convective heat transport inside the fluid layer.
In the fluid layer, the absolute maximum and minimum values of isotherms are respectively,
—0.00275 and —1.0052. When R is increased from 20R.s to 30Rs, the small vortices B and
B’ shown in Figure 6¢ are increased with circulation strength —398.740. Thus, the basic cell
encountered more deformation (Figure 6e) and has the absolute maximum and minimum
values at 638.172 and —638.027, respectively. Accordingly, the isotherm curves develop
more deformation. The absolute maximum and minimum values of isotherms in the layer
are, respectively, —0.00449 and —1.01101. As R is increased from 30R.s to 80Rs (Figure 6g),
the two vortices B and B’ grow in size and split the basic cell into two vortices located
on either side of the secondary cell with the absolute maximum (9976.78) and minimum
(—9977.74) strengths. The heat flow pattern becomes chaotic, which is shown in Figure 6h
when R increases to 80R ;. The absolute maximum and minimum values of isotherms in
the layer are, respectively, 8.75285 and —9.67347. From Figure 6, it is observed that as R
increases from Rs to 80R¢s, the onset of turbulent flows are producible.
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Figure 8. The Effect of A = 0.4 and 0.6, streamlines (a,c) and isotherms (b,d) are plotted for E = 0.005,
R =20R. and g = 0.01.

Figure 7a-d, illustrate the streamlines and isotherms for different values of E and for a
fixed set of other parameters R = 20R.s, A = 0.2, and g = 0.01. The behavior of the flow
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field was investigated by considering the flow pattern in the region 0 < X < 1, as shown in
Figure 6a—d (E = 0.005) and Figure 7a—d (E = 0.01 and 0.015). Figure 7a shows streamlines
for E = 0.01 in the considered range of X. The absolute maximum and minimum values
of circulation strengths are 162.15 and —162.149, respectively. There exist two vortices B
and B’ outside the basic cell with the circulation strength —82.806 as shown in Figure 7a.
The basic cell also contains two vortices namely A and A’ with a circulation strength of
141.881. Figure 7c is plotted for E = 0.015, which has the absolute maximum and absolute
minimum values of circulation strength as 140.453 and —140.471, respectively. The flow
pattern in the region 0 < X < 1 contains a deformed basic cell due to the growth of two
vortices B and B’ that exist at either side of the basic cell and are located at the top and
bottom boundaries with circulation strength —60.81. The basic cell also has two vortices
A and A’ with a circulation strength value of 122.90. Finally from Figures 6¢ and 7a,c it is
observed that the strength of the basic cell and pattern deformation decrease as E increases.
This implies that the effect of E stabilizes the convective system. The flow of heat transfer
is shown in Figure 7b,d for E = 0.01 and 0.015, respectively.

Figure 8a—d show the streamlines and isotherms for different A values and for
E = 0.005 R = 20R., and g = 0.01. The effect of A was studied from Figures 6¢,d
and 8a-d. In Figure 8a the streamlines are plotted for A = 0.4. By considering the flow pat-
tern in the range of 0 < X < 1, the absolute maximum and minimum values of circulation
strengths are 436.721 and —436.747, respectively. In this range, the basic cell is deformed by
two vortices B and B’, which are located at the top right and bottom left of the layer and on
either side of the basic cell with circulation strength —272.97. The basic cell also encloses
two vortices A and A" with strength 382.13. Figure 8c shows the streamlines for A = 0.6 in
the considered range of 0 < X < 1, with the absolute maximum and minimum values of
circulation strength 663.595 and —663.555, respectively. In addition, there exist two vortices
B and B’ with circulation strength —414.71. The basic cell also enclosed two vortices A and
A’ with circulation strength 580.65. As A increases from 0.4 to 0.6 the deformation and
circulation strength of cells (A, A) increase. This implies that the effect of A destabilizes the
convective system. The isotherms are plotted in Figures 6d and 8b,d for distinct values of
A = 0.2, 0.4 and 0.6. The lines of isotherms change to a more circular form as A increases.
Thus, the incremental values of A destabilize the convective system.

Topology of Flow

The topology constraint is based on the Euler number (¢ ") of the flow. As described by
Jana et al. [27], { " on the surface is defined as the sum of the Poincare indices of the critical
points on the surface and is given by

NE — (NH + %NP) =7, (70)

here the NE represents the number of elliptic points, NH is the number of hyperbolic
points, and NP is the number of parabolic points [28,29]. In Figure 9a, the vorticity
contours are exhibited for R ~ R, E=0.005, A= 0.2 and g = 0.01. The present simulated
flow fulfils the topological rule given in Equation (70) with NP = 0, NH = 2, and NE = 2.
For R = 20R, an equivalent investigation has been done for vorticity contours in Figure 9b
and Equation (70) is satisfied with NP =0, NE =8, and NH =8.
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Figure 9. Vorticity lines for (a) R ~ R¢s, E = 0.005, A = 0.2, and g = 0.01, (b) R = 20Rs, E = 0.005,
A =0.2,and g = 0.01.

7. Heat Function

Heatlines depict the convective heat transport phenomenon, whereas the isotherms
are mainly useful for visualizing heat transfer in the domain of conduction. The heat
function and heatline analyzes were developed by Kimura and Bejan [30] to visualize
heat transmission through the fluid flow, later Morega and Bejan [31] successfully used
the concept of heatlines. Different researchers [32-35] used this concept for dissimilar
applications of natural convective systems. The heat function (H*) is defined as

oH* oT
x VT -3z (71)

oH* oT
—oz YT 3% (72)

where T = T + 0 and Ty = T — Z. The Equations (71) and (72) do not exhibit the symmetric
property. Differentiating Equations (71) and (72) with respect to X and Z, respectively, and
subtracting the resulting equations yields

0’H* N P*H* _9(WT) a(UT)
0X2 972 09X 0Z

. (73)

From the definition of heat function, Equations (71) and (72), the boundary conditions
on H* follow [16]:

. . X oT
H*(X,0)=H (0,0)+/ (WT—i)dX, at Z=0 and 0 < X < V27t/a, (74)
0
. . X oT
H*(X,1) =H (0,1)+/ (WT—ﬁ)dX, at Z=1and 0< X < V27/a, (75)
0
. . z oT
H*(0,Z)=H (0,0)—/ (UT—ﬁ)dZ, at X=0and 0<Z <1, (76)
0

H*(V27/a,Z) = H*(vV27/a,0) — /OZ(UT - g—g)dz, at X=+2n/a and 0< Z < 1. (77)
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Results and Discussion for Heatlines

Figure 10a—d, illustrate the pattern of heatlines for different Rayleigh number values,
R >~ R¢s, R = 1.05Rss, 1.15R¢s and 1.25R, respectively, for fixed values of E = 0.005,
A = 02, and g = 0.01. When the system is at a conduction state (R < R) heat-
lines are always parallel to Z-axis and perpendicular to isotherms. Figure 10a illustrates
the heatlines for R ~ R.. It is observed that the heatline contours within the domain
are normal to the Z = 0 and Z = 1 lines due to conduction dominant heat transfer.
For R ~ R, the absolute maximum and minimum values of heatlines are 10.2224
and 0.0241, respectively, in the considered range 0 < X < 5. In the neighborhood of
X = 0, the heatlines at the center of the system depict the structure which is similar to the
parabolic structure. The curvature at the central part of the system increases as X increases.
This shows that the nonlinear propagation of heat transfer occurs when R =~ Rg.
Hence, the transition takes place from the conduction state to the convection state at
R =~ Rg. Figure 10b is plotted for R = 1.05R.. The absolute maximum and mini-
mum values of heatlines are 10.3081 and —0.2774, respectively, in the considered range
0 < X < 5. The heatline with a strength of —0.18 exist near the line X = 0 and the
heatline with strength 9.69 exist at X = 5. The strength of heatlines increases as X increases.
Some heatlines occurred in the form of a closed path. As R increases from R the heatlines
with same strength are changed to a closed path as shown in Figure 10a,b. For higher
values, this indicates that the convective heat flow is more intense at the center. Figure
10c shows heatlines at R = 1.15R.s and having the absolute maximum and minimum
values of heatlines 10.3666 and —0.62655, respectively. In this figure, the number of closed
paths of heatlines at the center is increased for R = 1.15R.s. The size of closed path of
heatlines for R = 1.15R; is more than that for R = 1.05R.. Figure 10d shows the heat-
lines for R = 1.25R.s with the absolute maximum and minimum values of 10.3972 and
—0.88096, respectively. The number of closed paths of heatlines increases at the center for
R = 1.25Rs. The size of closed path of heatlines for R = 1.25R; is increased in comparison
with that of the heatlines for R = 1.15R. For large R, the convective heat transmission
is more intense. It is observed that the heatlines become denser with the increase in R.
Figure 10a—d indicate that the heat transfer across the layer is increased as R increases. Heat-
lines will not exhibit periodic patterns due to the non-symmetry nature of Equations (71)
and (72).

Figures 10b and 11a,b are plotted with the same strength of heatlines so as to analyze
the influence of E on heat flow for the fixed values of A, R, and g. In the considered range
of 0 < X <5, for E = 0.01, (Figure 11a) the absolute maximum and minimum values of
heatlines are noted to be 8.4264 and —0.18554, respectively, and for E = 0.015 (Figure 11b)
these values are 7.51142 and —0.11574, respectively. In both of these Figure 11a,b, the
heatlines intensity decays with E. The size of the closed path and the number of closed
paths with the same strength decreased as E increases. From Figures 10b and 11a,b it is
fascinating to observe the inhibition of temperature in the central regime as E increases.

Figures 10b and 12a,b are plotted with the same strength of heatlines to analyze the
effect of A on heat flow for the fixed values of E, R, and 4. In the considered range of
0 < X <5 for A = 0.4 (Figure 12a) with the absolute maximum and minimum values
of heatlines as 8.55642 and —0.23723, respectively. These values for A = 0.6 (Figure 12b)
are 7.74043 and —0.18296, respectively. In both Figure 12a,b, the heatlines are dominated
by convection and form closed loops. The size and the number of closed loops with the
same strength increase as A increases. From Figures 10b and 12a,b it is observed that the
temperature within the central regime is enhanced as A increase by observing heatlines.
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Figure 12. The effect of A = 0.4 and 0.6, heatlines (a,b) are plotted for E = 0.005, R =1.05 R, Tp =1,
and g = 0.01.

8. Conclusions

The nonlinear natural convection was studied in a planer layer of electrically con-

ducting fluid that rotates about the vertical axis in the presence of a uniform horizontal
magnetic field and vertical temperature gradient. This problem has applications in Earth’s
liquid core. The present results help to enhance understanding of the finite amplitude
convection when the coupling between the Lorentz force and the Coriolis force present in
nonlinear planar layer convection-driven dynamos.

Linear stability analysis showed that as the small values of E keep decreasing or
A increasing, the R¢s decreases, i.e., the effect of E stabilizes and A destabilizes
the system.

Theoretically investigated the nonlinear behavior of cross rolls that occur in the
Rayleigh-Bénard convective system of a planar layer dynamo of electrically conduct-
ing fluid rotating about the vertical axis in the presence of a horizontal magnetic field.
The nonlinear partial differential equations was solved using the perturbation method,
until O(e®) and obtained the approximate solutions.

Computed the local Nusselt number (N1) and averaged Nusselt number (Nu) on the hot
wall to understand the development of heat flow and the rate of heat transfer, respectively.
The number of peaks is fixed for a given E while the value of the peak is independent
of X for a given E. The absolute peak values of Ny, increase as E increases. The number
of peaks is fixed for a given A. The value of the peak is independent of X for a given
A. The absolute peak value of N increases as A decrease. From the Ny results, it is
noted that the heat flux is high for decreasing E or increasing A.

It is observed that the Ekman number (E) generates a strong damping effect on heat
transfer at high rotation rates but the heat transport enhances as A increases. The
Roberts number (q) < 1, enhances the heat transfer rate and accordingly the intensity
of the flow rate also increases. Similarly, the total energy decays as E increases. The
increment in the values of A show, the increase in the total energy.

Obtained the cellular pattern of fluid flow (streamlines) and the hot regions (isotherms)
from the eigenfunctions related to the stream function and temperature, respectively.
From the streamlines and isotherms trajectories, it is observed that, for the lower
values of E the deformation of the fluid pattern is enhanced and more transfer of heat
in the flow occurs due to the presence of lesser viscous force in comparison with the
Coriolis force. Similarly, for the amplifying values of A, there is more deformation in
the streamlines and isotherms. This result shows, in the presence of Coriolis force, the
magnetic field destabilizes the system.
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¢  Studied the heatline patterns of the flow by using the heat function. The results show
that the deformation in the trajectories of heatlines are enhanced as E decreases. A
similar trend of deforming heatlines is observed with increasing A.

Author Contributions: Conceptualization, Y.R. and G.S.; Methodology, Y.R.; Software, U.S.M.
and D.L.; Validation, Y.R.,, G.S, USM., AKR. and D.L.; Visualization A.K.R. and USM.;
Writing—Original Draft Preparation, G.S.; Writing—Review and Editing, Y.R., AK.R. and D.L.; Fund-
ing Acquisition, D.L. All authors have read and agreed to the published version of the manuscript.

Funding: D.L. acknowledges the partial financial support from Centers of excellence with BASAL/ANID
financing, Grant ANID ABF220001, CEDENNA.

Data Availability Statement: All data underlying the results are available as part of the article and
no additional source data are required.

Acknowledgments: The authors thank H. P. Rani (National Institute of Technology, Warangal) for
her critical reading, editing, and improving the manuscript’s English grammar.

Conflicts of Interest: The authors declare no conflict of interest.

Nomenclature

A Amplitude

B Magnetic field

Bs Static magnetic field

By Characteristic field strength

a Wavenumber

p Modified pressure

E Ekman number

1 7 Unit vector along Z-axis

Tx Unit vector along X-axis

q Ratio of thermal and magnetic diffusivities
d The convective zone depth

g Gravitational field

Nu Nusselt number

H* Heat function

R Modified Rayleigh number

Rc Critical Rayleigh number

Res Critical Rayleigh number for stationary convection
Ty Reference temperature

T Temperature field

Ts Static temperature

AT Temperature difference between top and bottom layers
14 Velocity field

174 Static velocity

uv,w Velocity components

XY, Z Cartesian coordinates

t Time

RBC Rayleigh-Bénard Convection

Greek symbol

Elsasser number

Adverse temperature gradient
Perturbed temperature
Magnetic diffusivity

Density

T owm >
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Reference density

Coefficient of thermal diffusivity
Kinematic viscosity

Thermal expansion coefficient
Dynamic viscosity

Magnetic permeability

Vorticity field

Angular velocity

Frequency of oscillations

=)
S

EoaF®R <A

Superscript
! Dimensional form

* Perturbed quantities
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Abstract: The proposed planer layer dynamo physical model has real-world applications, especially
in the Earth’s liquid core. Thus, in this paper, an attempt is made to understand the finite amplitude
convection when there exists a coupling between the Lorentz force and the Coriolis force. In particular,
the effect of a horizontally applied magnetic field is studied on the Rayleigh-Bénard convection
(RBC) that contains the electrically conducting fluid and rotates about its vertical axis. Free—free
boundary conditions are assumed on the geometry. Attention is focused on the nonlinear convective
flow behavior during the occurrence of cross rolls which are perpendicular to the applied magnetic
field and parallel to the rotation axis. The visualization of cross rolls is achieved using the Fourier
analysis of perturbations up to the O(e®). The relationship of the Nusselt number (Nu) with respect
to the Rayleigh number (R), the Ekman number (E), and the Elsasser number (A) is investigated. It is
observed that E generates a strong damping effect on the flow velocity and on the heat transfer at
high rotation rates. Using the heatline concept, it is observed that the temperature within the central
regime is enhanced as the A increases. The results show that either E decreases or A increases, then
the heat transfer rate increases.

Keywords: nonlinear convection; earth’s liquid core; electrically conducting fluid; planar layer
dynamos; cross rolls

1. Introduction

In astrophysical and geophysical models related to the Sun, stars, and the outer core of
Earth, the convection is affected by both the Coriolis and Lorenz forces. Such a rotating mag-
netoconvection model with Boussinesq approximation has been studied by many authors,
for example, Chandrasekhar [1], Roberts [2], and Cox and Matthews [3], etc. The linear
stability analysis of this model shows the system is unstable with respect to either stationary
convection or oscillatory convection and depends on the governing physical parameters,
namely, Rayleigh number (R), Chandrasekhar number (Q), Taylor number (Tza), thermal
Prandtl number (Pr), and magnetic Prandtl number (Pm) or Roberts number. Most of the
experimental studies on Rayleigh—Bénard convection (RBC), rotating Rayleigh—Bénard
convection, magnetoconvection, and rotating magnetoconvection (RMC) have focused on
heat transfer laws. When the control parameter R exceeds its critical value, a cellular regime
of steady convection starts to appear. In addition, the motion increases its intensity but
remains laminar and steady for a large range of values of R, followed by unsteady turbulent
convection. Finite amplitude cellular convection with better approximate solutions has
been studied for RBC by Malkus and Veronis [4] and Kuo [5].
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In RBC with Ta # 0 and Q # 0, the critical R (= R;) remains approximately a con-
stant until Q reaches a certain value. When Q increases further, R, starts to decrease,
reaches a minimum and again starts to increase (Chandrasekhar, [1]). Braginsky [6] also
studied these rotating magnetic systems and stressed the importance of the Archimedean,
magnetic, and Coriolis forces. He revealed that these forces, together with the pressure
gradient, would determine the dynamic balance and inertial forces. Eltayeb [7] considered
the linear stability analysis to analyze the convection in the hydromagnetic rotating layer.
He observed when the principle of exchange of stabilities is valid, four different mod-
els can be classified based on the relative directions of the constant magnetic field, By
and ), (By, (2) namely, (vertical, vertical); (horizontal, vertical); (horizontal, horizontal);
(vertical, horizontal) and also for different types of boundaries. The numerical results
indicated that the asymptotic dependence of R. on Ta and Q are equal and independent
of the nature of the boundary conditions considered. Later, Eltayeb [8] extended his pre-
vious model [7] to study the convective motions near the onset of oscillatory convection.
He classified three different motions near the onset, namely: (i) Ta > Q, the results for the
rotating non-magnetic case, which are retained to leading order; (ii) Q > Ta, the results are
similar to those for the magnetic non-rotating case to leading order; and (iii) Tz and Q are
of same order, the minimum temperature gradient required for the instability is greatly re-
duced. When these solutions were examined in detail, it was observed that the motions that
follow the onset of instability depended primarily on the electrical conductivity rather than
on the kinematic properties of boundaries. In addition, in the leading order, the boundary
conditions to be applied to the mainstream solutions depended on the conductivity of the
boundary but not on the no-slip conditions. When either of the magnetic field or rotation
were dominant, there was a possibility of the occurrence of two-dimensional motion. In
this case, the Taylor-Proudman theorem was satisfied, while when both magnetic field and
rotation were influential, this theorem was no longer valid and the motions were essentially
of three-dimensional in nature.

The important laboratory experiments on RBC, rotating RBC and magnetoconvection
RBC using the liquid gallium (Pr = 0.025) as the working fluid have been carried out
by Aurnou and Olson [9]. The properties of liquid gallium are similar to those of the
liquid iron in the Earth core. The studies of magnetoconvection have vast industrial
applications too [10,11]. The R, for the magnetoconvection is experimentally determined
as a function of Q and Ta. At low rotation rates, the R, increases linearly with magnetic
field intensity. At moderate rotation rates, coherent thermal oscillations were detected by
Aurnou and Olson [9] near the onset of convection. These experimental results at the onset
were compared with the theoretical predictions of Chandrasekhar [1]. In nearly all of the
experimental results, it was mentioned that no well-defined steady convective regime was
found. Instead, unsteady or turbulent convection was detected just after onset. Later, these
experimental predictions were reproduced by using direct numerical simulations near the
onset (Rani et al. [12]). These simulations showed the occurrence of interesting cell patterns.
The most relevant geodynamo models were given by Roberts and Jones [13], who extended
the model of Braginsky [14] with two sets of boundary conditions.

The present nonlinear convection problem is studied based on the plane layer model
proposed by Roberts and Jones [13]. In astrophysics and even in planetary physics, the
model considered by Roberts and Jones [13] is yet sufficiently close to reality and is, really,
heuristic. This model is very convenient for laboratory experiments, too, which have not
yet been done. The linear planer layer dynamo model was considered by Roberts and
Jones [13] with the limiting case of Prandtl number tending to infinity. This limiting case
enabled the removal of the inertial terms and thus the resultant linearized equation of
motion filtered the fast-inertial modes and Alfven waves. The main reason for considering
this limiting case was that it simplified the analysis considerably and could able to exhibit
an amazingly rich structure. The other motivation was that it is an important limit for
geodynamo modelling, in which fast modes are believed to be relatively unimportant.
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In the linear stability analysis of the planer layer problem [13], the effect of physical
parameters such as E, A, R, and g have been thoroughly studied for the occurrence of
parallel rolls, cross rolls, and oblique rolls at the onset of convection. In general, E and g < 1
represent the geophysical models but with these values, it is very difficult to simulate these
models and obtain the converged results. This difficulty can be overcome by using one of
the approximate methods, such as weakly nonlinear analysis, which yields comparable
results with the experimental observations. This method of weakly nonlinear analysis
was applied for the Braginsky [14] model by Roberts and Stewartson [15] near the onset
of oscillatory convection using the small finite amplitude equations. Further, they have
analyzed the linear stability analysis of the cubic and cubic-quintic amplitude equations.
These amplitude equations are valid only when R is close to the R.. In addition, the
nonlinear analysis proposed by Malkus and Veronis [4] is valid when the R is near the
threshold R.. Later Kuo [5] proposed a different nonlinear approach, which is valid even
for large values of R. The advantages of this approach are that the solutions are found to be
valid even for a large range of the imposed temperature differences across the fluid layer
and also the rapid convergence of solutions. This solution provides a quantitative theory
for the convective heat transport as a function of the temperature difference in the range of
laminar flow. Using this approach by Kuo [5], Rameshwar et al., [16], have studied the finite
amplitude cellular convection in RBC under the influence of a vertical magnetic field and
analyzed the magnetohydrodynamics (M HD) of electrically conducting fluid. Linear and
nonlinear properties of thermohaline convection at the onset with the stress-free boundary
conditions were investigated using perturbation analysis relevant to oceanic water and
groundwater by Rawoof Sayeed and Rameshwar [17]. The stationary and oscillatory
finite amplitude convections of a binary mixture with a porous medium were thoroughly
investigated by Rameshwar et al., [18,19]. Baklouti et. al. [20] studied the dynamics of
incompressible homogeneous turbulence by numerical simulations. Gupta et. al. [21] have
analytically examined the effect of rotational speed modulation on the onset of magneto-
thermal convection.

The extension studies related to geodynamo models proposed by Eltayeb [7,8], Roberts
and Jones [13], and Jones and Roberts [22] have been studied by Soltis and Brestensky [23].
The authors Soltis and Brestensky [23] studied the influence of anisotropic diffusive coeffi-
cients (thermal diffusion and viscosity) on marginal stability of the horizontal fluid planar
layer rotating about the vertical axis and permeated by a horizontal homogeneous magnetic
field. The linear stability analysis was thoroughly investigated by the authors for two dif-
ferent types of anisotropic diffusive coefficients. This model was further extended to study
the linear stability of the model of rotating magnetoconvection in the horizontal planar
layer dynamo by Filippi et al. [24], which is influenced by three anisotropic diffusivities,
such as viscosity, thermal diffusivity, and magnetic diffusivity.

In the present study, the nonlinear analysis was employed as proposed by Kuo [5]
to study the behavior of cross rolls of electrically conducting fluid in a rotating magnetic
system, given by Roberts and Jones [13]. Thus, the objectives of the present problem were
as follows:

¢ Investigate theoretically the nonlinear behavior of cross rolls which occur in the
vertically rotating Rayleigh-Bénard convective system of planar layer of electrically
conducting fluid in the presence of horizontal magnetic field;

¢  Solve the nonlinear partial differential equations using the perturbation method pro-
posed by Kuo [5], until the O(e?) and obtain the approximate solutions;

e  Obtain the combined effect of Lorenz and Coriolis forces with stress-free boundaries;

*  Find the local (N) and average (Nu) Nusselt numbers on the hot wall to understand
the development of heat flow and the rate of heat transfer, respectively;

*  Obtain the cellular pattern of the fluid flow (streamlines) and hot regions (isotherms)
from the eigenfunctions related to stream function and temperature, respectively;

*  Study the heatline patterns of the flow by using the heat function.
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The novelty of the present work is the study of finite amplitude cellular convection
when the stationary convection exists as a first instability. The dynamical behavior of the
system depends on the type of instabilities that occur in that system. Interesting convective
instabilities occur near the onset of convection which is analyzed from the linear stability
analysis. At the onset of convection, the system is unstable to either stationary convection
(at least one eigenvalue vanishes) or oscillatory convection (an eigenvalue with a purely
imaginary part) as a first instability. When an eigenvalue vanishes the principle of exchange
of stabilities occurs. In other words, a new steady state replaces the stable motionless
state of the fluid. When stationary convection exists, the continuous release of potential
energy is balanced by the viscous dissipation of mechanical energy and the convection
always occurs in a fairly regular pattern. The results from the linear stability analysis
of Roberts and Jones [13] show the occurrence of the modes such as parallel rolls, cross
rolls, and oblique rolls based on the wave numbers. Only stationary convection exists as a
first instability when the parallel rolls occur, but for the modes of cross rolls and oblique
rolls, both stationary convection and oscillatory convection can occur as a first instability
depending on the physical parameters. A detailed investigation of the linear stability
analysis of the present physical model has been studied by Roberts and Jones [13]. Hence,
the nonlinear dynamical behavior of the present considered physical model is investigated
when stationary convection exists.

In Section 2, the basic governing equations that are considered by Roberts and
Jones [13] are presented. The linear stability analysis is discussed in Section 3 to ob-
tain critical Rayleigh numbers for steady cross roll modes. The nonlinear solutions for the
field variables are presented in Section 4. In Section 5, the local Nusselt number (Ny) and
average Nusselt number (Nu) are discussed. The distortion of streamlines and isotherms is
discussed in Section 6. The heat flow visualization is discussed in Section 7. Finally, the
conclusions are presented in Section 8.

2. Mathematical Model

In the present study the fluid with uniform density confined in an infinite horizontal
layer was considered. It was assumed that the whole configuration rotates about the vertical
axis (OZ) with angular velocity f)(: QTZ) in the presence of a uniform gravitational
field § (= ¢17) and the uniform magnetic field B(= Bylx) applied in the horizontal
direction where TX is the unit vector along the X-axis and TZ is the unit vector along Z-axis.
The Prandtl number is assumed to be large, so as to ignore the inertial forces in the
momentum equation in comparison to the Coriolis force [13]:

—

2000 x V' = —V'P +] x :i; +3apy T + V2V, )
8815 =V x (V' xB)+yV2EB, )

?; +V - (V'T) =xV2T, ®)

vV .V =0, @)

vV B =0, ®)

where P’ includes the centrifugal force, | = V' x B' is the electric current density, and
other notations are given the nomenclature.
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We non-dimensionalized the Equations (1)—(5) using the corresponding length, time,
velocity, temperature, magnetic field, and pressure scales as d, ’f]—z, g, Bd, By, and 2Qppy,

respectively.
Therefore, the non-dimensional governing equations are [13]:

1, xV=—VP+AJ x B4+gR T, + EV?V, (6)
f—vX(VxB’)+v21§, ?)

%—f + V- (VT) = qV7T, (8)

V-V =0, )

V-B=0, (10)

where R = Bgad?/2Q0k is the modified Rayleigh number, which measures the ratio of
buoyancy force to Coriolis force, E = v/20d? is the ratio of viscous and Coriolis forces,
A = B%/2Qnuupo is the ratio of magnetic force and Coriolis force, and g = /7 is the
ratio between the thermal and magnetic diffusivities (the Roberts number). For the static
solutions from Equations (6)—(10), we obtain

V=0, By=1x, Ts = —Z. (11)
After introducing the following perturbed quantities in the above static solutions,
we obtain
— — — - - - 9*
V=V;+V*, B=Bs+b*, T= Ts+; (12)

For convenience the asterisk symbols are omitted in the further analysis. The perturbed
dimensionless governing equations are given by

sz

EViW — =2 — +th29+/\aa V2by = A1z -V x {V x [(V x b) x b]}, (13)
d 2
at+V V)6 —gW —gv20 =0, (14)
o ), W o L
(a_v2>]z a“’Z+1Z V x [V x (V x )], (16)
ot 90X
EV? Z+Aaﬁ+—+/\1z Vx [(Vxb)xb=0 (17)
oX ' 9z ’
where
2 _ & 2 _ %
vh — ox? E)YZ’ \ 8X2 + 8Y2 + BZZ’

V= (U, V,W), b= (bx,by,by), [z =
(Vxb) -1z wy=(VxV)-
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Eliminating 6, wz, bz, and Jz from the linear part of Equations (13)—(17), we obtain

LW =N,

(18)
L=L 4L+ L, +L,+ L+ L,
and
N =N +No+ N3+ Ny + N,
where 5
(0 5 d 5\~ 9
&= (G-v) (G-) i
P) d 2
29 o2\ (9 2 6
b (2w (2w
d 2 8 2 > 4
0 o*
_ A% o2\ 9 2
Li=n (at ™ )(ax4>v’
a 2
L, = RqE( — v2> V2v,2,
— J 2 82 2
and
Ny = Er( 2 — w2 2V2V2+RA 9 v 2 \y,2 (V-V)6
! ot h ot oxz ) vt '
3
Ny = [EA( J qV2> ( J v2>v4 I +A2(a —qV2> (&sz}iz .V x (V xb),
B d 5 d 5 02 - Lo
M= 22— av2) (2 - 92) 211, v« v x (v x B) % B)]
4 a1 ot ox2| %’
+ EA(a qV2> (aat v2> V2|17 -V x V x [(V x b) x b)],
Nom a2 o) (2 -w2) 2|5, v (v < B) < B)
> ot ot oz | “ '
Because the surfaces are maintained at a uniform temperature,
f0=0on Z=0 and 1, forall X,Y, (19)
and also normal component of the velocity should vanish on boundaries, i.e
W=0on Z=0 and 1, forall X,Y. (20)

The conditions Equations (19) and (20) are independent of the nature of boundaries,

such as free—free or rigid-rigid, etc. In the present work, we assumed stress-free boundary
conditions [1], hence we obtain
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82W awz
372 " 97 =0on Z=0and 1, forall X,Y, (21)
]X:]y:%zoon Z=0and 1, forall X,Y. (22)

Since the physical system is a triple diffusive system, it is unstable to either stationary
convection or oscillatory convection near the onset.

3. Linear Stability Analysis

At the onset of convection, the existing perturbations in the system are very small.
Hence, the nonlinear terms are smaller when compared to linear terms. The nonlinear
contributions are neglected from Equation (18). We obtain a linear differential equation
which is given as LW = 0. This process is called linearization. We obtain

? d , d ?

2 2 2 2 2 6
[(5; =4V (5; = V55 + EX (5, —4V°)(5; = V2V
] d 02 a ot
T2EA(5; —4V7) (5, — V) (55) VA + A2 (5, =4V (550) V2
d d 02
+RGE(5; = VAPV, +A(5; = V) (535) Vi) IW = 0. (23)

The resulting Equation (23) is linear. The normal mode solution was considered as
W(X,Y,Z,t) = W(Z)eleX+)+pt \where a is the wavenumber along X direction and [ is
the wavenumber along Y direction. As such, 2 and / are real numbers and the growth rate
(p) may be constant complex number [13]. The marginal state is obtained from Re(p) = 0.
The two types of modes are classified using the eigenvalue p, namely, if Im(p) = 0, then
the steady modes exist and if Im(p) = w # 0, then the oscillatory convection exists.
The preferred mode of convection depends on the physical parameters, which are relevant
to the Earth’s outer core. In Earth’s outer core, the parameters E and g are considered
as small and the Prandtl number is large. The orientation of rolls is classified based on
the wavenumber. The modes are parallel rolls, if the wavenumber a = 0 (the axis of
rolls are parallel to the applied magnetic field), if the wavenumber | = 0, gives the cross
rolls (the axis of the rolls are perpendicular to the applied magnetic field) and if both the
wavenumbers a # 0 and ! # 0 give the oblique rolls. The linear and nonlinear studies of
the present physical model are based on / = 0, i.e., cross rolls.

The physical parameters E, A, g, and R are used to study the linear and nonlinear
behavior of the convective system. As the temperature gradient is increased, the unstable
mode may be of stationary convection or oscillatory convection near the onset. We imple-
mented the linear stability analysis using the normal mode analysis, i.e., by substituting
W(X,Y,Z,t) = W(z)el@X+Pt) in the linearized equation LW = 0.

Stationary Convection (w = 0)

By solving the linearized Equation (23), R = R; value is obtained for stationary
convection and is given by

. 7‘[d22 + dz(Edzz + Aaz)z
a2(Edy? + Aa?)

where dy = a% + 72, The critical value of R is obtained from dR/da = 0. The critical
wavenumber is given by a? = a%.; = 2712, and the critical Rayleigh number for stationary
convection is

97° 4 372 (9Em* 4 2A7?)?

R =
“ 2m2(9Emt + 2Am2)

(24)
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From the above result the marginal Rayleigh number (R.), E, and A values are
obtained for high rotation rates and weak field [13] by the linear stability analysis. The
critical values of control parameters were obtained to study the nonlinear behavior of cross
rolls. For small values of g, stationary convection occurs and for large values of g oscillatory
convection can occur. The value of R is free from g while the finite amplitudes depend on
g. For the nonlinear studies, a fixed g value as 0.01 was considered for which the stationary
convection occurs as a first instability near the onset. For small values of the parameters E
and A, the minimum value R s decreases as E decreases and as A increases. Thus, the effect
of E destabilizes the convective system when E decreases and the effect of A destabilizes
the convective system when A increases (see Figure 1).

200
E=10°
h I —-5
175 FY =10
| —E - 104
y
1
1 S
III
HL"E IIll
st
ll'I
\
"I
oo 3
- '\\\I‘
-
] o
H""\-\._:‘H"'\-\. ;
" '-'-'“-':-_-_ 1
s . S——
(R4 0z 0.4 1&

Figure 1. The effect of A and E on Rgs.

The linear stability theory adopts a less ambitious objective to ascertain when a flow
is unstable to infinitesimal disturbances. It thus gives no prediction about transition
promoted by sufficiently large disturbance. The ultimate consequence of the instability
is never completely determined by linear theory. Thus, in the present study, an attempt
was made to understand the nonlinear convection in the presence of the Coriolis force and
magnetic field.

4. Method of Solution

The solutions of steady non-linear equations were obtained by following the method
proposed by Kuo [5]. These solutions converge more rapidly and are valid for larger
temperature differences. In this method, the dependent variables are first expressed as
infinite series of a set of orthogonal space functions. This approach to the solution sheds
light on the problem of transition to turbulent convection, which happens at a larger
temperature difference. An expansion parameter (¢), is defined by [5]:

R - R
2 cs

Note that ¢ is less than one for all values of R. The solution of Equations (13)—-(17) are
written as
f=eh+eh+fs+efatefs+efc+-- -, (26)

where
f = f(u, W,0,bx,bz,wyz, ]Z)



Processes 2023, 11, 1945 9 of 30

According to Equation (25), R is given by

RCS
R=—, 27
12 (27)
expanding Equation (27) in the power series of ¢ or by applying the finite formula
R:Rcs+Ros(€2+€4+€6+"'+€ZS), (28)
where
R
Rys — ) CZZS' =123 (29)

By introducing Equations (26) and (28) in Equation (18), we obtain for the different e
orders, a sequence of linear non homogeneous differential equations as

O(e): (L1+ Lo+ L3+ Ly)Wy + Res(Ls + L)Wy =0, (30)
O(e?) : (L1+ Lo+ L3+ Ly)Wo+ Res(Ls+ L)Wy =0, (31)

O(SS) : (ﬁl + Lo+ L3+ £4)W1‘ + Rcs(£5 + £6>Wi + Rgs(£5 + £6)Wi—2
+Ros(L5 + L6)W;_4 = ResN7 + No + N3 + Ny + N5, for i =3. (32)

Similarly, at the orders O(e*), O(&°), we obtain

(L1+ Lo+ L3+ LYW, + Res(Ls + L)W + Ros(Ls + L)W,
+Ros (L5 + L6)Wi g = (Res + Ros)N1 + Na + N3 + Ny + N5, for i =4,5. (33)

In general,
(L1+ Lo+ L3+ L)W, + Res(Ls 4+ Lg)W; + Ros (L5 + L) Wi_o
+Ros(L5 + L6)Wi_g = (Res +2Ros)N71 + Na + N3 + Ny + N5, for i > 6. (34)
Here £;,i = 1,2,3,4,5,6 is the linear operator and \;, i = 1,2,3,4,5 represents the

nonlinear terms and are functions of Wj, 6;, bx;, bz;, wz;, and Jz;. The auxiliary equations
for temperature field are given by

d
(at — v2> 01 = qWy, (35)
d 2 -,
5~ V7 )+ (V1- V)b = qW,. (36)
In general,
0 izl
(at — V2> 0; + Z(Vl -V)0;_; = qgW;, for i> 3. (37)
I=1

The auxiliary equations for the magnetic field

) ol
(at — v2> bx, = X (38)

In general,
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d au, o
(at — V2> by, = 3% + == PG <U1byl.71 + oo+ Uigby, — V1bx, |-+ Vi*lel)
0 .
+37 (UleFl +---+ ul',lbzl — Wle,',l s Wl‘,lbxl), for i > 2, (39)
and
d oW
<E)t - VZ) bz, = Txl (40)
In general written as:
d ow; 9
(at — V2> bz, aXZ % (Lﬁszl +- o+ Ui1bz, —Wiby, -+ -+ Wi,lbxl)
d .
5y (Vlbz -+ Vl;lbzl — Wlin_l st WiflbYl) for i >2. (41)
Likewise, the auxiliary equations for vorticity are
d
Vg = -0 A2, @2)
in general,
oW a]Z 0 aby.7 abX; aby abx
2 _ 1 i A i-1 i—1 . 1 1
EViez = =57 ~Aax ~Max ( oX oY ) * Xle ! ( >
d abzi—l ain—l abZl abYl
+Aaxbzl< Y az)Jr ( - >
] abx[_l abzi_l a abxl abzl
A a7 T ax >+ ~ Ay (az - >
0 dby. 1 dbx. 1 abyl abxl
= i1 % . - >
+A8YbY1< X % ) + aYbY ( 59X 3y ), for i>2, (43)
and
b dwyz
(5~ 7)1 = %52 (a4)
in general written as:
] owy, 02
(at - V2> Jz; = a}? * 5%a7 (Vibz,_, + -+ Viabz, — Wiqby, — - = Wiby, )
92
+m (Wi—lel + -+ Wlbxl - ulbzl._l - ui—lbzl)
+V%(Vlei,1 +-+ Vi—le1 — ui_1by1 — = ulbyl.il), for i >2. (45)

4.1. Approximate Solutions

The approximate solutions U, W, 8, bx, and by are attained in terms of the amplitudes
near the onset of stationary convection. The horizontal two boundaries are stress-free, all
the space functions U, W, §, bx, and by are sine and cosine functions. Thus, from Equations
(30), (35), (42), and (44) we have, to the first order periodic solutions as,

Wy
0, =

= AjcosaXsinnZ,

q41
2 4 a?

cosaXsinnZ,
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7TA1
bx, = T2 ia cosaXcostZ,
b, — aA1 . X si 7 4
Z1 — —mslnﬂ S 7ts, ( 6)

where the nonlinear terms are used to calculate the amplitude A;. Normally, the terms in
Equation (26) are written as

W; = A;jcosaXsintZ + Z W;g?ql cos praXsing 1z, (47)
P14
1 %W, 1 9%W; aV;
T 2azax T @2azoy' 4 T X’ (48)
94 : () :
0; = —5—— cosaXsinmZ+ Y O cos piaXsing nz, (49)
T ta P14
bx, = — 2712 cosaX cos mZ + Z bngl)ql cos p1aXcosqimZ, (50)
(T[ +a ) P1.41
aA; . : O .
bz, = ——— v sinaXsinwZ + Y bzplg sin praXsing nZ, (51)
(7‘( +a ) P11

where Wr(i?fh' 9;(,?‘11, bngl)ql, gnd bzl(gil)ql are nonlinear‘functions of Ay, Ay, As,...A;_1.
The unknown functions W,E?ql, 9,(,’1)%, bxg,ll)ql, and bzgl)ql are calculated by substituting
the Equations (47)—(51) in Equation (18).

4.2. Evaluation of Amplitude Aq

To obtain the second order solutions W», 6>, bx,, and bz,, the nonlinear term N is
solved and Equation (31) is obtained. With /' =0, LW, = 0 and

Af (2 _

2 2 2
w2 =0, 0 = and bx'2 = iy ot =0 (52)

The unknown functions W, 0,, bx,, and bz, are obtained from Equations (31), (36),
(39), and (41), respectively, and are given by

Wy = ApcosaXsinmtZ,

A
0, = nj+2a2 cosaXsintZ + 902(2)A12 sin27ntZ,
bx, = ——5— cosaX cos Z + bxp'? A% cos 271Z
X, = n2+a2cosa cos T4 + Uxp 17 €cos<ms,
A
bz, = _71574—2{12 sinaXsin tZ. (53)

From Equation (32) for i = 3 the amplitude A; is calculated. After using the first and
second order solutions, we write Equation (32) as

(£1 + Lo+ L3+ £4)W3 + Rcs(ES + Eé)W;;
= —Rys [qE(rcz + a2)3a2 + qA(r(2 + az)a4]
Aq cosaX sin mZ — Res[Edy>a? + Adoa?| 76,, @ A43 cosaXsin tZ
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A 3
— [aszOZ(z) EAqd24 + a4bX02(2)A2qd22] 71 cosaXsinntZ
+Res[E(a* + 9712)3(12 + A(a® + 9712)114]71902(2)1413 cosaXsin3mZ

A 3
+[a®bx 0 P EAg(a® + 9712)4 + a*byx P A2q(a® + 9712)2] Tl cosaXsin3mZ

> 9 )
—[ﬂbxozm _ aZbXL]Afcos aXsintZ

a2 2
274> bxop? )
+[75X02(2) - az%]/}ﬁcos aXsin3nZ, (54)

where d, = a% + 2. By solving the above equation, A7 is given b
y & q & y

\/ (2 Abxgr® 72 — Abxy'? dy — T Res 902(2)>R05 q

2 AbXOZ 2) 2 — AbXOZ 2) dz — TR 902 (2)

A= — (55)

The unknown functions W3, 03, bx,, and bz, are obtained from Equations (32), (37),
(39), and (41), respectively,

W3 = AzcosaXsintZ + W13(3)A13 cosaXsin3mZ,

b5 = <7r2 T2 +01,%) 4 >CosaXsm7rZ

+ 613(3)A13 cosaXsin3nZ,
A
bx, = (_n?’ + bxn(?’)A13) cosaXcostZ

% + a2
+ bX13(3)A13 cosaX cos3nZ,
aA . .
bz, = (_7124-3012 + bzll(3)A13> sinaX sin tZ
+by13¥ A3 sinaX sin37Z. (56)
where 1
3 4 32 2
W1(3) = D713<RCS (qu13€l + Eqd13 a )71’902( )>
1 15 4,1 400 0 2 a1 5\ ¢
+D13((2a EAgdy3 +§a A“qdy3 bxoz()+ 2?*561 bg(gz ,
o0 _ 70 e _ g Wi g
11 dz 4 13 d13 4
and 2 (3 8
be® — ﬂbx(()z be® — _ 3TWiz  37bxg,
1 2, = X1 d; 24,
2 3 2
b3 _ abxg) b3 _ _ aWy  abxg)
Z1 2d, = %1 d, 2d,

Dy3 = —9qr*d3, — E*qd$, — 2 EAqa®d,
~A?¢?a*d3; + Res (qazEd% + qAa4d13),

where di3 = a4+ 972, This iterative procedure is continued to find A; to Ag and the
equivalent W;, 0;, bx,, bz, wz,, and |z, etc.
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4.3. Calculation of Ay and As
Initially, Equation (33) is simplified for i =4, i.e.,

(L1+ Lo+ L3+ L4+ Res(Ls5+ L)) Wi+ Ros (L5 + L) Ws
:(RCS+RDS)N1 +N2+N3+-/\/;1+N5- (57)

The nonlinear terms N;, i = 1, 2, 3, 4, 5 are analyzed by using the Equations (46), (53)
and (56). Solving the above Equation (57), we obtain A, = 0. This indicates that every

second order approximate solutions vanish except for 985) and bg?gz as shown in Equation
(52). Therefore, Equation (57) decreases to

(L1+ Lo+ L3+ L4+ Res(Ls+ L)) Wy = K1 Ar? cos2aX sindnZ
+Kp A1t cos2aX sin2wZ + K3 Aq Az cos 2aX sin 27t 7. (58)

The approximate solutions Wy, 84, bx,, bz, are evaluated by Equations (33), (37), (39)
and (41) and those are given by

Wy = AgcosaXsintZ + K4A‘1L cos2aXsin4mnZ
+I<5A‘1L cos2aXsin2nwtZ + KgA1A3cos2aXsin2rtZ,

0, = ﬁfh cosaX sin wZ + Ky Ay Az sin 2717

+KgAfsin271Z + Ko A} cos 2aX sin 27w Z + KygAf cos 2aX sin4mZ
+K11 A} sindmZ + K1y Ay Az cos 2aX sin 2717,

—7T
bx, = (a2 + n2)

—i—I<14A‘1L cos2aX cos2nZ + Ky5A1 A3 cos2aX cos2nZ,

bz, = 7 - 2
(a% + 72)

—i—K17A‘1L sin2aXsin2nZ + KigA1Aszsin2aXsin27Z. (59)

AgcosaXcostZ + K13A‘f cos2aX cosdrnZ

AgsinaXsin 1Z + Ky A% sin2aX sin47Z

To determine the value of Az, Equation (33) is solved for i = 5, and is given by

(L1 4 Lo+ L3+ La+ Res(Ls+ L))Ws + Ros (L5 + L) (W5 + W)
= (Rcs+Ros)N1+N2 + N3+ Ny + Ns. (60)

Evaluating A3 from Equations (46), (53), (56), (59) and (60) we obtain,
Az=2L (61)

where

“nKy Ky WA WS 3mK
51——A15(A2qd22a3+EAqd24a)< i 17 %_ on2 13 4d25 p
a(2 7t K4 +2aKyy)

4d,

+A1° (A2qd)%a + EAqds* ) (— — b b8 — b S, + K17> ma

b2
+A1°a?(A2qd,%a® + EAqdy*) ( n@n Ki‘j 20K7) X2 (b + ab%))
2

52
—A;°a? (Azqd22ﬂ2 + EAqd24) ( % (3 us b%)s + ab(z31)3) +7 b%z bggl)l -7 bgczgz bggl)?))
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K
+(qu2 a* + Eqd23a2) <7‘[ 9(()? Wl(g) — 37;2 > n % — an)AlsRcs
2

+(qu2 a* + Eqd23a2) (7’( 9(()5) Wg) — 37;121(5 — mKg — 7'(I<8>A]5R0S
2

—ARys a*dy > — ERys a2d23q2 — APa? (Azqd22a2 + EAqd24) Ky,

and

Sy =— (qu2 a* + Eqd23a2) (—711(3 - 719(()? — nq?){:S)Alchs
— (quz at + Eqd23a2) (an - 719((];) - nq?’f)AlzRos

p2)
+A12(A2qd22a3 + EAL]d24ﬂ) ( X _ 7Ky + Kiy _ 37Ks a

2 4a 4 4d,

2 77Ky — 2aK b2
—A;? (Azqdzzaz + EAqd24) - 127 Kis aKy7) + 100 +Ki7 | Tta
4d, d,

»2)
—A12(A2qd22u2+EAqd24) m(2mKig +2aKy7)  byg, 2
4d, 2

an(Z)
. (AzqdzzaZ + EAqd24) (@XOZ — Kia | @% + ARgs a*ds g% + ERps a%d 2.

The amplitude A3 is determined by using the first, second, third and fourth order

approximate solutions. From Equations (60), (37), (39) and (41), the fifth order approximate
solutions are obtained

Ws = A5 cosaXsinm Z

+ (K19A15 + Ky A12A3) cos3aXsin 7t Z

+ <K21 AP+ K A + Kng A12A3) cosaXsin3 7
+ (K24 A+ Kos A12A3) cos3aXsin3wZ

+Kpg A7° cosaX sin5 7w Z + Koy A7° cos3aXsin5 7w Z, (62)

A
05 = (qd 5 +K28A12A3> cos aX sin v Z
2

+ (K29 A 4+ Kz Ap® + Kay A12A3> cosaXsin37Z
+ (K32A15 + Ka3 A12A3) cos3aXsin 7t Z

+ (K34 A15 + K35 A12A3) cos3aXsin3mZ

+K36 A7° cosaX sin5 71 Z + Ksy A1° cos3aX sin5 7 Z, (63)
A

bx, = (_7Td‘5 + K38A15> cosaX cos T Z
2

+ (K39 A2 + Ky A7® + Ky A12A3) cosaXcos3mZ

+ (K42 A15 + Ky3 A12A3) cos3aXcosmZ
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+ <K44 A15 + Kys A12A3) cos3aXcos3mZ
+Kyg A15 cosaXcosbmwZ + Kyy A15 cos3aXcosbmZ, (64)

A
bZ5 = (611125 + K48A15 + Kyo A12A3> sinaXsinmtZ

+ (KSO A+ K51 AP 4+ Ksp A12A3> sinaX sin3 77 Z

+ (K53A15 4 Ksy A12A3) sin3aX sin 77 Z

+ (K55 A5+ Ksg A12A3) sin3aXsin3 7 Z

+Ks7 A7° sinaX sin5 71 Z + Ksg A7° sin3aX sin5 7w Z. (65)

Here the coefficients K;,i = 1,2, ... 58 in Equations (58)—(65) are functions of 4, E, A, and g.
The simplifications become more critical as e order increases. Similarly, the simplification
was carried until the eighth order of Equation (34) to calculate for A4, As, and Ag. Proceed-
ing as above, it can be observed that Ay = Ay = Ag = 0.

5. Convective Heat Transport

The changes in the two-dimensional flow patterns are illustrated by the local Nusselt
number, Ny, distributions over the heated plate. The heat transport coefficient in terms of
the N} is expressed as [16,25]

oT

NL ==,
L= on

(66)
here n denotes the normal direction on a plane. The heat transport is measured by the
average Nusselt number (Nu), which is independent of Z and is given by
— dT
=WT - — 7

Nu=WT - ==, (67)
here the bar indicates a horizontal mean. Using Equation (67), Nu is obtained by integrating
the expression over the boundary, Z = 0 [16].

1 L T
Nu=1 /0 WT = 5 J._odX, 68)

where L is the normalized horizontal cell width.

5.1. Local Nusselt Number (N)

Figure 2a illustrates the changes of Nj, for distinct values of E with respect to X.
In selected regions, the number of peaks and the location of maximum and minimum
of Ny values depend on E. The maximum of N value is constant, as X increases for
defined E. However, as E decreases, the number of peaks is increased in a selected region.
Figure 2b illustrates the variation of Ny, for different A concerning to X. The location of
the maximum Np, value is independent of the dimensionless plate length but depends on
A. The existence of the number of peaks in the given region of X increases, as A increases.
Figure 2b illustrates the heat that is transported from the fluid to the boundary is increased
as A increase.
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Figure 2. Variation of Ny with respect to X. (a) A =0.2 and g = 0.01 for different E, (b) E = 0.005 and
g = 0.01 for different A.

5.2. Average Nusselt Number (Nu)

The dependency of Nu on the control parameters was studied near and away from the
onset of stationary convection. Let Nu(?) (s = 1), Nu(® (s = 2) and Nu(®) (s = 3), indicate
the second-, fourth- and sixth-order approximations, for Nu, respectively. The second order
approximation is given by

2qRos

Nu® =1 .
" A =2 + Re

(69)

The approximations for Nu(*) and Nu(®) are lengthy, so it is not shown here to conserve
space. The change of Nu with respect to R is shown in Figure 3 for different values of E
and A. Figure 3a shows the effect of E on Nu in the R plane for fixed A = 0.2 and g = 0.01.
It illustrates that the rate of heat transfer is enhanced for decreasing E. Figure 3b shows
the effect of A on heat transfer rate for fixed E = 0.005 and g = 0.01. The enhancement of
heat transfer is observed for increasing A values. The small values of g are relevant to
Earth’s outer core. It is very difficult to perform numerical simulations for small values
of the physical parameters. For g < 1 stationary convection is preferred [13]. Figure 3c
shows that for g < 1 and as g increases, the Nu increase. Thus the effect of 4 < 1 shows, the
heat transfer rate are enhanced and accordingly the intensity of the flow rate also increase.
The change of kinetic energy with respect to R/ R, is represented in Figure 4. Figure 4a
demonstrates the change in Nu for various E values as well as for a fixed value of A = 0.2.
The change in E produces small change in the potential energy, in comparison with the
kinetic energy. Thus, the total energy decreases as E increase. Figure 4b shows the energy
distribution for different A and for fixed E = 0.005 and q = 0.01. The amplifying values of
A show that the total energy is also increased.
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Figure 3. Dependence of Nussult number (Nu) on Rayleigh number (R/R¢s). (a) A=0.2 and g=0.01
for different E, (b) E =0.005 and g = 0.01 for different A, (c) E = 0.005 and A = 0.2 for different 4.
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Figure 4. Dependence of kinetic energy and potential energy on Rayleigh number (R/R) are
plotted. (a) A = 0.2 and g = 0.01 for different E, (b) E = 0.005 and g = 0.01 for different A.
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6. Distortion of Streamlines and Isotherms

The fluid flow behavior is visualized by the stream function (¥) which is obtained
from the velocity components U and W. The relation between the velocity components and
stream function (') is [26]

oY oY
and W= _—,

U=-37 X

which produce a single equation
¥=V2¥=0 for X=0,v27r/a and Z=0,1.

The points with equal temperature connected with lines are called isotherms. The
snapshots of the heat transport and flow field near the onset of stationary convection are
expressed in terms of streamlines and isotherms.

The general attributes of the streamlines and isotherms with respect to the variation
in R, E, and A are shown in Figures 5-8. Figure 5 illustrates the pattern of streamlines
and isotherms near the onset of convection (R ~ R). Figure 5a, shows the pattern of
streamlines for E = 0.005, A = 0.2, ¢ = 0.01. The absolute maximum and the absolute
minimum values of circular strengths are 0.11215 and —0.11216, respectively. Figure 5c
shows the pattern of streamlines for E = 0.01, A = 0.2. This figure shows the absolute
maximum and the absolute minimum values of circular strengths as 0.11243 and —0.11243,
respectively. From Figure 5a,c the maximum strength of rolls at R ~ R, are decreased as
E increases. Thus, as E increases, R also increases, accordingly Nu decreases and hence
the absolute maximum of circulation strength decreases. Figure 5e illustrate the pattern
of streamlines with E = 0.005 and A = 0.4. These streamlines have the absolute minimum
and maximum values with the circular strengths as —0.12116 and 0.121117, respectively.
By comparing Figure 5a,e, the periodic rectangular rolls are observed near the R ~ R, but
as A increases the maximum strength of rolls is increased and the minimum strength of
roll decreases. Thus, as A increases, R.s decreases, accordingly Nu increases, and hence the
absolute maximum of circulation strength increases. Figure 5a—f are plotted for the values
of R >~ R and the flow pattern are rectangular rolls and follows the symmetric nature
over the range of 0 < X < 1. Since the stream function equations show the symmetric
property. Similarly, for the same values of E and A, the isotherms formed as horizontal lines
near R ~ R, as shown in Figure 5b,d f. At R ~ Ry, the strength of isotherms is of small
magnitude, representing the conduction dominant heat transport inside the considered
region. These isotherms are smooth lines that span over the whole region.
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Figure 5. The Effect of E and A near R, streamlines (a) for E = 0.005, A = 0.2, and 4 = 0.01,
(¢) E=0.01, A =0.2,and g = 0.01, (e) E = 0.005, A = 0.4, and q = 0.01 and isotherms (b) E = 0.005,
A=02,and g = 0.01, (d) E =0.01, A =02, and g = 0.01, (f) E = 0.005, A = 0.4, and 4 = 0.01
are plotted.
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Figure 6. The Effect of R = 10Rs, 20Rs, 30R.s and 80R s, streamlines (a,c,e,g) and isotherms (b,d,f,h)
are plotted for E = 0.005, A = 0.2, and q = 0.01.
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Figure 7. The Effect of E = 0.01 and 0.015, streamlines (a,c) and isotherms (b,d) are plotted for A = 0.2,
R =20R¢s, and g = 0.01.

The snapshot of streamlines and isotherms for different values of R and for fixed
values of E = 0.005, A = 0.2, and g = 0.01 are displayed in Figure 6a-h. It is observed
that for R = 10R.s and for the cell lying between 0 < X < 1, the absolute minimum and
maximum values are with the circulation strengths —43.4965 and 43.4965, respectively,
as shown in Figure 6a. As R increases from R to 10Rs, the basic cells become more
deformed due to the growth of two vortices B and B’ located at the top right and bottom
left boundaries with the circulation strength —16.315. The basic cell with two vortices A and
A’ has circulation strength 38.059. The temperature profiles in terms of isotherms are illus-
trated in Figure 6b for same values of physical parameters that are considered in Figure 6a.
The isotherms are of nearly in wavy shape with the absolute maximum and minimum
values of —0.00212 and —1.00271, respectively. It indicates the maximum of heat transfer
process is occurred by convection. Figure 6¢,d illustrate the streamlines and isotherms for
R = 20R¢s. The temperature gradient and the gravitational buoyancy force act together
and changes the flow structure as shown in Figure 6c. The bicellular patterns of streamlines
turn out to be multicellular models and these cells divide the field of motion at the core
for a cell lies between 0 < X < 1 with the absolute maximum and minimum values of
circulation strengths 220.829 and —220.845, respectively. The vortices B and B’ showed their
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presence with —82.822 as the circulation strength in the opposite direction of an original cell.
For these considered values of physical parameters, the behavior of isotherms is shown
in Figure 6d, which exhibit the mode of convective heat transport inside the fluid layer.
In the fluid layer, the absolute maximum and minimum values of isotherms are respectively,
—0.00275 and —1.0052. When R is increased from 20R.s to 30Rs, the small vortices B and
B’ shown in Figure 6¢ are increased with circulation strength —398.740. Thus, the basic cell
encountered more deformation (Figure 6e) and has the absolute maximum and minimum
values at 638.172 and —638.027, respectively. Accordingly, the isotherm curves develop
more deformation. The absolute maximum and minimum values of isotherms in the layer
are, respectively, —0.00449 and —1.01101. As R is increased from 30R.s to 80Rs (Figure 6g),
the two vortices B and B’ grow in size and split the basic cell into two vortices located
on either side of the secondary cell with the absolute maximum (9976.78) and minimum
(—9977.74) strengths. The heat flow pattern becomes chaotic, which is shown in Figure 6h
when R increases to 80R ;. The absolute maximum and minimum values of isotherms in
the layer are, respectively, 8.75285 and —9.67347. From Figure 6, it is observed that as R
increases from Rs to 80R¢s, the onset of turbulent flows are producible.
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Figure 8. The Effect of A = 0.4 and 0.6, streamlines (a,c) and isotherms (b,d) are plotted for E = 0.005,
R =20R. and g = 0.01.

Figure 7a-d, illustrate the streamlines and isotherms for different values of E and for a
fixed set of other parameters R = 20R.s, A = 0.2, and g = 0.01. The behavior of the flow
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field was investigated by considering the flow pattern in the region 0 < X < 1, as shown in
Figure 6a—d (E = 0.005) and Figure 7a—d (E = 0.01 and 0.015). Figure 7a shows streamlines
for E = 0.01 in the considered range of X. The absolute maximum and minimum values
of circulation strengths are 162.15 and —162.149, respectively. There exist two vortices B
and B’ outside the basic cell with the circulation strength —82.806 as shown in Figure 7a.
The basic cell also contains two vortices namely A and A’ with a circulation strength of
141.881. Figure 7c is plotted for E = 0.015, which has the absolute maximum and absolute
minimum values of circulation strength as 140.453 and —140.471, respectively. The flow
pattern in the region 0 < X < 1 contains a deformed basic cell due to the growth of two
vortices B and B’ that exist at either side of the basic cell and are located at the top and
bottom boundaries with circulation strength —60.81. The basic cell also has two vortices
A and A’ with a circulation strength value of 122.90. Finally from Figures 6¢ and 7a,c it is
observed that the strength of the basic cell and pattern deformation decrease as E increases.
This implies that the effect of E stabilizes the convective system. The flow of heat transfer
is shown in Figure 7b,d for E = 0.01 and 0.015, respectively.

Figure 8a—d show the streamlines and isotherms for different A values and for
E = 0.005 R = 20R., and g = 0.01. The effect of A was studied from Figures 6¢,d
and 8a-d. In Figure 8a the streamlines are plotted for A = 0.4. By considering the flow pat-
tern in the range of 0 < X < 1, the absolute maximum and minimum values of circulation
strengths are 436.721 and —436.747, respectively. In this range, the basic cell is deformed by
two vortices B and B’, which are located at the top right and bottom left of the layer and on
either side of the basic cell with circulation strength —272.97. The basic cell also encloses
two vortices A and A" with strength 382.13. Figure 8c shows the streamlines for A = 0.6 in
the considered range of 0 < X < 1, with the absolute maximum and minimum values of
circulation strength 663.595 and —663.555, respectively. In addition, there exist two vortices
B and B’ with circulation strength —414.71. The basic cell also enclosed two vortices A and
A’ with circulation strength 580.65. As A increases from 0.4 to 0.6 the deformation and
circulation strength of cells (A, A) increase. This implies that the effect of A destabilizes the
convective system. The isotherms are plotted in Figures 6d and 8b,d for distinct values of
A = 0.2, 0.4 and 0.6. The lines of isotherms change to a more circular form as A increases.
Thus, the incremental values of A destabilize the convective system.

Topology of Flow

The topology constraint is based on the Euler number (¢ ") of the flow. As described by
Jana et al. [27], { " on the surface is defined as the sum of the Poincare indices of the critical
points on the surface and is given by

NE — (NH + %NP) =7, (70)

here the NE represents the number of elliptic points, NH is the number of hyperbolic
points, and NP is the number of parabolic points [28,29]. In Figure 9a, the vorticity
contours are exhibited for R ~ R, E=0.005, A= 0.2 and g = 0.01. The present simulated
flow fulfils the topological rule given in Equation (70) with NP = 0, NH = 2, and NE = 2.
For R = 20R, an equivalent investigation has been done for vorticity contours in Figure 9b
and Equation (70) is satisfied with NP =0, NE =8, and NH =8.
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Figure 9. Vorticity lines for (a) R ~ R¢s, E = 0.005, A = 0.2, and g = 0.01, (b) R = 20Rs, E = 0.005,
A =0.2,and g = 0.01.

7. Heat Function

Heatlines depict the convective heat transport phenomenon, whereas the isotherms
are mainly useful for visualizing heat transfer in the domain of conduction. The heat
function and heatline analyzes were developed by Kimura and Bejan [30] to visualize
heat transmission through the fluid flow, later Morega and Bejan [31] successfully used
the concept of heatlines. Different researchers [32-35] used this concept for dissimilar
applications of natural convective systems. The heat function (H*) is defined as

oH* oT
x VT -3z (71)

oH* oT
—oz YT 3% (72)

where T = T + 0 and Ty = T — Z. The Equations (71) and (72) do not exhibit the symmetric
property. Differentiating Equations (71) and (72) with respect to X and Z, respectively, and
subtracting the resulting equations yields

0’H* N P*H* _9(WT) a(UT)
0X2 972 09X 0Z

. (73)

From the definition of heat function, Equations (71) and (72), the boundary conditions
on H* follow [16]:

. . X oT
H*(X,0)=H (0,0)+/ (WT—i)dX, at Z=0 and 0 < X < V27t/a, (74)
0
. . X oT
H*(X,1) =H (0,1)+/ (WT—ﬁ)dX, at Z=1and 0< X < V27/a, (75)
0
. . z oT
H*(0,Z)=H (0,0)—/ (UT—ﬁ)dZ, at X=0and 0<Z <1, (76)
0

H*(V27/a,Z) = H*(vV27/a,0) — /OZ(UT - g—g)dz, at X=+2n/a and 0< Z < 1. (77)
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Results and Discussion for Heatlines

Figure 10a—d, illustrate the pattern of heatlines for different Rayleigh number values,
R >~ R¢s, R = 1.05Rss, 1.15R¢s and 1.25R, respectively, for fixed values of E = 0.005,
A = 02, and g = 0.01. When the system is at a conduction state (R < R) heat-
lines are always parallel to Z-axis and perpendicular to isotherms. Figure 10a illustrates
the heatlines for R ~ R.. It is observed that the heatline contours within the domain
are normal to the Z = 0 and Z = 1 lines due to conduction dominant heat transfer.
For R ~ R, the absolute maximum and minimum values of heatlines are 10.2224
and 0.0241, respectively, in the considered range 0 < X < 5. In the neighborhood of
X = 0, the heatlines at the center of the system depict the structure which is similar to the
parabolic structure. The curvature at the central part of the system increases as X increases.
This shows that the nonlinear propagation of heat transfer occurs when R =~ Rg.
Hence, the transition takes place from the conduction state to the convection state at
R =~ Rg. Figure 10b is plotted for R = 1.05R.. The absolute maximum and mini-
mum values of heatlines are 10.3081 and —0.2774, respectively, in the considered range
0 < X < 5. The heatline with a strength of —0.18 exist near the line X = 0 and the
heatline with strength 9.69 exist at X = 5. The strength of heatlines increases as X increases.
Some heatlines occurred in the form of a closed path. As R increases from R the heatlines
with same strength are changed to a closed path as shown in Figure 10a,b. For higher
values, this indicates that the convective heat flow is more intense at the center. Figure
10c shows heatlines at R = 1.15R.s and having the absolute maximum and minimum
values of heatlines 10.3666 and —0.62655, respectively. In this figure, the number of closed
paths of heatlines at the center is increased for R = 1.15R.s. The size of closed path of
heatlines for R = 1.15R; is more than that for R = 1.05R.. Figure 10d shows the heat-
lines for R = 1.25R.s with the absolute maximum and minimum values of 10.3972 and
—0.88096, respectively. The number of closed paths of heatlines increases at the center for
R = 1.25Rs. The size of closed path of heatlines for R = 1.25R; is increased in comparison
with that of the heatlines for R = 1.15R. For large R, the convective heat transmission
is more intense. It is observed that the heatlines become denser with the increase in R.
Figure 10a—d indicate that the heat transfer across the layer is increased as R increases. Heat-
lines will not exhibit periodic patterns due to the non-symmetry nature of Equations (71)
and (72).

Figures 10b and 11a,b are plotted with the same strength of heatlines so as to analyze
the influence of E on heat flow for the fixed values of A, R, and g. In the considered range
of 0 < X <5, for E = 0.01, (Figure 11a) the absolute maximum and minimum values of
heatlines are noted to be 8.4264 and —0.18554, respectively, and for E = 0.015 (Figure 11b)
these values are 7.51142 and —0.11574, respectively. In both of these Figure 11a,b, the
heatlines intensity decays with E. The size of the closed path and the number of closed
paths with the same strength decreased as E increases. From Figures 10b and 11a,b it is
fascinating to observe the inhibition of temperature in the central regime as E increases.

Figures 10b and 12a,b are plotted with the same strength of heatlines to analyze the
effect of A on heat flow for the fixed values of E, R, and 4. In the considered range of
0 < X <5 for A = 0.4 (Figure 12a) with the absolute maximum and minimum values
of heatlines as 8.55642 and —0.23723, respectively. These values for A = 0.6 (Figure 12b)
are 7.74043 and —0.18296, respectively. In both Figure 12a,b, the heatlines are dominated
by convection and form closed loops. The size and the number of closed loops with the
same strength increase as A increases. From Figures 10b and 12a,b it is observed that the
temperature within the central regime is enhanced as A increase by observing heatlines.
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Figure 10. The effect of R ~ R¢, R = 1.05Rss, 1.15R.s and 1.25R s, heatlines (a—d) are plotted for
E =0.005 A =02, Ty =1, and g = 0.01, respectively.
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Figure 11. The effect of E = 0.01 and 0.015, heatlines (a,b) are plotted for A =0.2, R =1.05R., Tp =1,
and g = 0.01.
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Figure 12. The effect of A = 0.4 and 0.6, heatlines (a,b) are plotted for E = 0.005, R =1.05 R, Tp =1,
and g = 0.01.

8. Conclusions

The nonlinear natural convection was studied in a planer layer of electrically con-

ducting fluid that rotates about the vertical axis in the presence of a uniform horizontal
magnetic field and vertical temperature gradient. This problem has applications in Earth’s
liquid core. The present results help to enhance understanding of the finite amplitude
convection when the coupling between the Lorentz force and the Coriolis force present in
nonlinear planar layer convection-driven dynamos.

Linear stability analysis showed that as the small values of E keep decreasing or
A increasing, the R¢s decreases, i.e., the effect of E stabilizes and A destabilizes
the system.

Theoretically investigated the nonlinear behavior of cross rolls that occur in the
Rayleigh-Bénard convective system of a planar layer dynamo of electrically conduct-
ing fluid rotating about the vertical axis in the presence of a horizontal magnetic field.
The nonlinear partial differential equations was solved using the perturbation method,
until O(e®) and obtained the approximate solutions.

Computed the local Nusselt number (N1) and averaged Nusselt number (Nu) on the hot
wall to understand the development of heat flow and the rate of heat transfer, respectively.
The number of peaks is fixed for a given E while the value of the peak is independent
of X for a given E. The absolute peak values of Ny, increase as E increases. The number
of peaks is fixed for a given A. The value of the peak is independent of X for a given
A. The absolute peak value of N increases as A decrease. From the Ny results, it is
noted that the heat flux is high for decreasing E or increasing A.

It is observed that the Ekman number (E) generates a strong damping effect on heat
transfer at high rotation rates but the heat transport enhances as A increases. The
Roberts number (q) < 1, enhances the heat transfer rate and accordingly the intensity
of the flow rate also increases. Similarly, the total energy decays as E increases. The
increment in the values of A show, the increase in the total energy.

Obtained the cellular pattern of fluid flow (streamlines) and the hot regions (isotherms)
from the eigenfunctions related to the stream function and temperature, respectively.
From the streamlines and isotherms trajectories, it is observed that, for the lower
values of E the deformation of the fluid pattern is enhanced and more transfer of heat
in the flow occurs due to the presence of lesser viscous force in comparison with the
Coriolis force. Similarly, for the amplifying values of A, there is more deformation in
the streamlines and isotherms. This result shows, in the presence of Coriolis force, the
magnetic field destabilizes the system.
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¢  Studied the heatline patterns of the flow by using the heat function. The results show
that the deformation in the trajectories of heatlines are enhanced as E decreases. A
similar trend of deforming heatlines is observed with increasing A.
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Nomenclature

A Amplitude

B Magnetic field

Bs Static magnetic field

By Characteristic field strength

a Wavenumber

p Modified pressure

E Ekman number

1 7 Unit vector along Z-axis

Tx Unit vector along X-axis

q Ratio of thermal and magnetic diffusivities
d The convective zone depth

g Gravitational field

Nu Nusselt number

H* Heat function

R Modified Rayleigh number

Rc Critical Rayleigh number

Res Critical Rayleigh number for stationary convection
Ty Reference temperature

T Temperature field

Ts Static temperature

AT Temperature difference between top and bottom layers
14 Velocity field

174 Static velocity

uv,w Velocity components

XY, Z Cartesian coordinates

t Time

RBC Rayleigh-Bénard Convection

Greek symbol

Elsasser number

Adverse temperature gradient
Perturbed temperature
Magnetic diffusivity

Density

T owm >
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Reference density

Coefficient of thermal diffusivity
Kinematic viscosity

Thermal expansion coefficient
Dynamic viscosity

Magnetic permeability

Vorticity field

Angular velocity

Frequency of oscillations

=)
S

EoaF®R <A

Superscript
! Dimensional form

* Perturbed quantities
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Abstract

This paper explores orthonormal eigenfunction expansions for solving iterative boundary value problems
(BVPs) on time scales, a framework that unifies continuous and discrete calculus. We establish theoretical results
concerning the eigenvalue problem on time scales, including orthonormality conditions and expansions. We apply
these expansions to iterative boundary value problems and present numerical examples to illustrate the efficiency
of the method. The convergence properties are also discussed, and potential applications in dynamic systems are
highlighted.
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1.1 1 Introduction

Boundary value problems (BVPs) play a critical role in applied mathematics, encompassing various
domains such as physics, engineering, and finance. These problems are typically modeled using differential
equations for continuous systems or difference equations for discrete systems. However, the time scales
framework, introduced by Hilger in 1988 [10], provides a unified platform to handle both discrete and continuous
cases, offering greater flexibility in mathematical modeling.

The time scales calculus extends the classical results from differential and difference equations,
providing new avenues for tackling BVPs. Notably, the framework supports iterative methods for solving
boundary value problems efficiently. To formalize this, we begin by introducing the fundamental concepts and
relevant lemmas.

1.1. 1.1 Basic Results on Time Scales

Definition 1.1 Let T be a time scale, a non-empty closed subset of the real numbers R. The forward jump
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operator : T - T is defined as
o(t) =inf{s € T:s > t}.

Theorem 1 (Hilger's Unification Theorem) For any time scale T, if T = R, the forward jump operator
behaves as o(t) = t, corresponding to the classical derivative. If T =7, o(t) =t + 1, corresponding to the
forward difference.

Proof. This follows directly from the definition of the jump operator, as for R, there is no smallest
element greater than t except t itself. For Z, the next element is ¢ + 1.

The extension of boundary value problems to time scales requires understanding how differential and
difference equations can be solved iteratively. For this, orthonormal eigenfunction expansions provide a robust
method of approximation.

1.1. 1.2 Eigenfunction Expansions on Time Scales

Lemma 2 Let L[y](t) be a linear operator defined on a time scale T. Suppose y(t) satisfies the
eigenvalue problem

L[] (1) = Anpn(®),
where A, are eigenvalues and {¢, };—, are corresponding orthonormal eigenfunctions. Then, any function y(t)
can be approximated by the series expansion

y(®) = Xn=1 nPn(t),
where ¢, = (y, dn)-

Proof. The orthonormality of {¢,, }n=; guarantees that y(t) can be projected onto the eigenfunction basis.
The expansion follows from standard results in functional analysis [7].

Corollary 1 For sufficiently smooth functions y(t), the eigenfunction expansion converges uniformly to

y(t) on compact intervals of T.
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Figure 1: Graph showing the rapid decay of eigenfunction coefficients c,, as n increases, demonstrating the
efficiency of the orthonormal expansion.
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The eigenfunction expansions can be efficiently employed for solving boundary value problems
iteratively. The following proposition formalizes this.

Let L[y](t) be a self-adjoint operator on T, and let {¢,,(t)} be the orthonormal eigenfunctions. Then the
iterative solution of the BVP

Liyl®) =f(®), y(@) =4, y(b)=B5,

y(t) = 11’\{:1 CuPn(t), withe, = (f, Pp),
where N is the number of terms used in the truncated series.

can be approximated by

Proof. The operator L[y](t) is self-adjoint, ensuring that its eigenfunctions form a complete orthonormal
set. By projecting f(t) onto this set, the coefficients ¢, can be computed, and the series provides an iterative
approximation of the solution.

1.1. 1.3 Applications and Graphical Representation

The effectiveness of this method is not only theoretical but also practical, as demonstrated by its
application to several classical problems.

i ]

l_|'||I ]

4

Figure 2: Schematic plot of the iterative boundary value solution for y(t), with specific boundary conditions at
t=aandt =b.

Corollary 2 The eigenfunction expansion method can be applied to both continuous (T = R) and
discrete (T = 7Z) cases, providing a unified approach to solving boundary value problems iteratively.

The following graph demonstrates the rapid convergence of the method.
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Error Beduction in Iterative BVF Salution
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Figure 3: Error reduction as the number of iterations increases in the BVP solution, demonstrating the
efficiency of the iterative method.

The framework of time scales, combined with orthonormal eigenfunction expansions, offers a robust
method for solving boundary value problems iteratively. The unification of continuous and discrete systems under
this approach provides a flexible and powerful tool for applied mathematics.

Boundary value problems (BVPs) are a central topic in applied mathematics and appear in various fields
such as physics, engineering, and finance. Classical methods for solving these problems typically rely on
differential equations for continuous domains or difference equations for discrete domains. However, the
framework of time scales, introduced by Hilger [10], provides a unified approach to treat both discrete and
continuous cases.

Recent studies on dynamic equations on time scales have focused on extending classical methods to this
framework [3, 11]. The use of orthonormal eigenfunction expansions, which are well-established in continuous
and discrete systems [7], offers an efficient way to approximate solutions of iterative BVPs on time scales. In this
paper, we explore how eigenfunction expansions can be employed to solve BVPs iteratively, with emphasis on
their application to time scales.

1.2 2 Preliminaries

The theory of time scales provides a unified framework to study dynamic equations that can handle both
continuous and discrete cases. A time scale T is defined as a non-empty closed subset of the real numbers R. The
main objective of time-scale calculus is to unify the theory of difference equations (discrete) and differential
equations (continuous), offering a broader toolset for modeling dynamic processes.

1.2. 2.1 Basic Definitions

We begin by defining the essential operators on time scales that generalize the classical derivative and
difference operator.

Definition 2.1 4 time scale T is a non-empty closed subset of R. The forward jump operator a: T — T
is defined by
o(t)=inf{[seT:s>t}, teT,
where o (t) represents the next point in T greater than t. If t is the maximum of T, we set o (t) = t.

Definition 2.2 The graininess function u: T — [0, ) is defined as
u(t) =o(t) —t.
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Lemma 3 For any time scale T:
1. f T=R,theno(t) =tand u(t) =0 forallt € T.
2. fT=7Z,theno(t) =t+ 1land u(t) =1forallt € T.

Proof. This follows directly from the definitions. For the real numbers, there is no greater point after t,
so o(t) = t. For the integers, the next point after t ist + 1,so o(t) =t + 1.

Next, we define the delta derivative, which generalizes the concept of a derivative on arbitrary time
scales.

Definition 2.3 The delta derivative of a function f:T — R, denoted f(t), is defined as
A — i L@ _ . fe®)-f(8)
0 = im LT — i ML, e,
provided this limit exists. This derivative generalizes the classical derivative (for T = R) and the forward
difference (for T = Z).

Theorem 4 (Unification of Derivatives) Let f: T — R be a function on a time scale T. The delta
derivative f2(t) satisfies:
— A _ 5 fE+h)-f(©) s . .
1. If T = R, then f2(t) = limy_, — which is the classical derivative.
2. If T = Z, then f2(t) = f(t + 1) — f(t), which is the forward difference.

Proof. For T =R, o(t) =t and u(t) = 0. Applying the definition of the delta derivative yields the
classical derivative. For T =17, o(t) =t + 1 and p(t) =1, so the delta derivative becomes the forward
difference.

1.2. 2.2 Example of Delta Derivatives

We provide an example to illustrate how the delta derivative operates on different time scales.
Consider the function f(t) = t2.
1. On the time scale T = R, the delta derivative is the classical derivative:

A _d_ 2 _
f (t)_dtt = 2t.

2. On the time scale T = Z, the delta derivative becomes the forward difference:
fA)=0+1D2—t?=2t+1.

1.2. 2.3 Dynamic Equations on Time Scales

A dynamic equation on a time scale T is an equation that involves the delta derivative of a function. We
focus on first-order and second-order dynamic equations.

Definition 2.4 A first-order dynamic equation on a time scale T has the form

yA(®) = f(&y (),
where y2(t) is the delta derivative of y(t) and f (¢, y(t)) is a known function.

Definition 2.5 A second-order dynamic equation on a time scale T has the form

YA = f(t,y (), ¥4 (1)),
where y24(t) is the delta second derivative of y(t).
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Lemma 5 [f'y(t) satisfies a first-order dynamic equation on T and T = R, then the solution is governed
by a differential equation. If T = Z, the solution is governed by a difference equation.

Proof. When T = R, the delta derivative reduces to the classical derivative, and the dynamic equation
becomes a standard differential equation. When T = Z, the delta derivative becomes the forward difference,

yielding a difference equation.

1.2. 2.4 Graphical Representation

The relationship between the time scale and the delta derivative can be visualized as follows:

Function, (). J

e

.
-
-
'

S
i

"'.] '|-1r-|'. f

|
- o

Figure 4: Graph of f(t) = t? on the time scale T = R. The function is smooth, and its delta derivative is the
classical derivative.
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Figure 5: Graph of f(t) = t? on the time scale T = Z. The function is discrete, and its delta derivative is the
forward difference.

1.2. 2.5 Convergence and Stability

The stability of solutions to dynamic equations on time scales is governed by properties similar to those
in classical systems. We state the following theorem.

Theorem 6 Consider the first-order dynamic equation y*(t) = —ky(t) on a time scale T. Ifk > 0, the
solution y(t) is stable and converges to zero as t = oo.

Proof. The general solution to the dynamic equation is
y(t) = y(to)e ).
As t — oo, the exponential term e ~¥(=%0) tends to zero, leading to y(t) — 0.

The stability of the solutions can be visualized in the following graph.
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Figure 6: Graph showing the stability and convergence of y(t) for k > 0 in the dynamic equation y2(t) =
—ky(t).

The preliminaries of time-scale calculus provide a powerful tool to unify discrete and continuous
systems. By understanding the delta derivative and dynamic equations, we are well-equipped to study boundary
value problems across various time scales.

1.3 3 Main Results

In this section, we study iterative boundary value problems (BVPs) on a time scale T. Let the BVP be
represented by the linear differential equation

LIyl(®) = f(®),

y(a) =4, y(b) =B,
where L is a linear differential operator, f(t) is a known function, and y(t) is the unknown solution. We aim to
solve this problem using orthonormal eigenfunction expansions.

subject to the boundary conditions

1.3. 3.1 Eigenvalue Problem on Time Scales

The first step in solving the BVP is to consider the corresponding eigenvalue problem:
L[¢n](®) = 2nn(2),
where A, are the eigenvalues and {¢, (t)}n-, are the orthonormal eigenfunctions associated with L. These
eigenfunctions satisfy the orthonormality condition

(@ bm) = [ Sn(OPm (DAL = Sy,

where &, is the Kronecker delta, and the integral is taken over the time scale T.

Lemma 7 The eigenfunctions {¢,(t)}n=1 form a complete orthonormal basis for the Hilbert space
L*([a, b], T).

Proof. Let L be a self-adjoint linear operator acting on functions in the space L?([a, b], T). By the spectral
theorem for self-adjoint operators, the eigenfunctions {¢, (t)}n=; corresponding to distinct eigenvalues {4, }n=1
of the operator L form a complete orthonormal set in the Hilbert space L?([a, b], T). We will now elaborate on
the proof in two parts: orthonormality and completeness.

Orthonormality: To prove that the eigenfunctions are orthonormal, we need to show that for n # m:

(b ) = J, ou(O)Pm(DAL =0,

and forn = m:
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b
(Pn, ) = fa P (t)?At = 1.
Since L is self-adjoint, for any two distinct eigenfunctions ¢, (t) and ¢,, (t) corresponding to eigenvalues 4,, and
Am, respectively, we have:
Llpn](0) = 4n9n(t), L[Pm](E) = Andm (D).
Taking the inner product of L[¢,,] with ¢,,, we get:
(L[Pn], dm) = AP, P
Similarly, by the self-adjoint property of L, we also have:
(L[Pm], &n) = (Dm, LIPn]) = 2, Pn) = An{dn, dm)-
But since 4,, # A,,, this implies:
(P, Pm) = 0.

Thus, the eigenfunctions corresponding to distinct eigenvalues are orthogonal.
Next, we normalize each eigenfunction ¢, (t) so that:

() = [, Pn(O)?8L = 1.

Therefore, the set {¢,,(t)} is orthonormal.

Completeness: To prove that the set of eigenfunctions is complete, we need to show that any function
y(t) € L?([a, b], T) can be expressed as a series expansion in terms of the eigenfunctions:

y(t) = Xzt cndn(0),
where the coefficients c,, are given by:
¢ = (1 $n) = [, Y(OP (DAL,
Since L is self-adjoint, the eigenfunctions {¢, (t)} span the entire space L?([a, b], T). Assume there exists a
function y(t) € L2([a, b], T) that cannot be expressed as a linear combination of the eigenfunctions. Then, there
would exist a non-zero function y(t) orthogonal to all ¢, (t), meaning:
(¥, ¢n) =0 Vvn.

This would imply y(t) lies in the null space of L, but since the eigenfunctions {¢,, (t)} form a complete basis, the
only function orthogonal to all of them must be the zero function. Thus, y(t) = 0, contradicting our assumption.

Therefore, any function y(t) € L?([a, b], T) can be written as a series expansion in terms of the
eigenfunctions {¢,, (t)}. This proves the completeness of the eigenfunction set.

Hence, the eigenfunctions {¢»,(t)} form a complete orthonormal basis for the space L?([a, b], T).

The solution y(t) to the boundary value problem can be expressed as an eigenfunction expansion:

y(@®) = Z?Lo:l Cnn (2),

where the coefficients c,, are given by

tn = {f,0n) = J}, F(OPn(OAL.

Proof. We begin by assuming that the set of eigenfunctions {¢,,(t)}n=; forms a complete orthonormal
basis for the Hilbert space L?([a, b], T), as established in the previous lemma. The linear operator L is self-adjoint,
and the boundary value problem is given by:

Llyl(®) = f(t), y(a) =4, y(b) =B,
where L is a linear operator, and f(t) is a given function.

Step 1: Expansion of f(t) in terms of eigenfunctions

Since the eigenfunctions {¢,,(t)} form an orthonormal basis, the function f(t) € L?([a, b], T) can be
expanded as a series in terms of the eigenfunctions:

f(®) = Xnza () dnddn (D),
where (f, ¢,,) denotes the inner product of f(t) with ¢,,(t), which is defined as:
() = [, F(DPn(0AL.
Thus, the function f(t) is represented as a series of projections onto the eigenfunctions {¢,, (t)}. Each term in the
series corresponds to the contribution of the eigenfunction ¢,,(t) to the representation of f(t).
Step 2: Solving the eigenvalue problem
The eigenvalue problem associated with the operator L is given by:
L{gn](®) = 2ndn(0),
where A, are the eigenvalues corresponding to the eigenfunctions ¢, (t). Since L is self-adjoint, its eigenfunctions
are orthogonal, and we can express the solution to the boundary value problem as a linear combination of these
eigenfunctions. The solution y(t) to the BVP can thus be written as:
y(t) = Xzt cndn(0),

where the coefficients c¢,, are unknown and need to be determined.
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Step 3: Determination of coefficients c,,

To determine the coefficients c,, we substitute the expansion for y(t) into the original equation
L[y](t) = f(t). Applying the linear operator L to the series expansion of y(t), we get:

LIy](t) = LZn=1 cndn(t)) = Xn=1 cnL[$n](8).
Using the fact that L[¢,,](t) = 1,¢,(t), we have:
LIy](t) = Xz cndndn (D)
Equating this to f(t), which was previously expanded in terms of {¢,,(t)}, we get:
f(®) = X521 () $n)Pn(t) = Enla Cpdnn (D).

By comparing the coefficients of ¢, (t) on both sides of the equation, we obtain:

Cntn =Af) Pu)
which leads to the expression for the coefficients:
_ {f,¢n)
n - l‘)’l N

Step 4: Final expression for y(t)
Thus, the solution y(t) to the boundary value problem is given by the eigenfunction expansion:

Y(©) = Zier eaba(®) = Ty L2 6,(0).

Step 5: Boundary conditions

To satisfy the boundary conditions y(a) = A and y(b) = B, we impose the boundary constraints on the
eigenfunction expansion. Since the eigenfunctions {¢,(t)} satisfy the boundary conditions individually, the
expansion of y(t) as a linear combination of these eigenfunctions automatically satisfies the boundary conditions:

(@) = 551 caba(@) = 4, y(b) = T3y Cuba(b) = B.

The coefficients ¢, are determined uniquely based on the function f(t) and the boundary conditions.

Conclusion

Thus, the solution y(t) to the boundary value problem can be expressed as an eigenfunction expansion
in terms of the orthonormal eigenfunctions {¢,, (t)}, with the coefficients c,, determined by projecting f (t) onto
the eigenfunctions. The final form of the solution is:

y(©) = X E (o),
where

(f,0n) = [ F(O)Pn(tAL.

Corollary 3 The eigenfunction expansion converges uniformly if f (t) is sufficiently smooth. For smooth
functions, the convergence rate is determined by the smoothness of f (t) and the behavior of the eigenvalues 2.

1.3. 3.2 Convergence of the Eigenfunction Expansion

The convergence of the eigenfunction expansion is guaranteed by the completeness of the eigenfunctions
in the space L2([a, b], T). The following theorem establishes the rate of convergence of the expansion.

Theorem 8 Let y(t) be the solution to the boundary value problem, and let f (t) be a smooth function.
The error in the approximation of y(t) by truncating the series after N terms is given by
Ey(t) = y(t) = Zn=1 cn®n(t),
and satisfies the bound
Il Ey(t) IS CN7P,
for some constant C and p > 0, depending on the smoothness of f(t).

Proof. This follows from standard results in spectral theory. If f(t) is smooth, the Fourier coefficients
¢, decay rapidly, leading to faster convergence of the truncated series.

Lemma 9 For sufficiently large N, the error in the eigenfunction expansion Ey(t) decays exponentially
if f(t) is analytic, i.e.,
Il Ex(t) I< Ce™ ¥,
where C and a are positive constants depending on the analytic properties of f(t).
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Figure 7: Graph showing the rapid decay of eigenfunction coefficients c,, as n increases, demonstrating the
efficiency of the orthonormal expansion.

1.3. 3.3 Iterative Solution of the BVP

The eigenfunction expansion method provides an iterative approach to solving the boundary value
problem. At each iteration, the solution is updated by including additional terms from the expansion.

Theorem 10 Let yy(t) be the approximation to the solution y(t) obtained by truncating the
eigenfunction expansion after N terms:

() = Zﬁ:l Crnn ().

Then, yy (t) converges to the exact solution y(t) as N — oo,

Proof. Since {¢,,(t)}n=1 is a complete orthonormal basis, the series expansion of y(t) converges in the
L? norm. As N — oo, the truncation error Ey (t) tends to zero, and yy (t) = y(t).

The iterative method can be accelerated by choosing appropriate weights for each term in the expansion.
Specifically, let the weighted expansion be

— yN
YN(t) — 4n=1 Wncn¢n(t)!
where w,, are weights chosen to minimize the error in each iteration.

Corollary 4 The choice of weights w,, = % leads to faster convergence for boundary value problems

where the eigenvalues A, grow rapidly.

Library Progress International | Vol.44 No.3 | Jul-Dec 2024 17878



S. Lalitha, Alaka Krishna Rao, Ronanki Ravisankar, K.V.Vidyasagar

Error Reddnetion o lterative BYEF Solution
il .'.l . o Error Magnitwde |
il.4 !
.3 :
= o -
i1 .
- -
1 - S
! 2 q 1 5

Iterat bomns

Figure 8: Error reduction as the number of iterations increases in the BVP solution, demonstrating the
efficiency of the iterative method.

The eigenfunction expansion method offers a robust and efficient approach for solving boundary value
problems on time scales. By expanding the solution in terms of orthonormal eigenfunctions, we can obtain
accurate approximations that converge rapidly, depending on the smoothness of the function. The iterative method
based on eigenfunction expansions provides a powerful tool for solving complex boundary value problems.

1.4 4 Numerical Examples

In this section, we demonstrate the application of the orthonormal eigenfunction expansion to a boundary
value problem on the discrete time scale T = Z. We consider the second-order dynamic equation:

YO + Ay (8) = £ (1),

y(0) =0, y(5) =0,

where f(t) is a known forcing function, and A is a constant. This type of boundary value problem on a discrete
time scale can be efficiently solved using eigenfunction expansions.

Step 1: Eigenvalue Problem

We begin by solving the corresponding eigenvalue problem:

YA + 4,y() =0, y(0)=0, y(5)=0.
The general solution to this difference equation is given by:
y(t) = Acos(w,t) + Bsin(w,t),

where w, = \//1_,1 is the eigenfrequency associated with the eigenvalue 4,,. Applying the boundary conditions
y(0) = 0 and y(5) = 0 yields:

with the boundary conditions:

A =0, Bsin(w,-5)=0.
For non-trivial solutions, we must have:
sin(w, - 5) =0,
which implies:
nm
wn =, for n=1,2,3, ...
Thus, the eigenvalues are given by:

The corresponding eigenfunctions are:
$,(t) = sin (%t) n=1.23,..
Step 2: Expansion of the Forcing Function f(t)
Let the forcing function f(t) be given. We expand f(t) in terms of the eigenfunctions ¢,, (t):

@) = Znzi () dn)n (D),
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where the coefficients (f, ¢,) are given by the projection of f(t) onto the eigenfunctions:

(f,bn) = Zioo f(B)sin (Ft).
Step 3: Solution Approximation
The solution to the boundary value problem is then approximated by the truncated eigenfunction
expansion:

fron)
y(©) = Ln=1 =5 = o (D),
where the coefficients are determined by the previously computed projections. For N = 10, we truncate the series
and calculate the solution.
Step 4: Numerical Computation and Graphical Representation
We now compute the solution numerically using the truncated series. Let us assume the following form
for the forcing function:
. T
£(t) = 5sin (E t).
We compute the projections:
=35 in(Z¢)sin (=
(f, bn) = X 5sin (3¢) sin (¢),
and then compute the approximate solution using:

y(t) ~ 1o, Londgin (Et).
In 5

The following figure shows the computed solution for N = 10:

. & Approximate Salution

f

Figure 9: Numerical solution of the boundary value problem using the eigenfunction expansion truncated at
N =10.

Step 5: Error Analysis
To quantify the accuracy of the solution, we compute the error between the exact and numerical solutions.
The error at each point ¢t is given by:
E(t) = |Yexact(t) = Ynumerica1 () -
Since the exact solution for the homogeneous equation is known to be zero at the boundaries, we measure the
deviation from the expected behavior at the intermediate points.
The following graph shows the error for N = 10:
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Figure 10: Error between exact and numerical solutions for the boundary value problem.

Step 6: Convergence

As N increases, the eigenfunction expansion converges more rapidly to the exact solution. The
convergence rate depends on the smoothness of the forcing function f(t). The following figure shows how the
error decreases as we increase the number of terms N in the truncated expansion:

-t Emor Convergonee ag N [ncreases
QT

b 4 # Error Convergence
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5 3
= o &
= 1 .
= "

.
() ’
b ] L T b hE| 1]

Number of Terms N

Figure 11: Convergence of the solution as the number of terms N in the eigenfunction expansion increases.

In this example, we demonstrated the effectiveness of the orthonormal eigenfunction expansion in
solving iterative boundary value problems on the discrete time scale T = Z. By using a truncated series of
eigenfunctions, we obtained an accurate approximation of the solution. The numerical results showed rapid
convergence and low error, highlighting the efficiency of the method.

1.5 5 Conclusion

This paper presents a method for solving iterative boundary value problems on time scales using
orthonormal eigenfunction expansions. The unified framework provided by time-scale calculus allows us to
handle both continuous and discrete cases effectively. The eigenfunction expansions offer an efficient and
accurate way to approximate solutions, as demonstrated by the numerical examples. Future work will focus on
extending these methods to nonlinear BVPs and investigating their applications in control theory and dynamic
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systems.
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Abstract

A sturdy eco-friendly synthesis technique was applied, utilizing leaf extract from the Buddha Belly plant (Jatropha podag-
rica) as a capping agent, to produce copper oxide nanorods (CuO NRs). Analysis of HR-TEM and SEM images confirmed
that these NRs exhibit a rod-like shape and possess a monoclinic crystalline structure with an average size of 8—14 nm.
The FT-IR spectrum displayed characteristic vibration modes related to the Cu—O bond between 433 and 526 cm™!. The
photocatalytic efficiency of the NRs was tested by exposing them to sunlight in the presence of Rhodamine B (RhB) and
Crystal Violet (CV) dyes. Remarkably, the NRs degraded 95-97% of the dyes within 1-2 h. When employing 150 pL of the
NRs in a well diffusion method, inhibitory zones measuring 14, 16, 13, and 11 mm were noted against Bacillus coagulans,
Staphylococcus aureus, Escherichia coli, and Klebsiella pneumoniae, respectively. This study demonstrates that JP-CuO
NRs effectively remove dyes from aqueous solutions and kill bacteria.
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Introduction

In today's world, there has been a consistent rise in indus-
trial activity and population numbers, leading to the intro-
duction of various new pollutants into water bodies. Nota-
bly, industries such as textiles, paper, leather, and printing
are major sources of harmful dye effluents, posing serious
ecological and health risks [1]. Dyes like Rhodamine B
(RhB) and Crystal Violet (CV) are particularly concerning
due to their potential ingestion hazards for both humans
and animals, as well as their ability to cause skin, eye, and
respiratory irritation [2]. Additionally, the reemergence
of infectious diseases and the increasing prevalence of
antibiotic resistance in various pathogenic bacteria are
significant global public health challenges. Enterococ-
cus, Staphylococcus, and Streptococcus, closely related
species of harmful microorganisms, are responsible for a
wide range of infections and diseases, contributing to the
urgency of addressing these issues [3].

In recent decades, there has been notable progress
in nanotechnology. A key focus in material science has
been the development of nanoparticles (NPs) with adjust-
able morphology, allowing for precise control over their
shape, size, and arrangement [4]. Extensive research has
been dedicated to exploring their wide-ranging applica-
tions, spanning chemical and biological sensing, medi-
cal therapeutics, antimicrobial and antibacterial agents,
and drug delivery systems [5]. Additionally, these NPs
hold promise in fields like wastewater treatment, energy-
efficient devices, optics, optoelectronics, electrochemistry,
and catalysis [6]. Among the various types of antioxidant
metal oxide NPs, CuO NPs have garnered considerable
interest due to their cost-effectiveness, ready availability
of copper salt, potent antioxidant properties, and low tox-
icity towards living cells, ensuring the safety of CuO NPs
[7]. The antioxidant effectiveness of CuO NPs is influ-
enced by various factors, including their inherent char-
acteristics, crystal structure, chemical composition, sur-
face charge, particle size, surface coating, and how they
are dispersed. Additionally, CuO NPs exhibit a range of
valuable physical attributes, including electron correlation
effects, spin dynamics, a high dielectric constant, and the
potential for high-temperature superconductivity [8—10].
In the industrial field, they are commonly employed as
p-type semiconductors with a specific bandgap range of
1.21-2.51 eV, contributing to the design and manufacture
of batteries, solar cells, gas sensors, and catalysts [11-13].
In today's context, CuO NPs serve as heterogeneous cata-
lysts and play roles in biomedicine, functioning as antioxi-
dants, drug delivery carriers, and imaging agents [14—17].
In the past, various physical and chemical processes have
been employed in the synthesis of CuO NPs, offering the
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ability to produce particles tailored to specific preferences
[18]. Nevertheless, these production techniques come with
several drawbacks, including potentially harmful organic
solvents, expensive reagents, challenges in isolating the
NPs, and lengthier processing times [19]. Plant-mediated
synthesis has emerged as a promising alternative within
this range of methods due to its straightforwardness, envi-
ronmentally friendly nature, user-friendliness, cost-effec-
tiveness, adaptability for large-scale industrial produc-
tion, and applicability in the biomedical field [20]. Plant
extracts contain phytochemicals that serve dual roles as
both reducing and capping agents, enabling the creation
of CuO NPs with precise control over size and shape, and
the prevention of aggregation, all without the necessity for
external oxidizing, reducing, or capping agents [21, 22].
This study aimed to demonstrate the antioxidant activity
of CuO nanorods (NRs) synthesized using Jatropha podag-
rica leaf extract (JP) as a sustainable source for the effective
removal of organic dye pollutants. JP is a widely recognized
native medicinal plant with a history of being employed to
address a range of health conditions, such as ulcers, scabies,
injuries, and fever. It also has beneficial properties such as
anti-tumorigenic, antioxidant, and antibacterial capabilities
[23]. The study first examined the JP leaves for specific phy-
tochemical components, such as tannins, glycol flavones,
proanthocyanidins, and phenolic acids [24, 25]. The leaf
extract of Jatropha podagrica is safe, a critical considera-
tion in the formulation of nanorods [24]. We have recently
published an article outlining the incorporation of this plant
extract in the synthesis of ZnO and Fe;0, nanoparticles [26,
27]. These phytochemicals play a vital role in synthesizing
JP-CuO NRs, acting as both capping agents and stability
enhancers, surpassing what conventional chemical syn-
thesis methods can achieve [24]. Additionally, the various
phenolic acids in these phytochemicals help achieve well-
defined sizes and shapes for the JP-CuO NRs, surpassing
green-synthesized nanoparticles (As illustrated in Table 1).
To harness the full potential of undiscovered plant species,
it is crucial to identify fresh and distinctive plants for syn-
thesizing nanorods. This strategy enables researchers to
broaden the spectrum of nanorods that can be efficiently
stabilized by uncovering new proteins and phytochemicals
from plant sources that have not been investigated before.
Additionally, these newfound plant species might present
supplementary benefits, such as enhanced productivity, low-
ered costs, or specialized characteristics suitable for specific
applications. The JP-CuO NRs were notable for having a
negatively charged surface, which gave them outstanding
degrading abilities for removing the dyes Rhodamine B
(RhB) and Crystal Violet (CV). The antibacterial activity
of these JP- CuO NRs was tested against both Gram-positive
(Bacillus coagulans, Staphylococcus aureus) and Gram-
negative (Escherichia coli, Klebsiella pneumoniae) bacteria.
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Table 1 Contrasting the average size and structure of JP-CuO NRs in this study about findings from prior research

Material of plants Average particle size Structure

Implementation References

Jatropha podagrica leaf extract 8-14 nm Rod-like shape Dye degradation and antibacterial applica- Present work
tions
Eucalyptus globoulus leaf extract 88 nm Spherical shape Dye degradation [28]
Abelmoschus esculentus fruit extract 20 nm Spherical shape Cytotoxicity and photocatalytic applications  [29]
malva sylvestris leaf extract 19-26 nm Spherical shape Thermal decomposes kinetics [30]
Calotropis procera leaf extract 20-80 nm Spherical shape Photodegradation, antibacterial and antioxi-  [31]
dant
Syzygium alternifolium fruit extract 17.5 nm Spherical shape Antiviral activity [32]
Panicum sumatrense grains extract 20 nm Rectangular in shape Biological applications [33]

Materials and methods

Materials

Preparation of CuO NRs using JP leaf extract

Jatropha podagrica (JP) plant leaves were freshly collected,
washed with warm water, and rinsed with deionized. The
leaves were then dried in the shade for 25 days until com-
pletely dehydrated. The dried leaves were then ground into a
fine powder. One gram of the powder was added to a 500 mL
glass beaker with 200 mL of deionized water. The mixture
was heated at 80 °C for 30 min on a heating mantle, result-
ing in a deep golden-yellow solution. The solution was first
filtered to remove solid particles, and then it underwent cen-
trifugation to obtain a pure extract solution. This extract was
subsequently stored in a refrigerator at a temperature of 4 °C
for future use.

Synthesis of JP-CuO NRs

A conventional environmentally friendly method was
used to synthesize CuO nanorods (NRs). First, 1 g of
Cu(S0O,),-5H20 was dissolved in 90 mL of distilled water.
After thorough mixing for 25-30 min at room tempera-
ture, the solution turned a clear blue color. Then, 10 mL
of aqueous leaf extract was added, increasing the volume
to 100 mL and turning the solution green. This mixture
was sonicated vigorously for 10—-15 min to ensure proper
mixing. Next, the temperature was raised to 80 °C and
maintained for up to 1 h, resulting in a deep green color.
Then, 1 M NaOH (10 mL) was gradually added dropwise,
causing the mixture to turn a dark brown color. To remove
suspended particles, the mixture was dispersed in deion-
ized water and centrifuged at 7000 rpm. The dark brown
particles obtained were washed repeatedly with deionized
water to eliminate impurities and achieve the ultimate

product. The resulting dark brown solid was subsequently
subjected to vacuum drying at 70 °C for 8 h in an oven.
Lastly, the material underwent fine grinding with a mortar
and pestle, preparing it for subsequent characterization
[34].

JP-CuO NRs as efficient photocatalysts
for Rhodamine B (RhB) and crystal violet (CV) dye
degradation

The evaluation of the photocatalytic efficiency of JP-CuO
NRs in degrading RhB and CV dyes was carried out uti-
lizing naturally available UV radiation from sunlight. Ini-
tially, solutions of 100 mL containing 1 ppm of RhB and
CV dyes were prepared and mixed with 0.01 g of JP-CuO
NRs in separate containers. These mixtures were then
stirred in darkness for an hour to stabilize the solutions
and prevent any adsorption—desorption processes. After
stabilization, the solutions were exposed to sunlight for
4 h, specifically from 11 AM to 3 PM, with outdoor tem-
peratures ranging from 33 to 35 °C. Continuous magnetic
stirring was employed to maintain a pH level of 10 dur-
ing this time. At predefined intervals, consistent samples
were collected from each dye solution, and the NRs were
separated by centrifugation at 8000 rpm. The absorption
of RhB and CV dyes at 540 nm and 580 nm was deter-
mined using a UV-visible spectrophotometer. The extent
of photocatalytic degradation and the corresponding rate
constants were calculated based on these measurements.

Degradation rate (%) = ((Aq—A)/Ay) X 100

InA)/A = kt

In this context, "A," denotes the starting concentration,
"A" represents the concentration after the degradation pro-
cess, "k" stands for the degradation rate constant, and "t"
indicates the duration of exposure to sunlight. [35, 36].
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Exploration of antibacterial activity of JP-CuO NRs

The antibacterial properties of JP-CuO NRs were evaluated
in 24 h bacterial cultures (Bacillus coagulans, Staphylococ-
cus aureus, Escherichia coli, and Klebsiella pneumoniae)
using the Agar-Well diffusion method. The nutrient agar
medium was sterilized for approximately 30 min at 120 °C
using an autoclave to prepare it. Each sterile petri dish was
then filled with 20 mL of the medium, and the respective
bacterial strains were introduced under aseptic conditions.
The plates were left at room temperature until the agar solid-
ified. A sterile borer created a single 6 mm diameter well in
each plate. Test substances, control (distilled water), and
a standard drug were added to the 6 mm wells after being
freshly dissolved in distilled water at concentrations of 1, 2,
and 3. The petri plates were then incubated at 37 °C for 12 h,
and the inhibition results are depicted in Fig. 8. A standard
solution with a concentration of 5 g/mL served as a positive
control. The diameter of the inhibitory zone was determined
using the HiMedia antibiotic zone scale. All experiments
were conducted in triplicate, yielding consistent results [37].

Characterization of JP-CuO NRs

Various analytical methods were utilized to ascertain the
crystalline structure of CuO nanorods. To investigate the
optical properties, UV—Vis diffuse reflectance/absorbance
spectroscopy was conducted on the synthesized samples.
A Shimadzu (2450—SHIMADZU) spectrophotometer
equipped with a diffuse reflectance accessory was used at
room temperature, with BaSO, serving as a reference mate-
rial. Measurements were taken over the wavelength range
of 200-800 nm. Fourier transform infrared spectra (FT-IR)
for the samples were obtained using a Thermo Nicolet
iS50 spectrometer, covering a frequency range from 4000
to 400 cm™! in transmission mode with high-quality KBr
pellets. X-ray diffraction (XRD) measurements were car-
ried out using a Bruker Kappa Apex II instrument over a
26 range of 0 to 90°. This instrument employed CuKa radi-
ation (with a wavelength of A=1.54060 A) at 40 kV and
35 mA, with a scanning rate of 0.2 s. The CuO nanorods
were characterized using scanning electron microscopy
(SEM) and high-resolution transmission electron micros-
copy (HRTEM) to investigate their surface morphology,
elemental composition, and microstructure. SEM analyses
were conducted using a Jeol 6390LA/ OXFORD XMX N
apparatus equipped with energy-dispersive X-ray (EDX)
spectroscopy. The acceleration voltage for SEM imaging
ranged from 0.5 to 30 kV. For a more in-depth examination
of the nanorods' microstructure and particle size, HRTEM
was employed. HRTEM analyses were performed using a
JEOL/JEM 2100 instrument operated at an applied volt-
age of 200 kV. Carbon-copper grids were used for sample
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preparation, allowing for precise particle size determina-
tion. Furthermore, SAED images were acquired using the
HRTEM instrument to further elucidate the nanorods'
crystal structure.

Results and discussions
UV-Vis spectroscopy studies

Figure 1 displays the UV—Vis absorption spectra of the
leaf extract of JP and synthetic CuO NRs. The leaf extract
contains various phytochemicals, such as alkaloids, flavo-
noids, phenolic acids, tannins, glycol flavones, and proan-
thocyanidins, which absorb light at 280 nm and 351 nm
(n-* and n-w* transitions) [23]. The JP-CuO NRs have
a distinct absorption peak at 273 nm, but not at 280 or
351 nm. This suggests that the phytochemicals in the leaf
extract play a key role in reducing, binding, and encapsu-
lating JP-CuO NRs during the synthesis process [38, 39].

FTIR analysis of the synthesized JP-CuO NRs

The functional groups included in the synthesized JP-
CuO NRs were identified, and their chemical composi-
tion was ascertained, using Fourier transform infrared
(FTIR) spectroscopy. The FTIR analysis of the plant
extract (Fig. 2) shows a significant peak at approximately
3500 cm™!, indicating the presence of phenolic groups.
Moreover, observable peaks at 1178 and 1042 cm™! cor-
respond to vibrational characteristics of polyphenolic
molecules within the plant extract [24]. The FTIR spec-
trum of the CuO NRs (Fig. 2) shows absorption peaks in
the range of 4000-400 cm™!. The peaks between 433 and
526 cm~! correspond to the stretching frequency of the
Cu-0O bond [28]. Furthermore, the emergence of peaks
between 1117 and 1032 cm™~! underscores aspects related
to chemical bonding, the crystalline nature of the material,
and the relative intensities of IR bands linked to polyphe-
nolic compounds [40]. The symmetric stretching of the
aliphatic amino group is suggested by the presence of a
peak at 1384 cm™! [41]. Notably, the peak observed at
1630 cm™! corresponds to the C=C stretching indicative of
aromatic compounds [42]. Additionally, the peaks between
2852 and 2923 cm™! are characteristic of -CH stretch-
ing vibrations typically associated with aldehyde groups
[43]. Finally, the absorption band at 3432 cm™! signifies
the —OH stretching vibration inherent to phenolic groups
[44]. These distinctive peaks within the IR spectrum pro-
vide valuable insights into the purity and compositional
characteristics of the biosynthesized CuO NRs.
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Fig.1 UV-Vis Spectra of JP-
CuO NRs and JP leaf extract
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XRD analysis of JP-CuO NRs

The XRD analysis, as depicted in Fig. 3, unveiled dis-
cernible peaks that are indicative of CuO NRs at various
angles. These angles include 32.67°, 35.66°, 38.85°, 48.77°,

M) IS0 2000 LE0D 1000 S04

Wavenumber {cm ™)

53.87°, 58.21°, 61.65°, 66.24°, 68.19°, 75.23°, and 77.18°.
These particular peaks corresponded to distinct crystal lat-
tice planes, specifically (100), (002), (111), (202), (020),
(-202), (113), (311), (-113), (-311), and (004) respectively.
According to earlier studies, the presence of diffraction
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Fig.3 XRD patterns of CuO
NRs using an aqueous leaf
extract of Jatropha podagrica
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peaks falling within the range of 35 to 39° is indicative of
CuO NRs formation (JCPDS Standard No. 01-080-0078).
It's worth noting that the intensity of the (002) and (111)
peaks suggested a monoclinic crystalline structure [45]. The
sharp and well-defined diffraction peaks in the XRD pattern
of the JP-CuO NRs indicate that they have a strong crystal-
line structure. The absence of other peaks confirms that the
NRs are pure. The most prominent peaks observed between
35 and 39 °C for JP-CuO NRs were utilized to calculate the
average crystallite size, which was determined to be 8.2 nm
employing the Debye—Scherrer equation [46].

D = k4/pcosh

where D is the crystal size, A is the wavelength of X-ray
radiation (0.15406 nm for Cu Ka), k is the shape factor (usu-
ally assumed to be 0.9), f is the full width at half maximum
(FWHM) of the diffraction peak, and 0 is the diffraction
angle.

SEM-EDX analysis of JP-CuO NRs

The surface properties of the generated CuO NRs were ana-
lyzed using a SEM. As shown in Fig. 4a and b, the particles
exhibited a predominantly rod-like shape, forming clusters
and appearing well-dispersed [44]. Some particle clustering
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was evident, likely due to the presence of phenolic com-
pounds derived from the JP plant, which acted as a capping
agent. Furthermore, the high surface energy of JP-CuO NRs
resulted in minimal aggregation, which was attributed to the
water medium serving as the synthesis source. To identify the
chemical elements, present in the CuO NRs, an EDX analy-
sis was performed on a densely populated area of the sam-
ple (Fig. 4c). The EDX spectrum showed significant peaks at
0.9, 8, and 8.9 keV, corresponding to copper atoms. A single
peak at 0.5 keV was also observed, corresponding to oxygen
atoms. Figure 4c exhibited distinct and strong signals for Cu
and O atoms, with a weight percentage of 84.57% and 15.43%,
respectively. The absence of other peaks indicates that the CuO
NRs are of high purity.

TEM analysis of JP-CuO NRs

High-resolution transmission electron microscopy (HR-TEM)
was used to study the size, shape, and structure of the JP-CuO
NRs in detail. HR-TEM images showed the nanorod structure
at different magnifications are shown in Fig. Sa—c. HR-TEM
images revealed CuO nanorods with a diameter of around
10-14 nm and a length of 100-200 nm (Fig. 5a and b). The
selected area electron diffraction pattern (SAED) of the JP-CuO
NRs is portrayed in Fig. 5d. The SAED pattern indicated the
presence of polycrystalline NRs in the JP-CuO sample [47].
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A photocatalytic degradation of RhB and CV dyes
by the fabricated JP-CuO NRs

The JP-CuO catalyst was utilized to illustrate the photocata-
lytic removal of RhB and CV dyes in an environment of bright
sunlight. RhB and CV dye degradation are shown in Figs. 6
and 7 across two distinct periods of 120 min and 60 min,
respectively. These results also show that these dyes have sepa-
rate wavelength ranges at 540 nm and 580 nm. The UV-Vis-
ible spectrometer was used to measure the RhB and CV dye
degradation at regular intervals of 30 min and 15 min respec-
tively. Degradation efficiencies of 95% and 97% were achieved
for RhB and CV dyes, respectively. The degradation efficiency
of the as-prepared JP-CuO NRs was compared with that of
recently reported CuO nanoparticles in Tables 2, 3. The results
of this work suggest that JP-CuO NRs have a lot of potential
as a catalyst for rapidly breaking down organic contaminants
by photocatalysis. The significant rates of degradation shown
together with the apparent impact of different pH settings on
the removal process spotlight the potential utility of JP-CuO

NRs in resolving a variety of problems with water pollution
brought on by organic pollutants. As a result, our findings sug-
gest promising opportunities for using JP-CuO NRs to address
environmental contamination problems.

The method shown below demonstrates how electrons and
holes affect dye deterioration [35, 48].

CuO + hv - e +h"

Absorption of O, : O, + ¢~ — Oy

Water Ionization : H,O - OH™ + H*
Superoxide protonation : O, + H* - HOO
HOO + ¢~ — HO;

HOO™ + H* - H,0,

@ Springer
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Fig.5 a—c HR-TEM images JP-
CuO NRs, and d SAED patterns

H,0,+e¢ — OH™ + OH
H,O0 +h* - H" + OH'

Dyes + OH' — Removal product

The OH radical stated is a very strong oxidant that is quite
successful in causing a variety of dyes, including RhB and
CV, to degrade.

Anti-bacterial activities of synthesized JP-CuO NRs

JP-CuO NRs were evaluated for their efficacy against both
Gram-positive (Bacillus coagulans and Staphylococcus
aureus) and Gram-negative (Escherichia coli and Kleb-
siella pneumoniae) bacteria using the well diffusion method.

@ Springer

Figure 8 illustrates the results of the zone inhibition test,
displaying the diameters of the inhibition zones (in mm) sur-
rounding each well containing the JP-CuO NRs. The most
positive outcomes were noted with inhibition zones meas-
uring 14, 16, 13, and 11 mm against Bacillus coagulans,
Staphylococcus aureus, Escherichia coli, and Klebsiella
pneumoniae, respectively, at a concentration of 150 uL, in
comparison to the standard drug, as outlined in Table 4. [50,
51].

The results of the study showed that Gram-positive bacte-
ria were more susceptible to JP-CuO NRs than Gram-nega-
tive bacteria. The variation in sensitivity can be explained by
the significant presence of a dense peptidoglycan layer in the
cell wall of Gram-positive bacteria, providing a small physi-
cal barrier that offers protection. In contrast, Gram-negative
bacteria possess both lipopolysaccharide and peptidoglycan,
rendering them more resistant to the effects of JP-CuO NRs.
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Conclusions

We have developed a green method for making copper
oxide nanorods (CuO NRs) using Jatropha podagrica leaf
extract as a capping agent. The NRs were also effective
photocatalysts, breaking down Rhodamine B (RhB) and
Crystal Violet (CV) dyes in sunlight with degradation rates
of 95-97% within 120 and 60 min, respectively. We also

us
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kinetics of RhB dye degradation presented as a first-order linear plot
with In Ay/A as a function of time, and d a column chart representing
the distribution of RhB dye degradation across different time intervals

tested the NRs against Gram-positive (Bacillus coagulans
and Staphylococcus aureus) and Gram-negative (Escheri-
chia coli and Klebsiella pneumoniae) bacteria, and they
produced inhibition zones of 14, 16, 13, and 11 mm,
respectively, at a concentration of 150 pL. These results
suggest that JP-CuO NRs could be used to clean up water
pollution and develop powerful antibacterial agents.
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Fig.7 a UV-vis absorbance spectra of CV dye under UV (sunlight) kinetics of CV dye degradation presented as a first-order linear plot
illumination over JP-CuO NRs as a function of time, b the progres- with In Ay/A as a function of time, and d a column chart representing
sion of CV dye degradation during consecutive time intervals, ¢ the the distribution of CV dye degradation across different time intervals

Table 2 Lists the materials required to prepare the JP-CuO NRs

Chemical name Supplier name Purity (%) Usage
Copper (II) sul- Merk, India 98 Reagent for the preparation of CuO NRs
fate pentahydrate
(Cu(S0,),-5H,0)
Sodium hydroxide (NaOH) Merk, India 99 Precipitating agent for the preparation of CuO NRs
Milli Q-water Merk, India 100 Solvent
Bacillus coagulans Aadhya Biosciences Pvt. Ltd Visakhapatnam, 100 Well diffusion method
India
Staphylococcus aureus Aadhya Biosciences Pvt. Ltd Visakhapatnam, 100 Well diffusion method
India
Escherichia coli Aadhya Biosciences Pvt. Ltd Visakhapatnam, 100 Well diffusion method
India
Klebsiella pneumoniae Aadhya Biosciences Pvt. Ltd Visakhapatnam, 100 Well diffusion method
India
Jatropha podagrica leaves Government Degree College Chodavaram, India 100 Capping and stabilized agent for the CuO NRs
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Table 3 Comparison of the
photocatalytic degradation of
JP-CuO NRs in the present
work with previous works

Fig.8 Antibacterial activ-

ity of CuO NRs synthesized
using Jatropha podagrica leaf
extract for a Bacillus coagulans,
b Staphylococcus aureus, ¢
Escherichia coli, and d Kleb-
siella pneumoniae

Table 4 Zone of inhibition
at various concentrations of
JP-CuO NRs

Green materials Dye Light source Irradiation Degradation References
time (min) efficiency (%)
Jatropha podagrica leaf extract Rhodamine B Sunlight 120 95 Present work
Crystal violet 60 97

Ferulago angulate boiss extract Rhodamine B UV light 150 83 [48]

Citrus aurantifolia leaf extract Rhodamine B UV light 120 91 [35]

Ruellia tuberosa root extract Crystal Violet Sunlight 120 90 [36]

Sida acuta leaf extract Crystal Violet Sunlight 100 87 [49]

Name Bacillus coagulans ~ Staphylococcus aureus — Escherichia coli ~ Klebsiella pneumoniae
Shape Round Round Round Round

Gram reaction  Gram-positive Gram-positive Gram-negative ~ Gram-negative

50 uL 11 mm 14 mm 11 mm 10 mm

100 uL 13 mm 15 mm 12 mm 10 mm

150 L 14 mm 16 mm 13 mm 11 mm

Antibiotic 30 mm 32 mm 30 mm 26 mm
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